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Preface

I hope you will enjoy my book. Inside you will find advanced and contemporary
topics and techniques on Volterra difference equations. It is my intention to make
this book accessible to postgraduate students with basic knowledge in differential
equations, difference equations, and real analysis. The subject of Volterra difference
equations is a vast and widely open subject with plenty of opportunities for new re-
search. Volterra difference equations provide more realistic models for broad range
of phenomena in the natural and engineering sciences. In particular, they are used
as mathematical representations of systems for which we know, based on physical
principles, that they satisfy conditions of stability and boundedness.

Motivated by recent increased activity in research, this book will provide a sys-
tematic approach to the study of the qualitative theory of boundedness, periodicity,
and stability of Volterra difference equations. Stability theory is an area that will
continue to be of great interest to researchers for a long time because of the use-
fulness it demonstrates in real life applications. This book attempts to connect two
different aspects: the theoretical part of functional difference equations and its ap-
plications to Volterra difference equations and to population dynamics. The author
will mainly use fixed point theory and Lyapunov functionals to arrive at major re-
sults. By comparing both methods to certain equations, some interesting conclusions
will be drawn regarding the particular application of each method. Since no existing
book or monograph that is solely devoted to Volterra difference equations which
encompasses recent results, this book attempts to fill this void.

Researchers and graduate students who are interested in the method of Lyapunov
functions or functionals, in the study of boundedness of solutions, in the stability of
the zero solution, or in the existence of periodic solutions should be able to use this
book as a primary reference and as a resource of current findings. This book contains
many open problems and should be of great benefit to those who are pursuing re-
search in functional difference equations and in Volterra difference equations. Great
efforts were made to present detailed proofs of theorems so that the book would be
self-contained.

vii



viii Preface

The work done by Volterra and Lyapunov over 100 years ago is still attractive
to researchers today, but first we provide some background on these mathemati-
cians. Vito Volterra (3 May 1860—11 October 1940) was an Italian mathematician
and physicist, known for his contributions to mathematical biology and integral
equations. Born in Ancona, then part of the Papal States, into a very poor fam-
ily, Volterra showed early promise in mathematics before attending the University
of Pisa, where he fell under the influence of Enrico Betti, and where he became
professor of rational mechanics in 1883. He immediately started work developing
his theory of functionals which led to his interest and later contributions in inte-
gral and integro-differential equations. His work is summarized in his book Theory
of Functionals and of Integral and Integro-Differential Equations (1930). Volterra
emphasized consistently that differential equations are, at best, only rough approx-
imations of actual ecological systems. They would apply only to animals without
age or memory, which eat all the food they encounter and immediately convert it
into offspring. Anything more realistic would yield integro-differential rather than
differential equations. This phenomenon will be discussed in Chapter 5.

Lyapunov functions are named after Alexander Lyapunov, a Russian mathemati-
cian who in 1892 published his book The General Problem of Stability of Motion.
In [110], Lyapunov was the first to consider the modifications necessary in non-
linear systems to the linear theory of stability based on linearizing near a point of
equilibrium. His work, initially published in Russian and then translated to French,
received little attention for many years. Interest in Lyapunov stability started sud-
denly during the Cold War period when his method was found to be applicable to
the stability of aerospace guidance systems, which typically contain strong nonlin-
earities not treatable by other methods. More recently the concept of the Lyapunov
exponent related to Lyapunov’s First Method of discussing stability has received
wide interest in connection with chaos theory.

In this book, Chapter 1 offers an introduction to basic difference calculus includ-
ing variation of parameters and the concept of fundamental matrix. In addition, we
provide basic properties of the z-transform and its usefulness in obtaining stability
results concerning Volterra difference equations of convolution type. Later in Chap-
ter 1 we utilize the concept of total stability, which has never been developed and
successfully used in Volterra difference equations. In our case, total stability relies
on using the notion of the resolvent to express the solution of a given Volterra dif-
ference equation. We will derive one of the resolvent equations that we make use
of along with Lyapunov functionals to verify our conditions that explicitly depend
on the resolvent. Then we discuss necessary and sufficient conditions for the uni-
form asymptotic stability of the zero solution which we apply to perturbed Volterra
difference equations. The materials of Chapter 1 are relatively new and it should
serve as an important source for new research ideas which should be of interest for
a long time. We end the chapter by offering new research problems that combine the
concept of resolvent with Lyapunov functionals.
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Chapter 2 is devoted to functional difference equations. Functional equations are
general in nature and encompass results concerning existence of periodic solutions,
boundedness, and stability for autonomous and nonautonomous difference equa-
tions, finite and infinite delay difference equations, and Volterra difference equa-
tions. We consider a functional difference system and prove general theorems re-
garding boundedness of solutions and stability of the zero solution. Our theorems
are based on the assumption that there is a Lyapunov functional that satisfies certain
inequalities in terms of wedges. The general theorems are applied to finite and scalar
and vector Volterra difference equations. In particular, we discuss boundedness of
solutions and the stability of the zero solution by the method of Lyapunov func-
tionals. As for the application part to Volterra difference equations, we will have to
construct suitable Lyapunov functionals that meet all the requirements of our gen-
eral theorems. Such a task is difficult but possible with some guidance. We offer two
general theorems that guide us through the process of constructing such a Lyapunov
functional. It is the author’s view that Lyapunov’s direct method is the leading tech-
nique for dealing with stability and boundedness in many areas of differential and
difference equations. Finally, we provide open problems regarding Volterra differ-
ence systems of advanced type and offer a discussion that makes it possible for the
interested reader to carry on with the proposed research.

Chapter 3 is entirely devoted to the study of fixed point theory in analyzing bounded-
ness and stability in Volterra difference equations or functional difference equations
that we write in the form of Volterra difference equations. The chapter serves as an
introduction to the theory of fixed point and its use in functional difference equa-
tions. Most of the work depends on the three principles: complete metric spaces, the
contraction mapping principle and other type of known fixed point theorems, and an
elementary variation of parameters formula. In the past one hundred and fifty years,
Lyapunov functions/functionals have been exclusively and successfully used in the
study of stability and existence of bounded solutions. However, with the method of
Lyapunov functionals, we are continually faced with unrelenting difficulties. Those
persisting obstacles have forced us to look for other ways to relax stringent condi-
tions, and in particular, for the use of fixed point theory. Lyapunov method requires
pointwise conditions, while many real life applications ask for averages. Differ-
ence equations have solutions expressed as summation equations which justifies
conditions on averages. Another major difficulty is the construction of a suitable
Lyapunov function or functional that yields meaningful results. Deep knowledge
of the theory of difference equations and real analysis is usually needed when us-
ing Lyapunov direct method, unlike the use of fixed point theory. We ease into an
exposition on the use of Lyapunov functionals and fixed point theory in Volterra
summation equations. We provide a variety of results on existence theory and resol-
vent. We include a collection of Lyapunov functionals and techniques, which enable
researchers to obtain fruitful results concerning the qualitative analysis of solutions.
Toward the end of the chapter we compare the method of fixed point theory and
Lyapunov functionals and include open problems.
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Chapter 4 is entirely devoted to the study of periodic solutions and asymptotically
periodic solutions. We begin by introducing known results regarding Volterra differ-
ence equations and then proceed to considering functional difference equations with
finite and infinite delays and appeal to Schaefer fixed point theorem [159] for the
existence of periodic solutions. Then we apply the results to difference equations
and Volterra difference equations. The application in Volterra difference equations
heavily depends on Lyapunov type functionals for obtaining the a priori bound.
We define a homotopy and then appeal to Schaefer’s fixed point theorem [159] to
show the existence of periodic solutions. The results are applied to scalar nonlinear
Volterra difference equations via the use of Lyapunov type functionals. We devote
the next section to the study of the existence of periodic and asymptotically pe-
riodic solutions in coupled infinite delay Volterra systems by using Schauder fixed
point theorem (Theorem 4.7.1). We end the chapter by considering functional differ-
ence systems that have constants as their solutions. We use the contraction mapping
principle to prove theorems concerning the determination of the unique constants
to which each solution converges. It turns out that those constants serve as global
attractors. The chapter concludes by proposing open problems regarding the exis-
tence of periodic and asymptotically periodic solutions of a Volterra type infinite
delay difference equation with the absence of a linear term.

General theorems occupy a central place in the first four chapters. One must ul-
timately face the task of applications. Abstract ideas can be better understood by
analyzing the dynamics of specific equations, especially with applications. With
this philosophy in mind, Chapter 5 is solely dedicated to the applications of func-
tional difference equations and particularly, the applications of Volterra difference
equations to population dynamics. We begin the chapter by introducing different
types of population models. Cone theory is introduced and utilized to prove the ex-
istence of positive periodic solutions for functional difference equations. Then, we
introduce an infinite delay population model that governs the growth of population
N(n) of a single species whose members compete among themselves for the limited
amount of food that is available to sustain the population. We use the results of the
previous section to obtain the existence of a positive periodic solution. Moreover,
from a biologist’s point of view, the idea of permanence plays a central role in any
competing species. This phenomenon is studied by considering an (I + m)-species
Lotka-Volterra competition-predation system with several delays.

Chapter 6 pertains to results on the exponential stability, /,-stability, and instability
of the zero solution, using Lyapunov functionals. In our quest for the perfect Lya-
punov functional, we discover different types of boundedness and stabilities. We
begin the chapter by considering the use of Lyapunov direct method to obtain expo-
nential stability for scalar Volterra difference equations and compare our results to
existing literature. It turns out that our Lyapunov direct method for scalar equations
cannnot be extended to systems, nor to Volterra equations with infinite delay. We
next proceed to the study of nonlinear Volterra difference systems and use a combi-
nation of Lyapunov functionals of convolution type coupled with the z-transform to
obtain boundedness and stability. In addition, we look into the /,,-stability of the zero
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solution and its connection with exponential stability. Toward the end of the chapter,
we present relatively unexplored area. That is, we utilize a nonstandard discretiza-
tion scheme and apply it to continuous Volterra integro-differential equations. We
will show that under our discretization scheme the stability of the zero solution of
the continuous dynamical system is preserved. Also, under the same discretization,
using a combination of Lyapunov functionals, Laplace transforms, and z-transforms,
we show that the boundedness of solutions of the continuous dynamical system is
preserved. We end the chapter with a brief section introducing semigroup, which
should give rise to increased research in the application of semigroup to Volterra
difference equations. The chapter concludes with multiple open problems.

I would like to thank current and previous chairs of the Department of Mathematics
at the University of Dayton for their unwavering support. Also, I would like to thank
my colleagues Dr. Paul Eloe for his encouragement and reading the manuscript,
Dr. Muhammad Islam, Dr. Aparna Higgins for her careful reading part of the book,
and Dr. Arthur Busch for his technical support.

A special thank you goes to my brothers Melhem, Tony, Khalil, and Hanna, and
to my sisters Mona, Samira, and Lola.

Heartfelt appreciation goes to my two favorite teachers from my hometown Miziara:
Father Hanna Al Bacha and Mr. Fayez Karam.

Dayton, OH, USA Youssef N. Raffoul
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Chapter 1 )
Stability and Boundedness e

In this chapter we provide a brief introduction to difference calculus including ba-
sic material on Volterra difference equations. Using the z-transform we state some
known theorems regarding stability of the zero solution of Volterra difference equa-
tions of convolution types. We move on to introducing Lyapunov functions for au-
tonomous difference equations and state some known results concerning stability
and boundedness. In Section 1.3 we introduce the concept of total stability and its
correlation with uniform asymptotic stability for perturbed Volterra difference equa-
tions. In addition, we introduce the corresponding resolvent equations and utilize
them to express the solution of the considered Volterra difference equation. Once
the solution is explicitly given, we prove theorems concerning the stability of the
zero solution. In Section 1.4, we obtain necessary and sufficient conditions of the
stability of the zero solution of Volterra vector difference equations using the no-
tion of resolvent. The resolvent is an abstract term which makes it difficult, if not
impossible, to make efficient use of it. However, by the help of Lyapunov func-
tionals, we will be able to verify all the conditions that are related to the resolvent.
In Section 1.4.1 we apply the results of Section 1.4 to perturbed nonlinear scalar
Volterra difference equations. Conditions will be verified using a combination of
Lyapunov functional and the resolvent. In addition, we review some known results
that have incorporated the concept of resolvent and point out some of the difficulties
in verifying some of the conditions on the resolvent. We end the chapter with some
interesting open problems that should be somewhat challenging.

Most of the work in this chapter can be found in [36, 52, 61, 65, 83, 115, 117, 143]
and the references therein.

© Springer Nature Switzerland AG 2018 1
Y. N. Raffoul, Qualitative Theory of Volterra Difference Equations,
https://doi.org/10.1007/978-3-319-97190-2 1
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2 1 Stability and Boundedness

1.1 Introduction

In this book, the sets Z~, Z™,N,R, and R" denote the set of nonpositive integers,
all integers, the set of nonnegative integers, the set of natural numbers, the set of
real numbers, and the set of nonnegative real numbers, respectively. Let x(¢) be a
sequence such that x : Z — R. We define the delta difference operator Ay(t) by

Ay(t) =y(t+1) —y(t).

Also, the shift operator E where E : 7 — R is defined by
Ey(t)=y(@+1).
The second order difference is given by
APy(t) = D(Dy(1) = y(t+2) = 2y(+1) +(0).

The anti-difference of y(r) denoted by » y(r) is any function so that A(Y y(r)) =
1

y(t) for all 7 in the domain of y. It is easy to see that A( Y. y(s)) = y(z) for fixed
s=p

P
p with ¢t > p, and A( 2 y(s ) y(t — 1) for fixed p with p > . Corresponding
1—

s=t—1

=1
to the fundamental theorem of calculus we have > Ay(s) = y(1) — y(a). We will
S=a
b

assume that . y(s) = 0 for all a > b. We denote the product of y() fromt =ato b

S=a

b
by H y(r) with the understanding that [ [y(r) = 1 for all a > b.

t=a
A 11near Volterra difference equation is of the form

n—1

x(n+1) =a(n)x(n)+ Y, C(n,s)x(s) (1.1.1)

s=0

where a is a given sequence and x is an unknown function to be found. Equa-
tion (1.1.1) is scalar if all sequences are scalars, and vector if a and x are k x 1
sequences and C is an k x k matrix. Equation (1.1.1) is of convolution type if
C(n,s) = C(n—s). To see the usefulness of Volterra difference equations, one may
not look any further than the completely delayed difference equation

x(t+1)=b(t)x(t—h) (1.1.2)

where h € Z" and b : Z" — R. Due to the absence of a linear term in x(¢) in (1.1.2),
it is hard to obtain any useful information regarding the solutions. To overcome such
difficulties, we rewrite (1.1.2) in the form of Volterra difference equation, see [138].
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That is,
t—1
Ax(t) = (b(t+h)— D)x(t) = LD Y, b(s+h)x(s).

s=t—h

As we shall see later in the book that a Lyapunov functional of the form

—1
V() = [x(t) + ;hb(s+h)x(s)}2
+6 i ti b (z+h)x%(2)

s=—hz=t+s

leads to the exponential stability of the zero solution of (1.1.2) under the assumption
that

9 Q(t) < —8hb*(t+h) — Q*(1)

(6+1)h — - ’

hold for some 6 > 0 and Q(¢) = b(r+h) — 1.
Also, it is well known, [12, 20], and [109], that Volterra difference equations play a
major role in numerical methods applied to Volterra integro-differential equations.
Discrete Volterra systems arise in studying numerical solutions of Volterra integro-
differential equations and from modeling systems that are digital, such as digital
filters and computer controlled systems and traffic control [160]. Also, Volterra dis-
crete systems are accurately used to model nonlinear systems (such as aircraft flight
in high angle-of-attack/sideslip flight) see [124]. Hence, studying the qualitative be-
havior of solutions of Volterra discrete systems is essential. Throughout this book,
we loosely interchange “sequences” and “functions.”
The study of difference equations in general is necessitated by the fact that the pas-
sage from the continuous case to the discrete case is not trivial, as we show next.
First, we have the following. Consider the nonautonomous nonlinear system

X (t) = f(t,x()), t>0, (1.1.3)
(1.1.4)

where x(¢) € R¥, f: Z* x D — R where D C R¥ and open. If V(¢,x) is a scalar
function and x(¢) is an unknown solution of (1.1.3), we may compute

av(t,x(t)) Vv
. = gradV(t,x) - f(t,x) + 5

We denote this derivative by V'(z,x).
Consider the nonlinear delay differential equation

X (t) = —a(t)* (t) +b(t)x>(t — 1), TERT
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where the functions a(t) and b(¢) are continuous. Assume that
a(t) = |b(t + 1) +k,

for some k > 0. Define the Lyapunov functional

t
Vi(t,x) = IX(t)|+/ [b(s + 7)1 (5)|ds.
-7
Then along the solutions we have that
V/(t,2) < (=a(t) + [b(t+ 7)) (1) < —k[x°(1)].

Then an argument in a result of Burton [21] yields uniform asymptotic stability.
As for the discrete case, we consider

x(n+1)= —a(n)x>(n) +b(n)x*(n—1), T€ Z".
Define the Lyapunov functional
n—1 3
V(n,x) = lx(n)| + X (|b(s+1)[lx (5)])-
s=n—1T
Then along the solutions we have
AV () < la(n)|le (n)]+[b(n) |l (n = )| = |x(n)]

+ [b(n+ 7)1 ()| = [b(n)||x*(n — 7)|

= (la(m)| +[b(n+ 1)) (n)] = |x(n)]. (1.1.5)
It is clear that nothing can be concluded from inequality (1.1.5).

Definition 1.1.1. A sequence x(¢) is said to be of exponential order if there exists a
number r > 0, and an integer N > 0 such that

|x(t)| < rp" forallt >N,
where p > 0 is some suitable constant.

Definition 1.1.2. The z-transform Z [x(¢)] of a sequence x(¢) of exponential order is
defined by

oo

X(z) = Z[x(1)] = Y x(0)z", Iz > p,

t=0

where 7 is a complex number, and p is the radius of convergence of Z [x(¢)].

Next we consider the scalar difference equation

y(n+1) = a(n)y(n) +g(n,x(n)), y(no) = yo. (1.1.6)
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We have the following theorem, which introduces the variation of parameters for-
mula of (1.1.6).

Theorem 1.1.1. Suppose a(n) # 0 for all n € N. Then, y(n) is a solution of (1.1.6)
if and only if

n—1 n—1 n—1
v = (TTa®)yo+ X T aldelx(r). (1.1.7)
i=ny r=ngi=r+1

Note that if a(n) = 0, then (1.1.7) is not a solution of (1.1.6). We have a parallel
variation of parameters formula for vector difference equations. To be precise, we
consider the vector difference equation

y(n+1)=D(n)y(n) +g(n), y(no) = yo, (1.1.8)

where D is a k x k matrix function, g is a k x 1 vector function, and y is a k x 1
unknown vector.

Definition 1.1.3. If @(n) is a matrix that is nonsingular for n = ng and satisfies
x(n+1)=D(n)x(n), (1.1.9)
then it is said to be a fundamental matrix for system (1.1.9).

In the autonomous case when D is a constant matrix, @(n) = D" " and if ny = 0,
then @(n) = D".

Theorem 1.1.2. Let ®(n) be the fundamental matrix of (1.1.9) and I be the k x k
identity matrix. Then, y(n) is a solution of (1.1.8) if and only if

n—1
y(n) = @)@ (no)yo+ Y, D(n)@ ' (s+ 1)g(s). (1.1.10)

S=n(n

For the autonomous case when D is a constant matrix, the solution of (1.1.8) is
given by

n—1
y(n) =D""oyo+ 3, D" g(s).

S=ngn

For more on the fundamental matrix solution, we ask the reader to consult [57] and
[92].

In the next few pages we review some of the literature that exists on the scalar
Volterra difference equation

n

x(n+1)=a(n)x(n) + Y, b(n— j)x(j), (1.1.11)
=0

wheren € Z*,a(n) € R, and b: Z" — R are given sequences. Equation (1.1.11) may
be considered as the discrete analogue of the famous Volterra integro-differential
equation
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X (1) = a()x(t) + /O bl — s)x(s)ds.

Equation (1.1.11) represents a system in which the future state x(n+ 1) depends not
only on the present state x(n) but also on all past states x(n — 1),x(n —2),...,x(0).
Equation (1.1.11) plays a major role in modeling as we shall see in the next example.

Example 1.1 ([57, 100]). Let x(n) denote the fraction of susceptible individuals in
a certain population during the nth day of an epidemic, and let a(k) > O be the
measure of how infectious the infected individuals are during the kth day. Then the
spread of an epidemic may be modeled by the equation

1

Ln ni1) = Za(l +e—x(n—j))a(j),

where € > 0, and small and n € Z*. Let x(n) = ¢ ") then the above model trans-

forms into
n

yn+1)= Y (a(n—j)(1+e—eV)). (1.1.12)
J=0

Since x(n) € [0,1), we have y(n) > 0 for all solutions of (1.1.12). During the early
stages of the epidemic x(n) is close to 1, and consequently y(n) is close to zero.
Hence it is reasonable to linearize (1.1.12) around 0. So if we replace e ) by

1—y(j), (1.1.12) becomes

n
Yt 1) = 3 (aln—j)(e+())), y(0) = 0. (1.1.13)
j=0

We will return to (1.1.13). Next we give a brief introduction on how discrete Volterra
systems arise in studying numerical solutions of Volterra integro-differential equa-
tions (see [161]). Consider the Volterra integro-differential equation that models the
growth of a single specie (see [43, 44])

K1) = —A(1+cx(t)) ./;(t —8)e”x(s)ds, t >0 x(t) = (1), t <0 (1.1.14)

where ¢(¢) is any continuous known initial function. Set

v = [ (-9 os)ds

—oo

and rewrite (1.1.14)

K(t)=—A(1+ex(t)) (w(r)+ /O t (r—s)e "x(s)ds), 1 > 0. (1.1.15)
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For simplicity we set ¢ = 1 and the kernel
k(t—s):=(t —s)e %),

Divide the interval [0,¢] into n intervals of equal length & witht =1,,, and t; = jh, j=
0,...n.Let ¢; = ¢ (jh); wj ="¥(jh), kj =k(jh), where h is fixed. We use the 6-rule
to approximate the integral. Thus we have

tn n—l iy n ()
| K= sntsds =3, [ k= s)a(s)ds = b 3wl kle, — (i),
j=0"1j

Jj=0

where x(j) denotes a numerical approximation to x(¢;) and

{Wé)”)uw(ln)u".7W£zri)lﬂwl(1”)} = {67""1’1_6}’ OS 6 S 1
x(n+1)—x(n)

and Z?zowﬁ") =n,n>0.Letting® =1, and x’ = i

, we get

x(n+1)=x(n)—Ah(1 —I—x(n))(l[/n +h i)k(n - J)x(J)), n>0 x(0)=0¢(0)

Lettinng b(n) = —Ah*k(n), g(n,x(n)) = —Ahy,x(n), f(n) = —Ahy, and g(x(n)) =

x(n) Y, b(n— j)x(j), we arrive at the Volterra difference equation of convolution
j=0

type

n

x(n+1) =x(n) + Zob(n — () + f(n) + g(n,x(n)) + g(x(n)),
=

x(0) = ¢(0).

The above Volterra difference equation of convolution type will be studied in Sec-
tion 5.3 of Chapter 5. We will revisit the subject of discretization scheme in Chap-
ter 6.

Let C(n) denote the set of functions ¢ : [0,n]NZ* — R and ||¢|| = sup{|d(s)] :
0 <s<n}.Foreachny€ Z" and ¢ € C(ny), there is a unique function x: Z* — R
which satisfies (1.1.11) on [ng, +o°) with x(s) = ¢ (s) for 0 < s < ng. Such a function
x(n) is called a solution of (1.1.11) through (ng, ) and is denoted by x(n,ng, ¢).

Definition 1.1.4. The zero solution of (1.1.11)is

1. stable (S) if for each € > 0, there is a 6 = J(ng,€) > 0 such that [ng > 0,¢ €
C(no), ||¢|| < 6] imply |x(n,ng, )| < € for all n > ny.

2. It is uniformly stable (US) if it is stable and & is independent of ng.

. It is asymptotically stable (AS) if it is (S) and |x(n,ng9,9)| — 0, as n — oo,

4. It is uniformly asymptotically stable (UAS) if it is uniformly stable and if there
is an 1 > O such that, for each y > 0, there is a T > 0 such that

(O8]
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|xo| <M, ng>0, andn>no+T

imply |x(n,ng,x0)| < 7.
The convolution of two sequences x(n) and y(n) is defined as

xm)xy(m) = 3 xn— y() = 3 xm)y(n—j),

Jj=0 Jj=0
and hence it is known that
Z(x(n) % y(n)) = %) - 3(2).
With this in mind, (1.1.11) maybe written as
x(n+1)=a(n)x(n) + b(n) xx(n).
By taking the z-transform on both sides, one arrives at
%(z) = zx(0)g " (2), (1.1.16)

where
g(2)=z—a—b(2). (1.1.17)

Theorem 1.1.3 ([56, 57, 59]). The zeros of g(z) all lie in the region |z| < ¢ for some
real positive constant c. Moreover, g(z) has finitely many z with |z| > 1, provided
that x(n) € I' (summable ¥ |x(i)| = ||x||1 < °.)

Theorem 1.1.4 ([56, 57, 58, 59]). Suppose that b(n) does not change sign for n €
Z.*. Then the zero solution of (1.1.11) is (AS) if

la(n)| + | ib(n)] <.

Theorem 1.1.5 ([56, 57, 59]). Suppose that b(n) does not change sign for n € Z*.
Then the zero solution of (1.1.11) is not (AS) if one of the following conditions
holds.

(i an)+ 3, b(m) > 1,
n=0

(ii) a(n)+ Y b(n) > —1, for somen € Z"
n=0
(i) a(n)+ Y b(n) > —1, and b(n) <0, for some n € Z*, and Y b(n) is suffi-
=0 =0
ciently smal’;. !
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In the next theorem, we use z-transform to asymptotically analyze the solutions
of (1.1.13) when a(n) = ca”", for positive constants a and c.

Theorem 1.1.6 ([57, 100]). Suppose a(n) = ca", such that 0 < a+c < 1. Then any
solution y(n) of (1.1.13) satisfies

Ec
I =
limy(n) = (a+¢)

which implies the spread of the disease will not reach an epidemic proportion.

Proof. Taking the z-transform on both sides of (1.1.13) yields,

%4

_, ta@i),
Z

79(z) = d(2)

or
€zd(z)

YO = D e—a)

By setting a(n) = ca", and performing partial fraction we arrive at

£cz) ec [ 1 a+c

i) = (c—1)—(a+c) l-a—c'z—1 _Z—(a+0)]

Taking the inverse z-transform gives

ec)

[1—(a+c)]

and hence the results.

In Chapter 5, we will use Lyapunov functional and obtain uniform asymptotic sta-
bility for nonlinear systems that are similar to (1.1.12).

Next we discuss the role that finite delay Volterra difference equations play in mod-
eling neural networks with delay. Suppose an artificial neural network consisting of
electronic neurons (amplifiers) interconnected through a matrix of resistors. Here
an electronic neuron, the building block of the network, consists of a nonlinear am-
plifier that transforms an input signal u; into the output signal v;, and the input
impedance of the amplifier unit is described by the combination of a resistor p; and
a capacitor C;. We assume that the input-output relation is completely characterized
by a voltage amplification function v; = f;(u;). The synaptic connections of the net-
work are represented by resistors R;; that connect the output terminal of the amplifier
j with the input part of the neuron i. In order for the network to function properly,
the resistances R;; must be able to take on negative values. This can be realized by
supplying each amplifier with an inverting output line that produces the signal —v;.
Applying Kirchhoff’s law and input-output relation replaced by v; = fi(u;(t — 7;))
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with a positive constant 7; € Z™, we obtain after some calculations and simplifica-
tions the Volterra discrete equation

k .
o 1) = CR—u(n) + X Ifljf,-(uj(n —1), 1<i<k.
j= 13

For more on such construction we refer to [73].

1.2 Introduction to Lyapunov Functions

In this section, we briefly go over some definitions and theorems regarding Lya-
punov functions/functionals. Let G C R¥ be an open set and consider the au-
tonomous difference equation

x(n+1) = f(x(n)), (1.2.1)

where f : G — R, is continuous . We assume that x* is an equilibrium solution
of (1.2.1), that is f(x*) =x™.

Definition 1.2.1. Let the function V : R — R be continuous.

1. The variation of V with respect to (1.2.1) is defined as

AV (x(n)) =V (f(x(n)) =V (x(n)) = V(x(n+1)) = V(x(n)).

2. The function V is said to be a Lyapunov function/functional on a subset H of
R if
i) V(x*) =0, and V(x) > 0, forx # x* and
i) AV(x) <0, whenever x and f(x) belong to the set H.
3. The function V is said to be a strict Lyapunov function/functional on a subset H
of R¥if AV (x) < 0.
4. Let B(x, y) denote the open ball in R¥ of radius y and center x defined by B(x, y) =
{y e R* | |ly —x|| < y}. We say V is positive definite at x* if V(x*) = 0, and
V(x*) >0, forall x € B(x",7y),x # x*, for some y > 0.

We have the following standard stability and boundedness theorems.

Theorem 1.2.1 (Lasalle Stability Theorem). Suppose V is a Lyapunov function
for (1.2.1) in a neighborhood of H of the equilibrium solution x*, then x* is stable.
Moreover, x* is asymptotically stable if V is a strict Lyapunov function.

Theorem 1.2.2. Suppose V is a Lyapunov function for (1.2.1) on the set H = {x €
R¥: ||x|| > o} for some o > 0, and if

V(x) = eoas |[x][ = o,

then all solutions of (1.2.1) are bounded.
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The theory for boundedness stability and existence of periodic solutions for non-
functional difference equations have been fully developed, unlike functional differ-
ence equations which include Volterra difference equations. In the next theorems
we provide some results taken from [85] and [106] concerning the nonautonomous
nonlinear discrete system

x(n+1) = f(n,x(n)), n>0, (1.2.2)

x(ng) = xo, np>0
where x(n) € R¥, f: Z* x D — R¥ where D C R is an open set containing the
origin, is a given nonlinear function satisfying f(n,0) =0 forall n € Z™. For x(n) €

R¥, ||x|| denotes the Euclidean norm of x. For any k x k matrix A, define the norm
of A by |A| = sup{|Ax]| : ||x|| < 1}.

Definition 1.2.2. A solution x(n) of (1.2.2) is said to be bounded if for any ng €
Z* and number r there exists a number o/(ng, r) depending on ngy and r such that
[|x(n,n0,x0)|| < et(ng,r) for all n > ng and xo, |x| < r. It is uniformly bounded if o
is independent of the initial time ny.

Definition 1.2.3. Let x(n) be solution of (1.2.2) with respect to initial condition x
and y(n) be solution of (1.2.2) with respect to initial condition yy. The solution x(n)
is then said to be sable, if, whenever € > 0 is given, there exists 0 (&) for which

[lx(n) —y(n)|| < €, whenever ||xo— yol| < 6.
Consider the linear difference equation
x(n+1)=x(n)+ 1, x(0) = xo. (1.2.3)

It is easy to check that x(n) = xo + (n — ng) is the solution of (1.2.3). If y(n) is
another solution with y(ng) = yg, then we have y(n) = yg + (n — ng). For any € > 0,
let 6 = €. Then

[Px(n) = y(m)[| = [lx0 + (n = n0) = yo = (n = no)|| = |Ixo = yo)[| < &

whenever, ||xop — yo|| < 6. Hence, the solution x(n) is stable, but unbounded. This
simple example shows that the properties of boundedness of all solutions and sta-
bility of a solution do not coincide. On the other hand, the difference equation

x(n+1)=x"3®n),

has its solution x(n) satisfies |x(n)| — 1 for all initial values xo # 0. Therefore, the
solution x(n) = 0 is unstable.

Definition 1.2.4. The zero solution of system (1.2.2) is said to be exponentially sta-
ble if any solution x(n,ng,xo) of (1.2.2) satisfies

\lx(, 9, x0) || < c(||xo||,no)a*5<"*"o>, for all n > o,
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where a is constant with a > 1, C: RT x ZT — R™, and § is a positive constant.
The zero solution of (1.2.2) is said to be uniformly exponentially stable if C is inde-
pendent of ny.

Theorem 1.2.3 ([85]). Let a be a constant with a > 1. Let D C R¥ be an open set
containing the origin, and let V(n,x) : Z+ x D — R™ be a given function satisfying

Allx]|P <V (n,x) < Ao ]9, (1.2.4)

and
AV (n,x) < —Ag]|x||" + ka =", (1.2.5)

for some positive constants A1, A2, A3, p,q, 1,k and 8. Moreover, if for some positive
constants o and v,

0< <o<l (1.2.6)

3
)Lzr/t]
such that

V(n,x) = V"(n,x) < ya= %" (1.2.7)

with
In(1-23/A7%)
In(a)

then the zero solution of (1.2.2) is uniformly exponentially stable.

6>

The next theorem does not require an upper bound on the Lyapunov function.

Theorem 1.2.4 ([85]). Let a be a constant with a > 1. Let D C R¥ be an open set
containing the origin, and let V (n,x) : Z* x D — R be a given function satisfying

M|[x]|P <V (n,x), (1.2.8)

and
AV (n,x) < =V (n,x) +ka "0 < Ay < 1 (1.2.9)

for some positive constants Ay, Ay, p,k and 8.
Then, the zero solution of (1.2.2) is exponentially stable.

Theorems 1.2.3 and 1.2.4 were applied to the following nonlinear difference equa-
tions
x(n+1) = ox(n) +Rx'3(n)a",

and
x(n+1) = ox+Rx'/? 4+ a""sin(x)

respectively, under appropriate conditions. However, the above theorems cannot be
applied to Volterra difference equations, and hence the need for new and general
theory that deal with the issues that lie ahead of us. Next we briefly discuss some of
the results in [36] about boundedness of solutions of (1.2.2). We will use notations
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that are more suitable and flow better with the book. The purpose of the next ex-
ample is to emphasize that there is a difference between uniform boundedness and
boundedness.

Example 1.2 ([36]). Consider the two-dimensional system

x(n+1) = (é 221%22133;) x(n) + (8 (,,+01)2> X0 (1.2.10)

Then the solution of (1.2.10) is given by

x(n) = R(n,np)xo + i R(n,s)g(s—1),n>ng (1.2.11)

s=ng

where the matrix R = (r;),1,j = 1,2 and vector g are

(1 —(no+1)(no+2)*+ (no+2)*(n+1)(n+2)~!
R(n,n0) = (O ’ ’ (no+2)3(0n+2)’3 )

g(n) = (g (n +02)2).

. . . . X
Note that at ny the matrix R(ng,no) is the identity matrix. Let xg = <x01 > . The
02
term

L z Siz 2 1
Y Rus)gl—1) =x 3 (0 )SﬂXOz(()),
s=ng s=np+1

which is uniformly bounded. On the other hand, for any positive integer K, we
obtain

(n0+2)2
Kng+2
e (no+ I)Z(Kno — 1)2—|— (Kno—l—Z) —> o0, aS Ny — °o.

ri2(Kng,ng) = [ = (no+1)(Kno+2)*+ (ng+2)(Kng +1)]

Then it is clear from the solution given by (1.2.11) that boundedness of solutions
depends on the initial value ny and hence solutions are bounded but not uniformly
bounded.

Theorem 1.2.5 ([36]). Suppose there exists a function V (n,x) and W such that
Wi(|lx[|) <V(n,x), n>no (1.2.12)

AV (x(n) = V(£ (n,x(n))) =V (x(n) = V(x(n+1) = V(x(m) <0,  (1.2.13)

and
Wi([|x]]) = oo, as ||x|| = . (1.2.14)
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Assume for any initial time ng with x(ng) = xo, V(ng,xo) is bounded, then solutions

of (1.2.2) are bounded.

Proof. Let ry be any positive constant such that ||xg|| < rg. By (1.2.14) and since
V (ng,xo) is bounded, there exists a function a(ng,ro) such that

V(ng,x0) <W; (Ot(n(),r())).
Utilizing conditions (1.2.12) and (1.2.13) we have
Wi(||x]]) < V(n,x) < V(ng,x0) < Wy (et(no,r0)). (1.2.15)

Taking inverse in (1.2.15) we arrive at ||x(n,ng,x0)|| < a(ng,ro). This completes
the proof.

Theorem 1.2.6 ([163]). Let By, := B(a.,x) denote the ball of radius o centered at
x. Suppose there exist functions V(n,x) : Z* x B — R and Wy : Z* x B — R™,
o > 0 where V (n,x),W (n,x) are continuous in x. Suppose that

AV (x(n)) = —p(n)a(W(n,x)) +g(n) (1.2.16)

where g,p: Z" — R™ a(r) > 0,a(0) = 0 is continuous monotone and nondecreas-

ing, z p(mg) = oo, for any subsequence {ms} with ms — o and s — o and there
s=1

exists an E > 0 such that 2 p(n) = E. If there exists a number M > 0 such that
n=1

M <V(n,x(n)) for all (n,x) € Z" X By, then for every solution x(n) of (1.2.2) with

x(n) € B we have W (n,x(n)) — 0 as n — oo.

Proof. Suppose that W (n,x(n)) - 0 as n — oo for some {x(n)} C Bg. Then there ex-
ists an € > 0 and a subsequence {n;} withn; — oo as j — co such that W (n;,x(n;)) >
€. Summing (1.2.16) from n; to n; yield

V(nj+1,x(nj+1)) < V(ny,x(n)) —a(e) z]“p(s) +E,s>1,
s=1

which yields a contradiction. Thus, W (n,x(n)) - 0 as n — o for every {x(n)} C Bq.
This completes the proof.

It is evident that Theorem 1.2.6 gives sufficient conditions for the asymptotic sta-
bility of the zero solution of (1.2.2) in the case f(n,0) = 0. Thus, if we replace
condition (1.2.16) by

AV (x(n)) = =W (n, [x])

then the zero solution of (1.2.2) is asymptotically stable. As an application we have
the following example.

Example 1.3. Consider the scalar nonlinear Volterra difference equation
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x(n)

st =amtn) o) S
5=0

n>0. (1.2.17)

If
la(n)| +[b(n)| < 1,

then all solutions of (1.2.17) are bounded and the zero solution is asymptotically
stable. To see this, consider the Lyapunov function V (n,x) = |x(n)|. Then along the
solutions of (1.2.17) we have

AV(sn) = s+ )] =[a(n) < (=1 +lalsl bt | Y
s=0

< (=1+la(n)|+ [b(n)])]x(n)].
The results follow from Theorems 1.2.5 and 1.2.6.

Theorems 1.2.5 and 1.2.6 have limitations as they cannot be applied to Volterra
difference equations of the form

n—1
x(n+1)=a(n)x(n)+ ;)b(n,s)x(s), n>0.

These type of equations will be handled in Chapter 2 once we develop the appropri-
ate theorems. We refer to [36] for the proofs of the next two theorems.

Theorem 1.2.7 ([36]). Suppose

n—ng

If(nx(m)]] < 3 a(ns)|lx(n—s)[| +b(n), n > no,

s=0

and

L—sup Y a(n+s,5)>0, Y |b(s)| <ee.

n2ng s=n s=ny

Then solutions of (1.2.2) are uniformly bounded.

Definition 1.2.5. A continuous function W : [0,e0) — [0,0) with W(0) =0, W (s) >
0if s > 0, and W is strictly increasing is called a wedge. (In this book wedges are
always denoted by W or W;, where i is a positive integer.)

One might asks if boundedness implies the existence of such a Lyapunov function
that satisfies (1.2.12)—(1.2.14). The answer is positive and is provided in the next
theorem.

Theorem 1.2.8 ([36]). Suppose solutions of (1.2.2) are bounded. Then there exists
a Lyapunov function 'V (n,x(n)) and a wedge Wy satisfying (1.2.12)—~(1.2.14).

Theorem 1.2.7 will be generalized in Chapter 2. The rest of the materials in this
section is unpublished and belongs to the author, and hence the labelings.
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Definition 1.2.6 (Raffoul). A function U : Z* x D — [0, ) is called

1. positive definite if U (n,0) = 0 and there is a wedge W; with U (n,x) > W;(|x]),

2. decrescent if there is a wedge W, with U (n,x) < Wa(|x|),

3. negative definite if —U (n,x) is positive definite,

4. radially unbounded if D = R¥ and there is a wedge Ws(|x|) < U(n,x) and
W3 (r) — oo as r — oo.

Theorem 1.2.9 (Raffoul). Suppose there is a Lyapunov function 'V for (1.2.2) (see
Definition 1.2.1.)

1. If V is positive definite, then x = 0 is stable.

2. If V is positive definite and decrescent, then x = 0 is uniformly stable.

3. If V is positive definite and decrescent, and ANV (n,x) is negative definite, then
x = 0 is uniformly asymptotically stable .

4.If D = R* and if V is radially unbounded, then all solutions of (1.2.2) are
bounded.

Proof.

1. We have AV (n,x) <0,V is continuous in x, V(n,0) = 0, and W, (|x|) < V(n,x).
Let € > 0 and ny > 0 be given. We must find 6 such that |xg| < 8 and n > ng imply
|x(n,n9,x0)| < €. (Throughout these proofs we assume & is small enough so that
|x(n,n0,x0)| < € implies that x € D.) As V is continuous in x and V (r,0) = 0 there
isa 6 > 0 such that |xo| < 0 implies V (ng,xo) < Wi (€). Thus, if n > ng and |xg| < 6
and x = x(n,ng,xo), we have

Wi(|x(n)[) <V (n,x) <V(no,x0) < Wi(e),

or |x(n)| < € as required.
2. For a given € we select a & > 0 such that W»(0) < W;(e) where W;(Jx|) <
V(n,x) < Wa(|x]). If ny > 0, we have

Wi(|x(n)]) <V (n,x) < V(no,x0)
< Wa(lxo|) < Wa(8) < Wi(e),
or |x(n)| < € as required.

3. Let € =1, and find & of uniform stability and call it 17. Let ¥ be given. We must
find T > O such that

|xo| <M, no>0, andn>ng+T

imply |x(n,ng,x0)| < y. Pick g > 0 with Wo(u) < Wi (), so that there is n; > ng
with |x(n;)| < u, then, for n > nj, we have
Wi(jx(n)]) <V (n,x) < V(ni,x1)
<Wa(|x]) <Wa(8) <Wi(),
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or [x(n;)| < . Since AV (n,x) < —Wj3(Jx|), so as long as |x(n)| > u, then AV (n,x) <
—Ws(u); thus

V(n,x(n)) < V(ng,xo) 2 W3 (Jx(s)

< Wa(|xol) — W3(u) (n — no)
< Wa(n) = W3(u)(n —no),

which vanishes at
Wa(n) >no+T
Wa(u) — ’

where T > zgzg Hence, if T > E g then |x(n)| > u fails, and we have |x(n)| <y
for all n > ng + T. This proves (UAS)

4. Since V is radially unbounded, we have V (n,x) > W; (]x|) — o as |x| — co. Thus,
given ng > 0, and xo, there is an r > 0 with Wi (r) > V (ng,xo). Hence, if n > no and
x(n) = x(n,np,x0), then

n=ng+

Wi(lx(n)]) <V (n,x(n)) <V (no,x0) < Wi(r),
or |x(n)| < r. The proof of Theorem 1.2.9 is complete.

According to Theorem 1.2.9, all solutions of (1.2.17) are bounded and its zero solu-
tion is (UAS).

The next example will show that AV (n,x) < 0 is not enough to drive solutions to
Zero.

Example 1.4 (Raffoul). Let g : [0,0) — (0, ] with g(0) =1, and 0 < 3 < 1. Con-
sider the nonautonomous difference equation

x(n+1)=[g(n+1)/g(n)]x(n). (1.2.18)
Itis clear that x(n) = g(n) is a solution of (1.2.18). Our goal is to construct a function
V(n,x) = a(n)x*(n)

such that AV (n,x) = —o(n)x*(n), where a(n), o(n) > 0forn € Z*, and 37 o(s) <
oo, That is AV (n,x) < 0. Along the solutions of (1.2.18) we have

gin+1)

AV(n,x) = [a(n+1) 2(n)

— a(n)}x2 (n).

By setting
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we get the difference equation

&)
g (n+1)

g*(n)

a(n+1)—g2(n+1)

a(n) = a(n). (1.2.19)
Using the variation of parameters formula given by (1.1.7), Equation (1.2.19) has

the solution, after some simplification,

B n—1 gZ(l-) . _”,1 n—1 gZ(i) gZ(V) .
alr) = (i:O 32(i+1)) ) Zf)izlr_J[rlgz(H'l)gz(H'l)a( )

n—1
= [a(0)g*(0) - ;)gz(r)a(r)]/gz(n)

n—1
> [a(0) - p? goa(r)] /8 (n).

Since 0 < g <1, and Y7, ax(s) < e, we may chose a(0) so large to imply that
a(n) > 1 for all n > 1. Thus we have shown that V > 0 and AV is negative definite
do not imply that solutions tend to zero. Notice that V is not decrescent. That is there
is no wedge W, with V (n,x) < Wa(|x|).

In the investigation of stability and boundedness for nonlinear nonautonomous sys-
tems, the effective approach is to study equations that are related in some way to the
linear equations whose behavior is known to be covered by the known theory. For
example, the perturbed nonlinear system

x(n+1)=Ax(n)+ g(n,x(n)), n>0 (1.2.20)

where A is an k x k constant matrix and g : Z+ — R* is continuous in x. The pertur-
bation g is assumed small in some sense. The next theorem pertains to the stability
of the perturbed nonlinear difference equation given by (1.2.20). But first for refer-
ence, a symmetric matrix C is positive definite if x” Cx > 0 for x # 0.

Theorem 1.2.10 (Raffoul). Suppose there exists a positive definite symmetric ma-
trix B such that

ATBA—B=—1I, (1.2.21)
lim 2 (n,) =0, uniformly in n (1.2.22)
x—0 |x|

then the zero solution of (1.2.20) is stable.
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Proof. We write x for x(n) and we define the Lyapunov function V by V = x” Bx.
Using (1.2.21)—(1.2.22), we have along the solutions of (1.2.20) that

AV = (Ax+g(n,x))"B(Ax+ g(n,x)) — x" Bx

= xT (ATBA — B)x+ 2xTAT Bg(n,x) + g" (n,x)Bg(n,x)

|x|z(_1+2xTATBg(n,X) +gT(n,X)Bg(n,X))
x| x| x| ||

)l )] gle(r9))

[ Jx Jx

< |x|2(— 1 42]a7p| 180

<0

3

for sufficiently small |x| and x # 0. The result follows from /. of Theorem 1.2.9.
This completes the proof.

We have the following theorem concerning the existence of positive definite sym-
metric matrix B. Consider the autonomous linear system of difference equations

x(n+1)=Ax(n) (1.2.23)

where A is an k X k constant matrix.

Theorem 1.2.11 (Raffoul). For a given positive definite matrix C, the equation
ATBA—-B=-C (1.2.24)

can be solved for a positive definite symmetric matrix B if and only if all eigenvalues
of A lie inside the unit circle.

Proof. Assume (1.2.24) and let V = x” Bx. Then AV < 0 for x # 0. Hence the zero
solution of (1.2.23) is asymptotically stable by Theorem 1.2.1 and hence all the
eigenvalues lie inside the unit circle.

Suppose all the eigenvalues of A lie inside the unit circle and define the matrix B by

B=Y (AT)"CA".
n=0

Since all the eigenvalues of A reside inside the unit circle, we have |A"| < Ka %" for
positive constants K,a and 0, such that 0 < a < 1. Hence, the infinite sum converges
(geometric series). It is clear from the definition of B, the matrix B is symmetric.
Next we show it is positive definite.

xL (AT)"CA"x = (A"x)TC(A"x) = yT Cy,

and if x # 0, then y # 0; as C is positive definite y/ Cy > 0 for x # 0. Thus B is
positive definite. Finally,
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ATBA—-B=A"Y (AT)"cA"A - (A7) cA"

n=0 n=0
_ 2 (AT)nJrlCAnJrl _ 2 (AT)nCAn
n=0 n=0

= 2 An((AT)"cA™)
(AT) CA"[>_y = —C.

This completes the proof.

When Lyapunov functionals are used to study the behavior of solutions of functional
difference equations, we often end up with a pair of inequalities of the form

n—1

V(n,x(-)) = Wi(x(n)) + Z(,)K(M)WZ(X(S)%

AV (n,x(+)) < —Ws(x(n)) + F(n).

The above two inequalities are rich in information regarding the qualitative behavior
of the solutions. However, getting such information will require deep knowledge of
Lyapunov functionals and analysis. In Chapter 2, we will develop general theorems
to deal with such inequalities that arise from the assumption of the existence of a
Lyapunov functional. To be specific, we consider the nonlinear Volterra difference
equation

x(n+1) ZC n,s)f(x(s)) + g(n,x(n)) (1.2.25)

for all integers n > 0 and for integers, 0 < s < n. The functions g and f are
continuous in x and satisfy [f(x)| < 8|x|, and |g(n,x)| < A(n)(|x| + 1), where
A :Z% — (0,1). Define the functional V by

n—1 oo

V(n,x |+522|cus||x

s=0u=

After some calculations, by evaluating AV along the solutions of (1.2.25), we
arrive at

AV(nx) < [A(n)+ 6 21 c(u,n)| = 1]|x(n)| +A(n)
u=n+
< —olx(n)|+ A(n),

where we have assumed that A (n)+8 Y |c(u,n)|—1 < —a, for positive constant
u=n+1
a. It will be shown in Chapter 2, Theorem 2.1.1 that all solutions of (1.2.25) are

uniformly bounded.
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Next we address instability of (1.2.2).

Definition 1.2.7. The zero solution of (1.2.2) is unstable if there is an € > 0, and
ng > 0, such that for any 8 > 0 there is an x( with |xo| < § and there is an n; > ng
such that |x(ny,ng,xo)| > €.

Theorem 1.2.12 (Raffoul). Suppose there exists a continuous Lyapunov function
V : Z" x D — [0,0) which is locally Lipschitz in x such that

Wi (Jx]) < V(n,x) < Wa(|a]), (1.2.26)
and along the solutions of (1.2.2) we have
AV (n,x) > Wa(|x]). (1.2.27)

Then the zero solution of (1.2.2) is unstable.

Proof. Suppose not, then for € = min{1,d(0,0D)} we can find a 0 > 0 such that
|xo| < 6 and n > 0 imply that |x(n,0,x0)| < €. We may pick xo in such a way so
that |xg| = 6/2 and find y > 0 with Wx(y) = W;6/2). Then for x(n) = x(n,0,xp) we
have AV (n,x) > 0 so that

Wa(|x(n)]) = V(n,x(n)) > V(0,x0) > W1(8/2) = Wa(7)
from which we conclude that y < |x(n)| for n > 0. Thus
AV(n,x) = Wa(|x(n)]) = W3().

Thus,
Wa(|x(n)|) 2 V(n,x(n)) = V(0,x0) +nWs(y),

from which we conclude that |x(n)| — o, which is a contradiction. This completes
the proof.

We have the following example. Consider the two-dimensional system

x(n+1)= <3 _12) x(n) := Ax(n). (1.2.28)

Let

V(n,x) =+ (n) <21 //135 22/ /155) x(n) i= 2 (n) /3 + 253(n) /5 +dx1 (W)xa(n) /15.

Then along the solutions of (1.2.28) we have
AV (n,x) = x3(n) +x3(n).
. . . . o (1/3 2/15) . .
It is clear that V is positive definite since the matrix B = (2 /15 2/5 ) is positive

definite. Moreover, we have
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(x1(1)/3 +2x2(n) /5)* <V (n,x) < xi(n) +23(n)

and hence an application of Theorem 1.2.12 shows the zero solution of (1.2.28)
is unstable. Next we explain how we constructed the Lyapunov function V. It is a
known fact that if A is an k X k constant matrix all of whose eigenvalues lie outside
the unit circle, then there is a positive definite matrix C (xTCx > 0) that is symmetric
such that the equation

ATBA-B=C

can be solved for B = B”. Thus in the above example, we took V = x” Bx with

c:(é‘D

We state and prove variant forms of discrete Gronwall’s Inequality.

Theorem 1.2.13 (Discrete Gronwall’s Inequality). Let N, = {no,no + 1,n0 +
2,--- } where ny is a fixed nonnegative integer. Assume u(n), oe(n), B(n), and y(n) be
nonnegative scalar sequences for all n > ny. Let n € Ny, and assume, for all n > ny,
the inequality

n—1
u(n) <o(n)+pn) Z v(s)u(s) (1.2.29)
holds. Then,
n—1 n—1
u(n) < o(n)+p(n) Y, ofs)y(s) 1‘[l (1+B(")¥(r) (1.2.30)
$=ng r=s+

holds for all n > ny.

n—1
Proof. Define ¢ : N,y = Rby @(n) = > ¥(s)u(s). Then,

Ag(n) =y(n)u(n), ¢(ng)=0.
Substituting u(n) < a(n) + B(n)@(n), in the above equality yields,
A(n) = y(n)u(n) < y(n)(e(n) + B(n)p(n)),
from which we conclude
@(n+1) = (1+B(n)(n)p(n) < a(n)y(n). (12.31)

Since all sequences are nonnegative, we have that 1 + f(n)y(n) > 0, for all n > ny.
Thus, (1.2.31) is equivalent to

n—1 n
AT 0 +B@rs) o) < ety TT (1+Bs)7(s)

Summing the above inequality from ng to n — 1 yields
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n—1 n
[T (1+B6)r) o <za ) T (1+B)v)

(m) < zl o(s)7(s) Hl1 (1+B(I¥(r)).
As a consequence
21 Yu(s) < ‘fz;a(s)y(s) 1111 (1+B()¥(0).
Hence
u(n) < )21 Y(s)u(s)
< a(n) +ﬁ(n):goa(s)7(s)rﬁl (1+B()7(r)-

This completes the proof.

We have the following special cases of Gronwall’s inequality. Also by noting that
14+ LBy(s) < P70 where L > 1 and constant, yields the followings.

Corollary 1.1. If o(n) = o, B(n) = B, for all n € Ny, then we have

n—1
u(n) < o [T (1+B¥(s)),
S§=n(
or -
M(”l) S ans:nO ﬁ]’(") .
Corollary 1.2. Assume the hypothesis of Corollary 1.1. If
—1
()<m[oc+[32y (s)], foralln € Nyy,n > no andm > 1

s=ng

then we have

<al'[( +mP(s)¥(s)),

S=ngo
or -
M(}’l) < anS:nO mBY(‘Y) .
Proof. Define ¢ : N,, — Rby ¢(n) =mf Z ¥(s)u(s). The rest of the proof follows

S=ngn
along the lines of the proof of Theorem 1.2.13. For more on Gronwall’s inequality
we refer to [57].
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Now is the time to introduce functional delay difference equations. It has been
observed in modeling physical or biological situations that the rate of change of
the systems’ current status is more likely to depend on the history of the system and
not only on the current status. This usually leads to the delay functional difference
system

x(n+1) = f(x(n),x(n— 1)), (1.2.32)

where x(n) is the system’s state at time 7, f : R x R¥ — R* is a given function,
and the time lag T € Z". Equation (1.2.32) arises naturally in modeling population
dynamics of a single-species structured population. For example, in such situation,
if x(n) denotes the population density of the mature and reproductive population,
and if the maturation period is assumed to be constant, then we have

F(x(n),x(n— 1)) = dypx(n) + e 4b(x(n— 1))

where d,,, and d; are the death rates of the mature and immature populations, respec-
tively, and b : R — R is the birth rate. Assuming death is instantaneous, and so the
term d,,x(n) is without delay. However, the rate into the mature population is the
maturation rate (not the birth rate), that is, the birth rate at time 7, multiplied by the
survival probability e~%? during the maturation process.

To specify a solution x(n) of (1.2.32) for n € Z", we must prescribe the history of x
on [—1,0], say x(s) = ¢(s), s € [-7,0] where

¢ [-7,0] = ZF,
which we refer to it throughout the book, as a given initial function. That is

f(x(n),x(n— T)) :f(x(n)7¢(n_r))a ne [O,T].

Functional delay difference equations will be studied in detail in Chapters 2 and 3.

1.3 Total Stability via Resolvent

We shall obtain asymptotic stability criteria for the discrete Volterra equation

n

x(n+1)=A(n)x(n)+ ;)B(n,s)x(s) +g(n,x(n)) (1.3.1)

for all integers n > 0 and for integers, 0 < s < n, where A,C are k X k matrix func-
tions, and x is a k X 1 unknown vector. We also assume that |g(n,x)| < A(n)|x| for
some function A whose properties are given below. Hino and Murakami [82] defined
total stability for Volterra integro-differential equations and applied the concept to
obtain asymptotic stability criteria. Elaydi and Murakami [61] have extended these
definitions and methods to (1.3.4) in the linear case with g = 0. Recently, Zhang
[177] extended the original work of Hino and Murakami [82], by defining a con-
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cept, y-total stability. In the case, y = 1, Zhang’s definition reduces to that of Hino
and Murakami. Zhang exhibits examples with y # 1 and obtains some new asymp-
totic stability criteria in the linear case.

For x € R, |x| denotes the Euclidean norm of x. For any k X k matrix A, define the
norm of A by |A| = sup{]Ax| : |x| < 1}. Let C(n) denote the set of functions ¢ :
[0,n] — R and ||¢|| = sup{|@(s)| : 0 < s <n}.Foreach y:Z" — (0,), we denote
by Cy () the space of all functions p : [T,o] — R such that sup~ . [p(s)/y(s)| < ee.
We set

[ply = sup{[p(s)/w(s)| : s > 7}.

For each ny € Z" and ¢ € C(ng), there is a unique function x : Z* — R which
satisfies (1.3.1) on [ng, ) with x(s) = ¢ (s) for 0 < s < ng. Such a function x(n) is
called a solution of (1.3.1) through (ng, ¢) and is denoted by x(n,ng, ¢).

Most of the materials here are taken from [65, 128] and the references therein. In
this section, we adopt the stability definitions given by Definition 1.1.4.

Definition 1.3.1. The zero solution of (1.3.1) is y-totally stable (v — T'S) if for any
€ >0, there exists a § = §(&) > 0 such that [ng > 0, ¢ € C(no),p € Cy(no), |9 <
8,|ply < 8] imply |y(n,ng,¢,p)| < &, where y(n) = y(n,n9,9, p) is a solution of

n

y(n+1)=A(n)y(n) + Z B(n,s)y(s)+g(n,y(n))+ p(n), n>ng (1.3.2)
s=0

such that y(s) = ¢(s) for s € [0,n]. It follows from the above definitions that the
zero solution of (1.3.1) is y — T'S implies it is (US).

Next we consider a simple difference equation to illustrate that a zero solution can be
uniformly stable and asymptotically stable but not uniformly asymptotically stable.
Consider the difference equation

n

x(n+1)= T

(n), x(ng) =x0#0, n>ng > 1. (1.3.3)

Let z(n) = nx(n). Then x(n+ 1) = z(n+ 1) /n+ 1, and hence (1.3.3) becomes
z(n+1) = z(n), z(no) = xono,

which has the solution z(n) = xgng and the solution to (1.3.3) is then found to be

X070
x(n) :=x(n,ng,x0) = .

Clearly the zero solution is (US) and (AS). However, for ny = n, we have
Xon X0
2 = — 0
x(2n,n,x0) om T2 7

which implies that the zero solution is not (UAS).
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We begin by considering the Volterra difference equation

x(n+1)=A(n)x(n) + i)B(n, $)x(s) (1.3.4)

for all integers n > 0 and for integers, 0 < s < n, where A,C are k X k matrix func-
tions, and x is a k x 1 unknown vector. Equation (1.3.4) is of convolution type
when B(n,s) = B(n —s). We will develop one of the resolvent equations associ-
ated with (1.3.4). In particular, if R(n,s) denote the resolvent of (1.3.4), then it was
shown in [52] that R(n,s) must satisfy

R(n+1,s)=A(n)R(n,s)+ Y B(n,u)R(u,s), (1.3.5)

if s <n, R(s,s) =1 and R(n,s) = 0 if n < s. We shall also show that

R(n,s+ 1)(A(s) = 1) +§1R(n, u+1)B(u,s) + AgR(n,s) =0, (1.3.6)

u=s

if s <n,R(n,n) =Iand R(n,s) =0if n <s, where A;R(n,s) = R(n,s+1) —R(n,s).
In the case (1.3.4) is of convolution type; that is B(n,s) = B(n — s), then the resolvent
matrix equation (1.3.5) takes the form

R(n+1)=A(n)R(n)+ iOB(n —u)R(u), RO)=1,neZ". (1.3.7)

Note that, if we consider the matrix A(n) = A, A constant and nonsingular, then it
can be easily shown that the fundamental matrix F(n) of (1.3.4), which is non-
singular with F(0) = I and by the uniqueness of solutions, one can verify that
R(n,0) = F(n) and R(n,s) = F(n—s), n > s. For the rest of this chapter we uti-
lize the resolvent equations coupled with suitable Lyapunov functionals and apply
Gronwall’s inequality to obtain total stability and hence (UAS) of the zero solution
of different forms of (1.3.4). Let ng > 0, ¢ € C(ny), and x(n) = x(n,n9,¢) be a
solution of (1.3.4) Let

n—1 rl()fl
x(n) =R(n,no)9(no) + Y, R(n,s+1) Y B(s,u)d(u) (1.3.8)
s=ng u=0

where R(n,s) satisfies (1.3.6).

Lemma 1.1 (Variation of Parameters). Suppose x(n) is a solution of (1.3.4). Then
x(n) satisfies (1.3.8), if and only if R(n,s) satisfies (1.3.6).

Proof. Let D(s) = A(s) —I. Summing

A(R(n,5)x(s)) =R(n,s + 1) A(x(s)) + (AgR(n,s))x(s)
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from s = ng to n — 1 we obtain,

x(n) — R(n,ng) ¢ (n 2 R(n,s+ D)A(x(s)) + (AsR(n, s))x(s).

S=n(n

—1 s

x(n) — R(n,n0)9 (1o 2 R(n,s+ 1)[ ()x(s) + ZB(s,u)x(u)}

s=ng u=0

n—1
+ X (AsR(n,s))x(s)

S§=n(

n—1 no—1

-y R(n,s—i—l){D(s)x(S)—i- >, Bls,u)¢(u)

s=ng u=0

s n—1
+ Y B(s,u)x(u)] + Y (AR(n,s))x(s)

u=ng S=ngo
no—1 n—1
ZRns—i—l ZBsu (u)+ Y R(n,s+1)D(s)x(s)
S=ngo S=ngo

n—1 s n—1
+ 3 Y R(n,s+1)B(s,u)x(u) + Y, (AR(n,s))x(s).

S=ngp uU=ny S=n(n

Interchange the order of summation to obtain

S S Rus+ DBsx) = 3 S Rims+ 1B u)xla)

§=np u=n u=ngp s=u

n—1n—1
= Y Y R(n,u+1)B(u,s)x(s).

S=np u=s

Hence,

n()l

x(n) —R(n,ng)o ZRns—i-l ZBsu

n—1 n—1
=y [R(n,s—i— 1)D(s)+ Y, R(n,u+1)B(u,s) + ASR(n,s)}x(s).

s=n( u=s

Since x(n) satisfies (1.3.8), we have the left side of the above equality is zero and
hence the summation on the right is equal to zero. This results in R(n,s) satisfy-
ing (1.3.6). On the other hand, if R(n, s) satisfies (1.3.6), we have the summation on
the right is equal to zero and hence x(n) satisfies (1.3.8).
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We note that (1.3.8) is a variation of parameters formula. For more on the subject,
we refer to [52] and [135]. The next lemma offers a new variation of parameters
formula that we need throughout the book.

Lemma 1.2 (New Variation of Parameters). [Raffoul] Consider the perturbed
Volterra difference equation that is given by (1.3.1) with such that x(s) = ¢(s) for
s € [0,n9). If R(n,s) satisfies (1.3.6), then any solution x(n) of (1.3.1) is given by

no— 1
x(n) = R(n,ng)¢(ng —I—ZRns—l—l Y B(s,u)¢(u)
s=nq u=0
n—1
+ > R(n,s+1)g(s,x(s)). (1.3.9)

Proof. The proof follows along the line of the proof of Lemma 1.1 with minor
modifications. To see this, we let D(s) = A(s) — I. Then from the proof of Lemma 1.1
we have that

—1 K

x(n) —R(n,ng)¢(no Z R(n,s+1) [D( )x(s) + 2 B(s,u)x(u) —l—g(s,x(s))}

s=ng u=0
n—1

+ X (AsR(n,))x(s)

s=ng

1 n()l

ZRns—l—l[ +Z

S=ngn

4 3 Blsaur(u)+ glova(s))] + 3, (AeR(ms))a(s)

u=ng S§=n(

n—1 s n—1
+ 3 Y R(n,s+1)B(s,u)x(u) + Y R(n,s+1)g(s,x(s))

S=np uU=ny S=ng

n—1
+ 2 (AR(n,s))x(s).

s=ng

By interchanging the order of summation on the same term as in Lemma 1.1 we
arrive at

nol

n—1
x(n) — R(n,ng)¢ 2 R(n,s+1) 2 B(s,u)¢(u) — Y, R(n,s+1)g(s,x(s))

S§=n( s=ng

= 2 [ n,s+ 1)D —I—ZR n,u+1)B (u,s)—l—AsR(n,s)}x(s).

s=n( u=s
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As R(n,s) satisfies (1.3.6) for all n and s, we have the summation on the right is
equal to zero and hence x(n) satisfies (1.3.9). This completes the proof.

We have the following lemma that provides sufficient conditions for the bounded-
ness of the resolvent.

Lemma 1.3. If
n
sup B(n,s)| <L* (1.3.10)
P 1 ) 2P
and
n—1
sup 3 [R(n,s+ 1)|(1 + |A(s)|) <M (13.11)
nz1g—(

for some positive constants L* and M*, then there exists a positive constant Q such
that |R(n,s)| < Q forall 0 <ng < s <n < eo.

Proof. By solving equation (1.3.6) for AgR(n,s), and summing it from s to n — 1
and then changing the order of summation we arrive at

n—1 n—1n—1
R(n,s) =1—Y R(n,u+1))( w)+ > > R(n,u+1)B(u,v)
u=s V=8 U=v
n—1 n—1 u
= 1= Y Rnu+1)I=A()+ Y, > R(n,u+1)B(u,v).
u=s U=sv=s

Thus

n—1
IR(r.)] < 14 3 ROt 1) (144 (w)] )

u=s

n—1 1 T
+ 3 RGu 1) (1+1A0)1) UL ey 2 B

<I1+M'+ML"=:Q.
The resolvent is an abstract term and hence verifying conditions that are associated

with it is challenging. With the aid of (1.3.6) and Lyapunov functionals we shall
furnish an example in which we verify condition (1.3.11).

Lemma 1.4. If y(n) = u(n — no)x(n) where x(n) is a solution of (1.3.1), then y(n)
satisfies (1.3.2) with

p(n) = (Apu(n—ng))x(n+1)

+ Y B(n,s) {u(n —ng) —u(s —ng) | x(s)

s=0

+u(n—np)g(n,x(n)) — g(n,u(n —np)x(n)). (1.3.12)
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Proof.

yin+1) =un+1—ng)x(n+1)

(Apu(n—ng))x(n+ 1)+ u(n—no)x(n+1).

The rest of the proof follows easily by substituting the right side of (1.3.1) in the
second term of the above equality and then by adding and subtracting the necessary
terms.

Theorem 1.3.1. Suppose (1.3.10),

1 20
1+|A(n)|‘§)|3(n,s)| -0 (1.3.13)

as n— ng — oo uniformly, and for any { = {(€), 0 < € < 1, there exists an N > 0
such that
A(n)
1+|A(n)]

foralln > N where € is the one given below. If the zero solution of (1.3.1)is y—TS
with y = 1+ |A(n)|, then it is (UAS).

<¢(e) (1.3.14)

Proof. By definition the zero solution of (1.3.1) is w — 7'S implies it is (US). Let
no € Z* and ||@|| < 8(1), where &(-) is the one given for the (y — TS) of (1.3.1)
with w(n) = 14 |A(n)| forall n € Z*. Then |x(n,ng, @)| < 1 for all n > ny. Now for
any e >0,0<e <1, x>0, weset

201 601 >0
u(r) =ult 0,€) = { 1+{m fort <0

Set y(n) = u(n — np)x(n); then y(n) solves (1.3.8) where p(n) is given by (1.3.2). It
follows from (1.3.10) that for any 1 > 0, there exists an S = S(1) > 0 such that

1 n—S(n)
B(n,s)| <n
1+A(n)] ZZ) o)

for all n > S(n). Also, |u(n)| < z (see [177]) and |Anu(n —no)| < 2a. By (1.3.2)
we have

[p(n)] < [Anu(n —no)|

1 n
+(1+|A(n)|)(1+|A(n)|)S:P%n)ﬂ|B(n,s)||u(n—no)—u(s—no)|
1 n—S(n)

(1101 [l o)l )|
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1
1+[A(n)|

< 200+ 20L"S(n)(1+[Am)]) +4 (1+]A(n)])

4 Aln)
e 1+A(n)|

+18(n, u(n —no)x(n))|

(1+[A(n)])

n  4¢

< [2054—205L*S(n)+4'S + [L+|A(n)]].

Take small numbers, n = n(¢), @ = a(e )andC £(€) so that

o(14+L*S(n)) < 5(6>, n < 5( and § < ( ) . Then, |p(n)|y < 6(1). Conse-
quently, it follows from the y — TS of the zero solutlon of (1.3.1) that |y(n)| < 1 for
all n > ny > 0. Hence, if n > ng+ (11;88) we have

y(n)]

u(n—no)|
1

|u(n —no)

|X(I’l,l’l0, (p)| = |

1+ea(n—ng)
< E.
1+ 20(n — ngp)

This completes the proof.
Theorem 1.3.2. [f (1.3.10), (1.3.11), (1.3.13) and

supil(n) < oo (1.3.15)

n>05=0

hold, then the zero solution of (1.3.1) is (UAS).

Proof. We first show that the zero solution of (1.3.1) is w — TS with y(n) = 1+
|A(n)|. Let p € Cy(no) and y(n) = y(n,no, ¢, p) be a solution of (1.3.2). By replacing
g(n,x(n)) with g(n,x(n)) + p(n) in (1.3.9) we have that

nol

y(n) = R(n,ng)d(no) + z R(n,s+1) Y B(s,u)¢(u)

s=ng u=0

n—1 n—1
+ Z R(n,s+1)g(s,y(s)) + 2 R(n,s+1)p(s)

S=n(n S=ngo

and

[y(n)] < [19]1[R(t,10)

n—1 T
+y |R(n,s+1)|(1+|A(n)|)sup1+|114(T)| ;)w(r,u)@

s=ny >0
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n—1 n—1
+Hply 2 Rns+ DA +AS)]) + X [R(n, 5+ 1)|A(5)|y(s)]

S=ngn S=ng

n—1
< llolllQ+M L]+ |plyM* +Q ¥, A(s)|y(s)])-

S§=n(

Applying Gronwall’s inequality (Corollary 1.1) we obtain
* T % * n=l o
o)1 < [I1011(@+ ML) + [ply*] LT A0

This implies that the zero solution of (1.3.1) is ¥ — T'S and therefore by Theo-
rem 1.3.1 it is (UAS).

In the next example we use Lyapunov’s method to directly verify condition (1.3.11).
This is of special interest to us because, in difference equations, this produces a new
summability criteria of the resolvent .

1.3.1 Application to Perturbed Volterra Difference Equations

In this section, we use Lyapunov functional in terms of the resolvent and obtain
stability results concerning nonlinear scalar Volterra difference equations.

Example 1.5. Consider the perturbed and scalar Volterra difference equation

x(n+1)=an)x(n)+ i)b(n,s)x(s) +g(n,x(n)) (1.3.16)

with the assumption that |g(n,x)| < A(n)|x|. Assume (1.3.10) and (1.3.13) hold for
the scalar equation (1.3.16). Also, suppose there is a sequence @ : Z+ x Zt — (0,0)
such that

Ns@(n,s) > |b(n,s)] (1.3.17)

and

—|a(n)|+K(1—|b(n,n)|—(p(n,n)) >p (1.3.18)

where 3 and K are positive constants with 0 < K < 1. If (1.3.15) holds, then the
zero solution of (1.3.16) is (UAS).

Proof. Define the Lyapunov functional V (s) on [0,n — 1] by

n—1
V(s):|R(n,s)|+2(p(u,s)|R(n,u—|—l)| (1.3.19)
u=s
where R(n,s) is the resolvent of (1.3.6) with g = 0, satisfying

n—1
R(n,s+1)a(s)+ Y, R(n,u+ 1)b(u,s) — R(n,s) = 0.

u=s
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Then,

AV(s) = |R(n,s+ 1)| — |R(n,s)|

n—1 n—1
+ 2 (p(u,s+1)|R(n,u+1)|—2(p(u,s)|R(n,u—|—1)|
u=s+1 u=s

n—1
> (=la(s)|+ DIR(n,s+1)[ = 3 [R(n,u+1)]|b(u,s)]

u=s

n—1
+ 2 (p(“as+ 1)|R(n,u—|— 1)| - (P(S,S)|R(H,S—|— 1)|
u=s+1

n—1
— z o(u,s)|R(n,u+1)]|.

u=s+1

AV(s) = [1 = la(s)] = [b(s,5)| = @(s.5)| [R(m,s+1)

.S (259(u,5) = low,5)1 ) ROt + 1)

u=s+1

> [1=a(s)| = [b(s,5)| = @(5.5)] IR(2,5+ 1)

= (14 la(s)IROn,s +1)]

+Il{ [ la(s)| + K (1= [b(s,5) = 0(5.5) ) | ROn,5+ 1)
> k(1+|a(s)|)|R(n,s—|—1)| (1.3.20)

where k = min [— 1+ 11<, I/ﬂ Summing (1.3.20) from O to n — 1 yields

kz 1+ la(s)|)|R(n,s+1)| < V(n) —V(0)
= [R(n,n)| — |R(n,0)]. (1.3.21)
Thus,
Supnil IR(n,s+1)(|1 +a(s)]) < ,1( (1.3.22)

n>0 g—0

Hence condition (1.3.11) is satisfied and by Theorem 1.3.2 the zero solution of
(1.3.16) is (UAS).
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Note that the Lyapunov functional V (s) defined by (1.3.19) is of general type. To
see this, let @(u,s) = 2‘;5 |b(u,v)|. Then ¢ satisfies (1.3.17) and condition (1.3.18)
reduces to

—la(n)| +K(1 -

n
s=

|b(n,s)|) > B. (1.3.23)
0
It is easy to see that (1.3.21) implies that ¥ |b(n,s)| < 1 and hence (1.3.10) is
satisfied. We note that inequality (1.3.22) implies R(n,s) is bounded for 1 < s <
n. Also, from inequality (1.3.21) R(n,0) is bounded, since V (s) is increasing. We
conclude that Lemma 1.3 is not needed for this example.

1.4 Uniform Asymptotic Stability via Resolvent

In this section, we study the stability properties of the zero solution of the nonlinear
perturbed Volterra discrete system

x(n+1)=A(n)x(n)+ i) B(n,s)x(s)+ g(n,x(n)) (1.4.1)

where g(n,x) is continuous in x and satisfies |g(n,x(n))| < A(n)|x|, where A(n)
is such that 0 < A(n) < N < oo, for some constant N. Moreover, A, B are k X k
matrix functions on Z* and Z" x Z™, respectively. Recently, several authors have
studied the behavior of solutions of variant forms of (1.4.1). Medina [113, 114, 117],
Eloe et al. [65], and Raffoul [135] obtained stability and boundedness results of the
solutions of the homogenous part of (1.4.1) by means of representing the solution in
terms of the resolvent matrix. In addition, Eloe et al. [65] and Elaydi et al. [61] used
the notion of total stability and established results on the asymptotic behavior of
the zero solution of (1.4.1). Their work heavily depended on showing or assuming
the summability of the resolvent matrix. For more results on stability of the zero
solution of Volterra discrete system we refer the reader to Crisci, Komanovskii, and
Vecchio [36], Elaydi [52], and Agarwal and Pang [5]. This research is a continuation
of the research initiated by the authors in [84] and related to the work in [65]. In this
section we extend some of the results in [83], and later on we furnish an example as
an application to some of our theorems, in which we show the summability of the
resolvent matrix.

For x € R¥, |x| denotes the Euclidean norm of x. For any k x k matrix A, we define
the norm of A by |A| = max{|Ax]| : |x| < 1}. We define the set C(n) = {¢p € R¥: ¢ :
[0,1] — RK} with the norm ||¢|| = max{|¢(s)| : 0 < s < n} onit.

For each ng € Z*, and ¢ € C(ng), there is a unique (vector) function ¢ : Z* — Rk
on 0 <s < ng on [ng,e<) with x(s) = ¢(s) for 0 < s < ng. Such a function x(n) is
called a solution of (1.4.1), and is denoted by x(n,n9,®). Throughout this section
we write x(n) for x(n,ng, ¢) unless it is stated otherwise.
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Theorem 1.4.1. Let
O(n)=IA(n)|+A(n +Z|Bun
u=n
Suppose that, for alln > ny > 0,

ZQ )[R(n,ng) | < oo, ZQ )IR(u,n+1)| <K Q(n) <eo,  (1.4.2)

n=ng

and for the upper bound N, on A(n),0 < NK; < 1, hold. Then the zero solution
of (1.4.1) is stable.

Proof. Suppose that x(n) is a solution of (1.4.1). If R(n, s) satisfies (1.3.6), then x(n)
is given by, see Lemma 1.2,

no— 1
x(n) = R(n,ng) ¢(no —I—ZRns—l—l > B(s,u) ¢ (u)
s=nq u=0
n—1
+ > R(n,s+1)g(s,x(s)). (1.4.3)

First we take the absolute value on both sides of (1.4.3), multiply through by Q(n),
and then sum from n = ng to n = « to obtain

HZOQ( |<n§;,OQ ) [R(n,no)] 9]
+ 3 ot SZ,,(,'R” s |"iI|Bs 21 119l
+ninOQ<n> 2 IR(m,s+ DIA(s) x(5)
”E;,OQ ) IR(n,n0)! 1161
+”2nosznog |Rns+1|u§|Bsu|||¢||
+”2nOSZnOQ VR(n,s+1)] A(s) |x(s)].

By changing the order of summations, we have

i Z Q(n) |R(n,s+1) I—ZZQ )|R(n,s+1)].

n=ng s=ng s=ngn=s
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Thus, from the above inequality, we obtain

S 0 |x() < T [R(n.n0) |0(n) [I8]]

n=ng n=n
+22Q IRns+1|Z|Bsu||I¢II
s=ngn=s u=0
+ 2 ZQ Y|R(u,n+1)| A (n) |x(n)|. (1.4.4)
n=ngu=n

By (1.4.2) there exists an M| > 0, and M, > 0 such that

Y o |Rns|<M1,and2Q )R(s,n+1)| < Ms.

n=s sS=n
Let
Z Z |B(s,u)
§S=ng u=
Then from (1.4.4), we have
ZQ n)| < Mi[|¢]|+ M, Z ZIBMIH(I)II
n=ng s=ngy u=0

+NK; i O(n) |x(n)|

n=ng

< My ||o]]+ M2 C(no)l|9]|

NE S On) ().

n=n

Solving for 3,7, O(n) |x(n)|, we get
_ 191131 + M€ (o))
§ o(n N, . (1.4.5)

n=ng

Next we rewrite (1.4.1) as

n

Ax(n) =D(n)x(n)+ 2 B(s,u)x(s) +g(n,x(n))

s=0

where I is the identity matrix and D(n) = A(n) —I. By summing the above equation
over n from ng to n — 1 we get
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n—1 n—1
| Y, Ax(s)| = | X |D +ZBSM u)+g(s,x(s ))H
S=n(n S=ngo
n—1
< Z s)+ Z B(s,u)x +g(sx())H
s=nq u=ngp+1
—1 ng
2 ZB (s,u)
S=np u=
< S P ml+ S, S 1Bonw ()
n=ny n=nqu=nq

+3 Ak |+22anwn

n=ny n=ngu=

By interchanging the order of summations in the second term of the right side of the
above inequality, we arrive at

oo

n—1
| 2 Ax(s)| < 3 |ID(m)] + 2 |B(n,u)|+A(n) | [x(n)|+C"(no) [|#]]

§=ng n=ng u=ng
< Y () [x(n)| +C*(no) [|8]]. (1.4.6)
n=ny

By substituting (1.4.5) into (1.4.6), we get

S 1-NK, +C(no) [|9]]-
Thus,
C*
30n) =) < [jg [ 1911 EIECD 4 o).

But |x(n)| — |x(no)| < |x(n) — x(no)|, and hence we have

(M, + M, C*(no))

o) <ol | M

+C*(no) + 1} .

We remark that if C*(ng) is uniformly bounded, then Theorem 1.4.1 implies that the
zero solution of (1.4.1) is (US).

Theorem 1.4.2. Suppose
i
sup Y [R(s,ng)| < +ee, (1.4.7)

n>np>0s=n
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n 1 n—1
sup {|R(n np) |+ 024 |y R(n,s+1)B(s, )} < oo, (1.4.3)

n>np>0 u=0 s=ngy
sup A(n 2|Rsn+1)|<L<1 (1.4.9)
n>np>0 s=n

and there exist a D > 0 such that

nyp—1
Z<Z|RM+1IOZIBSM >_ (1.4.10)

S=ngo

then the zero solution of (1.4.1) is (US).
ii. If the zero solution of (1.4.1) is (US) and

n—1
sup Y [R(n,s+1)] <eo (1.4.11)

n>ny>0s=n

then (1.4.8) holds.

Proof.
i. Suppose that (1.4.8)—(1.4.10) hold. Summing (1.4.3) over n from n =ngp to n = o
and using |g(n,x)| < A(n)|x|, we get

le )< Zanno|II¢ll

+nino<2 s 0| 'S, s ||¢||>
+i <2|R 1) | Lg(sx(s >>|>

< 3 ko)1l
+3 (S_i%m(n,w1>|1°§;B<s,u>||¢||>
+nino‘i|R(s,n+l)|l(n)|x(n)|.

From (1.4.7), there exists a positive constant F such that Y3-, |[R(n,n9)| < F. Thus,
using (1.4.9) and (1.4.10) we arrive at

ng—1
2|x |<F+Z<Z|Rns+l |2Bsu>||¢||

+L 2 |x(n)]|. (1.4.12)

n=n
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Hence (1.4.12) yields

Z x(n)| < Fllo][+DIl¢[|+L Z | x(

n=ng n=ng

Thus,

i Px(n)| < (Ftl_))L”‘PH. (1.4.13)

n=ng

Using equation (1.4.3), we obtain

u=0 s=ngq

np—1 n—1
x(m)| < |R(n,no)| |9+ Y, <| > R("73+1)B(S,M)|> o]l

n—1
+ D [R(n,s+1)[A(s) [x(s)]. (1.4.14)

S=n(n

By (1.4.8) and the fact that A () is bounded, there exists a constant P > 0 such that
|R(n,s)|A(s) < Pfor0 < np<s<n.Also by (1.4.8), there exists a constant £ > 0
such that

nop—1 n—1
sup {|R(n,n0)|+ oY, R(n,s+1)B(s,n)|} <E.

n>np>0 u=0 s=ugp

Thus (1.4.13) and (1.4.14) yield

np—1 n—1
lx(n)] < {IR(n7n0)|+ D R("7S+1)B(5,M)|} o]l

u=0 s=ng
n—1
+P Z |x(s)
S=n(n
F+D
<E||¢||+P( +D) 19l =J||0]]. (1.4.15)

1-L

Thus, (1.4.15) implies that the zero solution of (1.4.1) is (US). Suppose that the
zero solution of (1.4.1) is (US). Then for € = 1, there exists a 6 > 0 such that
[n0 >0, ¢ € C(ny), ||¢]| < O, n > ng| implies |x(n,ng,¢)| < 1. Let m be a positive
integer and define the sequence of functions ¢,, by

Om(u) = va 071 o0 0 < u < ny. (1.4.16)

Let y,(u) = gva”"("o’“) for 0 < u < ng. Then, |, (u)| < ‘;. Hence we have
|x(n,n0, Y (s))| < €. It is clear from (1.4.16) that ¢, (n9) = v and |@y,,(s)| < 1 for
0 < s < ng. Thus, from (1.4.3) we have

6 n()l
|R(”a”0)|2<|x(nno,l//m|+ IZRnH—l ZBsu ~m(ng—u))|

S=n(n
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n—1
+| z |R(nvs+ 1)| A,(S) |X(Sanoallfm(s))|

S=ngn
no— 1
<1+ |2Rns—|—1 ZBsu —m(no—u))
s=ng
+| 2 IR(n,s+1)| A(s). (1.4.17)
S=n(n
Now, for fixed n,
no— 1
|2Rns—|—1 ZBsu “mm0=)| 5 0 as m — oo,

s=ng

By (1.4.11), there exists a G > 0 such that 2?;,}0 |R(n,s +1)|A(s) < G. Thus
from (1.4.17)

§(1+G). (1.4.18)

Next, let ¢ € C(ng) with ||¢]| < 1. Define y = & ¢. Then ||y|| < &. Thus, by the
definition of &, we have |x(n,ng,w)| < 1 for all n > ny. It follows from (1.4.3)
and (1.4.18) that

R(n,n0)| <

no— 1
ZRns—i-l ZBsu < |x(n,n0, W)|+|R(n,n0)||w(no)|
S§=n(
n—1
+ X [R(n,s+1)[A(s) | [x(s,m0, W)
S=ngo
< |x(n,no, y)| + [R(n,no)| |[w(no)|| + G
<142(1+G)+G.
Hence,
no—1 n— no—1 n— 3
|Z ZRns—l—l |2 ZRns—l—l (n)] < .(1+G)
=0 s=ng =0 s=ng 0

for n > ng and the proof is complete. The next Lemma gives necessary and sufficient
conditions for the uniform boundedness of R(n, s).

Lemma 1.5. There exists a positive constant H such that |R(n,s)| < H forn > s >0
if and only if

sup
n>s>0

’ilR(n,u—i—l) (D(u)—i-zu:R(n,u—i—l)B(u,v)) < oo, (1.4.19)




1.4 Uniform Asymptotic Stability via Resolvent 41

Proof. By solving equation (1.3.6) for AgR(n,s), and summing it from s to n — 1
and then changing the order of summations, we arrive at

n—1 n—1n—1
R(n,s) =14+ Y R(n,u+1)[A(u) =11+ Y, Y R(n,u+1)B(u,v)
u=s V=S8 U=v
—1 u
_I—l-ZRnu—l—l +22Rnu+1 u,v)
U=s v=s
=1+ ZR(n,u—i—l) [D(u)—i—ZB(u,v)}.
u=s V=5

Hence, the result follows.

For the next theorem, we assume
nop— 1 n

sup 2 |y, R(n,s+1) B(s,u)| < +eo. (1.4.20)

n>np>0 y— s=ng

Theorem 1.4.3. Assume that |R(n,s+1)| < H(s) for 0 <s <n < oo with

n—1
sup > H(s)A(s) <K for K > 0. (1.4.21)
n205=0

Then, the zero solution of (1.4.1) is (US) if and only if (1.4.8) holds .

Proof. If (1.4.8) holds, then for 0 < ny <s < n, we have |[R(n,s+1)| < H(s) <
From (1.4.14), we obtain

no—1 n—1
IX(n)IS{IR(nno )+ X | Y R(n,s+1) Bs, )I}II(PII

u=0 s=ng

n—1
+ 2 [R(n,s+ 1)| A(s) |x(s)]|

S§=n(

<E||¢|I+ZH $) [x(s)]-

S=ngn
Applying the discrete Gronwall’s inequality (Corollary 1.1), we get
x(n)| < E||@]] exp < 2 Hs ) <E|]| exp(K) :=L[|¢]|.  (1.4.22)
S=ng

This proves that the zero solution of (1.4.1) is (US). The proof of the converse of
this theorem is similar to the proof of the converse of Theorem 1.4.2.
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Theorem 1.4.4. (i) If (1.4.8)—(1.4.10) and (1.4.19)—(1.4.20) hold, then the zero so-
lution of (1.4.1) is (US). (ii) If the zero solution of (1.4.1) is (US) and (1.4.11) holds,
then (1.4.19)—(1.4.20) hold.

Proof. Conditions (1.4.19)—(1.4.20) hold if and only if (1.4.8) holds. Therefore the
results follow directly from Theorem 1.4.1.

Theorem 1.4.5. i. Suppose that (1.4.7)—(1.4.10), and

nop—1 n—1
{|R(n,n())|+ oY, R(n,s+1)B(s,u)|} =0 (1.4.23)

u=0 s=ng

as n—ng — +oo uniformly,

n—1
Y [R(n,s+1)| =0, (1.4.24)

s=ng

as n—ng — +oo uniformly hold. Then, the zero solution of (1.4.1) is (UAS).
ii. If the zero solution of (1.4.1) is (UAS) and (1.4.24) hold, then (1.4.23) holds.

Proof. Suppose that (1.4.7)—(1.4.10) hold. Then, by Theorem 1.4.2, the zero solu-
tion is obviously (US). Let B; > 0 be given and ¢ € C(ng) on 0 < s < ny with
[|¢|| < B;. Then, it follows from (1.4.14) and (1.4.15) that,

no—1 n—1
x(n)] < {IR(n,no)|+ D R(”7S+1)B(Sau)|} ll&l]

u=0 s=ng

n—1

2 [R(n,s+1)[NJ||9]|

S=n(n

no—1 n—1
|R(n,no)|+ Y, | Y, R(n,s+1)B(s,u) |1 By

u=0 s=ngp

<

n—1
NJ Y [R(n,s+1)|

S=n(n

+ B;.

From (1.4.23) and (1.4.24), it follows that for any € > 0, there exists a constant
T > 0 such that

€
<

np—1 n—1 n—1
[|R(n,no)|+ 2 | 2 R(n,s+1)B(s,u)|+ NJ Z |R(n,s+ 1)| B,

u=0 s=ng s=n

for all n > T 4 ng. Thus, |x(n)| < € for all n > T + ny. This implies that the zero
solution of (1.4.1) is (UAS). Conversely, suppose that the zero solution of (1.4.1)
is (UAS). Then it is (US). Let ¢ € C(ng) with ||¢|| < 1. Then, for any € > 0, there
exists T > 0 such that |x(n,n9,9)| < € for n > T + ng. By making use of (1.4.17)
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and by the argument of Theorem 2.2 (ii), we have |R(n,ng)| < € for all n > T + ny.
Now using (1.4.14) in (1.4.3), we get

no—1 [/ n—1
| ;) <2 R(n,s+1)B(S7M)> ¢ (u)]

§=n(

n—1
< |x(n,n9,9)| + |R(n,n0)| +NJ Y |R(n,s+1)| <3¢

S=ng
for all n > T + ng. This implies
np—1 n—1
NI Y R(n,s+1)B(s,u)| <3¢
u=0 s=ng

for all n > T + ny. This shows that (1.4.23) holds and the proof is complete.
Remark 1.1. The function
n—1 s—1
|R(n,s)|+ >, | > R(n,u+1)B(u,v)] (1.4.25)
u=s y=0

can serve as a Lyapunov functional to directly verify conditions (1.4.8) and (1.4.23)—
(1.4.24) as we shall see in the next example.

Lemma 1.6. The resolvent R(n,s) — 0 as n — s — oo uniformly if and only if
u=n—1 u
I+ Y |R(nu)l (D(u)+23(u,v)|> -0 (1.4.26)
u=s V=s
as n—s — oo uniformly.
Proof. The proof follows directly from Lemma 1.5.
Theorem 1.4.6. If (1.4.7)—(1.4.10), (1.4.24)—(1.4.26), and
no—1 n—1
> I Y R(n,s+1)B(s,u)| =0 (1.4.27)
u=0 s=ng
as n—ng — +oo uniformly hold, then the zero solution of (1.4.1) is (UAS).

Proof. The proof of Theorem 1.4.6 follows directly from Lemma 1.6 and Theo-
rem 1.4.5

Using (1.4.22) of Theorem 1.4.3, we obtain the following theorem which is more
practical when the sum of R(n,s+ 1) along with A(n) and Y!_,B(n,s) can be esti-
mated.
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Theorem 1.4.7. Suppose that (1.4.8) and (1.4.21) hold. Then, the zero solution
of (1.4.1) is (UAS) if and only if (1.4.23) and

n—1
N [R(n,s+1)| A(s) = 0 for n — ng — oo uniformly (1.4.28)
s=0

hold.

Proof. Suppose that (1.4.8) and (1.4.21) hold. Then, by Theorem 1.4.3, the zero so-
lution is (US).

Let B; > 0 be a given constant and ¢ € C(ng) on 0 < s < ng with ||¢|| < B;. Us-
ing (1.4.22) in (1.4.3), we obtain

no—1 [ n—1
x(n)] < {IR(nvno)H ;) <_Z R(n,s+1)3(37'4)>} o]l

n—1
+L Y [R(n,s+1)|A(s)[[@]].

s=ng

Applying (1.4.23) and (1.4.28) in the above inequality gives the (UAS). The con-
verse of Theorem 1.4.7 follows from the proof of the converse of Theorem 1.4.3.

1.4.1 Application to Scalar Equations

We end the section by furnishing an example in which we show that the zero solution
of the scalar nonlinear Volterra discrete equation

x(n+1)=a(n)x(n)+ %b(n,s)x(s) +g(n,x(n)) (1.4.29)

where |g(n,x)| < A|x], is (UAS).

Example 1.6. Consider equation (1.4.29) and suppose there are positive constants
Y,h,B, and K with K < 1 satisfying the following conditions for n > 0:

i) —a(n)+K(1-Y |b(n,s)]) >0,

n
s=0

n+h—1
(i) For each y > 0, there exists 4 > 0 such that Z la(s)| > 7.

S=n
719
(iii) | (1 ) Y |b(n,s)| = 0 as n—ng — +eo uniformly on {n|a(n) # 0},
an
=0
n()fl ’
(iv) Y, |b(n,s)| > A(n) for ng >0,
5s=0
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n

W) ZA(S) < oo forall n >0, and
0

vi) Y |b(u,s)| <B.

u=0
Then the zero solution of (1.4.29) is (UAS).

Proof. Define the discrete Lyapunov functional, V (s) on [0,n — 1] by

n—1s—1

V(s) = |R(n,s)|+ Z Z |R(n,u+1)] |b(u,v)]

u=sy=0

where R(n,s) is the resolvent of (1.4.29) with g = 0, satisfying

n—1

R(n,s+1)a(s)+ Y, R(n,u+1)b(u,s) —R(n,s) =

u=s

Then using (i) we have

AV(s) = |R(n, s—|— 1) — |R(n,s)]
n—1s—1

0, R(n,n)=1.

45

n 2 2|Rnu+1 ||buv|—22|Rnu+l ) 1B, )|

u=s+1v=| U=sy=

_(—W(H+1HR@J+1N

s—1
—|R(n,s+1)||b(s,s)| — |R(n,s+1)] z |b(s,v)|

v=0

= <1—|a |—2|bsv >|Rns+1)|

1

> (y

- 1)|a(s)||R(n,s+ 1)].

So we have AV (s) > 0.

This yields that forn > ng > 0, V(ng) < V(n) = |R(n,n)| = 1. That is,

n—1 n()*l

IR(n,no)|+ >, > [R(nu+1)]|b(u,v)| < 1.

u=ngy v=0

Hence (1.4.8) is satisfied.
By summing (1.4.30) from O to n — 1, we obtain

( )2|a )IR(n,s+1)| <V(n)—

(1.4.30)

(1.4.31)

(1.4.32)
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or

K
R( 1 =:D.
z|a GIRG s+ < ©

Note that (1.4.31) implies that there exists a constant H > 0 such that

sup |R(n,s+1)|=H<1for0<s<n<oo,
s>np>0

Hence, by (v) we have
n—1
sup > HA(s) <
n>1 =0
Thus condition (1.4.21) is satisfied and by Theorem 1.4.3, the zero solution of
(1.4.29)1s (US). By (iii), for any € > 0 there exists Ny > 0 such that foru > Ny +s—1
implies

s—1 €
Sl 5 5 platl

Thus, for n > Ny + s — 1 we have

s+N;1—1 s—1
)y |R(”au+1)|2|b(uw)|
u=s
s—1
—2|Rnu+1|2|buv|+ z R(nu+1)| Y, [b(u,v)|
u=s u=s+Nj v=0
€ ni‘l s+§:1 il
< IR(n,u+1)||a(u)] + IR(n,u+1)] 2, |b(u,v)]
(3+B)D u=s+N; u=s v=0
£ s+Np—1 s—1
<5.p7T 2 nu+1)|v§6|b(u,v)|. (1.4.33)
LetB= " anda = 3733 By (ii), there exists an 4 > 0 such that Y57~ [a(v)| > a,
and
sth—1 sth-1
[R(n,ns+1)|B 2 la@W)| <B 3 IR(m,u+1)lau)],
u=s
forns € [s,s+h— 1] and n > s+ h, where
[R(nng+1)[ = _ min  [R(n,u+1)].

Using (1.4.32) in the above inequality we arrive at

1 £
|R(n,ng+1)| < - < .
' Bt a(v)| 3+B
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Choose N > 1 so that ﬁ+B > 1.Foreachny>0andn>ny+ (N+1)(Ny+h—1),
define {n;} with

n(j—1)+N <n;<n(j—1)+N+h—-1, j=1,23....N

such that
€

[RGnnj+ D] < 5 (1.4.34)

It follows that ny < ng+ N(N; +h—1) and by (1.4.32) we arrive at

N aner 1
2 (X BIRmu+1)am)]) < Z BIR(n,u+1)[|a(u)| < 1.
j=1 u=n; u=ny
Since /33112 > 1, it follows from the above inequality there exists ng, 1 < k < N such
that
ng+N;—1
N z BIR(m,u+1)|ja(u)| < 1.
u=ny
Or,
nkJerfl €
R(n, 1 < . 1.4.35
3 ROt ) < 4 7 (1435)
k
Since V (s) is increasing, we have
Vi) <V(ng+1).
Hence, using (1.4.33)—(1.4.34) and (vi) we arrive at
n—1 nkfl
R(n, )|+ Y, D [R(n,u+1)] [b(u,v)]
u=ny v=0
n—1 ng 1
< [R(mme+1)|+ Y, X [R(n,u+1)] [b(u,v)|
u=ny v=0

+ 2 R(n,u+1)| |b(u,ny)]|
u= nk+1
2¢€ Be

< = €.
=348 348 348”6

This yields
n—1 n()fl

IR(n,no)|+ Y, Y |R(n,u+1)| [b(u,v)| =V(ng) < V() <& (1.4.36)

u=nqy v=0
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forn>ng+ (N+1)(N; +h—1) > ng,N > 3ﬁ+f . Hence condition (1.4.23) is satis-
fied. Next, for n > ng+ (N+ 1)(N; +h — 1) > n; we have by using condition (iv)
in (1.4.36).

n—1
|R(n,ng)| + 2 |R(n,u+ 1)|A(u)

u=ng

n()fl

n—1
< |R(n,no)| + Y, [R(mu+ 1) Y |b(u,v)|

u=ng v=0

n—1 ng—1

< |R(n,no)| + z z |R(n,u+1)||b(u,v)]|

u=ngp v=0

<e. (1.4.37)

Hence, (1.4.28) follows directly from (1.4.37) and the zero solution of (1.4.29) is
(UAS) by Theorem 1.4.7

1.4.2 Homogenous Volterra Equations; (g(n,x) = 0)

Theorems of the previous section were complicated due to the presence of the per-
turbation term g(n,x). In this section, we state necessary and sufficient conditions
for the (US) and (UAS) of the unperturbed Volterra difference equation

x(n+1)=a(n)x(n)+ i) b(n,s)x(s). (1.4.38)

We will state two parallel theorems concerning (1.4.38). The proof of the next the-
orem follows along the lines of the proof of Theorem 1.4.2.

Theorem 1.4.8 ([83]). The zero solution of (1.4.38) is (US) if and only if (1.4.8)
holds.

Similarly, the proof of the next theorem follows along the lines of the proof of
Theorem 1.4.7.

Theorem 1.4.9 ([83]). The zero solution of (1.4.38) is (UAS) if and only if (1.4.8)
and (1.4.23) hold.

In the next theorems we apply the results of Theorems 1.4.8 and 1.4.9 to (1.4.38).

Theorem 1.4.10 ([83]). The zero solution of (1.4.38) is (US) if and only if

n—1 n()*l

n—1 n—1
[ TTa®]+ X | IT a() be(s,u)| <L (1.4.39)

i=ng s=ng i=s+1

holds for some positive constant L.
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Proof. Letng >0, ¢ € C(ng), and x(n) = x(n,np, ) be a solution of (1.4.38). By
the variation of parameters formula ([52, 135]), we have

n—1 n—1 no—1

n—1
= [Taomo)+ Y, TT ali) Z b(s,u)¢(u)

i=ny s=ngi=s+1

n()l

= R(n,n9)¢(ng) + 2 R(n,s+1) Y b(s,u)¢(u), (1.4.40)

s=ng u=0

where

R(n,np) Ha

ln()

By taking supremum in (1.4.40), we satisfy (1.4.8) by invoking (1.4.39) and results
follow from Theorem 1.4.8.

The next result is very interesting since the growth of Y%_, b(n,s) is controlled by
the size of a(n).

Theorem 1.4.11 ([83]). The zero solution of (1.4.38) is (US) if and only if there ex-
ist positive constant o such that

la(n)]| <o <1, foralln>0 (1.4.41)
and

n()l

sup ! ‘ z b(n,s | < oo, provided that a(n) # 0 for large n. (1.4.42)

HI(

Proof. First we note that condition (1.4.42) implies that there exists a positive con-

stant L such that
no— 1

|' Y bn,s)| < Lla(n)).

s=0

Let ng > 0, ¢ € C(ng), and x(n) = x(n,ng,¢) be a solution of (1.4.38). Then
by (1.4.40) we have that

nol

|R(n,no)| + 2|Rns—|—1 stu
S=n(n
— n—1 n—1 n()*l
< IHa(i)|+ 2T a®ll X bls,u)]
i=ngp s=ng i=s+1 u=0

n—1
o § 2 |anfs71)|a(s)|

S§=n(

IN

n—1
o0+ Lo Yo" Vla(s)|

S=n(n
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1— n-+ngp
<l+oL *
11—«
oL
<1+ .
1—o

Hence the proof follows by Theorem 1.4.8.

The next theorem provides necessary and sufficient conditions for the (UAS) of the
zero solution of (1.4.38).

Theorem 1.4.12 ([83]). The zero solution of (1.4.38) is (UAS) if and only if (1.4.39)
holds together with

n—1 np—1
2 ‘ 02‘ b(s,u ‘—>0 as n — ny — oo uniformly. (1.4.43)

s=ng u=

Proof. Letng >0, ¢ € C(ng), and x(n) = x(n,ng,d) be a solution of (1.4.38). We
must show that (1.4.23) holds. For our scalar equation (1.4.38), condition (1.4.23)
is equivalent to

n—1 n—1 n-—1 no—1
I TTa@+ X | TT a@Il > b(s,u)| — 0, as n—ng — oo uniformly.
i=ny s=ngy i=s+1 u=0

n—1
Now by (1.4.41), we have that | [ ] a(i)| = 0. Also, by (1.4.43) we get

i:n()

n—1 n-1 ny—1 n—1nop—1
ST a ||stu|<z Y b(s,u)| — 0, as n — ng — oo uniformly.
s=ng i=s+1 = s=ng u=0

By Theorem 1.4.12 the proof is complete.

Next, we state some (USA) results concerning the vector Volterra difference equa-
tion of convolution type

x(n+1)=A(n)x(n)+ i)B(n —5)x(s) (1.4.44)

for all integers n > 0 and for integers, 0 < s < n, where A(n),B(n—s) are k X k
matrix functions, and x is a k£ X 1 unknown vector. For the next theorem, we let

o n—1
(n) = Zb’ %R(n—s— DB(s+u+1)|.

Theorem 1.4.13 ([60]). Suppose that z |B(j)| < oo and let R(n) be the resolvent

of (1.4.44) satisfying (1.3.5). Then for (1 4 44) the following are equivalent.
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(a)det(zl —A —B(z)) #0, for |z| > 1,

(b) R(n) € I'(Z1),

(c) The zero solution of (1.4.44) is (UAS),

(d) Both R(n) and h(n) tend to zero as n — oo.

For more on such equivalent conditions we refer to the interesting survey papers and
[59] and [114].

It is crucial to mention that the method of resolvent does not work for nonlinear
Volterra difference equations of the form

x(n+1)=A(n)x(n) + i B(n,s)f(x(s)) (1.4.45)

s=0

since the function f enters nonlinearly which makes it impossible to determine the
resolvent. In later chapters, we shall employ suitable Lyapunov functionals to qual-
itatively analyze the solutions of (1.4.45). The following results can be found in
[115] and [117]. We consider

x(n+1)=A(n)x(n) + i B(n, j)x(s), x(ng) = xo (1.4.46)

J=no
and its perturbation

y(n+1)=A(n)x(n) + i B(n, j)y(s)+ F(n) (1.4.47)

J=no

where A and B are matrices and R(n,s) is given by (1.3.5). Then the solution
of (1.4.47) is given by

n—1
x(n,0,x0) = R(n,0)xo+ Y. R(n, j+ 1)F(j). (1.4.48)
j=0
Now we state a definition that we need in the sequel.

Definition 1.4.1. The zero solution of (1.4.46) is said to be &-stable if there exists a
positive and bounded function / and a constant ¢ > 1 such that

h(n
<
|X(l’l,0,xo)| = C|x0| l’l(l’l())

If the boundedness condition on £ in Definition 1.4.1 is removed, then (1.4.46) is
called an A-system around the null solution. We have the following theorem.

Theorem 1.4.14 ([115]). System (1.4.46) is an h-system, if and only if there exists a
positive function h and a constant ¢ > 1 such that

, n>np >0, and xq is small enough .

|R(n,np)| < Ch(no)

,n>ny>0. (1.4.49)
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Theorem 1.4.15 ([115]). Assume system (1.4.46) is an h-system. Let A : Z" — R™.
Then the nonlinear perturbed system

Y1) = A@x(n) + 3, Bl )+ plny(m)  (1450)

J=no
with p(n,0) =0, is an h-system, provided that

h(n)

ARCICINOT

p(ny(m)l <,

where
h(n)

2 h(n+1)

n=ng

A(n) < oo. (1.4.51)

The proof follows by expressing the solution of (1.4.50) in the form

n—1
)’(”a”O,yO) = R(’%”O))’O‘i‘ z R(l’l,]+ 1)p(]7y(]))
j=0

Remark 1.2. 1t is clear that condition 1.4.51 translates into

n—1

D R(n,s+1)A(s) <o,

s=0

which is equivalent to our condition (1.4.21). Moreover, a careful reading of [117]
and [114] reveals that the resolvent of (1.4.46) has to approach zero as n goes to
infinity.

It is obvious that conditions (1.4.49) and (1.4.51) require the boundedness and
summability of the resolvent . Unlike others, we were successfully able to verify
such conditions in Sections 1.3.1 and 1.4.1 with the aid of Lyapunov functionals.

1.5 Open Problems

We just saw that the resolvent method could not be directly applied to nonlinear
Volterra difference equations. However, if we impose Almost-Linear conditions on
the nonlinear functions, then it might be possible to carry out some of the work of
the chapter to nonlinear Volterra difference equations. To be precise, we consider
the Volterra difference equation
n
y(n+1)=A(n)y(n) + Y, C(n,$)y(s) + p(n), y(0) = yo. (1.5.1)
s=0

If the resolvent R(n, s) satisfies (1.3.5), then the solution of (1.5.1) is given by
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n—1

y(n) =R(n,0)yo+ Y, R(n,s+1)p(s). (1.5.2)
s=0

By imposing conditions on the resolvent (see [3]), one may show that all solutions
of (1.5.1) are bounded for every bounded p(n). Next, we consider the nonlinear
Volterra difference equation

n

x(n+1)=A(n)h(x(n)) + ;)C(n,s)g(x(s)) (1.5.3)

in which 4 and g are continuous and real valued functions. Equation (1.5.3) is
Almost-Linear in the sense that there is a positive constant K such that

() —x| <K, |g(x) —2 <K.

We write (1.5.3) as

n

and express its solution as

n—1
x(n) = R(n,0)xo+ Z;)R(H’H D)[A(s) (x(s) — h(x(s)))
n—1 K

+ 70R(n,s+1) ZOC(s,u)[x(u)—g(x(u)). (1.5.5)

The results say: in (1.5.3) replace g(x) and A(x) by x to obtain

n

y(n+1)=A(n)y(n)+ Y C(n,s)y(s). (1.5.6)
s=0

Now an interested researcher can pursue different paths. First he or she can fol-
low the study of the last section of this chapter and prove parallel results concern-
ing (1.5.4), by making use of (1.5.5). Another path is using fixed point theory (see
Chapter 3), namely contraction mapping principle and obtain results regarding sta-
bility and boundedness of solutions, by working directly with (1.5.5). For more on
this we ask that you consult with [28].

Next, we explore the possibility of existence of a periodic solution. Again, con-
sider (1.5.1) and suppose we have proved that every solution of (1.5.1) is bounded.
Suppose y; (n) is a fixed solution of (1.5.1) and that y,(n) is any other solution, then

y(n) :=y1(n) — ya(n)
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solves (1.5.6). Say we can show that every solution of (1.5.6) tends to zero. Hence,
if y; (n) is a fixed solution of (1.5.1), then every other solution converges to it. Thus,
if A and p are periodic, might y; (n) be periodic under more assumption on C?



Chapter 2 )
Functional Difference Equations L

In this chapter we consider functional difference equations that we apply to all types
of Volterra difference equations. Our general theorems will require the construction
of suitable Lyapunov functionals, a task that is difficult but possible. As we have
seen in Chapter 1, the concept of resolvent can only apply to linear Volterra dif-
ference systems. The theorems on functional difference equations will enable us to
qualitatively analyze the theory of boundedness, uniform ultimate boundedness, and
stability of solutions of vectors and scalars Volterra difference equations. We extend
and prove parallel theorems regarding functional difference equations with finite or
infinite delay, and provide many applications. In addition, we will point out the need
of more research in delay difference equations. In the second part of the chapter, we
state and prove theorems that guide us on how to systematically construct suitable
Lyapunov functionals for a specific nonlinear Volterra difference equation. We end
the chapter with open problems. Most of the results of this chapter can be found in
[37, 38, 128, 133, 135, 141, 147, 181], and [182].

2.1 Uniform Boundedness and Uniform Ultimate Boundedness

We begin by considering Lyapunov functionals to prove general theorems about
boundedness, uniform ultimate boundedness of solutions, and stability of the zero
solution of the nonlinear functional discrete system

x(n+1)=G(n,x(s); 0<s<n) défG(n,x(-)) (2.1.1)

where G : Z+ x RF — R is continuous in x. When Lyapunov functionals are used
to study the behavior of solutions of functional difference equations of the form
of (2.1.1), we often end up with a pair of inequalities of the form

© Springer Nature Switzerland AG 2018 55
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n—1
V(n,x(-)) = Wi (x(n)) + ;)K(”as)Wz(x(S))a (2.1.2)
AV (n,x(-)) < —Ws(x(n)) + F(n) (2.1.3)

where V is a Lyapunov functional bounded below, x is the known solution of the
functional difference equation, and K, F', and W;,i = 1,2,3, are scalar positive func-
tions. Inequalities (2.1.2) and (2.1.3) are rich in information regarding the qualitative
behavior of the solutions of (2.1.1).

The goal is to use inequalities (2.1.2) and (2.1.3) to conclude boundedness of
x(n) when F is bounded. Also, we obtain stability results about the zero solution
of (2.1.1) when F = 0 and G(n,0) = 0. In the celebrated paper of Kolmanovskii
et al. [36], the authors investigated the boundedness of solutions of Volterra differ-
ence equations by means of Lyapunov functionals. Also, in [37] the same authors
constructed general theorems for the stability of the zero solution of Volterra type
difference equations.

As we have seen in Chapter 1, several authors like Medina [113, 115, 116], Islam
and Raffoul [83], and Raffoul [135] obtained stability and boundedness results of
the solutions of discrete Volterra equations by means of representing the solution
in terms of the resolvent matrix of the corresponding system of difference Volterra
equations. Eloe et al. [65] and Elaydi et al. [61] used the notion of total stability and
established results on the asymptotic behavior of the solutions of discrete Volterra
system with nonlinear perturbation. Their work heavily depended on the summa-
bility of the resolvent matrix. For more results on stability of the zero solution of
Volterra discrete system we refer the reader to Elaydi [52] and Agarwal and Pang
[5]and [117].

Boundedness of solutions of linear and nonlinear discrete Volterra equations was
also studied by Diblik and Schmeidel [47], Gronek and Schmeidel [72], and the
references therein. A survey of the fundamental results on the stability of linear
Volterra difference equations, of both convolution and non-convolution type, can be
found in Elaydi [59].

We say that x(n) = x(n,ng, ¢) is a solution of (2.1.1) with a bounded initial function
¢ : [0,n0] — R¥ if it satisfies (2.1.1) for n > ng and x(j) = ¢ () for j < no.

If D is a matrix or a vector, |D| means the sum of the absolute values of the ele-
ments. Since we are now dealing with functional difference equations, we restate
the following stability definitions.

Definition 2.1.1. Solutions of (2.1.1) are uniformly bounded (UB) if for each B; >0
there is B, > 0 such that [ng > 0, ¢ : [0,n9] — R¥ with |¢(n)| < By on [0,n0],n > no|
implies |x(n,n0,¢)| < Ba.

Definition 2.1.2. Solutions of (2.1.1) are uniformly ultimately bounded (UUB) for
bound B if there is a B > 0 and if for each M > 0 there exists N > 0 such that
[ng > 0,9 : [0,n9] — R* with [¢(n)| < M on [0,n0],n > no,n > ng+ N| implies
|x(n,n9,0)| < B.

If G(n,0) = 0, then x(n) = 0 is a solution of (2.1.1). In this case we state the follow-
ing definitions.
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Definition 2.1.3. The zero solution of (2.1.1) is stable (S) if for each € > 0, there is
a8 =8(¢) > 0 such that [¢ : [0,n9] — RF with [¢(n)| < & on [0,n9],n > ng| implies
|x(n,n9,9)| < €. It is uniformly stable (US) if § is independent of ny.

Definition 2.1.4. The zero solution of (2.1.1) is uniformly asymptotically stable
(UAS) ifitis (US) and there exists a y > 0 with the property that for each y > 0 there
exists N > 0 such that [ng >0, ¢ : [0,n0] — R* with |¢(n)| < yon [0,n0],n > no+N]
implies |x(n,ng,¢)| < U.

We begin by proving general theorems regarding boundedness and stability of solu-
tions of (2.1.1).

Theorem 2.1.1 ([133]). Let ¢(n,s) be a scalar sequence for 0 < s < n < o and
suppose that @(n,s) > 0,2,0(n,s) <0,A;¢(n,s) > 0 and there are constants B
and J such that ¥_, ©(n,s) <Band ¢(0,s) < J. Also, suppose that for each ny > 0
and each bounded initial function ¢ : [0,ng] — R, every solution x(n) = x(n,ng, 9)
of (2.1.1) satisfies

Wi(|x(n)|) <V (n,x(-)) < Wa(|x(n)]) + zafp n,s)Ws(|x(s)|) (2.1.4)
and
AV (n,x(+)) < —pWa(|x(n)]) + K (2.1.5)

for some constants p and K > 0. Then solutions of (2.1.1) are (UB).

Proof. H >0 and |¢(n)| < H on [0,ng], and set V(n) = V(n,x(-)). Let V(n*) =
maxo<p<n, V(n). If V(n) <V (n*) for all n > no, then by (2.1.4) we have

Wi(|lx(n)]) <V(n) <V(n")
n*—1

< Wa(|x(n")]) + 26"”’ $)Ws ([ (s)])

n*—1

Wa(lo(n*)|) + Z o(n*,s)W3(|o(s)])
< Wz(H)+BW3(H)-
From which it follows that

lx(n) < Wy [Wa(H) + BW3(H)].

On the other hand, if V (r) > V (n*) for some n > ny, so that V (n) = maxo<s<, V (s).
We multiply both sides of (2.1.5) by ¢(n,s) and then sum froms =notos=n—1,
we obtain

Y (AV()e(n,s) < —p X @(n,s)Ws(|x(s)]) +KB.
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Summing by parts the left side we arrive at

n—1
V(n)g(n,n) = V(no)p(n,no) — 3, V(s +1)Asp(n,s)

s=ng

n—1
< —p X @(ns)Ws(|x(s)) +KB.

S=ngn

Hence

n—1
p Y, o(n,s)Ws(|x(s)]) < V(n)@(n,n)+V(no)@(n,no)

S=n(n

n—1
Y V(s+1)Asp(n,s) +KB. (2.1.6)

S§=n(

Since A;(n,s) > 0, we have for V(n) = maxg<s<p—1 V(s+ 1),

n—1 n—1
Z V(s+1)As0(n,s) < V(n) Z Ao (nys)

= V(n)[p(n,n) = o(n,no)].

Thus, from inequality (2.1.6) we have

n—1
p Y, o(ns)Ws(|x(s)) < V(n)[@(n,n) = @(n,no)]

S=n(n

S
S
B
S
_|_
<
s
S
B
5
+
S

+KB. (2.1.7)

In view of (2.1.4), we have
ng—1
V(no) < Wa(|¢(no)]) + ZO @(no,5)W3(|9(s)])
< Wa(H) + BW3(H).
As a result, inequality (2.1.7) yields
S plras(its) < MBI KB
s=np

Now, inequality (2.1.4) implies that
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no—1 n—1
V(n) < Wa(|x(n)]) + ;) @(n,)Ws(|x(s)|) + :Z o (n,5)Ws(|x(s)))
smmwwwmmn%mﬁﬁmm+?
< Wa(|x(n)|) + D(H),
where D(H) = BW5(H) + WZ(H)J;)B"Vz(H) i IZB'

As W3(r) — oo as r — oo, there exists an L > 0 such that W3(L) = I;. Now, by (2.1.5),
if |x| > L, then AV < 0. Thus, V(n) attains its maximum when |x| < L. Hence we
have

Wi([x(n)]) < V(n) < Wa(|x(n)|) + D(H)
< Wa(L)+DH.
Finally, from the above inequality we arrive at
[x(m)] < W, ' [Wa(L) + D(H)].
This completes the proof.

The next theorem extends Theorem 2.1.1.

Theorem 2.1.2 ([133]). Let ¢i(n,s) be a scalar sequence for 0 < s < n < o and
suppose that @©;(n,s) > 0,2,0:(n,s) < 0,A;¢;(n,s) > 0 and there are constants B;
and J; such that ¥_, @i(n,s) < B; and @;(0,s) < J;. Also, suppose that for each
ny > 0 and each bounded initial function ¢ : [0,n9] — R, every solution x(n) =
x(n,ng, ®) of (2.1.1) satisfies

Wi(lx(n)]) < V(n,x(-))

< Wa(|x(n)]) + Zoqn (n,5)Ws(|x(s)|)
n—1
+ Y 2 (n,s)Wa(|x(s)]) (2.1.8)
s=0
and
AV (mx() < —piWa([x(n)]) — p2Wa(lx(n)]) + K (2.1.9)

for some constants p; > 0,i = 1,2 and K > 0. Then solutions of (2.1.1) are (UB).

Proof. We follow the proof of the previous theorem. Let V(n) = maxo<s;<, V (s),
n > ng. If the max of V(n) occurs on [0,n¢], then it is trivial. Multiply both sides
of (2.1.9) by ¢;(n,s) and then sum from s = ng to s = n — 1 to obtain

n—1
pi Y, @i(n,s)Ws([x(s)]) < V(no)J + KB, i=1,2. (2.1.10)

S§=n(
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For H > 0 and |¢(n)| < H, we have

V(no) < Wa(H)+ BWs(H) + BaWs(H) < R(H),

and

n()*l

> 0, 5)Wisa([x(5)]) < WioB;
s=0

Thus, inequality (2.1.10) yields,

R(H)Ji—FKB,' def

n—1
Y @i(n,5)Wi2(|x(s)]) < +Wi2B;i = Si(H).

s=0 pi

Now, by (2.1.9), if |x| > L, then AV < 0. Thus, V(n) attains its maximum when
|x| <L and hence

Wi(lx(n)]) < V(n) < Wa[|x(H)|+S1(H)] + S2(H)
< Wa[L+S1(H)] + S2(H).

From the above inequality we obtain
()| < Wi [WalL+S1(H)] + S2(H)

This completes the proof.

In the next theorem we obtain boundedness and stability results about solutions and
the zero solution of (2.1.1).

Theorem 2.1.3 ([133]). Let ¢(n) > 0 be a scalar sequence for n > 0 and V and
Wi,i = 1,2, be defined as before. Also, suppose that for each ny > 0 and each
bounded initial function ¢ : [0,n9] — R¥, every solution x(n) = x(n,ng, ¢) of (2.1.1)
satisfies

n—1
Wi(x(n)) < V(n.x()) < @)+ 3, o =5 = DWa(ts)) - @111

and
AVa11y(n,x()) < —pWa(|x(n)]) (2.1.12)

for some constants p and o > 0.

a) If X320 (s) = B, then solutions of (2.1.1) are (UB) and the zero solution
of (2.1.1) is (US).
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D) If Y oY, ©(s) =J, then solutions of (2.1.1) are (UAB) and the zero solu-
tion of (2.1.1) is (UAS).

Proof. Let H > 0and |¢(n)| < H on [0,n9], and set V(n) =V (n,x(-)). By (2.1.12),
V(n) is monotonically decreasing and hence, by (2.1.11), we have

Wi([x(n)]) <V(n) < V(no)
n() 1
< OCW2 +W2 2 (p
< Wo(H) (o +B). (2.1.13)
Let € > 0 be given. Choose H such that H < € and

W (H) (o +B) < Wi ().

Hence from (2.1.13), we have |x(n)| < &, for n > ngy. Consequently, the zero solution
of (2.1.1) is US). Also, it follows from (2.1.13) that

x(n)| < Wi [Wa(H) (o0 + B)].

which implies solutions of (2.1.1) are (UB).
Sum (2.1.12) from s = ng to s = n — 1 to obtain

n—1
—V(ng) <V(n)=V(ng) < —p Y, Wa(lx(s)])

S=n(
and hence
n—1
3 Wa(lx(s)|) < V(’;’O) - (OH-Bl))Wz(H)
§=ng

On the other hand, if we sum (2.1.11) from s = ng to s = n — 1 we arrive at

n—1 n—1u—1
S v <a ORI LSS olums i)
nop— ln
< <°‘+B;W2( £33 S p(u—s— Wa(x(s))
n—1n—1
+3 T plu—s— DWa(())

no 1
< (a+B)W2(H)+2W2 |x(s) Zq)u—s—l

p s=0 u=ng

+ZW2 |x(s) 2(pu—s—1

S=ngo
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< (ot + B)W»(H) L Wa(H nOZInZI(PM—S—l
p s=0 u=ng
n—1
+B Y, Wa([x(s)])
T s S
p s=0 r=np—s—1
< (0+ B)*Ws( )JFW2 i i‘P
p E=0r—¢
< (a+B§W2(H) +Wa(H)J
= [J+(a+B)2}W2( ) Y aws(H). (2.1.14)

Since V(n) is positive and decreasing for all n > ng > 0, we have

n—1
Y V(s) > V(n)(n—no).

S=n(n
Let € > 0 be given. Then, for n > ng + aWz((g) we have form (2.1.11) and (2.1.14)
that
Wo(H
Wil < vim < 7w @.115)
—ng
Hence, inequality (2.1.15) implies that
1 aWZ(H)
el <wi ! (20) <

From this we have the (UAB) and the (UAS).

2.2 Functional Delay Difference Equations

Next, we discuss the papers by Zhang [181], the paper [182] by Zhang, and MinG-
Po, and the papers by Raffoul [133, 145], in which the authors prove general the-
orems regarding boundedness and stability of functional difference equations with
infinite or finite delay. In [145], the author proves general theorem in which he offers
necessary and sufficient conditions for the uniform boundedness of all solutions. We
begin by noting that Definition 2.1.4 can be easily extended to accommodate infinite
or finite delays systems by considering the initial sequence ¢ : [—ot, 9] — R* where
« can either be taken finite or infinite. We consider the functional delay difference
equation
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x(t+1)=F(t,x). (2.2.1)

We assume that F is continuous in x and that F : Z x C — R" where C is the set of
sequences ¢ : [—a,0] = R", oo > 0. Let

Cit)={o:[t—a,t] >R"}.

It is to be understood that C(¢) is C when 7 = 0. Also ¢ denotes ¢ € C(t) and
[lox|| = max_ |¢(r)|, where |- | is a convenient norm on R". For t = 0,
t—o<s<t

C0)={¢:[-,0] = R"}.

Theorem 2.2.1 ([181]). Let ¢(n) > 0 be a scalar sequence for n > 0 and V
and W;,i = 1,2, be defined as before. Also, suppose that for each ny > 0 and
each bounded initial function ¢ : [0,no] — [0,00), every solution x(n) = x(n,ng, ¢)
of (2.1.1) satisfies

n

Wi(x(m)]) < V(n,x()) < Wallx(m) )+ Wa( X o(n—s)Wallx(s))))  2:22)

s=I

and
AVaoay(n,x(+)) < =Ws(|x(n)]). (2.2.3)

In addition, if ¥, @(s) = J, then the zero solution of (2.2.1) is (UAS).

It is widely known that there are two methods in studying the qualitative theory of
delay differential or difference equations. The basic and more natural one is what
we call the Razumikhin Lyapunov method and the most popular one is the direct
method of Lyapunov function or functional. In some cases one has an advantage
over the other and that all depends on the system being studied. It is the opinion of
the author that Razumikhin Lyapunov method is easier to use since the Lyapunov
function is readily available. Moreover, the imposed conditions are less restrictives.
We consider (2.2.1) for n € Z*. We assume F : Z* x Cy — R”, where

Cu ={¢ €C(0):[|9l| <H},

for some positive constant H. Also, x;(s) = x(t +5), s € C(0). We assume that
F(2,0) =0, so that x = 0 is a solution. It is assumed that for any 7y € Z* and a given
function ¢ € Cp, there is a unique solution of (2.2.1), denoted by x(¢,#,¢), such
that it satisfies (2.2.1) for all integers t > #y, and x(to, %o, ¢) = ¢. Lastly, we assume
there is a constant L > 0 such that

|F(t,0)] < L||§]|, for t € ZT and ¢ € Cy.

In the next theorem, we use Lyapunov-Razumikhin method type functions to prove
the (UAS) of the zero solution of (2.2.1). Its proof is too long for our purpose and it
can be found in [182].
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Theorem 2.2.2 ([182]). In addition to the above assumptions, suppose there exists
a continuous Lyapunov function V : 75 x By — R™ with By = {x e R* : |x| < H},
such that

Wi (Jx]) <V (1,2) < Wa(lx). (224)

and

AV(t,x(.) < =Ws(|x(t+1)]). (2.2.5)

If P(Vi+1,x(t+1) > V(t +sx(t+s)), fors € C0) and P : R" — R*
is continuous function with P(s) > s, for s > 0, then the zero solution of (2.2.1)
is (UAS).

Next, we display an example in the form of a theorem to show the application of
Theorem 2.2.2. Consider the Volterra difference equation with multiple delays

k
x(t+1) =a()x(t)+ Y, bi(t)x(t — h), (2.2.6)
i=1
where the delays A; are positive integers fori = 1,2,3,....k.
Theorem 2.2.3. Let

a* =max|a(t)|, bf =max|b;(t)|, i=1,2,3,..k.
teZt teZ+

If
k
a+ Y bi <1, (2.2.7)
i=1
then the zero solution of (2.2.6) is (UAS).
Proof. Consider the Razumikhin type Lyapunov function
V(t,x) = [x(r)].
Then along the solutions of (2.2.6) we have that
AV (t,x) = |x(t+ 1) — |x(2)]. (2.2.8)

Due to condition (2.2.7), there exists a constant i € (0, 1) such that
k
Y b <pu(l—ad").
i=1

1
Set P(t) = ”t, fort > 0. Let ty € Z", whenever

P(V(t+1,x(t+1))) > V(t+s,x(t +5)), fors € C(0),
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or
1
T DI [x(a+5)], fors € C(0)

then, by (2.2.6), we have
x(t+1)| < la(t)]|x(t |+Z|b )[x(t = hi)
Sa*lx(t)l+1/u(;|b?|)|x(t+1)|,
which implies that
(1) 2 sl

Thus, by (2.2.8) we have

T Y I
a‘u

AV (t,x)

IN

_H — X by
(1 i (e +1)

_(_ (u(1—a*) =Xt |7
a*u

IN

Y+ 1)),

if P(V(t+1,x(t+1))) > V(t +s5,x(t +5)), fors € C(0). Thus the conditions of
Theorem 2.2.2 are satisfied with

Wi(lx[) = Wa(lx]) = ||
" (1 @)~ 3 ]
Wa(l(r+ D)) = (- Il L
and the zero solution is (UAS). This completes the proof.
Equations of the form (2.2.6) play a leading role in modeling additive neural net-

works. It is worth mentioning that Theorem 2.2.2 cannot be applied to Volterra equa-
tions of the form

x(n+1)=A(n)x(n) + Y, C(n,s)x(s).

We will revisit such equation later in the chapter using Razumihkin-Lyapunov type
functions. The next theorem offers easily verifiable conditions. Its proof can be
found in [145]

Theorem 2.2.4 ([145]). Let D > 0 and there is a scalar functional V (t, ;) that is
continuous in Y and locally Lipschitz in W, when t >ty and y; € C(t) with ||y;|| <
D. In addition we assume that if x : [ty — o&t,0) — R" is a bounded sequence, then
F(t,x;) is bounded on [ty, ). Suppose there is a function V such that V (¢,0) = 0,

Wi(ly(@)]) <V, 1) < Wa(llyil]),
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and
AV(t,yr) < =Ws(ly (1)),
then the zero solution of (2.2.1) is (UAS).

It is noted that Theorem 2.2.4 requires Lyapunov functional, unlike Theorem 2.2.2.
In the next theorem we use a Lyapunov functional, and with the aid of Theo-
rem 2.2.4, we show the zero solution of (2.2.6) is (UAS).

Theorem 2.2.5 ([145]). Assume there exists a 6 > 0 such that
k
la(t)| — 1+ k6 <0and 6 > 2 |bi(1)].
i=1

Then the zero solution of (2.2.6) is (UAS).

Proof. Consider the Lyapunov functional
koot—1
V(tx)=x(t)|+8Y, D |x(s)l. (2.2.9)
i=1s=t—h;
Then along the solutions of (2.2.6) we have
13

k t—1
AV(tx) = k(@+ D=0+ [ X )= X )]

i=1 s=t—h;j+1 s=t—h;

k k
= [x(t+ 1| = [x(0)] +3; ()| = 3; et — )|

1

k
< (o) = 1+ B0 + X150 = 8)ba — )

IN

—ox(¢)|, for some positive constant o.

To make sure the conditions of Theorem 2.2.4 are satisfied, we note that

k t—1
()] < V(tx) =x(@0)|+8Y Y, [x(s)]

i=1s=1—h;

k-1
:|x(t)|+5z Z |x(ue +1)].

i=lu=—h;

Hence, if we take Wi([w(1)[) = [w(1)], W3(lw (1)) = aly ()], and Wa(lwi]) =

k-1
13} 2 z |w(u+1)|, then we satisfy all the requirements of Theorem 2.2.4, and
i=lu=—h;
hence we have the zero solution of (2.2.6) is (UAS). This completes the proof.
It is very obvious that Theorem 2.2.1 would not work for our Lyapunov functional
in Theorem 2.2.5. Theorem 2.2.1 is suitable for Volterra difference equations of
convolution types. For example, if we consider
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n—1
x(n+1) = a(n)x(n) + Z(,)b(n —5)g(n,x(n)),

then a typical Lyapunov functional would be

Vins) = )|+ 3 (b x(s)

s=0u=n—s

where the function g satisfies |g(n,x)| < A|x| for all n € Z" for positive constant
A < 1. By assuming that

la(n)|+A|b(0 |2|b )—1<—a, a>0,
we have along the solutions that

AV(n,x)

IN

(la(m)] +2|b(0 IZIb )= 1) lx(n)|+ (A 1) Zlbn—SIIX()I
< —alx(n)].

Thus all the conditions of Theorem 2.2.1 are satisfied for W) = W, = W5 =W, =

|'x|7 Ws = 06|x|, /=0, and (P(n_s) = :’:nfs|b(u)|'

We end this section with an application to the second order difference equation with
constant delay, r > 0

x(t+2)+ax(t+1)+bx(t—r)=0,1 € Z, (2.2.10)

where a and b are constants.

Theorem 2.2.6 ([145]). Suppose there are positive constants Ny,MN2, 0,0 and Y
such that

oy |b|— o +yr < —m, aylal —ou+ o +yr < —my,

and
|b] -y <0.

Then the zero solution of (2.2.10) is (UAS).

Proof. First we write (2.2.10) into a system by letting y(r) = x(¢ 4+ 1). Then by
noting that

we have

b 2 (v(t+5)—x(t+s)) =b Z OAx(t+s) = bx(t) — bx(t —r).

S=—r S=—r

This implies that Equation (2.2.10) is equivalent to the system
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x(t+1)=y(t)
{y(t+ 1) = —bx(t) —ay(t) + b3, (vt +5) —x(t+5)) 22.11)

Let
B = max{n, m2}

and define the Lyapunov functional

1 -1
V() = aaly(@) +oalx()]+7 3 Y ()] + e(u)]).

S=—ru=t+s

Then along the solutions of (2.2.11) we have

AV (xi,yr) < (0u]b] — o+ yr)|x(t)| + (oula] — o1 + 0 + yr)|y(7)]
~1
+ (16l =7) X, (v +9)]+|x(t+5)))

S=—r

< =B (Jx[+y])- (2.2.12)
The results follow from Theorem 2.2.4.

Remark 2.1. In Theorem 2.2.6 we saw that the stability depended on the size of the
delay, which was not the case in Theorem 2.2.5.

In [112] the authors considered the linear difference system with diagonal delay

x(n+1)=ax(n—h)+by(n)
y(n+1)=cx(n)+ay(n—h) (2.2.13)

where a,b, and c are real numbers and h is a positive integer. They used the
method of characteristics and proved two theorems on the asymptotic stability of
the zero solution of (2.2.13) by imposing conditions on the size of the delay; that
is \/|ab| < (h+ 1)/h. Also, they required b and c be of the same sign and the de-
lay & is odd. The above system has some limitations by considering all constant
coefficients and diagonal entries have the same coefficient. Next we shall display a
Lyapunov functional to obtain (UAS) of the zero solution of (2.2.13) by appealing
to Theorem 2.2.4.

Theorem 2.2.7 ([145]). Let 6 be a positive constant such that
la|—8 <0, |c|]+6—1<0, and |b|+6—1<0.
Then the zero solution of (2.2.13) is (UAS).

Proof. Let
B =min{|c|+0—1, |b|+6—1}

and define the Lyapunov functional
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V(xy) = [x(n)| +[y(n)| + & Z (ke(s) + [y()])-

s=n—nh

Then along the solutions of (2.2.13)

AV(x,y) < (la] = 8)|x(n — h))|[ + (lc[+ 6 — 1)|x(n)|
+ (lal = 8)[y(n — )| + (|| + 6 — 1) |y(n)|
< B(xl+Iyl)-

The (UAS) follows from Theorem 2.2.4.

Next we extend Theorem 2.2.7 to the Volterra delay system

—1
x(n+1)=ax(n—h)+by(n)+d, Y, y(n+s)
s=—h
-1
y(n+1)=cx(n)+ay(n—h)+dy Y, x(n+s)
s=—h

Theorem 2.2.8 ([145]). Let 6 be a positive constant such that
|a| +hé+ 6 —1<0, |b|+hé+6—1<0,

and
la| — & <0, and |d|+|d2| — & <O.
Then the zero solution of (2.2.14) is (UAS).

Proof. Let
B =min{|a| +hd+ 02— 1, |b|+hd 1+ & — 1}

and define the Lyapunov functional

V(x,y) = |x(n)|+|y(n)] + & Z( )+ 1y(s)))

s=n—nh

+61Z Z ()| + [y(u)]).

s=—hu=n-+s

Then along the solutions of (2.2.14)

AV(x,y) < (la| = &)[x(n—h))| + (la| + h6i + & — 1)|x(n)]|
+ (la| = &) [y(n = h)| + (|b| + hi + & — 1) |y(n)]
< B(lx[+1v])
—1

+ (|di]+1do| = 61) Y, (Ix(n+9)|+|y(n+5)])

s=—h
< B([x[+Iyl)-

69

(2.2.14)
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Hence, the result of (UAS) follows from Theorem 2.2.4.

The next theorem shows that the zero solution of the nonlinear delay difference
equation
x(n+1)=a(n)f(x(n)) +b(n)g(x(n—1)), he Z* (2.2.15)

is (UAS).

Theorem 2.2.9. Suppose f and g are continuous and there are positive constants
o, B, and y with v > 1 + o such that

Yia)|lf ()] =[xl [f ()] = [g(x)[ for 0 < |x| < B, (2.2.16)

and
(1=7)la(n)| + |b(n+17)] < —ala(n)]. 2.2.17)

Then the zero solution of (2.2.15) is (UAS).
Proof. Define the Lyapunov functional
n—1

Vina) =)+ %, ([bs+llex(s)). (22.18)

Then along the solutions of (2.2.15) we have
AV(n,xn) < a(n)||f(x(n))] + [b(n)]|g(x(n— 7))| — |x(n)]
+ [b(n+7)llg(x(n))| = [b(n)||g(x(n — T))|.
Using (2.2.16) and (2.2.17) we arrive at
AV (n,x,) < (|a(n)| +[b(n+1)] = vla(n)])] f (x(n))]

—ala(n)||f(x(n))]. (2.2.19)

The (UAS) follows from Theorem 2.2.4. This completes the proof.

IAIA

2.2.1 Application to Volterra Difference Equations

In this section we apply Theorems 2.1.1, 2.1.2, and 2.1.3 to establish stability and
boundedness results regarding the nonlinear Volterra discrete system

n

x(n+1)=A(n)x(n) + ;)C(n,s)f(x(s)) + g(n,x(n) (2.2.20)

where A, C, are k X k matrices, g, f are k X 1 vector functions with |g(n,x(n))| <N
and | f(x)| < A|x|, for some positive constants N and A.

In the case of f(x) = x, Medina [117], showed that if the zero solution of the ho-
mogenous equation associated with (2.2.20) is uniformly asymptotically stable, then
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all solutions of (2.2.20) are bounded when C(n,s) = C(n—s) and g(n,x) = g(n) is
bounded. In proving his results, Medina used the notion of the resolvent matrix
coupled with the variation of parameters formula. Also, the author in [128] used
Lyapunov functionals of convolution type coupled with the z-transform and ob-
tained results about boundedness of solutions of (2.2.20) when g(n,x(n)) = g(n).
Moreover, we saw in Chapter 1 that when f is linear in x, unlike the case here, we
used total stability and under suitable conditions, we showed that the zero solution
of (2.2.20) is uniformly asymptotically stable, when |g(n,x)| < A (n)|x|. We remark
that the notion of the resolvent cannot be used to obtain boundedness of solutions
of (2.2.20), since the summation term in (2.2.20) is nonlinear.

Theorem 2.2.10 ([133]). Suppose A(n) = A is a k x k constant matrix, and CT (n,s) =
C(n,s). Let I be the k x k identity matrix. Also, suppose there exist positive constants
p, U, and a constant k X k symmetric matrix B such that

ATBA—B=—ul, (2.2.21)
AATB| Y [C(n,s)| + [B] Y, |C(n,s)| +N* —p < —p, (2.2.22)
s=0 s=n
and . .
A|ATB| Y |C(n,s)|+A%|B Y |C(n,s)| + 2 — |B| < 0. (2.2.23)
s=0 s=0

Then solutions of (2.2.20) are (UB).
Proof. Define the Lyapunov functional V (n) =V (n,x(n,-)) by

n—1 oo
Vinx() =+ (mBx(n) + Bl Y, Y ICls. )2 G),  2224)

j:() s=n

where x?(j) = x” (j)x(j). Then along solutions of (2.2.20) we have

AVpa20)(n) = x" (n)[AT BA — B]x(n) +2x" (n)A" B i C(n,s)f(x(s))
s=0

+2xT (n)ATBg(n,x(n)) + 2gT(n,x(n))B i)C(n, $)f(x(s))

£ 3 A (()Cns)TB S, Clms) F(x(s))

s=0 s=0
i n—1
+Bl X 1IC(M)IXZ(n) —|B| %IC(M)IXZ(S)
s=n+ s=
+g" (n,x(n))Bg(n,x(n)). (2.2.25)

Using (2.2.21)—(2.2.23) and the fact that for any two real numbers a and b, 2ab <
a* + b?, equation (2.2.25) reduces to
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AVaaan(n) < [HATB 3 €0+ 8] 5 1C0n.9) 4N~ ]2

§= S=n

+ [/1 AT B| 2 |C(n,5)|+2%|B] 2 |C(n,s)|+7L—|B|] i)mn,s) i (s)

s=0 s=0
n
+|ATBI> + AN?B|* Y |C(n,s) + |g" Bg|
s=0
< _px2(n) +K,

where K = [ATB|? + AN?|B|>3"_, |C(n,s) + |g" Bg|. Thus, by Theorem 2.1.1 all
solutions of (2.2.20) are (UB).

In the next theorem, we use Theorem 2.1.3 to establish (UB) and (UAS) for (2.2.20),
when g(n,x(n)) is identically zero.

Theorem 2.2.11 ([133]). Assume g(n,x(n)) = 0 and suppose there is a function
©(n) >0, with Ap(n) <0forn>0, Nyp(n—s—1)+|C(n,s)| <0for0<s<n<
oo, Also, suppose that forn >0, |A(n)|+|C(n,n)|+ @(0) < 1—p for some p € (0,1).

a) If X2 o ©(s) = B, then solutions of (2.2.20) are (UB) and the zero solution
of (2.2.20) is (US).

D) If Yo oo, @(s) =J, then solutions of (2.2.20) are (UUB) and the zero solution
of (2.2.20) is (UAS).

Proof. Define the Lyapunov functional V (n) =V (n,x(n,-)), by
n—1
V(n)=Ix(n)|+ Y @(n—s—1)lx(s), n>0. (2.2.26)
s=0
Then along solutions of (2.2.20) we have
AVe220)(n) < (JA(n)|+|C(n,n)| +@(0) = 1)]x(n)]
n—1
+ 2, (Laup(n—s—1)+|C(n,s)|) [x(s)]
s=0

S —P|X(7’l)|,

and the results follow from Theorem 2.1.3.

2.3 Necessary and Sufficient Conditions

We prove a general theorem in which necessary and sufficient conditions for obtain-
ing uniform boundedness for functional difference system are present. We apply our
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results to finite and infinite delay Volterra difference equations. In the analysis we
state and prove a discrete Jensen’s type inequality. Thus we consider the system of
functional difference equations of the form

x(n+1)=G(n,x,), x € R (2.3.1)

where G : Z x R¥ — R is continuous in x. Let C be set of bounded sequences
¢ : (—o0,0] — R¥ with the maximum norm. For n € Z*,C(n) denotes the set of
sequences Y : [0,n] — R¥ with ||y|| = max{|w(s)| : 0 < s < n}, where |- | is the
Euclidean norm on R¥.

We assume that for each ny > 0, and each ¢ € C(ng) there is at least one solution
x(n,ng,9) of (2.3.1) defined on an interval [ng, &t] with x,,, = ¢. If the solution re-
mains bounded for all i, then o = e-. Notation wise, x,(s) =x(n+s) fors <0.If D
is a matrix or a vector, |D| means the sum of the absolute values of the elements.

Definition 2.3.1. Solutions of (2.3.1) are (UB) if for each B; > 0 there is By > 0
such that [ng > 0,¢ € C,||¢|| < Bi, n > ng| implies |x(n,ng, )| < Bs.

Definition 2.3.2. Solutions of (2.3.1) are (UUB) if there is a B > 0 and for each
B3 > 0 there is N > 0 such that [ng > 0,¢ € C,||¢|| < B3, n > ng+ N| implies
|x(n,n0,¢)| < B.

Theorem 2.3.1 ([133]). Let RT = [0,00) and assume there is a scalar sequence
@ : 7" — R that satisfy @ € [”(R"). Assume the existence of wedges Wj, j =
1,2,-,-,,5. with Wi (r) — oo, and positive constants K,M with Ws(K) > M. Suppose
there is a functional V : R™ x C — R such that for each x € C(n), we have:

n—1
Wi ()]} < V(n,x,) < Wa(lx(m) )+ Ws Y, o(n- M) 232

and
AV (n,x,) < —Ws(jx(n)|) + M. (2.3.3)

Then solutions of (2.3.1) are (UB) if and only if for each K| > 0, there exists K, >0
such that if x(n) = x(n,ng, ¢) is a solution of (2.3.1) with ||¢|| < K\, then

n*—1
Y, P —s)Wa(lx(s)]) < Ka (2.3.4)

S=n(n
whenever v(s) < v(n*) for ng < s < n*, where v(s) = V(s,x;).

Proof. Let x(n) = x(n,np,¢) be a solution of (2.3.1) that is (UB). Then, for ever
B; > 0 there exists a B, > 0, say B, > B so that for ng > 0,||¢|| < By,n > ng, we
have |x(n,ng,¢) < By. Let J := Y, ®@(u). Then, for n > ny we have that

n—1

n—1
%d’(n—s)W4(|x(s)|) < %@(n—s)W4(Bz) < JWy(Bp).
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This completes the proof of (2.3.4).
Conversely, suppose that (2.3.4) holds. Then for x(n) = x(n,np,¢) and v(n) =
V(n,x,) with ||¢|| < B}, we have the two cases:

@) v(n) <v(ng) forall n > ng or
(i) v(s) < v(n*) for some n* > ng and all ny < s < n*.
If (i) holds, then

Wi(|x(n)[) <V(n) < V(no)
ng—1

< Wa(|x(no)|) + 2 @(no,s)Ws (|9 (s)])

n()l

Wa (|9 (no)|) + Y, @(no,s)Ws(|o(s)])

5=0
< Wa(H) + BWs(H).
From which it follows that
lx(n) < Wy ' [Wa(H) + BW3(H)).
On the other hand, if (ii) holds, then V(n,-) is increasing and hence we have 0 <

—Ws(|x(n*)|) + M. Or, Ws(|x(n*)|) < M. Now since Ws(K) > M, we get |x(n*)| <
WS’1 (M). It follows from (i) and (2.3.2) that

ng—1
V(") < Wa((x(n)]) + Ws 2 @~ Wa(s)) + 2 D(n" — 5)Wa([x(s)]))

< W [Ws ' (M)] + W3 [JWa (K1) + K.
Since n* is arbitrary, we have for all n > n that

v(n) < Wa [Ws ' (M)] + W3 [JW4(K7) + Ko] + v(no).
< Wy [Wy L (M)] + W3 [IWa (K1) + Ka] + Wa(Ky) + W3 (JWa (K1)

On the other hand, from (2.3.2) we have W; (|x(n)|) < v(n), which implies that

x(n)] < W ! [Wg [Ws L (M)] + W3 [IW4(K:) + Ko + Wa(Ky ) + Wa(JWa(K, ))} .
(2:3.5)

Finally, for all n > ng, we have |x(n)| < B;, where B, is given by the right side
of (2.3.5).
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This completes the proof.
The next Lemma is needed for our next results. One could say it is a Jensen’s type
inequality.

Lemma 2.1 (Raffoul Jensen’s Type Discrete Inequality [133]). Assume @ : Z" —
R* such that ®(u+1), A®(u)u € I'(ZF). Also, assume that q : [ng,n] — R is such
that for constants o and 3, we have

(2.3.6)

forall ng < s < n. Then,

n—1 n—1 oo
Y @(n—s)g(s) < al’?sg{di(n)n+ Z |AD(u)|u} + B ;)|A<D(u)|. (2.3.7)

s=ng u=0

Proof. Let b be any positive integer. Then since @ (u+ 1), A®(u)u € I'(Z"), we
have @ (o) = 0. Moreover,

3 80w > |S, AD(u)| = [®(e) — B(b).
u=b u=b

from which we have

o)< T |ADW)| (2.3.8)
u=>b

We claim that since @(u+ 1), A®@(u)u € I'(Z*), we have @ () = 0. To see this
for any two sequences y and z, we use the summation by parts formula

Y (Az)y =yz— Y Ezly,

where Ez(n) = z(n+ 1). With this in mind, we have

=

Y A®w)u=Duuli_g— Y Pu+1).
u=0 u=0
From which we get
D(u)u o= Y ADu)u+ Y, @(u+1) < oo
u=0 u=0

Suppose the contrary; that is @(eo) - 0. Then, there exists a T large enough so that
®(p) > ¢, for p > T. Thus,

lim p®(p) > lim pe = oo,

p—ree p—ree
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which contradict the fact that A®(u)u, @ (u+1) € I'(Z"). This completes the proof
of the claim.
Again, using summation by parts, we get

h—1 b1 b1
;)|A(D(u)u| > ;)Atb(u)w =|®(b)b— 20<I>(M+ 1)].

From this inequality we arrive at,

|® (b|—|2q>u+1)|<|<p Vb — 2(1>u+1)|
u=0 u=0

b—1
<Y [AD(u)ul,
u=0
from which we get

b)b < 2 (u+1)+|ADm)ul] <
Lety = @(n —s) and Az = q(s). Then we have z = — 3"~ ! ¢(u). Hence,

n—1
ZCD n—s)q(s) < ®(n—s)(— g ) 1=y — ZA(Dn—s Zq

s=ng s=ng u=s+1

n—1 n—1 n—1
= O(n—m) 3, qlu)~ 3, Ad(n-5) 3, qlu)

s=n( u=s+1

n—1
®(n—no) Y, q(u)+ Z |AD(n—s IZq

u=ng S§=n(

< @(n—no)((n—no)or+ ) +_2 D —5)|((n—s)0+B)

n—1
= |®@(n—no)(n—no)+ Y, |A¢'(n—s)|(n—s)] o

L S=ngo
i n—1

+ |®@(n—no)+ D, |AD(n—s)|| B
L S=ngo

= |®(n—ng)(n—ngy) + "2”10 |AD(u)|u

o (lettingu =n—s)

+ | @@—n)n—no)+ 3, |50(w)

u=1

B
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< d’(n—no)(n—no)—l—ni:|A<D(u)|u o
+ |®(n—ng)(n—ng) + 2;|A<D(u)| B
< ocmax{(D Jn+ 2 |AD(u)|u}

u=0

oo

Y AW~ S [ADw)

u=0 u=n—ny

+ @ (n—ng)(n—ng) + B

< oamax{@(n n+Z|A<D Nub+B Y |ADw)| < oo,
u=0

where we have used (2.3.8). This completes the proof.

Theorem 2.3.2 ([133]). Assume there is a scalar sequence @ : Z+* — R* that
satisfies @ € I”(R"). Assume the existence of wedges Wj,j = 1,2,-,-,,5. with
W (r) — oo, and positive constants K,M with Ws(K) > M. Suppose there is a func-
tional V : R™ x C — R such that for each x € C(n), (2.3.2) and (2.3.3) hold. Sup-
pose that for every a > 0, there exists a* > 0 such that for 0 < s < n,

ZW5 Ix(u)]) < o0 = nl_sni Wa(|x(u)]) < o, (2.3.9)

LlS

Then solutions of (2.3.1) are (UB.)

Proof. Letx(n) = x(n,ng, ) be a solution of (2.3.1) and By > 0 with ||¢|| < B;. Set
v(n) =V(n,x,). In the case of (ii) we sum (2.3.3) from s to n* — 1 to get

)40 <5 W) + ),

This yields that
n*—1
Z W (|x(u) (2.3.10)

u=s

Then by (2.3.9), there exists M* > 0 such that

n*—1

Z Wi(|x(u)]) < M*.

If we let g(u) = Wy (Jx(u)|), o = M* then an application of Lemma 1 with f =0, we
obtain (2.3.4) and hence by Theorem 2.3.1, solutions are (UB).
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It is worth noting that in general (2.3.9) does not hold for arbitrary wedges. To see
this, we let Ws(r) = 1,7 > 0 and Wy (r) = r. Let x(u) = aul,l ,la| > 1. Then

LS = S e s
XU = oo n oo,
n—14 ¢ n—14<"a ’
On the other hand
1 13 1=
W — u—1 _ a <1

forn > 1.

Remark 2.2.1f @ : Z+ — R with Ad(n) <0, for all n € Z* and ®(u+1) €
IY(Z7"), then A®(u)u € I'(Z*1). As a matter of fact,

n—1 n—1 n—1
D(n)n+ ;)|A(D(u)|u =®(n)n— Z’OA(D(M)M = ;)(D(u—i- 1).

For example, if we take @(n) = a"sin(nm/2) for 0 < a < 1, then
AD(n) =a"cos(nm/2) — d"sin(nm /2).

It is easy to see that A®(3) = a’ > 0. On the other hand
Y AD(n)n < .
n=0

In Theorem 2.1.1 we asked that A, ®@(n)(n) < 0.
We end the section with the following theorem.

Theorem 2.3.3 ([133]). Solutions of the scalar difference equation
n
x(n+1) =a(n)x(n)+ Y, D(n—s)x(s) + p(n), (2.3.11)
s=0

are (UB) if and only if
—1+|a(n)|+i |[D(u)| < —B, B >0. (2.3.12)
u=0

Proof. First it is obvious that (2.3.12) implies X, |D(u)| is bounded. Consider the
Lyapunov functional

n—1 oo
V(nxa) = |x(n)|+ Y, Y [D)||x(s)]. (2.3.13)

s=0u=n—s
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Let M = |p(n)|. Then along the solutions of (2.3.11) we have

AV(n,x,) = (|x(n+1)[ = |x(n) +Z Z [D(w)||x(s)]

s=0u=n—s+1
=S S D@+ p(o)
s=0u=n—s
< (~1+latn |+2|D )1 ()| + ()|
< —Blx(n)|+M (2.3.14)

if and only if (2.3.12) holds (by noting that (2.3.12) is the condition given by (2.3.4)).
We have from equation (2.3.13) and inequality (2.3.14) that

n—1
|x(n)| <V (n,x,) < |x(n)|+ Zé@(n —5)|x(s)] (2.3.15)

=

and ©(n) = Y |D(u)|. The results follow from Theorem 2.3.1.

u=n

2.4 More on Boundedness

In this section, we state and prove general theorems that guarantee boundedness of
all solutions of (2.1.1). Then we utilize the theorems and use nonnegative definite
Lyapunov functionals to obtain sufficient conditions that guarantee boundedness of
solutions of (2.1.1). The theory is illustrated with several examples. A stereotype of
equation (2.1.1) is the Volterra discrete system

x(n+1) =A(n)x(n) + Y, B(n,s)f(s,x(s)). (24.1)

Also, in [85], the author studied the exponential stability and boundedness of solu-
tions of the nonlinear discrete system

x(n+1)=F(n,x(n)); n>0
x(no) = x0; np > 0.

We emphasize that the results of [85] do not apply to equations similar to (2.4.1).
We are mainly interested in applying our results to Volterra discrete systems of the
form of (2.4.1)) with f(x) = x" where n is positive and rational. This section offers
a new perspective at looking at the notion of constructing Lyapunov functionals that
can be effectively used to obtain existence results. For this section, we use a slightly
different boundedness definition.
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Definition 2.4.1. We say that solutions of system (2.1.1) are bounded, if any solu-
tion x(n,np, @) of (2.1.1) satisfies

[F¥(n,n0,9)11 < C(1I6]l,m0),forall n > no,

where C: R™ x RT™ — R is a constant that depends on ng and ¢ is a given bounded
initial function. We say that solutions of system (2.1.1) are uniformly bounded if C
is independent of ng.

Theorem 2.4.1 ([147]). Let D be a set in RX. Suppose there exists a Lyapunov func-
tional V : " x D — R that satisfies

n—1
Wi (x]) <V (n,x(.) < LWa(lx]) + 242 Y, @1 (n,s)Wa(|x(s)]) (2.4.2)
s=0
and .
AV (n,x(.)) < =A3Wa(lx]) = A3 Y, @a2(n,5)Ws(|x(s)|) + L (2.4.3)
s=0

for some positive constants Ay, 22,A3 and L, and 2, > A3, where @;(n,s) >0 is a
scalar sequence for 0 < s <t < oo,i = 1,2, such that for some constant y > 0 the
inequality

n—1

W) = Wa(ls])+ 3. (91 (W (x(5)) — ol W (x(s))) €7 2:4)
s=0

holds. Moreover, if 2;‘;& ¢1(n,s) < Bfor some positive constant B, then all solutions

of (2.1.1) that stay in D are uniformly bounded.
Proof. Let M = —In(1 — A3/2;) > 0. For any initial value ny € Z™, let x(n) be any
solution of (2.1.1) with x(n) = ¢(n), for 0 < n < ny. Taking the difference of the
function V (n,x)e ") we have
A (V(n,x)eM(”7”0)) = {V(n +1,x)e” —V(n,x)|M10),
For x € D, using (2.4.2) and (2.4.3) we get
A (V(n,x)eM(”f"O))

n—1
< {V(n,x)eM — W (|x)e” =25 Y (pz(n,s)W5(|x(s)|)eM+LeM—V(n,x)] M=)
5s=0

n—1
= {V(nvx)(eM - 1) - )LSeM (W4(|x|) + ;)(pz(n,s)W5(|x(s)|)) +LeM} eM(”f"U)
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n—1
< [ =12 (Wallx) + X 01 (n5)Ws(lx(s)])) — Aae ((Wa(lx)
s=0

n—1

+ (pz(n,s)W5(|x(s)|)) —i—LeM} Min=no), (2.4.5)
5s=0

Since M = —In(1 — A3/A;) > 0, we have Ay (e — 1) = A3eM. Thus, the above in-
equality reduces to

n—1

A (Vim0 ) < (M = 12 (Wa(lxl) = Wall) + X (91 (n,5)Ws (Jx(5))
s=0

— o (1, 5)Ws (|x(s)|)) +LeM} Mn=mo), (2.4.6)

By invoking condition (2.4.4), the inequality (2.4.6) takes the form
A(V(n,x)eM(”*”())) < ((eM — Doy + LeM) M=) < gy oMln—no).

where o = (eM — 1), 7+ LeM. Summing the above inequality from g to n — 1, we
obtain,

n—1 n—1
V(njx)eM(nfno) —V(l’l(),(P) <a z eM(san) < aeanO z(eM)s < o eM(nfn()),
= s=0

5s=0 5= eM—1
that is,
—M(n—ng) o o
V(n,x)gV(no,(I))e (n=no +eM_1 Sv(n05¢)+eM_1'
From condition (2.4.2), we have
l‘l()fl

1 o
Jall < Wit (BaWalo) + 2aWs(10D) X, enCnons)) + " [sforalt o

This completes the proof.

In the next theorems, we consider variables A;(n), i = 1,2,3,4,5.

Theorem 2.4.2 ([147]). Let D be a set in R. Suppose there exist a Lyapunov func-
tional V : 7 x D — R™ that satisfies

n—1

(Wi ([x]) <V (n,x(.)) < Aa(n)Wa(lx]) + A2(n) bepl (n,s)Ws(|x(s)])  (2.4.7)
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and

n—1

AV (n,x(.)) < =A3(m)Wa(|x|) — A3(n) ZE)(pg(n,s)W5(|x(s)|) +L (2.4.8)

for some positive constant L, and positive sequence Ay (n),Ay(n),A3(n), where A, (n)
is nondecreasing sequence, and @;(n,s) > 0 is a scalar sequence for 0 < s <n <
oo i = 1,2. Assume that for some positive constants 0, and Y the inequality with

A3(n)

0< 2a(n)

<0<, (2.4.9)

and

n—1
Wa(lal) ~Wal) + 3, (01(1,5)Ws(1x(5)) — @a(m,5)Ws(x(s)])) <7 (2:4.10)

holds. If X"=3 ¢1(n,s) < B, Xa(n) < N for some positive constants B and N, then
all solutions of (2.1.1) that stay in D are uniformly bounded.

Proof. First we note that due to condition (2.4.9), A3(n) is bounded for all n > ny >
0. For any initial value ng > 0, let x(n) be any solution of (2.1.1) with x(n) = ¢ (n)
for 0 < n < ny. Taking the difference of the function V(n,x)eM (n—=n0) \yith

M= inf (—1n(1—tEZ§)) >0,

nezZ*

we have

A (V(n,x)eM(”7”°)) = {V(n +1,x)eM — V(n,x)} Mi=no),

By a similar argument as in Theorem 2.4.1 we obtain,
A (V(n,x)eM("f”O)) < ((eM — DA (n)y+ LeM) Mn=no)

< ((eM ~)Ny+LeM ) M=o,

We let B = (e — 1)Ny+ LeM, and summing the above inequality from ng to n— 1,
we obtain

n—1
V(n,x)eM("f”O) < V(ng,¢(no))+p 2 Ms=n0)
s=0

S V(n0,¢(n0)) + e‘Mﬁ_ leM(Vlfﬂ())'
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By condition (2.4.7), we have

I < Wy (V0 P )]
ng—1
<w! [M(lno) (/'Lz(no)Wz(l(bD+7Lz(no)W3(|¢|) Zé 91(no,s) + eMB— 1)]’

for all n > ng. Hence, the solutions of (2.1.1) that start in D are uniformly bounded.
This completes the proof.

Theorems 2.4.1 and 2.4.2 are of special importance since, by the aid of constructing
a suitable Lyapunov functionals, the theorems can be applied to nonlinear Volterra
systems of the form

x(n+1)=ocn)x(n)+ iB(n,s)sz(s), n>0,x(n)=¢(n) for 0 <n < ny,

s=0
(2.4.11)
where ¢ (n) is a given bounded initial sequence.

2.5 Applications to Nonlinear Volterra Difference Equations

In this section, we apply the results of the previous section to nonlinear Volterra
difference equations. As we shall see that Theorems 2.4.1 and 2.4.2 will guide us
step by step on how such Lyapunov functionals are constructed.

Theorem 2.5.1 ([147]). Consider the scalar nonlinear Volterra difference equation
given by (2.4.11). Suppose there are constants By, B, € (0,1) such that

o)+ - (1o00)] + 3. 1Bn9) ) Bum)|+ 3, |BGun)|~1< i
s=0

u=n+1
and
2 n
3 (It + X 1Br,s)] ) =1 < —Ba. @5.1)
s=0
iIf
n—1 oo n
> Y IB(u,s)l, Y [B(n,s)| < e,
s=0u=n s=0
and

B(ns) > 3 [B(w.s)],

u=n

then all solutions of (2.4.11) are uniformly bounded.
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Proof. To see this, we consider the Lyapunov functional

Then along solutions of (2.4.11) we have

AV(n,x) = x*(n+1)—x*(n) + 2 1|B u,n)|x*(n z |B(u,s)|x* (s
u=n+
= (G(n)x(n) + i)B(n,s)sz(s)) —x*(n)
+22|Bun|x 2|Bus|x
u=n+1
- (Gz(n)—l- Y (Bl - 1))
u=n+1
+20(n 2‘|an|xz/3 (Z|an|x2/3())
s=0 5s=0
—E |B(n,s)|x*(s). (2.5.2)
-0

To further simplify the above inequality we perform the following calculations. Us-
ing the fact that ab < a®/2+ b?/2,

20(n)x(n)%IB(M)IXZB(S) < 2[o(n)x(n IZE)IB n,s)l(s)

n n,s le/l x4/3s .
”EO'B( )I(20m) +243(s))

Using the Cauchy-Schwartz inequalities for series, one obtains

n 2 n 2
(X Bou)R ()" < (3 1B 2IBn,s) 225 (s))
s=0 s=0
n n
< Y 1B(n,9)| X |B(n,s)1x*7(s).
s=0 s=0
Adding the above two inequalities yields

20(n 2‘|an|xz/3 (Z|an|x2/3())

s=0 s=0

<|o(n |2|an( n) +x*3(s) )+Z|an|2|an|x4/3()

s=0 s=0
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n
n)| Y, |B(n,s)|x* ()
s=0
n n
+ (o) + Y 1BoLs) ) 3 1Br,s)3(s). 2.5.3)
s=0 s=0
Finally, we make use of Young’s inequality, which says for any two nonnegative real

numbers w and @, we have

(4 wf
oo<? + ot e /=1,
e

Thus, for e = 3/2 and f = 3, we get

2‘|an|x4/3 2|an '3 |B(n, )23 (s5)

< 3 (75 DB )

¢~ |B(n,s)| | 2

-3

2 n—1
2yt slBe) b2(s)+ 3 X 1Bln.s) ().

With this in mind, inequality (2.5.3) reduces to

20(n Z |B(n,s)|x*3(s) (2 |B(n,s)]x*3 (s ))
s=0
< §(|o<n>|+szo|3<n,s>|)|B<n,n>|
3 (19001 + X 18009)1) 31500,

2 n n—1
+5 (lot)+ X 1B,9) ) 3 1B, (s). (25.4)
s=0 5s=0

By substituting (2.5.4) into (2.5.2), we arrive at

AV (n,x) < [oz<n>+§(|o<n>|+iO|B<n,s>|)|B<n,n>|+ Y B~ 1]2)

u=n+1

n n—1

+3(1o@1+ 3 18091 ~1) 3, 18,9129

+§ (|G(n)|+i |B(n,s)|) i B(n,s)|. (2.5.5)
s=0 s=0
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LetL= 1 (16:(n) [+ 1o [B(n,5)]) S [B(n,5)]. Take Wi = Ws = Wy = 22(n), Ws =

Ws = x%(s), Ay = A, = 1 and A3 = min{B;,B:}. Also, we choose ¢;(n,s) =

= _.|B(u,s)|, and @2(n,s) = |B(n,s)|, we see that conditions (2.4.7) and (2.4.8)
of Theorem 2.4.2 are satisfied. Next we make sure condition (2.4.10) is satisfied. To
see this,

n—1
Wallsh) = Wa(l) + 3 (01 (n5)Ws(x(s)]) = @21, W5 (1x(5)]))
n—1 oo
=) =2+ X, (3 Bl,s)| = B, 9)] )2(s)
s=0 “u=n
n—1

Thus, condition (2.4.10) is satisfied for 7 = 0. An application of Theorem 2.4.2
yields the results.

oo

1B(u,s)| — |B(u,s)|)x2(s) <o0.

In the next theorem we establish sufficient conditions that guarantee the bounded-
ness of all solutions of the vector Volterra difference equation

t—1
Ax(r) = Ax(t) + Y, C(t,5)x(s) + g(1), (2.5.6)
s=0

where 7 > 0, x(t) = ¢(¢) for 0 <t <1y, ¢(r) is a given bounded continuous initial
k x 1 vector function. Also, A and C are k x k matrices and g is k x 1 vector functions
that is continuous in x If D is a matrix, |D| means the sum of the absolute values of
the elements. For what to follow we write g and x for g(r) and x(¢), respectively.

Theorem 2.5.2. Suppose CT (t,s) = C(t,s). Let I be the k x k identity matrix. As-
sume there exist positive constants L, v, &, B, B2, A3, and k X k positive definite con-
stant symmetric matrix B such that

[ATB +BA —l—ATBA} < &, (2.5.7)

t—1 t—1
[—§+|Bg| + X |BIIC(t,5)] + ;)IATBIIC(M)I

s=0

£V Y 1Ben)](1445) < B, 253)

u=t+1

[|B| —v+ ((gTB)2 + 1+|ATB|

t—1
+ Y|+ <-p @59
5s=0
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(Ig" gl +Bg|) (14 A3) = L, (2.5.10)
|C(t,5)] > v i |C(u,s)], (2.5.11)
u=t+1
and
t—1 oo t—1
> N IC(u,s)|, D IC(t,5)] < o (2.5.12)
s=0u=t s=0

Then solutions of (2.5.6) are uniformly bounded.

Proof. Since B is k X k positive definite constant symmetric matrix, then there exists
an r; € (0,1] and r, > 0 such that

rlex <x'Bx< rngx. (2.5.13)

Define

t—1 oo
V(t,x) =x"Bx+v > |C(u,5) % (s).

s=0u=t

Here xTx =% = (x% +x% + x,%) We have along the solutions that

t—1
AV(t,x) = [Ax—l— S C(t,9)x(s) + g} " (2.5.14)
0

t—1
+x'B {Ax—i— Y C(t,5)x(s) + g}
s=0
t—1

t—1
+ {Ax—l—ZC(t,s)x(s)—l-g} [Ax—l—ZC (t,5)x(s)+ g
5s=0
t—1
-vy |B(t,5)|x*(s) + v 2 |B(u,1)| *
s=0 u=t+1

By noting that the right side of (2.5.14) is scalar and by recalling that B is a sym-
metric matrix, expression (2.5.14) simplifies to

AV(t,x) =T (ATB—i-BA +ATBA)x+2xTBg (2.5.15)

t—1
+2Y xT BC(t,5)x(s)
s=0

t—1 t—1
+ [xTATBg +2¢"B 2 C(t,5)x(s) + 2" ATB Y. C(t,5)x(s)
s=0

+2x C(t,5)1, BZCts $)+e Bel
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=1 o
v ICt ) () +v Y, [Cut)|x?
s=0 u=t+1

IN

t—1
—&x% 227 |Bg| +2 3 | ||BI|C(2,5)[|x ()]
s=0

+

t—1 t—1
| Z[Cle0)2ls" Blls)| +2 5, | 14T BC(1)(s)|
—1

+2x tsBZCts )+|ng|}
s=0

-V Z Clt, )P () +v Y, [Cu, )|
s=0 u=t+1

Next, we perform some calculations to simplify inequality (2.5.15).

21x"||Bg| = 2|x" || Bg|'/?|Bg|'/* < x*|Bg| + |Bgl,

1—1 —1
2 Z " [[BIIC(2,5) [x(s)] < Y, IBIIC(t,5)| (x> + 2% (s)),
s=0 s=0
t— t—
Z C(1,9)[2[¢" Bl |x(s)| < Z IC(2,5)|(|g" BI* +2*(s)),
— s=0
and
22 " [|ATB[|C(2,5)||x(s)] < Z [ATB||C(2,5)|(x* +x°(s)).
s=0 s=0
Finally,
t—1
Zx C(t,s) B Y, C(t,5)x(s)
s=0

|B||2x ts||2Cts
<|B|(2x ts)/2+|B|(2Cts )/2
~(E Cleon(s)’
i 1 1 2
= 18I( X [ 69 x(s) )

t—1 t—1
< IBIZ(,)IC(M)I Z(,)IC(M)IXZ(S)-
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Substitution of the above inequalities into (2.5.15) yields
) -1
AV (1) < [ =&+ [Bgl+ X 1BIIC(1,9)|
s=0

t—1 oo
+ Y ATBC@ts)|+v Y |C(u,t)|}x2
s=0 u=t+1

t—1 t—1
+ [IBI=v+ ((¢"B)+1+147B|+ B §)|C(t,s)|) 3. [C(0.5)()

+ (u(0)lg" Bg| + |Bg|) (1 +A3).

Applying conditions (2.5.8), (2.5.9), and (2.5.10), AV (,x) reduces to
—1
AV (t,x) < —Bix*— B, 2 |C(t,s)|x2(s) +L,
s=0

where L = (u(t)|g” Bg| +|Bg|)(1 + A3). By taking W) = r1x7x, Wy = xT Bx, Wy =
rszx, W3 = W5 :xz(s), ll = /lz =1land l3 = min{Bl,Bz}, ¢1 (Z‘,S) = Vz::t |C(M,S)|,
and @ (z,5) =|C(t,s)|, we see that conditions (2.4.7) and (2.4.8) of Theorem 2.4.2
are satisfied. Next we make sure condition (2.4.10) is satisfied. Using (2.5.11)
and (2.5.13) we obtain

t—1

Wa([x[) — Wa(lx]) + i (91(2,5)Ws(|x]) — 92 (z,5)Ws (|x(s)1))

s=0

t—1 co
= Bx—rx+ Y (v 3 |C(u,s)| |C(t,s)|)x2(s) <0.
s=0 u=t

Thus condition (2.4.10) is satisfied with ¥ = 0. An application of Theorem 2.4.2
yields the results.

2.6 Open Problems

Open Problem 1.

Reformulate Theorems 2.4.1 and 2.4.2 to obtain results concerning the exponential
stability of the zero solution of (2.1.1).

For Open Problem 2, we consider the functional delay difference equation

x(t+1)=F(t,x). (2.6.1)

We assume that F is continuous in x and that F : Z x C — R" where C is the set of
sequences ¢ : [—ct,0] = R", a > 0. Let

Ct)={¢:[r—o,t] > R"}.
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It is to be understood that C(¢) is C when ¢t = 0. For ¢ € C(t) we denote

> 09"

1s=t—o

lorlll = |

n t—1
i=

where ¢(t) = (q)l (t)v e 7¢ﬂ(t))'
Open Problem 2.

Theorem 2.6.1. Let D > 0 and there is a scalar functional V (t, ;) that is continu-
ous in y and locally Lipschitz in y, when t > ty and y; € C(t) with ||y|| < D. In
addition we assume that if x : [to — ot,2) — R" is a bounded sequence, then F (t,x;)
is bounded on [ty, ). If V such that V (¢,0) = 0,

Wi([o(0)]) <V (1,0) < Wa(lge]) + W ([l 91 ]]]),

and

AV(t,¢) < =Wa(|9(0))),
then the zero solution of (2.6.1) is uniformly asymptotically stable .

Open Problem 3.

General theorem in the spirit of Theorems 2.1.1, 2.1.2, and 2.1.3 regarding func-
tional delay difference equations is nowhere to be found and hence there is a des-
perate need of such theorems. In particular, for 2 > 0 and constant, we ask that
parallel theorems to Theorems 2.1.1, 2.1.2, and 2.1.3 should be developed regard-
ing the functional discrete system

x(n+1)=(G(n,x(s); —h<s<n) = G(n,x(+)) (2.6.2)

where G : Z* x R¥ — R is continuous in x. Then such theorems can be applied to
Volterra difference systems of the form

n—1
x(n+1)=bn)x(n)+ ;hC(n,s)g(x(s)), (2.6.3)
and
n—1
x(n+1)=b(n)x(n) + ; hC(n,s)g(x(s)). (2.6.4)

In the next theorem we establish sufficient conditions that guarantee the bounded-
ness of all solutions of the vector Volterra difference equation by using Lyapunov-
Razumikhini method. It should serve as a guidance to formulate and prove bound-
edness results concerning functional difference equations. Thus, we consider the
Volterra difference equation
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t—1

x(t+1) = Ax(t) + Y, C(t,5)x(s) + g (1), (2.6.5)
s=0

where t >0, x(r) = ¢(r) for 0 <r <1y, ¢(z) is a given bounded initial k£ X 1 vector
functions. Also, A and C are k x k matrices and g is k x 1 vector functions. If D is
a matrix, |D| means the sum of the absolute values of the elements. Let ||g]]©)
denote the norm of g.

Theorem 2.6.2 ([144]). Let I be the k X k identity matrix. Assume there exists a k X k
positive definite constant symmetric matrix B such that

ATB+BA=—1, (2.6.6)

Suppose that there is a positive constant M such that

—1
> IBC(1,5)| < M,
s=0
so that
2BhM
<
o

1

)

where o, 3, and h are all positive constants to specify in the proof. If in addition, g
is bounded, then all solutions of of (2.6.5) are uniformly bounded.

Proof. Since B is k X k positive definite constant symmetric matrix, then there exists
an o, 8 € (0,1] such that

o |x|* < xTBx < B2«
Define the Lyapunov-Razumikhini function
V(t,x) = x" Bx.

Then clearly
o2 x| <V(t,x) < B2
Then along the solutions of (2.6.5) we have

t—1 T
AV (t,x) = {Ax—i— ZC(t,s)x(s)—i—g} Bx
0

i—1
+x'B {Ax-i- Y C(t,5)x(s) + g}
5s=0
t—1
=T (ATB + BA)x +2x"Bg+2 D xT BC(t,5)x(s)
s=0
—1

< —|x[2+20x([B||g][*=) +2 Y, |BC(1, 5)[x(s)]-
s=0
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Now, if K2V (t,x(t)) > V(s,x(s)) for0 <s<t—1, where h > 1 is a constant to be
determined, then

o |x(s)[* < V(s,x(s)) < 2V (1,x(t) < h*B2|xP?,

and N
Pl 2 (o)l s<r—1.
o
Thus,
2 B [0,00)
AV(tx) < =" +2°“l® X IBC(r,9)| +21x|B] g™
s=0
hBM -
< —pP42 %I + 21/ B ]| ).
2BhM 2hBhM
Since ﬂ(x < 1, h maybe chosen so that 4 > 1 and lfx < 1, yielding
AV(,x) < (2P — 1) x2 + 201 Bl g2 <0
(1,0) < (27 = 1R + 20118l gl <
provided that
1
= 1_2[30/:M ’ :

Now we summarize what we have

(@ Wi(lx]) <V(2,0) <Wa(lx]),

(b) there exists K > 0 so that if x(¢) is a solution of (2.6.5) with |x(¢)| > K for some
t>0and V(s,x(s)) < p(V(t,x)) for 0 <s <t —1and p(u) > u, then AV(z,x) <
0, where p(u) = h’u.

Now choose any solution x(¢) such that |¢(¢)| < H for 0 <t < ng for some H > 0.
Let L > max{H,K} and choose D > 0 with Wo(L) < W;(D). If this solution is
unbounded, then there is #; > 0 such that |x(t;)| > D, |x(#)|<D for 0<tr<t;—1.
If V(t1,x(t1) < V(to,x(tp), then we would have

Wi ([x(ti]) < V(t1,x(n) < V(to,¢(t0) < Wa(|9(to])
< Wz(L) <W (D),

from which we get |x(#;)| < D, a contradiction. Thus, V (¢t,x(¢;) > V (to,x(to). We
leave it for the reader to complete the proof using (a) and (b) as guidance.

Open Problem 4.

We propose that the reader develops general theorems for the boundedness and sta-
bility of functional difference equations using Lyapunov-Razumikhini method. Con-
ditions (a) and (b) should serve as guidance for stating and proving such theorems.
For more on the subject we refer to [181] and [182].



Chapter 3 M)
Fixed Point Theory in Stability and i
Boundedness

In the past hundred and fifty years, Lyapunov functions/functionals have been exclu-
sively and successfully used in the study of stability and existence of periodic and
bounded solutions. The author has extensively used Lyapunov functions/functionals
for the purpose of analyzing solutions of functional equations, and each time the
suitable Lyapunov functional presented us with unique difficulties, that could only
overcome by the imposition of severe conditions on the given coefficients. In prac-
tice, Lyapunov direct method requires pointwise conditions, while as so many real-
life problems call for averages. Moreover, it is rare that we encounter a problem
for which a suitable Lyapunov functional can be easily constructed. It is a common
knowledge among researchers that results on stability and boundedness go hand in
hand with the constructed Lyapunov functional.

In this chapter, we begin a systematic study of stability theory for ordinary and func-
tional difference equations by means of fixed point theory. The study of fixed point
theory is motivated by a number of difficulties encountered in the study of stability
by means of Lyapunov’s direct method. We notice that these difficulties frequently
vanish when we apply fixed point theory. We provide a brief introduction on topics
in Cauchy sequences, metric spaces, compactness, contraction mapping principle,
and Banach spaces. In some cases, contraction mapping principle fails to produce
any results. This forces us to look for other alternatives, namely the concept of Large
Contraction. We will restate the contraction mapping principle and Krasnoselskii’s
fixed point theorems in which the regular contraction is replaced with Large Con-
traction. Most of the work in this chapter can be found in [4, 140, 142, 150, 166],
and [167].
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3.1 Motivation

We begin by offering an example that exposes the difficulties encountered by the use
of Lyapunov functionals. Fixed point theory was first used in difference equations
by Raffoul in [136] to study the stability and the existence of periodic solutions of
the linear delay difference equation

Ax(t) = —a(t)x(t — 7).

It was followed by a series of papers in which different authors considered the same
idea and analyzed various types of difference and Volterra difference equations. For
example, in [134] the author initiated the use of fixed point theory to alleviate some
of the difficulties that arise from the deployment of Lyapunov functionals to study
boundedness and stability of the neutral nonlinear delay differential equation

X (1) = —a(t)x(t) + c(0)x' (t — g(1)) +q(t,x(1), x(t — g (1)),

where a(t),b(t),g(t), and g are continuous in their respective arguments. Later on,
Islam and Yankson [87] extended the work of [134] to the neutral nonlinear delay
difference equation

x(t+1) = a(t)x(t) +c(t) Ax(t — g (1)) + q(x(1),x(t — g(1)),

wherea,c:Z —-R,g:RxR—R,andg:Z — Z.
To illustrate some of the difficulties that arise from the deployment of Lyapunov
functionals, we consider the delay difference equation

x(t+1)=a(t)x(t) +b(t)x(t—1)+pt), t € Z, (3.1.1)
where a,b,p : ZT — R, T is a positive integer. Assume
la(t)| < 1, forall t € Z* (3.12)
and there is a 0 > 0 such that
b(t)|+6<1,teZ" (3.1.3)

and
la(t)] < 6, and |p(7)| < K, for some positive constant K. (3.1.4)

Then all solutions of (3.1.1) are bounded. If p(¢) = 0 for all ¢, then the zero solution
of (3.1.1) is (UAS). To see this we consider the Lyapunov functional

t—1
V(t,x() = ()| +8 Y |x(s)]-

S=t—1T
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Then along solutions of (3.1.1) we have
-1

= |x(t+1)|—|x@)|+ 6 2 |x(s)|—5:t21|x(s)

s=t+1-7

< la@x(@)] = (@) +[b(@)[x(t — 7)|+6 Z ()| -0 ; () +[p(r)

s=t+1-1 s=t—T
= (la(®)|+ 6 = 1)x(t)| + (b(1)] = 8) Ix(r = T)| + | p(t)]
(la(t)]+6 = 1)[x(t)[ + |p(r)|

—7lx(#)|, for some positive constant y.

IN

IN

The results follow from Chapter 2. It is severe to ask that a,b be bounded and that
|b()] is bounded by a all of the time. For another illustration, we consider the non-
linear delay difference equation

x(t+1)=a(t)g(x())+b)h(x(t —7r)), (3.1.5)
where the functions g and & are continuous. Define the Lyapunov functional V by
—1
V()= x|+ X 1b(s+r)lh(x(s))]-
s=t—r

We assume that there are positive constants y; and 7y such that |g(x)| < y;|x| and
|h(x)| < 12lx|, so that

Yla()|+plb(t+r)|—-1< -, B>0.

Then along solutions of (3.1.5) we have

V=[xt + )| = [x(0)[ + [b(t+ )| [ (x(2))| = [b(0)[|a(x(2 = )]
< la(®)llg(x(0) |+ [b(O)[[A(x(t = r))| = x(1)]
+ [b(t + )| [ (x(2))| = [b(1)[|A(x(r = 1))
< (nla(t)| + /bt + 1) = 1)|x()|
< —Blx()l.

Now one may refer to Chapter 2 and argue that the zero solution of (3.1.5) is asymp-
totically stable.
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3.2 Metrics and Banach Spaces

This section is devoted to introductory materials related to Cauchy sequences, met-
ric spaces, contraction, compactness, contraction mapping principle, and Banach
spaces. Materials in this section are taken from class notes that the author have used
in graduate course on real analysis. For an excellent reference, we refer the reader
to [23].

Definition 3.2.1. A pair (E, p) is a metric space if E isasetand p : E x E — [0,)
such that when y, z, and u are in E, then

@ p(y,z) >0, p(y,y) =0, and p(y,z) = 0 implies y = z.
(®) p(y,2) = p(z,y), and
©) p(yz) <p(yu)+p(u,z).

Definition 3.2.2 (Cauchy Sequence). A sequence {x,} C E is a Cauchy sequence
if for each € > 0 there exists an N € N such that n,m > N = p(xn,xn) < €.

Definition 3.2.3 (Completeness of Metric Space). A metric space (E,p) is said to
be complete if every Cauchy sequence in E converges to a point in E.

Definition 3.2.4. A set L in a metric space (E,p) is compact if each sequence in L
has a subsequence with a limit in L.

Definition 3.2.5. Let { f;, } be a sequence of real functions with f;, : [a,b] — R.

1. {fn} is uniformly bounded on [a,b] if there exists M > 0 such that |f,(¢)| <M
forall n € N and for all 7 € [a,b].

2. {fu} is equicontinuous at #o if for each € > 0 § > 0 such that for all n € N, if
t € [a,b] and |tg —t| < 8, then |f,(t0) — fu(?)| < €. Also, {f»} is equicontinuous
if {f,} is equicontinuous at each #y € [a, b].

3. {f} is uniformly equicontinuous if for each & > 0 there exists d > 0 such that
foralln e N, if 11, € [a,b] and |t; — 1| < &, then | f,(t1) — fu(t2)| < €.

Easy to see that { f,} = {x"} is not an equicontinuous sequence of functions on [0, 1]
but each f; is uniformly continuous.

Proposition 3.1 (Cauchy Criterion for Uniform Convergence). If {F,} is a se-
quence of bounded functions that is Cauchy in the uniform norm, then {F,} con-
verges uniformly.

Definition 3.2.6. A real-valued function f defined on E C R is said to be Lipschitz
continuous with Lipschitz constant M if | f(x) — f(y)| < M|x—y| forall x,y € E.

Remark 3.1. Tt is an easy exercise that a Lipschitz continuous function is uniformly
continuous. Also, if each f}, in a sequence of functions { f,} has the same Lipschitz
constant, then the sequence is uniformly equicontinuous.

Lemma 3.1. If {f,,} is an equicontinuous sequence of functions on a closed bounded
interval, then { f,} is uniformly equicontinuous.
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Proof. Suppose { f,} is equicontinuous defined on [a, ] (which is contraction). Let
€ > 0. For each x € K, let 6, > 0 be such that [y —x| < 6, = |fn(x) — fu(y)| < €/2
for all n € N. The collection {B(x,0,/2) : x € [a,b]} is an open cover of [a,b] so
has a finite subcover {B(x;,0y,/2) :i=1,...,k}. Let 6 = min{,/2:i=1,...,k}.
Then, if x,y € [a,b] with |x —y| < §, there is some i with x € B(x;, 0y, /2). Since
|x—y| < 6 < dy,/2, we have |x; —y| < |x; —x|+ |x —y| < 6y, /2+ 0y, /2 = §,,. Hence
|x; —y| < O, and |x; —x| < 8y,. So, for any n € N we have |f,,(x) — fu(y)| < | fu(x) —
Sa(x) |+ 1fu(xi) = fu()| < €/2+€/2=¢€. So, {fu} is uniformly equicontinuous.

The next theorem gives us the main method of proving compactness in the spaces
in which we are interested.

Theorem 3.2.1 (Ascoli-Arzeld). If {f,(¢)} is a uniformly bounded and equicontin-
uous sequence of real valued functions on an interval [a,b), then there is a subse-
quence which converges uniformly on |a, b to a continuous function.

Proof. Since {f,(¢)} is equicontinuous on [a,b], by Lemma 3.1, {f,(¢)} is uni-
formly equicontinuous. Let 71,#,... be a listing of the rational numbers in [a,b]
(note, the set rational numbers is countable, so this enumeration is possible). The
sequence {f,(#1)}_, is a bounded sequence of real numbers (since {f,} is uni-
formly bounded) so, it has a subsequence { f,, (f)} converging to a number which
we call ¢ (z;). It will be more convenient to represent this subsequence without sub-
subscripts, so we write fk1 for fy, and switch the index from k to n. So, the subse-
quence is written as {f; (t)}:"_,. Now, the sequence {f}(12)} is bounded, so it has
a convergent subsequence, say {f>2(t2)}, with limit ¢(,). We continue in this way
obtaining a sequence of sequences {f;'(t)}_, (one sequence for each m) each of
which is a subsequence of the previous. Furthermore, we have I (t,,) — ¢ () as
n — oo for each m € N. Now, consider the “diagonal” functions defined F; (t) = f,f ().
Since f"(tm) — ¢ (tm), it follows that Fy(t,,) — ¢ () as r — oo for each m € N
(in other words, the sequence {F,(f)} converges pointwise at each t,). We now
show that {F(z)} converges uniformly on [a,b], by showing it is Cauchy in the
uniform norm. Let € > 0. Let § > 0 be as in the definition of uniformly equicon-
tinuous for {f,(¢)} applied with £/3. Divide [a,b] into p intervals where p > © 50
Let &; be a rational number in the ;" interval, for j = 1,..., p. Remember, {F,(¢)}
converges at each of the points &;, since they are rational numbers. So, for each
J. there is M; € N such that |F.(§;) — Fy(&j)| < €/3 whenever r,s > M. Let
M=max{M;:j=1,...,p}. If t € [a,b], then it is in one of the p intervals, say
the j™. So, |t — &;| < & and so | f(t) — f1(&;)| = |F.(t) — F-(&;)| < /3 for every r.
Also, if r,s > M, then |F,(§;) — F5(&;)| < €/3 (since M is the max of the M;’s). So,
we have for r,s > M,

|Fr (1) = Fs(0)| = [Fr (1) = Fo(6)) + Fr(§)) — Fs(&)) + Fi(S)) — F5 (1))
< |E(0) = BN HF(S)) — (&) + [Fs(§)) — Fs (1)

SELELE_,
-3 3 3 7
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By the Cauchy Criterion for convergence, the sequence {F;(¢) } converges uniformly
on [a,b]. Since each F,(t) is continuous, the limit function ¢(z) is also continuous.

Remark 3.2. The Ascoli-Arzela Theorem can be generalized to a sequence of func-
tions from [a,b] to R”. You apply the Ascoli-Arzela to the first coordinate function
to get a uniformly convergent subsequence. Then, apply the theorem again, this time
to the corresponding subsequence of functions restricted to the second coordinate,
getting a sub-subsequence, and so on.

Banach spaces form an important class of metric spaces. We now define Banach
spaces in several steps.

Definition 3.2.7. A triple (V,+,-) is said to be a linear (or vector) space over a field
F if V is a set and the following are true.

1. Properties of +

.+ is a function from V x V to V. Outputs are denoted x + y.

. forallx,y € V, x4y =y+x. (+ is commutative)

. forallx,y,w € V,x+ (y+w) = (x+y) +w. (+ is associative)

. there is a unique element of V which we denote O such that for all x € V,
0+ x = x+ 0= x. (additive identity)

e. for each x € V there is a unique element of V which we denote —x such that

x4+ (—x) = —x+x = 0. (additive inverse)

oo o

2. Scalar multiplication

a. -1is a function from F' x V to V. Outputs are denoted & - x, or oux.
. forall o, € Fandx eV, o(Bx) = (aff)x.

c. forallxeV,1-x=x.

d. foralla,f € Fandx €V, (o + f)x=ox+ Bx.

e. foralloo € Fandx,y €V, a(x+y) = ax+ ay.

o

Commonly, the real numbers or complex numbers are the field in the above defini-
tion. For our purposes, we only consider the field of real numbers F = R.

Definition 3.2.8 (Normed Spaces). A vector space (V,+,-) is a normed space if
for each x € V there is a nonnegative real number ||x||, called the norm of x, such
that foreachx,y € Vand o € R

1. ||x|| = 0 if and only if x = 0
2. || ]| = x| [lx]|
3. eyl < lxll + {11

Remark 3.3. A norm on a vector space always defines a metric p (x,y) = |[x—y|| on
the vector space. Given a metric p defined on a vector space, it is tempting to define
[lv]| = p(v,0). But this is not always a norm.

Definition 3.2.9. A Banach space is a complete normed vector space. That is, a vec-
tor space (X,+, ) with norm || - || for which the metric p (x,y) = ||x —y|| is complete.
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Example 3.1. The space (R",+,-) over the field R is a vector space (with the usual
vector addition, 4+ and scalar multiplication, -) and there are many suitable norms
for it. For example, if x = (x1,x2,...,%,), then

L |lx = max |xi],
<i<n

n
2. x| =/ D x%, or
i=1
n
3. |lxll =X il
i=1

are all suitable norms. Norm 2. is the Euclidean norm: the norm of a vector is its
Euclidean distance to the zero vector and the metric defined from this norm is the
usual Euclidean metric. Norm 3. generates the “taxi-cab” metric on R

Remark 3.4. Consider the vector space (R”,+,-) as a metric space with its metric
defined p(x,y) = ||x —y|| where || - || is any of the norms as in Example 3.1. The
completeness of this metric space comes directly from the completeness of R, hence
(R", ]| - |) is a Banach space.

Remark 3.5. In the Euclidean space R", compactness is equivalent to closed and
bounded (Heine-Borel Theorem). In fact, the metrics generated from any of the
norms in Example 3.1 are equivalent in the sense that they generate the same topolo-
gies. Moreover, compactness is equivalent to closed and bounded in each of those
metrics.

Example 3.2. Let C([a,b],R") denote the space of all continuous functions f :
[a,b] — R".

1. C([a,b],R") is a vector space over R.
2.1 ||fIl = maxb|f(t)| where |- | is a norm on R”, then (C([a,b],R"),]|-||) is a
a<t<

Banach spa_ce.
3. Let M and K be two positive constants and define

L={feC(a,b],R") - | fI <M;[f () = f(v)| < K|u—v[}
then L is compact.

Proof. (of Part 3.) Let {f,} be any sequence in L. The functions are uniformly
bounded by M and have the same Lipschitz constant, K. So, the sequence is uni-
formly equicontinuous. By the Ascoli-Arzela Theorem, there is a subsequence,
{fn.} that converges uniformly to a continuous function f : [a,b] — R". We now
show that f € L. Well, | f,,(¢t)| < M foreacht € [a,b], so | f(¢)| < M for eacht € [a, D]
and hence || f|| < M. Now, fix u,v € [a,b] and fix € > 0. Since {f;, } converges uni-
formly to f, there is N € N such that | f,, (t) — f(¢)| < €/2 for all ¢ € [a,b] and all
k> N. So, fix any k > N and we have

() = FO) = 1 () = foy () + Sy () = fon, (v) + e (V) = F (V)]
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S () = fuy @)+ [ () = e W)+ S (V) = f )]
<€/2+Klu—v|+€/2=Klu—v|+e.

Since € > 0 was arbitrary, |f(u) — f(v)| < K|u—v|. Hence f € L. We have demon-
strated that {f,,} has a subsequence converging to an element of L. Hence, L is
compact.

Example 3.3. Consider R as a vector space over R and define the metric d(x,y) =
e —yl

T+ =y

norm on R.

For each x € R, we can define ||x|| = d(x,0). Explain why || - || is not a

Example 3.4. Let ¢ : [a,b] — R" be continuous and let S be the set of continuous

functions f : [a,c] — R" with ¢ > b and with f(r) = ¢(¢) for a <t < b. Define

p(f.8)=Ilf—gll= sup |f(t)—g(t)|forf,g €S.Then (S,p)isacomplete metric
a<t<c<

space but not a Banach space since f + g is not in S.

Example 3.5. Let (S, p) be the space of continuous bounded functions f : (—ee,0] —
Rwithp(f.8) = If =gl = sup_[£(r) =)l

—oo<<

1. Show that (S, p) is a Banach space.
2. ThesetL={f<S:|fll <1,|f(u)— f(v)| < |u—v|}is not compactin (S,p).

Proof. (of 2.) Consider the sequence of functions defined

0 if t<-—n
f”(t)_{j,Jrl if—n<t<0

Then, the sequence converges pointwise to f = 1, but p(f,, f) = 1 for all n € N.
So, there is no subsequence of {f,} converging in the norm || - || (i.e., converging
uniformly) to f.

Example 3.6. Let (S, p) be the space of continuous functions f : (—ee,0] — R" with

p(f.g) = il 2 pu(f.8)/ 11+ palf))

where

pa(f,g) = max |[f(s)—g(s)]

—n<s<0

and | - | is the Euclidean norm on R”

1. Then (S,p) is a complete metric space. The distance between all function is
bounded by 1.

2. (S,+,-) is a vector space over R.

3. (S, p) isnot a Banach space because p does not define a norm, since p (x,0) = ||x||
does not satisfy || ox|| = |a|||x]|-
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4. Let M and K be given positive constants. Then the set
L=A{feS:[IfI <Mon(=e,0],|f(u) = f(v)| < Klu—v[}
is compact in (S, p).

Proof. (of 4.) Let {f,} be a sequence in L. It is clear that if f, — f uniformly on
compact subsets of (—eo,0], then we have p(fy, f) — 0 as n — oo. Let’s begin by
considering {f;,} on [—1,0]. Then the sequence is uniformly bounded and equicon-
tinuous and so there is a subsequence, say { !} converging uniformly to some con-
tinuous f on [—1,0]. Moreover the argument of Example 3.2 shows that | f ()| < M,
and |f(u) — f(v)| < K|u—v|. Next we consider { £} on [~2,0]. Then the sequence
is uniformly bounded and equicontinuous and so there is a subsequence, say {f2}
converging uniformly, say, to some continuous f on [—2,0]. Continuing this way
we arrive at F, = f" which has a subsequence of {f,} and it converges uniformly
on compact subsets of (—eo, 0] to a function f € L. This proves L is compact.

The next result is stated in the form of a theorem that we leave its proof to the reader.

Theorem 3.2.2. Let g : (—0,0] — [1,00) be a continuous strictly decreasing function
with g(0) =1 and g(r) — eo as r — —oo. Let (S, - |¢) be the space of continuous
functions f : (—eo,0] = R” for which

0]
|flg:= sup 19(0)]

—oo<t<0

exists. Then

1. (S,]-|,) is a Banach space.
2. Let M and K be given positive constants. Then the set

L=A{feS:[IfI <Mon(=e,0l,|f(u) = f(v)| < Klu—v[}

is compact in (S,p).

Definition 3.2.10. Let (E,p) be a metric space and D : E — E. The operator or
mapping D is a contraction if there exists an o € (0,1) such that

p(D(x).D()) < ap(x.y).

Theorem 3.2.3 (Contraction Mapping Principle). Let (E, p) be a complete metric
space and D : E — E a contraction operator. Then there exists a unique ¢ € E with
D(¢) = ¢. Moreover, if y € E and if {y, } is defined inductively by y; = D(y) and
W 1D(yy), then W, — ¢, the unique fixed point.

Proof. Let yy € E and define a sequence {y,} in E by y; = Dyg, y» = Dy; =
D(Dyy) = D*yo,...,yn = Dy,_1 = D"yp. Next we show that {yn} is a Cauchy se-
quence. To see this, if m > n, then
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P (s ym) = p(D"yo,D™yo)
< ap (D" 'yo, D" tyg)

IN N -

o"p(yo,ym—1)

" {p(o,y1) +P 1 y2)+ -+ PUmn—1:Ymn)}
< o {p(o.y1)+apoy1)+...+ " " p(yo,y)}
< d"pyo,y){1+a+...+am "1}

S O‘”P()’Oa)’l)

l—o’
Thus, since o € (0,1), we have that
P (Vs ym) — 0, as, n — oo.

This shows the sequence {y,} is Cauchy. Since (E,p) is a complete metric space,
{yu} has a limit, say y in E. Since the mapping D is continuous we have that

D(x) = D(lim y,) = lim D(y,) = lim y, 1 = .

n—yoo

and y is a fixed point. Left to show y is unique. Let x,y € E such that D(x) = x and
D(y) =y. Then

0<p(x,y) =p(D(x),D(y)) < ap(x,y),

which implies that
0 < (1 - a)p(x,y) < 0.

Since 1 — ¢ # 0, we must have p(x,y) = 0 and hence x = y. This completes the
proof.

Another form of the contraction mapping principle.

Theorem 3.2.4 (Contraction Mapping Principle, Banach Fixed Point Theo-
rem). Let (E,p) be a complete metric space and P : E — E such that P" is a
contraction for some fixed positive integer m. Then there is a unique x € E with
P(x) =x.

3.3 Highly Nonlinear Delay Equations

We limit our study to the highly nonlinear delay difference equation, typified by

x(t+1)=a(t)gx(t—r)) (3.3.1)
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where a : ZT — R and r is a positive integer. More conditions on g are forthcoming.
Results of this section can be found in [140]. In the paper of Raffoul [136], the
author considered the linear difference equation

Ax(t) = —a(t)x(t—r)

and used fixed point theory and obtained asymptotic and periodicity results using
fixed point theory. It is worth mentioning here that (3.3.1) has fundamental differ-
ence from the above-mentioned equation due to the nonlinearity that the function g
presents. Moreover, when inverting (3.3.1) in order to construct a mapping that is
suitable for fixed point theory, one will have to introduce a linear term which results
in the addition term of x — g(x). Also, the results of this section offer the use of
nonconventional metric in order to avoid that the contraction constant not to depend
on the Lipschitz constant K that g will be required to satisfy.

First we rewrite (3.3.1) and have it ready for inversion so that fixed point theory can
be used. Rewrite (3.3.1) as

t—1
x(t+1) =a(t+r)g(x(1) =& :tzi a(s+r)g(x(s)),

where /\; represents the difference with respect to z. We must create a linear tern in
x in order to be able to invert. Thus, we add and subtract a(s + r)x(¢) and get,

t—1

x(t4+ 1) = alt+x(t) — alt + 1)) g (<)) = &1 Y, als+7)g(x(s)). (332)

s=t—r

For each 1y > 0, equation (3.3.2) requires initial function y : [tp — r,#9] — R in order
to specify a solution x(z,fy, ). The computation is the same for any #y > 0 and so
we take 7o = 0. Thus, we say x(¢) := x(,0, y) is a solution of (3.3.2) if x(t) = y(¢)
on [—r,0] and x(¢) satisfies (3.3.2) for ¢+ > 0. We begin with the following lemma
which we omit its proof.

Lemma 3.2. Suppose that a(t +r) # 0 for all t € ZF. Then x(t) is a solution of
equation (3.3.2) if and only if

t—1

1—1 t—1 —1
(O)Ha(s+r)— > a(s+r)g(x(s))+l’[oa(u+r) Y a(s+r)g(y(s)

t—1 —
+Z( s+r) [T atk+r) Z (u+r)g )))
k=s+1 u=s—r
— t—1
_26 l_[1 a(u+r))a(s+r)[x(s) — g(x(s))], £ > 0. (33.3)
5 u=s+

The proof of lemma 3.2 is easily obtained from the variation of parameters formula
followed with summation by parts. It is assumed that the function g is continuous,
locally Lipschitz with Lipschitz constant K and odd. On the other hand, we assume
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that x — g(x) is nondecreasing and g(x) is increasing on an interval [0, L] for some
L > 0. Due to these assumptions, it is obvious that the functions g(x) and x — g(x)
are locally Lipschitz with the same Lipschitz constant K > 0.

Note that if 0 < L; < L, then the conditions on g hold on [—Ly,L;]. Also note that
if ¢ : [—r,00) — R with ¢g = v, and if |§(¢)| < L, then for 7 > 0 we have

0(1) —8(9(1))| <L—g(L),

since x — g(x) is odd and nondecreasing on [0,L]. Here ¢g = y(s) for —r < s < 0.
Let

S={9:[-r=) > R: e =w,l0()| <L}.
For ¢ € S, we define P: § — S by
(PO)(r) = w(1)if —r<1<0

and

t—1 t—1 -1

t—1
(PO)(t) = W(O)Ha(ﬁr)— Y, a(s+r)g(9()+ [T alutr) 3 als+r)g(y(s)

s=t—r u=0 s=—r
1 -
+2( (s+r) T alk+r) 2 (u+r)g )))
k=s+1 U=s—
—Z H (u+r))a(s+r)[o(s) —g(¢(s)], £ > 0. (3.3.4)

s=0 u=s+1

Let g be odd, increasing on [0, L], satisfy a Lipschitz condition, and let x — g(x) be
nondecreasing on [0, L]. Suppose that if L; € (0,L], then

t—1 t—1

Ly —g(Ls ImfIXZI [T a(utr)ats+r)]+gL) 3 |a(s+r)l

s=0 u=s+1 S=t—r
t—1 s—1
+ g(Ly max2| (s+r) I atk+r)] Y lau+r)| <L. (3.3.5)
k=s+1 u=s—r

We note that since g(x) is Lipschitz with Lipschitz constant K and g(0) = 0, then
|g(x)] < Klx].

Theorem 3.3.1 ([140]). Let g be odd, increasing on [0,L], satisfy a Lipschitz con-
dition, and let x — g(x) be nondecreasing on [0,L]. Suppose that a(t +r) # 0 for
allt € Z*. If (3.3.5) hold, then every solution x(t,0,y) of (3.3.2) with small initial
function y(t), is bounded provided P is a contraction.

Proof. Let ¢ € S. Then, by (3.3.5), there exists an o € (0, 1) such that for # > 0 then

(P )()I<||W|||Has+r|+|l_[au+rlllg ()l Z la(s +1)|

s=0 u=0 s=—r
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t—1 t—1
+ |[L—g(L |max2| H (w+r)a(s+r)|+g(L 2 la(s+7)|

s=0 u=s+1 s=t—r
—1 s—1
max2| (s+7) H alk+r7)| 2 |a(u+r)|
>0 k=s+1 u=s—r
<||1//||H|a s+r|+|Ha u+r)|lg(w(s)|l z la(s+r)|+ oL
s=0 u=0 S=—r
-1
<H|a s+0)| vl +K||wl] 2 la(s+7)| + L. (3.3.6)

§= S=—r

If we choose the initial function y small enough so that we have

Hlas+r [l + K] wl[] Z la(s+r)| < (1-a)L,

§= S=—r

then this yields
[(Po)(1)| < (1— )L+ oL =L,

Thus, P : S — S. This shows that any solution x(¢,0, y) of (3.3.2) that is in S, is
bounded. Next we show that P defines a contraction map. Using the regular max-
imum norm will require that the contraction constant to depend on the Lipschitz
constant K. Instead, we use the weighted norm | - |x where for ¢ € S, we have

1 —1
|¢|x = sup| H|a(s+r)q)|, for d > 0.
120 sz:O

Proposition 3.2 ([140]). Let g be odd, increasing on [0,L), satisfy a Lipschitz con-
dition, and let x — g(x) be nondecreasing on [0,L]. Suppose that a(t +r) # 0 for all
t€Z" with |a(t+r)| < ; Then P is a contraction with contraction constant d > 3.

Proof. Let ¢, ¢ € S. Then fort > 0, we have

t—1 t—1

(P$) — (Po)|x < ) Ia(s+r)||g(¢(8))—g(<P(S)||d1Kl:£Ia(u+r)l

s=t—r
t—1 t—1 s—1 t—1

+ X lats+r) I atk+r)] X Ia(u+r)||g(¢(S))—g(fp(S))lldlK[[()Ia(u+r)l

5=0 k=s+1 u=s—r
t—1 t—1

# SLCTT leCurlats +lg(5) ~£(0(5)
5s=0 u=s+

t—1
~ (9(5) ~ glo)I] e T laCut1). (337)

Our aim is to simplify (3.3.7). First we remind the reader that due to the conditions
on g(x) and x — g(x), both functions share the same Lipschitz constant K. Moreover,
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since |a(t +r)| < ), we have |a(t +r)| < 1 —|a(t+r)| and |a(t +r)[> < 1—|a(t +
r)|?. Next, we consider the first term of (3.3.7)

t—1

t—1
Y, la(s+n)]1g(9(s)) = g(e(s)] dlKH|a<u+r>|

s=t—r
§sup Z la(s+r)||o(s) |H|a u+r|H|a u+r)|
t>0sz t—r
< |q) Ok sup z la( s+r|H|a u+r)|
120 s=t—r
< |¢ <P|KSUP 2 la(s+7r)| H la(u+r)|
0 s=t—r u=s+1
< |¢ <P|KSUP2 (I—la(s+r)]) H la(u+r)|
120 g=t—r u=s+1
t—1
= 110~ olesup Y A(Tlatu-+n)
>0 s=t—r u=s
t—1
= |¢ <p|1<sup (1- la(u+r)])
u=t—r
< — .
_d|¢ olk

Next we turn our attention to the second term of (3.3.7).

t—1 s—1 —1

—1
;}\a(ﬁr) [T atk+n) X la(u+r)llg(9(s)) —g(e(s) dKH\aH

k=s+1 u=s—r

1 t—1 t—1 s—1 1 t—1
< gl0=0leswp 3 lats-+0) IT alern)] 3 falws)llg@(s) g0l 4y T lati)
k=s+1 u=s—r I=u+1
-1
< |¢ (p|KsupZ\a s+7r)| H (k+r)] z (1—|a(u+r)|) H la(l+7r)
k=s+1 u=s—r I=u+1
—1 t—1
- |¢ ¢|Ksup2\as+ VT atken S o, (MMlat+r)]
k=s+1 u=s—r I=u
< |¢ (p|Ksup2\a (s+7)] H (k+r |H|a(l+
k=s+1
= dl¢—<P|z<supZ\a(S+r)\2( H la(k+r)])?
120 5=0 k=s+1
1 t—1 ) t—1 )
< d|¢—<p|KsupZ\(1—\a(S+r)\ )(IT latk+r)))
120 3=0 k=s+1
1 t—1 t—1 )
< 1o —=olksup ¥ [A([Tlatk+r))
120 =0 k=s
1
< — .
,d|¢ 0|k
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Now we deal with the last term of (3.3.7).

t—1

t—1 -1
211 Ia(u+r))||a(5+r)l|¢(S)—g(¢(S))—(<P(S)—g(<P(S))IIdi,(H)Ia(quV)l

s=0 u=s+1

|¢ (p|Ksupz H la(u+r)||a( s+r|H|a u+r)|

120 s=0u=s+1

t—1

t—1
|¢ @IKSUPZIH s+OPCTT latutr)))?
u=s+1

t—1 t—1
|¢ <p|z<sup2 L—=la(s+ ) [T la(u+r))?

120 = u=s+1

t—1 t—1

|(1) (p|Ksup2A H|a u+r)|

t—1
= 210~ 0l ~ ([Tla(u+r))?)
u=0

1
=y 16— ¢k
Substituting the above three expressions into (3.3.7) yields

(P9)~ POk <+, + o~ ol

which makes P a contraction ford > 3. Let (27, |-|) be the Banach space of bounded
sequences ¢ : [0,00) — R. Since S is a subset of the Banach space 2~ and S is
closed and bounded so S is complete. Thus, P : § — S has a unique fixed point. This
completes the proof.

We have the following corollary.

Corollary 3.1 ([140]). Let g be odd, increasing on [0,L), satisfy a Lipschitz con-
dition, and let x — g(x) be nondecreasing on [O L). Suppose that a(t +r) # 0 for
all t € Z*. If (3.3.5) hold with |a(t +r)| < 2, then the unique solution x(t,0,y)
of (3.3.2) with small initial function y(t) is bounded and its zero solution is stable.

Proof. Let P be defined by (3.3.4). Then by Theorem 3.3.1, P maps S into S. More-
over, by Proposition 3.2 P is a contraction on S and hence the unique solution
of (3.3.2) is bounded by Theorem 3.3.1. Left to show the zero solution is stable. Let

. e(l1-a)
L be given by (3.3.6) and set 0 < € < L. Choose 6 = R TE=Y a(s40) T2 a(s-0)]
Then for |y| < 8, we have by (3.3.6) that
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1—

(P9 |<H|a s+n)|[llwll +Kllwl]] Z la(s+r)[+aL

S=—r

< 8(1+K) H|a s+r)] 2 la(s+7)|+ oL
§= S=—r
t—

< 6(1+K) H|a s+r)] 2 la(s+7)|+ e

S§=—r

el—a)+as=e.
Hence the zero solution is stable. This completes the proof.

We mention here that the requirement |a(z +s)| < 1/2 was necessitated by the use
of the norm | - |g. However, in proving that P is a contraction we did not have to
involve K in the contraction constant. We have the following application.

Example 3.7 ([140]). Let a(t +r) # 0 such that |a(t +r)| < }. Consider
x(t4+1) = —a(t)x>(r—r). (3.3.8)

In view of (3.3.2) we have
=1
x(t+ 1) =a(t+r)x(t) —a(t+r)x@) =3 —r)] + 2, ; a(s+r)x°(s).

Let f(x) = x —x>. Then f(x) is increasing on (0, \/3) and has a maximum of 3\2/3

x= \/13. For any bounded initial sequence y on [—r,0] with |y(7)| < \/3 we set

s={o:re)smim=vlowi< ).

For ¢ € S, we define P: § — S by
(PO)(1) = w(r)if —r<1<0,

and

t—1

-1 - —1
(Po)(t) = W(O)H)a(s+r)+ 2 a(s+r)¢ Ha u+r) 2 a(s+r)1//3(s)

s=t—r §S=—r

s—1

—1
- 2( (s+7) H alk+r) 2 a(u+r)¢3(u))

k=s+1 u=s—r

t—1
—Z IT a(u+r)a(s+r)(s)—¢3(s)], £ > 0.

s=0 u=s+1
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Let y be small enough so that

t—1
T la(s +r)[+ Z la(s+r |+||W||H|a u+r) Z la(s+r)|
s=0

s=t—r §S=—r

31 1

2(|a s+r)] H la(k+7)| z la( u+r)|)

5=0 ke=s+1 u=s—r
5 1=l 1=l 1
+ 33 Zz)(”ﬂl|a(u+r))||a(s+r)|§ 3
Then
o))< .

Moreover, it is obvious that the Lipschitz constant k = 1. Let d be a positive constant
such that d > 3. Using

1t71
ol = sup! " T lats+ 0
120 % 5—0

we have P is a contraction on S and hence all solutions of (3.3.8) are bounded and
its zero solution is stable.

3.4 Multiple and Functional Delays

In this section, we consider the multiple and functional delays difference equation
N
— Y a;(n)(x(n—1;(n)), (3.4.1)
Jj=1

where a; : Z — R and 7 : Z* — Z* with n — t(n) — e as n — . For each ny,
define m;(ng) =1inf{s— 7;(s) : s> no},m(ng) =min{m;(ng) : 1 <j<N}.In[87],
Islam and Yankson showed that the zero solution of the equation

x(n+1) =b(n)x(n) +a(n)x(n — t(n))

is asymptotically stable with one of the assumptions being that

n—1
[To(s) —0asn— oo (3.4.2)
s=0
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However, as pointed out in [136], condition (3.4.2) cannot hold for (3.4.1) since
b(n) =1, for all n € Z. The results we obtain in this section overcome the require-
ment of (3.4.2). Let D(ng) denote the set of bounded sequences y : [m(ng),no] — R
with the maximum norm || -||. Also, let (B,||-||) be the Banach space of bounded se-
quences @ : [m(ng),>°) — R with the maximum norm. Define the inverse of n — 7;(n)
by gi(n) if it exists and the set

where
N

N
;N&@»=1—24&m»

Jj=1

For each (ng, y) € Z" x D(ny), a solution of (3.4.1) through (no, ¥) is a function x :
[m(no),no+ a] — R for some positive constant & > 0 such that x(n) satisfies (3.4.1)
on [ng,no + &) and x(n) = y(n) for n € [m(ny),no]. We denote such a solution by
x(n) = x(n,np, ¥). For a fixed ng, we define

[yl = max{|y(n)| : m(no) <n<no}.
We begin by rewriting (3.4.1) as
N N n—1
Ax(n) == aj(gj(m)x(n)+ L, Y, Y, aj(gi(s)x(s),  (34.3)
Jj=1 Jj=ls=n—1;(n)
where A, represents that the difference is with respect to n. But (3.4.3) implies that

N n—1
ajgi(n)x(m)+Aa Y, X aj(gi(s)x(s)

Jj=ls=n—1;(n)

N n—1
aj(g(m))xm)+ 00 Y3, ajgi(s))ls),

1 Jj=1ls=n—1;(n)

™=

Il
—

x(n+1)—x(n) = —
J

™=

x(n+1) = (1—

J
which is equivalent to
N N n-1
(1) = Y bi(gim)xn) + 8, Y X ajlgi)xls).  (BAd)
j=1 J=ls=n—1;(n)

Suppose that Q(n) # 0 for all n € Z" and the inverse function g;(n) of n — 7;(n)
exists. Then x(n) is a solution of (3.4.1) if and only if



3.4 Multiple and Functional Delays

111
N no—1 n—1
) = (3(m0) = %, z )aj(gj(s))x(s)) I o)
J=Ls=no—1;(ng s=ng
N n—1
+2 X ai(gi(9)x(s)
J=ls=n—1;(n)
n—1 n—1 N s—1
Y (0w [T oY ¥ aei)sw)), nzno
s=n( k=s+1 jzlu:s—‘cj(y>

To see this we have by the variation of parameters formula

n—1
= x(no) [T Q(s)

S=n(n
+ z (HQ “wy S -(gj<s>>x<s>). (3.45)
J=ls=k—1;(k
Using the summation by parts formula we obtain

n—1 n—1
S (Mowany 3 alefon)
k=0 " s=k

J=1s=k—1;(k)

7
L

Z. aj(g;(s))x(s)

s=n—1j(n)
no—1
- H O(s 21 2( )aj(gj(s))x(s)
s=ng J=ls=no—1j(ng
n—1 n—1 N s—1
- X (=00 IT e 3, 3. ( )a;(g;(u))x(u)). (3.46)
s=ng s+ J=lu=s—1;(s

Substituting (3.4.6) into (3.4.5) gives the desired result. We have the following the-
orem, which is due to Yankosn [166].

Theorem 3.4.1 ([166]). Suppose that the inverse function g j(n) of n — t;(n) exists,
and assume there exists a constant o, € (0,1) such that

N n—1
Y, Y lajlgi(9)l

J=ls=n—1;(n)

n—1
+Z (-0 IS lestai D) <o B47)

s=ng k=s-+1 j=lu=s— Tj(s
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Moreover, assume that there exists a positive constant M such that

’nl:[lQ(s) <M

s=ng

Then the zero solution of (3.4.1) is stable.
Proof. Let € > 0 be given. Choose & > 0 such that

(M+Mo)d+oe<e.

Let W € D(ng) such that | w(n) |< §. Define S={p € B : ¢(n) =wy(n)ifn €
[m(ng),no),|| @ ||< €}. Then (S, ]| - ||) is a complete metric space, where || - || is the
maximum norm.

Define the mapping P : S — S by

(P@)(n) = y(n) for n € [m(no),nol,

and
N no—1 n—1
(o)) = (vl =3 )y >a,<g,<s>>w<s>) I1 o)
J=1s=ng—1;(ng $="o

“Y (e TTewy ¥ e )ow):

s=n( k=s+1 j=ly=s— ‘l,'j

(3.4.8)

We first show that P maps from S to S.

n—1

Po)) | < M5 Mo+ {3 S ales(o)

J=ls=n—1;(n)
n—1
23 (1-ow TT o0y T atestn} ol
§=ngo k=s+1 J=lu=s—1;(s)

< (M+Ma)d+oe
<e

Thus P maps from S into itself. We next show that P¢ is continuous.
Let @,¢ € S. Given any & > 0, choose § = ¢ such that [|¢ — ¢|| < &. Then,
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N n—1
(Pe)—(PO)I[ < 3 X laj(8;(s))lllo—ll

J=ls=n—1;(n)

-3 (n-o s> lastt ))

s=ng k=s+1 J=lu=s—1;(s

x[lo—9ll

< oflg—9||
< Ee.

Thus showing that P¢ is continuous. Finally we show that P is a contraction.

Let ¢, € S. Then
[(P@)(n) — (P)(n)]

N Vl()*l n—1
“[(vo0-3 3 atwiwe) []ow
J=1s=no—1j(ng s=ng
N n—1
+2 2 aigi)e)
J=ls=n—1;(n)
n—1

_HQ D) <g,-<u>><p<u>)|

$="o k=s+1 J=lu=s—1(s
N l‘l()fl n—1
~(vi)-Y ¥ aj<g.,-<s>>w<s>) [T o)
J=ls=ng—1;(ng) s=n(

+ 3 (- ITI oY 3 alenw)

k=s+1 J=lu=s—1;(s)

N
< Z aj(gi(s)lle—nll

SIS et N)lo—nl

s=ng k=s+1 j=lu=s— T/
N n—1
<{X aj(g,(5))
Jj=ls=n—1;(n)
n—1

> Jaaste N1) o=

s=ng k=s+1 J=lu=s—7;(s

<alle—n]|.
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This shows that P is a contraction. Thus, by the contraction mapping principle, P
has a unique fixed point in § which solves (3.4.3) and for any ¢ € S, ||Po|| < €. This
proves that the zero solution of (3.4.3) is stable.

In the next theorem we address the asymptotic stability of the zero solution.

Theorem 3.4.2 ([166]). Assume that the hypotheses of Theorem 3.4.1 hold. Also
assume that

n—1
[T k) —0 as n— o (3.4.9)

k:l‘l()

Then the zero solution of (3.4.3) is asymptotically stable.

Proof. We have already proved that the zero solution of (3.4.3) is stable. Let y €
D(nyp) such that |y(n)| < & and define

= {peBlo(m) = y(ifne min),n), |lo] <eand

o(n) —0, asn—)oo}.

Define P : S* — S* by (3.4.8). From the proof of Theorem 3.4.1, the map P is a
contraction and for every @ € S*, ||Po|| < €.

Next we show that (P@)(n) — 0 as n — . The first term on the right-hand side
of (3.4.8) goes to zero because of condition (3.4.9). It is clear from (3.4.7) and the
fact that ¢(n) — 0 as n — oo that

n—1

N _
; = Z( )‘al'(gj(s))“(P(S)l — 0asn — oo.

Now we show that the last term on the right-hand side of (3.4.8) goes to zero as
n — eo. Since @(n) — 0 and n — 7j(n) — e as n — oo, for each g > 0, there exists
an Ni > ng such that s > N; implies |@(s — 7;(s))| < & for j =1,2,3,...,N. Thus
for n > Ny, the last term I3 in (3.4.8) satisfies

=% (n- k]_LQ M 2 s mlow)]
<5 (-0 |}erQ 1z z( (e )l

+ > (n-

o> laas o))

s=N| k=s+1 J=lu=s—1;(s
Ni—1
< max |p(o)] Y ( |‘ H O(s ‘z z |aj(gj( DI
o>m(ny) s=ng k=s+1 J=lu=s—1j(s

ra Y (-0 SIED> lestei >>|)

s=N k=s+1 j=lu=s— ‘L'J
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By (3.4.9), there exists N, > Nj such that n > N, implies

Ni—1 n—1 N  s—1
max [p(0)| ¥, (|[1- INY T lagw)l <er
G>mn s=ng k=s+1 jZIL[:sf‘[j(s)

Applying (3.4.7) gives || < & + g o0 < 2g;. Thus, Is — 0 as n — . Hence
(P@)(n) — 0 asn — o, and so P € S*.

By the contraction mapping principle, P has a unique fixed point that solves (3.4.3)
and goes to zero as n goes to infinity. Therefore the zero solution of (3.4.3) is asymp-
totically stable.

3.5 Neutral Volterra Equations

The results of this section pertain to asymptotic stability of the zero solution of the
neutral type Volterra difference equation

x(n+1)=am)x(n)+cn) Ax(n—g(n))+ 2 k(n,s)h(x(s)) (3.5.1)

s=n—g(n)

where a,c: Z - R, k:ZxZ — R, h:Z — R, and g : Z — Z™. Throughout this
section we assume that a(n) and c¢(n) are bounded whereas 0 < g(n) < g¢ for some
integer go. We also assume that 2(0) = 0 and

[h(x) = h(z)| < Llx—2|.

For any integer ny > 0, we define Z to be the set of integers in [—g,n9]. Let w(n) :
Zo — R be an initial discrete bounded function.

Definition 3.5.1. The zero solution of (3.5.1) is Lyapunov stable if for any € > 0
and any integer ng > 0 there exists a & > 0 such that |y(n)| < & on Zg imply
|x(n,no, ¥)| < € for n > ny.

Definition 3.5.2. The zero solution of (3.5.1) is asymptotically stable if it is Lya-
punov stable and if for any integer ng > 0 there exists r(ng) > 0 such that |y(n)| <
r(ng) on Zg imply |x(n,ng, w)| — 0 as n — co.

Suppose that a(n) # 0 for all n € Z. Then x(n) is a solution of the equation (3.5.1)
if and only if

x(n) = [x(ng) — c(np— 1)x(ng— g Ha +ce(n—1)x(n—g(n))

S=ngo

n—1

n—1 r—1
+ Z [—x(r—g(r)®(r)+ Z k(r,u)h(x(u))] H a(s),n > ng

r=ng u=r—g(r) s=r+1
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where @ (r) = ¢(r) — c(r — L)a(r).
To see this, we first note that (3.5.1) is equivalent to

n—1
[Ax(n) H ail(s)] = |cn)Ax(n—g(n))+ 2 k(n u)h(x H cf1
s=n u=n— g s=ng

Summing the above equation from ng to n — 1 gives

n—1 r—1 r—1

Z[Ax(r)Hafl(s)]zz[ (r)Ax(r—g(r)+ 2 k(r,u)h )]Hail(s).
r=ny s=ng r=ny u=r— A ) s=n
Or,
n—1 r—1
Hcfl o= Z Zkru +e(r)Ax(r—g(r Hafl
Thus,
n—1 n—1 r—1 n—1
= x(ng) l:_[ a(s)+ ; [; k(ryu)h(x(u)) +c(r) Ax(r—g(r))] H a 1:_[ a(s).

Performing a summation by parts yields,

n—1 n—1 n—1
2 le(r) Ax(r—g(r)) Hla(S)] = [e(r—Dx(r—g(r) [Tals) [1,
r=ny s=r+ s=r
n—1 n—1
= D x(r—g(r) Ale(r—1) ]:[a(S)]
n—1
=c(n— 1)x(n—g(n))1;[a(s) —c(no—1)x(no — g(no) H a(s
n—1 n—1
= D x(r—g(r) Ale(r—1) ]:[a(S)]
Also
ng[C(r)AX(r*g(r)) nHlla(S)]=C(n Dx(n—g(n)) —c(no — 1)x(no — g(no) Ha
n—1 n—1

= X x(r=gm) Ale(r=1) [T a(s).

r=ny s=r



3.5 Neutral Volterra Equations 117

A substitution into the above expression gives,

n—1 n—1 r—1 n—1
=x(no) [T als)+ X [ Z( )k(nu)h(xw))] Hla(S)JrC(n—l)X(n—g(n))
S=no r=no u=r—g(r s=r+
n—1 n—1
—c(ng—1)x(no— g(no) H a(s ; x(r—g(r) Ale(r— 1)1:[a(s)]
n—1
= [xng — c(no — 1)x(no — g(no)] Hla(S) +ec(n—1)x(n—g(n))
s=r+
n—1 n—1 n—1
+ 2(—x(r—g(r))A[c(r—l)Ha s) 2 >k ryu)h(x(u))] Hla(s).
r=ny s=r u=r— A s=r+
Combining all expressions, we arrive at
n—1
x(n) = [xno — c(no — 1)x(no — g(no)] Hla(S) +c(n—1)x(n—g(n))
s=r+
n—1 n—1
£ tr—gem)+ T ko) TT a6
r=ny u=r—g(r) s=r+1
n—1
= [xng — c(no — 1)x(no — g(no)] Hld(S) +c(n—1)x(n—g(n))
s=r+
n—1 n—1
+ 2 (—x(r—g(r)@(r) + 2 k(r,u)h(x(u))) H a(s), n > ny.
r=nq u=r—g(r) s=r+1

This completes the process.
Define
S={¢p:Z—=R]|| 0| = 0asn— o},

where
o]l = max{|@(n)], n > no}.

Then (S, ]| - ||) is a Banach space. Let y : (—oo,n9] — R be a given initial bounded
sequence. Define mapping H : § — S by

(Hep)(n) = y(n) forn < no,

and

(He)(n) = [y(no) = c(no — 1)y (no — g(no)) Ha +e(n—1)p(n—g(n))

n—1 r—1 n—1
+ 2 (—o(r—g(m)@(r) + Z( )k(r,u)h(w(u))] Hla(s),n > .
r=ng u=r—g(r s=r+

(3.5.2)
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It should cause no confusion to write

Il = max{|y(n)], n <no}.

We state Krasnoselskii’s fixed point theorem which will be used to prove the zero
solution of (3.5.1) is asymptotically stable. We emphasize that it is the only appro-
priate theorem to use for such equation since the inversion of a neutral equation
results in two mappings.

Theorem 3.5.1 (Krasnoselskii [97]). Let M be a closed convex nonempty subset of
a Banach space (B, || - ||). Suppose that C and B map M into B such that

iii
(i) [C(' is)gontinuous and CM is contained in a compact set,
(ii) B is a contraction mapping.
(iii) x,y € M implies Cx+ By € M.
Then there exists z € M with z = Cz+ Bz.

We are now ready to prove our main results. According to Theorem 3.5.1 we need
to construct two mappings, one is a contraction and the other is compact. Hence we
write the mapping H that is given by (3.5.2) as

(Ho)(n) = (Q9)(n) + (Ap)(n),
where A,Q : § — § are given by

(Q9)(n) = [y(no) —c(no—1)y(no—g H a(s)+c(n—1)p(n—g(n))
’ (3.5.3)
and
n—1 r—1 n—1
(Ap)(n) = 3 [~o(r—g(n)¥(r)+ Z( )k(rau)h(q)(u))] Hla(S)- (3.5.4)
r=ngo u=r—g(r S=r+

Theorem 3.5.2. Assume the Lipschitz condition on h. Suppose that

Ha )= 0asn— oo, (3.5.5)
S§=n(
n—g(n) —eoasn— oo, (3.5.6)

and there exist a € (0,1) such that,

n—1 r—1 n—1
le(n—=1)|+ Y, [[@(r)|+L Y, K, u)] II a(s)|<an=ne. (357
r=ng u=r—g(r) s=r+1

Then the zero solution of (3.5.1) is asymptotically stable.
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Proof. First we show the mapping H defined by (3.5.2) — 0 as n — oo. The first
term on the right of (3.5.2) goes to zero because of condition (3.5.5). The second
term on the right goes to zero because of condition (3.5.6) and the fact that ¢ € S.
Left to show that the last term

n—1 r—1 n—1
Y |Cemelr—gr)+ 3 k(rau)h(fp(u))] HIG(S)
r=ng u=r—g(r) s=r+

on the right of (3.5.2) goes to zero as n — . Let m > 0 such that for ¢ € S, |@(n —
g(n))| < o for o > 0. Also, since @(n—g(n)) — 0 as n — g(n) — o, there exists an
ny > m such that for n > ny, |@(n—g(n))| < & for & > 0. Due to condition (3.5.5)
there exists an n3 > ny such that for n > n3 implies that

Thus for n > n3, we have

n—1

r—1
2 l=o(r—sm@(+ 3 krnuwh(ew)] [T als)

r=ng u=r—g(r) s=r+1

r—1
[(—e(r—gr)@(r)+ 3 krwh(e@))] [T als)

u=r—g(r) s=r+1

r—1 n—1

[(p(r—g(r)@(r)+L 3 k(rnwe)] [T als)

u=r—g(r) s=r+1

r—1 n—1

[(p(r—g(r)@(r)+L 3 k(rnuh(ew)] TT als)

u=r—g(r) s=r+1

r—1
Z|d>(r)|+L 2 k(r,u)}

r=nq u=r—g(r)

n—1

[T als)

s=r+1

+&a

nzfl

n—1
[T a(s) [T als)

s=r+1 s=ny

nzl

— r—1
|D(r)|+L Z k(r, u)]

r=ng u=r—g(r)

<o + &0

n—1

[T als)

s§=nyp

<oa +o<g+aao.

Hence, (Q@)(n) 4+ (A@)(n) : S — S. Next we show that Q is a contraction. Let Q be
given by (3.5.3). Then ¢, € S, we have from (3.5.7) that

1(Q9) = (@)l < le(n— 1)l = ]|
<n|le—-Z¢||, forsomen € (0,1).
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Now we are ready to prove the map A is compact. We note that the proof that is
given in [167] for the compactness of A is not correct since our map is defined on
an unbounded interval which rules out the use of Ascoli-Arzela’s theorem. First we
show A is continuous. Let {¢'} be a sequence in S such that

lim [|o" — o[| = 0.

—3oo
Since S is closed, we have ¢ € S. Then by the definition of A

14(¢") —A(@)|| = max |4 () — A(9)]-

Thus, for ¢ € S, we have by (3.5.4) that

n—1 n—1
(4¢)0) ~ (@) < 3 [0(0)[of (= g(r)) ~ plr=g()] | TT ats
r=ngp s=r+
n—1 r—1 r—1 n—1
Y| X krwne'w) - Y krwh(ew)|| T als)
r=no |u=r—g(r) u=r—g(r) s=r+1
n—1 n—1
= 3 120)I[¢' =g~ ptr=0)[ | TT als)
r=ngp s=r+

n—1 r—1 n—1
+ 3 Y kru)ll(h(e! () —h(ew)|l TT als)l.

r=no y=r—g(r) s=r+1

The continuity of ¢ and % along with Lebesgue dominated convergence theorem
imply that

llim max |A(¢")(n) —A(@)(n)| =0, n € Z.

—yoo

This shows A is continuous. Finally, we have to show that AS is precompact. Let ¢/
be a sequence in S. Then for each n € Z, ¢' is a bounded sequence of real numbers.
This shows that { @'} has a convergent subsequence. By the diagonal process, we can
construct a convergent subsequence { @’} of {¢'} in S. Since A is continuous, we
know that {A¢'} has a convergent subsequence in AS. This means AS is precompact.

This completes the proof for compactness. Left to show the zero solution is stable.
n—1

Due to condition (3.5.5) there exists a positive constant p such that | [ a(s)| <p.
S=n(n

Let € > 0 be given. Choose § > 0 such that
[1—c(np—1)|6p+oe <e.

Let y(n) be any given initial function such that [y(n)| < 8.
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Define M= {p € S: ||g|| < e} Let 9,{ € M, then

n—1
10Q8) = (A9)|| < |[w(no) — c(no — 1)y (no — g(no))] ]:_[a(S) +le(n=1)C(n—g(n))|
n—1 n—1
+ 2 N®(r)+ Y, k(r,u)h(p(u)) Hla(s)
r=ng) r=ng §S=r+
n—1
<\1—c(n071)\5p+\(n71\+2 r)+L 2 k(ra)| | TT a(s)|e
r=ng u=r—g(r) s=r+1
n—1
<1c(n01)5p+{ nfl\Jrz r)+L 2 k(r,u) Ha(s)}s
r=ng u=r—g(r) s=r+1

<|l—=c(np—1)|0p+ae
<eE.
It follows from the above work that all the conditions of the Krasnoselskii’s fixed

point theorem are satisfied on M. Thus there exists a fixed point z in M such that
z = Az+ Qz. This completes the proof.

We end this section with the following example.

Example 3.8 ([167]). Consider the difference equation

1 2n+1 on
1+nx(n)+l6(n+1) 2)+ Z 8(1—n)!(s+2)

s=n—2

x(n+1)= x(s),n > 0.

(3.5.8)
In this example we take ng = 0. We observe that
n—1 1 1

= —=0asn— oo,
1+s n!

1=

and hence condition (3.5.5) is satisfied. Condition (3.5.6) also satisfied since
n—2—ocoasn— oo,

Next we verify condition (3.5.7).

on n—1 2r+1 or n—1 1
+ +
‘1611! 20 [16(r+1)! 16r!(r+1)! SZI:L 1+s
2 U

+

I;)ngz 1—/‘ u+2)szl:£11+s

on 1 n—1 1 n—1 n—1 or

= + 22}’— 22r+ 2

‘ lén!|  8n! = 16n! = = 8n!
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< 2 + ! 2"—1)+ ! (2"—1)
| 16n! 8n! 8n!
2" 1 1
2" 2"

‘1611! +8n' +8n!
<1_’_14_1
-8 4 4

5
= <1

8

Hence condition (3.5.7) is satisfied. All the conditions of Theorem 3.5.2 are satisfied
and the zero solution of (3.5.1) is asymptotically stable.

3.6 Almost-Linear Volterra Equations

We consider the scalar Volterra difference equation
n—1
Ax(n) = a(n)h(x(n))+ Y. c(n,k)g(x(k)), x(0) = xo, n > 0. (3.6.1)
k=0

We assume that the functions # and g are continuous and that there exist positive
constants H,H*,G, and G* such that

| h(x) —Hx |< H, (3.6.2)
and
| g(x) —Gx|< G". (3.6.3)

Equation (3.6.1) will be called Almost-Linear if (3.6.2) and (3.6.3) hold. In [53]
Burton introduced this concept of Almost-Linear equations for the continuous case
and studied certain important properties of the resolvent of a linear Volterra equa-
tion. The work of this section is found in [150]. Our objective here is to apply the
concept of Almost-Linear equations to Volterra difference equations and prove that
the solutions of these Volterra difference equations are also bounded if they sat-
isfy (3.6.2) and (3.6.3). Due to (3.6.2) and (3.6.3) contraction mapping principle
cannot be used since our mapping cannot be made into a contraction. Therefore, we
resort to the use of Krasnoselskii’s fixed point theorem. At the end of the section we
will construct a suitable Lyapunov functional and refer to Chapter 2 to deduce that
all solutions of (3.6.1) are bounded. It turns out that either method has advantages
and disadvantages.
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We begin with the following lemma which is essential to the construction of our
mappings. Consider the general difference equation

Ax(n) — Ha(n)x(n) = f(n), x(0) = xp, n > 0. (3.6.4)

Lemma 3.3. Suppose 1 + Ha(n) # 0 for all n € [0,0) NZ. Then x(n) is a solution
of equation (3.6.4) if and only if

n—1 —1
x(n) = x(0) [J(1+ Ha(s)) + 2 fu H (L+Ha(s)). (3.6.5)
5s=0

s=u+1
Proof. First we note that (3.6.4) is equivalent to
n—1 n
A [H(l +Ha(s))*1x(n)} — f(m) [](1 +Ha(s)) " (3.6.6)
s=0 s=0
Summing equation (3.6.6) from 0 to n — 1 and dividing both sides by
n—1
H(l —l—Ha(s))f1
s=0
gives (3.6.5).

Lemma 3.4. Suppose 1 + Ha(n) # 0 for all n € [0,0) NZ. Then x(n) is a solution
of equation (3.6.1) if and only if

n—1 n—1
x(n) :x(O)H) (I1+Ha(s +2 [ ( x(u) 4+ h(x(u )))] Hl(l—i—Ha(s))
§= s=u+
—lu— n—1
+ Z ZC u, k) [ k)) — Gx(k )} H (1+Ha(s))
u=0k=0 s=u+1
+ ZIZC (u, k) Gx(k l:[1 (1+Ha(s)). (3.6.7)
u=0k=0 s=u+1

Proof. Rewrite equation (3.6.1) as

Ax(n)—Ha(n)x(n) = —Ha(n)x(n) + a(n)h(x(n))

—|—2€nk[ k)) — Gx(k }—FZCﬂka()

k=0
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If we let

£(n) = —Ha(n)x(n) + a(n) +2cnk [8(x(K)) — Gx(k)]

n—1
+ 2 c(n,k)Gx(k),
=0

then the results follow from Lemma 3.3.

We rely on the following theorem for the relative compactness criterion since the
Ascolli-Arzela’s theorem cannot be utilized here due to the unbounded domain.

Theorem 3.6.1 ([7]). Let M be the space of all bounded continuous (vector-valued)
Sunctions on [0,) and S C M. Then S is relatively compact in M if the following
conditions hold:

(i) S is bounded in M;
(ii) the functions in S are equicontinuous on any compact interval of [0, 0);
(iii) the functions in S are equiconvergent, that is, given € > 0, there exists a T =

T(g) > 0 suchthat | ¢(r) — ¢ (o) ||ge< €, forallt > T and all ¢ € S.

We assume that

lim a(n) =0, (3.6.8)
n—soo
and for some positive constant L,
u—1
0< Y |e(u,k)| < Lla(u)| for all u € [0,00) NZ, (3.6.9)
k=0
and
Hla(n)| < 1— |1+ Ha(n)| forall n € [0,00) NZ. (3.6.10)
Moreover, we assume
n—1, n—1
S| T (1+Ha(s) clu,k)| <a<l, (3.6.11)
u=0"s=u+1
and
n—1, n—1
| I (1+Ha(s))H u)|H* + ZG*|C k)| } <B<ow. (3.6.12)
u=0"s=u+1

Finally, choose a constant p > 0 such that

n—1

[1(1+Ha(s))| +ap+B<p (3.6.13)
s=0

|xo]
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for all n > 0. Let S be the Banach space of bounded sequences with the maximum
norm. Let

M={yeS, y0)=x :|lyl[<p} (3.6.14)

Then M is a closed convex subset of S.
Define mappings .o# : M — S and & : M — M as follows.

n—1 n—1
(9)(n) = 3, [atw) (= Ho@w) +h(9@))| T (1+Ha(s)) (3.6.15)
u=0 s=u+1
—lu— n—1
+ z Zc u,k) [ k) —Go(k )} H (1+Ha(s)),
u=0%k=0 s=u+1
and
n—1
(20)(n) = X(O)H)(l +Ha(s))
+ 2‘1”2‘6 (u,k)Go(k 1_[1 (1+Ha(s)). (3.6.16)
u=0%k=0 s=u+1

We have the following lemma.

Lemma 3.5. Suppose (3.6.11) and (3.6.13) hold. The map % is a contraction from
M into M.

Proof. Let ¢ € M. It follows from (3.6.11) and (3.6.13) that

n—1

10 —I—Ha(s))’ +ap<p. (3.6.17)
s=0

[(#9)(n)] < |xol

Also, for ¢, ¥ € M, we obtain

n—1, n—1

(29)(n) — (By)(n)| < 3| T] (1+Ha(s)

u=0"s=u+1

<allp -yl

ZGIC w,k)|[1¢ =yl

Therefore proving that 4 is a contraction from M into M.
Lemma 3.6. The mapping </ is a continuous mapping on M.

Proof. Let {¢,} be any sequence of functions in M with || ¢, — ¢ || = 0 as n — eo.
Then one can easily verify that

| Z¢n— 7 ||— 0asn— oo,

Lemma 3.7. Suppose (3.6.2), (3.6.3), (3.6.8), (3.6.9), and (3.6.10) hold. Then </ (M)
is relatively compact.
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Proof. We use Theorem 3.6.1 to prove the relative compactness of <7 (M) by show-
ing that all three conditions of Theorem 3.6.1 hold. Thus to see that <7 (M) is uni-
formly bounded, we use conditions (3.6.2), (3.6.3), (3.6.9), and (3.6.10) to obtain

* * N— n—1
(o)m < T 2H| | TT (14 Hat)
s=u+
* n—1 n—1
< J;{LG S (1- 1 +Ha@w))| TI (l—l—Ha(s))’
u=0 s=u+1

H+LG*”§:A [nl_“l—l—Ha }

H* LG* n—1
= —[: {I_E)Kl*'Ha(s))ﬂ :=o foralln € [0,00)NZ.

This shows that <7 (M) is uniformly bounded.
To show equicontinuity of 7 (M), without loss of generality, we let n; > ny for
ny,ny € [0,00) NZ and use the notations

F(9(u)) = a(u)[Ho(u) —h(¢(u))],

and
u—1
= 3 cluh)[s(009) - Gol®)|.
Then, we may write

n—1 n—1
=3 1 (+Ha)[Fow)+I06w)|.  (3618)

u=0s=u+1

Hence we have

Vl]*l nlfl

> TT (14 Ha(s) [F(9(w) + (0 ()]
u=0 s=u+1
nzfl l‘lzfl

- 3 1 (1+Ha@)[F(6)+(0w)|

u=0 s=u+1

(7 ¢)(m) = (¢)(n2)| =

l‘lzfl nl,]

Y | IT (1 +Hals))

u=0 "s=u+l1

nzfl

~ 1 (1+Ha@)] [F6)+I(0w)]|
s=u+1
nlfl Vl]*l

Y T (+Ha(s) [F(o() +7(0w))]|

u=np s=u+1
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nzfl nzfl

= 2 H (1+Haf(s))
u=0 "s=u+1
np—1
~ TI (1 +Ha(s ’F ) + (6 (u))
s=u+1
ni—1 nj—1
+ 2 H1I(1+HH(S))|F(¢(u))+1(¢(u))
u=ny s=u+
np—1 np—1 ni—1
<o Y Hlaw)|| [T I(1+Ha(s))|— [] [(1+Ha( ))|‘
u=0 s=u+1 s=u+1
np—1 np—1
+0 Y, Hla(u)| H1|(1+Ha(s))|
u=ny s=u+

ny—1 ny—1 ny—1

<o Y [U=[t+HaWw)| [T (1 +Ha(s))|— [] |(1+Ha(s))|
u=0 s=u+l s=u+l
np—1 ni—1
+0 Y [I—[1+Ha@)|]| [T I(1+Ha(s)
u=ny s=u+1
npy—1 npy—1 n—1
<oy L,[Hl (1-+Ha(s)| ~ [T 101+ Ha(s olll
u=0
nl,] Vl]*l
+0 ¥ A T 10+ Ha)]]
u=ny s=u
ny— 1 np— 1
[2 2 I 11+ Ha(s |—H| (14 Ha(s))|
§=nyp
Vl]*l
+ 11 |(1+Ha(s))|} — 0asny — ny.
s=0

This shows that <7 is equicontinuous.
To see that .o/ is equiconvergent, we let

n—1n—1

tim 3. T](1+ Ha(s)) |F(0(u)) +J(0())| =

”%w =0s=u

3 TT(1-+ Ha(s)) [F (o) + 100

u=0s=u
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Then we have

(7 6)(e=) - |—\20 H+1 (1+ Ha(s)) [F (6 () + (9 (u))]
=S T 1+ Halo)) [Pl @) +0w)|
u=0s=u+1
= ”Z;)[ ﬂl(l—l—Ha(s))
~ T (1+Ha)] [Fo@)+ 10000
s=u+1
|3 TT O+ Ha(s)) [F(00) + 700 |
u=ns=u+1
=S| TT (+ Hats)
u=0"s=u+1
~ I (1 +Hals D|[F(60) + (o)
s=u+1
+GiA [f[ 1+ Ha(s))]
gongo []:[1 1+ Ha(s El|(l+Ha(s))|”

1—H|(1+Ha(S))I]

[2 2H|1+Ha |—H|1+Ha 9)|

oo

+ ]‘[|(1+Ha(s))|} 5 0asn — oo,
s=0

where we used (3.6.8) which yields lim,,_,.. [T, (1 4+ Ha(s)) = 1.

Theorem 3.6.2. Assume (3.6.2), (3.6.3), and (3.6.8)~(3.6.13) hold. Then (3.6.1) has
a bounded solution.

Proof. For ¢,y € M, we obtain

n—1

11(1+Ha(s))‘+ocp+ﬁ <p.

(7 9)(n) + (BY) ()] < |xol
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Thus, o7 ¢ + By € M. Moreover, Lemmas 3.5-3.7 satisfy the requirements of Kras-
noselskii’s fixed point theorem and hence there exists a function x(n) € M such that

x(n) = x(n) + Bx(n).

This proves that (3.6.1) has a bounded solution x(n).

3.6.1 Application to Nonlinear Volterra Difference Equations

Consider the Volterra difference equation
n,g(x(k)), x(0) =x0,n >0, (3.6.19)

where the functions 4 and g satisfy conditions (3.6.2) and (3.6.3), respectively. Let
H,G,H", and G* be positive constants with G < 1 and H = 1. We choose p > 0
such that for any initial point xy, the inequality

n—1

H(l _ 27‘Y)

s=0

ol +Gp+(H +G) <p

holds. Then (3.6.19) has a bounded solution x(n) satisfying ||x|| < p.
We let a(n) = — 5, and c(n,k) = 4(;:)n!.
Thus,

n—1 n—1 qu
Zbk(nauﬂ = ZZ)“(Z”)

S 4(2'11)n! (4n_ 1)

1
o’

n!

<

This shows that condition (3.6.9) is satisfied with L = 1. Condition (3.6.8) can be
easily verified. Moreover,

Hla(n)|=2"=1—(1-2"")<1—|1+Ha(n)|,

thus showing that condition (3.6.10) is satisfied. Next, we verify (3.6.11) as follows.

n—1 nl:[l i 4k
| (1-279)[G

u=0 s=u+1 =0 4(2")n!
n—1 1 1

<G ;) e =G1=,)
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Finally, we verify (3.6.12).

S| S o
(1-279) [2’“H*—|— G* }
u=0"s=u+1 k=0 4(2;1)”'

n—1 1
< —upyk *
=) o,

u=0

n—1 1
— 46y
u:02u

<H G- L) <@ 46,

2
Thus, by Theorem 3.6.2, Equation (3.6.19) has a bounded solution.

3.7 Lyapunov Functionals or Fixed Points

In this section, we construct a Lyapunov functional and then refer to Theorem 2.1.1
to deduce boundedness on all solutions of (3.6.1). Then we will compare the results
via an example with Theorem 3.6.2. First we rewrite (3.6.1) as

n—1
x(n+1)=b(n)h(x(n)) + ;)C(n,s)g(x(s)), x(0)=x9,n>0, (3.7.1)

where b(n) = 1 —a(n). Before we state the next theorem we note that as a conse-
quence of (3.6.2) and (3.6.3) we have, respectively, that

| h(x) |<H | x| +H, (3.7.2)
and

lg@)| <G| x| +G". (3.7.3)

Theorem 3.7.1. Suppose (3.7.2) and (3.7.3) hold and for some o € (0,1), we have

that .
Hlp(n)|+G Y, |C(j,n)|—-1<—a. (3.7.4)
Jj=n+1
Also, assume that
n oo
> Y ICUs)| <o (3.7.5)
s=0j=n
and
A|C(j,8)] >0 (3.7.6)

then solutions of (3.7.1) are bounded.
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Proof. Define
n—1 oo
V(n,x(-)) = [x(m)|+ X Y 1C(5)llg(x())]- (3.7.7)

s=0 j=n

Then along solutions of (3.7.1), we have

AV (n,x(-)) = [x(n+1)[ = |x(n) |+Z Z 1C(>9)l18(x(s))]

s=0j=n+1
n—1 o
- ZO 2. 1C(9) g (x(9)]
s=0 j=n

n—1
= |b(n)h(x(n)) + Y, C(n,s)g(x(s))|

s=0
|+2 2 5)|lg(x(s))]
s=0j=n+1
n—1 o
- 26 2. 1C(9) g (x(9))]
s=0 j=n
< [HIbm)+ 6 Y [ jom) = 1] )| + M
Jj=n+1
< —oalx(n)|+M,

=

where M = H*|b(n)|+G* Y, |C(j,n)|.
Jj=n+1

Let ¢(n,s) 2 |C(j,s)|. Then, all the conditions of Theorem 2.1.1 are satisfied
j=n

which implies that all solutions of (3.7.1) are bounded.

We note that Theorem 2.1.1 gives conditions under which all solutions of (3.7.1) are

bounded, unlike Theorem 3.6.2 from which one can only conclude the existence of

a bounded solution.

Next, we use the results of Section 3.6.1 to compare the conditions of Theorem 2.1.1
to those of Theorem 3.6.2. Let a(n), G, and H be given as in Theorem 3.7.1 and
consider condition (3.7.4) for n > 0. Then,
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H|b(n |+GZ n)|—1 2n|—1+ 2
j=n+1 /n+1

1

e 1 noo
Tt [2(2*1);1!_;)(21)]'!]

1 U |
= 4" fe — . 3.7.8
on + [\/6‘ Zz) (21)1'} ( )

Next we perform the following calculations by using n! > 2" forn > 4.

—i 1 __3_1_1_z 1

AT 2 8 48 & ()
n

S 311 ¥ !

28 48 A~ (4)

78 21 11— (1/4)"
T 48 43_4( 1-1/4 ) (3.7.9)

Thus, substitution of (3.7.9) into (3.7.8) yields,

I 78 21 1/1—(1/4)
Z T td 1[\/6_48+43_4( 1—1/4 )]

> 0, forn = 3.

H|b(n)|+G 2
j=n+1

This shows that condition (3.7.4) does not hold for all n» > 0. Hence, Theorem 2.1.1
gives no information regarding the solutions and yet Theorem 3.6.2 implies the ex-
istence of at least one bounded solution.

3.8 Delay Functional Difference Equations

We consider a functional infinite delay difference equation and use fixed point the-
ory to obtain necessary and sufficient conditions for the asymptotic stability of its
zero solution. We will apply the results to nonlinear Volterra difference equations.
Let R = (—oo,00), ZT = [0,00) and Z~ = (—o0,0], respectively. We concentrate on
the delay functional difference equation

x(t+1)=a(t)x(t) +g(t,x), (3.8.1)
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where a : Z* — R, and g : Z" x €, is continuous with & being the Banach space
of bounded functions ¢ : Z~ — R with the maximum norm || - ||. If x; € ¥, then
x(s)=x(t+s)forseZ".

We will use fixed point theory to obtain necessary and sufficient conditions for the
asymptotic stability of the zero solution of (3.8.1). Throughout this section we as-
sume g(7,0) = 0 so that x = 0 is a solution of (3.8.1). For every positive 3 > 0, we

define the set
¢(B)={9cc:ol|<B}.

Given a function y : Z — Z, we define ||y||* = max{|y(u)| : s < u < r}. More-
over, for D > 0 a sequence x : (—oo, D] — R is called a solution of (3.8.1) through
(to,9) € Z" x € if x,, = ¢ and x satisfies (3.8.1) on [to, D]. Due to the importance
of the next result, we summarize it in the following lemma.

Lemma 3.8. Suppose that a(t) # 0 for all t € Z*. Then x(t) is a solution of equa-
tion (3.8.1) if and only if
=1 =1 1-1
=¢(n) Ha + 2 H g(s,x5) fort > 1. (3.8.2)

s=1( s=tou=s+1

The proof of lemma 3.8 follows easily from the variation of parameters formula
given in Chapter 1, and hence we omit.

In the preparation for our next theorem we let L > 0 be a constant, &y > 0 and 7y > 0.
Let ¢ € € (0p) be fixed and set

S= {x:Z—HR:x,O =¢,x €€(L)fort >1y,x(t) — 0, ast—>o<>}.
Then, S is a complete metric space with metric

p(x,y) = max |x(r) — y(t)].

t>1

Define the mapping P : S — S by

(Px)(t) = o(1) ifr <19
and

t—1 -1

(Px) o (1) Ha +z H g(s,xs) fort > 1.

s=1( s=tyu=s+1

It is clear that for ¢ € S, P¢ is continuous.
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Theorem 3.8.1 ([146]). Assume the existence of positive constants o.,L, and a se-
quence b : 7" — [0,00) such that the following conditions hold:

(i) a(t) # 0 forallt € Z7.

— t—1

(ii) Z IT a

s=0" u=s+1

(iii) |g(1,0) — g(t, W) < b(2)||¢ — w|| for all ¢,y € €' (L).

b(s)<o <1 forallt € Z7.

(lV) 10’ eac}l € > 0 a”ld 11 > (), lhe’e exisls alz > ll Suc f()] > 12, Xt = (g(l)
lmply }l lh(n‘
|g (l,x[)l < b(l‘) (8+ ||x||[ll,[71])'

Then the zero solution of (3.8.1) is asymptotically stable if and only if

(v)|Ha ) =0 ast— oo,

—1
Proof. Suppose (v) hold and let K = rnax| H a(s)|. Then K > 0 due to (i). Choose

6o > 0 such that 8K + oL < L. Then for x( ) € S and for fixed ¢ € €(d) we have

(P )()|<|¢to||l_[a |+2|H b(s)[|xsl|

s=t( s=ty u=s+1

< &K+ aL <L, fort > .

Hence, (Px) € €(L). Next we show that (Px)(f) = 0ast — . Letx€S. As a
consequence of x(¢) — 0 as t — oo, there exists #; > fy such that |x(¢)| < & for all
t > t;. Moreover, since |x(¢)| < L, for all # € Z, by (iv) there is a t; > #; such that for
t >t we have

|g (%) < b(r) (g+ ||x||[t1,zf1]).
Thus, for t > 1, we have

t—1 t—1 -1 -1

| Y IT a) g(sx)l < X1 T alw)llgls,x)]

s=to u=s+1 s=ty) u=s+1
+ ZI H u)| |g(s,xs)]
s=ty) u=s+1
th—1 -1
< 21 IT at)! il
s=ty) u=s+1

t—1 -1
+ Z| H a(u)|b(s)(g+||x||[t17sfl])

s=t) u=s+1
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th—1 -1

< 2T a IIHa ) sl +20ce

s=ty u=s+1 u=ty

< ocL|Ha )| +2ae.

u=ty
By (v), there exists 3 > f, such that
| H u)|+L| H a(u)| < €.
u=s+1 u=ty
Thus, for ¢t > t3, we have

|(Px) (¢ |<50|H |+O€L|Ha )| +2ae < 3.

u=s+1 u=n

Hence, (Px)(t) — 0 as t — . Left to show that (P¢) (¢) is a contraction under the
maximum norm. Let {,n € S. Then

t—1 -1

(PO~ (Pm©)| < X1 TT atw)l (s, &)~ g(s:my)]

s=ty u=s+1

Z|H b(s) 1§ — 1l

s=ty u=s+1

<ap(g,n).

| /\

Or,
p(PE,Pn) <ap(¢,n).

Thus, by the contraction mapping principle P has a unique fixed point in § which
solves (3.8.1) with ¢ € € (&) and x(t) = x(t,79,¢) — 0 as t — oo. We are left with
showing that the zero solution of (3.8.1) is stable. Let € > 0,& < L be given and
chose 0 < 0 < € so that 8K + ae < €. By the choice of 6 we have |x(t)| < €.
Let t* > fo+ 1 be such that |x(¢*)| > € and |x(s)| < € fortg <s <r*—1.If x(t) =
x(t,19,9) is a solution for (3.8.1) with ||¢|| < &, then

-1 =1 -1

<8 TTal+ X | T a@)lb(s)lll]

s=tg s=ty u=s+1
< 0K+ ae < g,

which contradict the definition of 7*. Thus |x(¢)| < € for all # > £y and hence the zero
solution of (3.8.1) is asymptotically stable.
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Conversely, suppose (v) does not hold. Then by (i) there exists a sequence {, } such
that for positive constant g,

ta—1

('H“ ) —q, forn=1,2,3,---.

Now by (ii) we have that

th—1 1,—1
Z | TT a)b(s) < e,
s=0 wu=s+1

from which we get that

fy—1 L=l =1 t—1

(ITaw1) X1 IT atwivs) < o [Tat DB

s=0 u=s+1

This simplifies to
t—1 s

z(ma ) 5) < ag.

s=0

-1
Thus the sequence { 2 (| H a ) b(s)} is bounded and hence there is a conver-
5s=0
gent subsequence. Thus, for the sake of keeping a simple notation we may assume

th—1 K

lim2(|Ha ) )=

n—roo =

for some positive constant @. Next we may choose a positive integer 7 large enough

so that
th—1 s l—a

ZOH“ ) )< ke

S=ty u="

forall n > n.
Consider the solution x(¢,t;,¢) with ¢(s) = & for s < 7. Then, |x(z)| < L for all
n>nand

|<5o|Ha |+Z| H b(s) x|

s=t; s=ty u=s+1

< SoK + ol

This implies
6K

|x(1)] < I— o forallt > t;.
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On the other hand, for n > n, we also have

t—1 t—1 -1

x(0)] = & | [Tal)l= 21 TT a@)bs)llxll

S=t;; s=t; u=s+1
th—1 ty—1 S
zso|[[a<s>|—153’;|1ja 'Z'(H" ) bl

th—1 t;—1 th—1

=& | []als)| - |Ha ) TTals |Z|(H“ )

s=t; u=ty S=ty u=

1

zfﬁ«s»( &’;Kfzouna) )

S=ly s=ty
th—1 th—1
n 50K 1 n

2 | a(s = | a(s

th—1 lﬁ*l 1 60
| Ha<s>|(| Ha<s>|) = Palg#0asn e
u=0 u=0
Hence, condition (v) is necessary. This completes the proof.

Now we apply the results of Theorem 3.8.1 to the nonlinear Volterra infinite delay

equation
t—1
x(t+ 1) =a()x(t)+ Y, G(t,s5,x(s)) (3.8.3)

§=—o0

wherea:Z" - Rand G: Q xR — R, Q = {(t,5) € Z> : 1 > s} and G is continuous
in x. The next theorem gives necessary and sufficient conditions for the stability of
the zero solution of (3.8.3).

Theorem 3.8.2. Assume the existence of positive constants o,,L, and a sequence
p: Q — R such that the following conditions hold:

(I) a(t) #0 forallt € Z,
— t—1 s—1

(II)rnax2| I1 a@)| > p(s,0) <a <1 forallt € ZT,
s=0 u=s+1 =0

() If |x[, || < L, then
|G(t,5,x) — G(t,s,y)| < p(t,s)|x—y]
and G(1,5,0) = 0 for all (t,s) € Q,

(IV) For each € > 0 and t; > 0, there exists a t) > t| such that for t > t,, implies
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-1 t—1

Y plts)<e Y, plt.s).

§=—o00 §=—o00

Then the zero solution of (3.8.3) is asymptotically stable if and only if
(V) |Ha ) =0 ast—oo.

Proof. We only need to verify that (iii) and (iv) of Theorem 3.8.1 hold. First we
remark that due to condition (/7I) we have that |G(z,s,x)| < p(¢,s)L. Equation (3.8.3)
can be put in the form of Equation (3.8.1) by letting

Z G(t,t+s5,0(s)).

§=—o0

t—1
To verify (iii) we let b(t) = Y, p(t,s) and then for any functions ¢, € € (L), w

§=—o00

have

lg(t,0) —g(t,0)| < Z G(t,t+5,0(s Z G(t,1+s5,9(s))

§=—oc0 s=—00

IN

Z p(t,t+5) (|9 — ol

§=—o00

b(®)ll¢ - oll-

Next we verify (iv). Let € > 0 and #; > 0 be given. By (IV) there exists a t, > t; such

that
-1 t—1

LY pt,s)y<e Y plt,s)foralls>n.

§=—00 §—=—o0

Let x; € € (L) and for t >, we have

n—1 r—1

gt )| < X 1G(1,5,x(s))| + X |G(t,5.x(5))]

§=—o0 s=1

H—1

ZLpts +2pts|x

§=—00 S=I1]

€ Zpts —I—Zpts |x||’1’1

§=—o00 S=I1]

< b(t)(e+||x||fw*1).

IN

IN

This implies that (iv) is satisfied, and hence by Theorem 3.8.1, the zero solution
of (3.8.3) is asymptotically stable if and only if (V) holds.
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We end the paper with the following example.

Example 3.9. Consider the difference equation

x(t+1)= 1)+ 2 25 x(s),n > 0. (3.8.4)

§=—o00

In this example we take 7y = 0. We make sure all conditions of Theorem 3.8.2 are
satisfied. We observe that a(t) = 5, and G(t,s,x) = 2°~'x(s). Thus,

t—1
—0ast — oo,
02S
§=|

and hence condition(V) is satisfied. It is clear that p(z,s) = 2°~'. Next we make sure
condition (II) is satisfied.

s—1
maxZ} H u)| Zp(s,‘c)

€27 20 u= s+1

ORI RN

1€Z* s=0 u=s+1

<max2‘ H 274

1€Z* s=0 u=s+1

< max 2 2177 (1-279)

1S/ Ao

1—t

4
<22ttqo4 3

—4/3]
<2/3,forallt € Z".
Hence (II) is satisfied. Left to show (IV) is satisfied. Let #; > 0 be given. Then
n-1 n-1

z p(t,s) — z 27t+s

§=—o00 §=—o0

=27 — 27
S 2t712

t—1
— 27[2 z 2*Z+S

§—=—o0
t—1
<e Y plts)t>n>1.

§=—o00

Thus all the conditions of Theorem 3.8.2 are satisfied and the zero solution of (3.8.4)
is asymptotically stable.
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3.9 Volterra Summation Equations

We shift our focus to different types of Volterra difference equations, which we
call Volterra summation equations. Volterra integral equations were first studied by
Miller [123], in which he proposed the extension of the use of Lyapunov functionals
in Volterra integro-differential equations to integral equations. Years later, Burton
took upon himself such a tedious task and successfully used Lyapunov functionals
in the qualitative analysis of Integral equations. For such a reference we mention
the papers [28, 29, 30]. Since then, the study of integral equations has been fully
developed, unlike its counterpart, Volterra summation equations. All the results of
this section are new and not published anywhere else. Volterra summation equations
play major role in the qualitative analysis of neutral difference equations. To see this
we consider the neutral difference equation

A(D(n,x,,)) = f(n,x,), n€Z". (3.9.1)

If
D(n,0) = f(n,0) =0,

then one would have to ask that the zero solution of D(n,0) = 0 be stable in order
for the zero solution of (3.9.1) to be stable. On the other hand, if we are interested
in studying boundedness of solutions of (3.9.1), one would have to require that the
solutions of

D(n,x,) = h(n),

be bounded for a suitable function 4(n) with suitable conditions. Equation (3.9.1) is
typified by neutral equations of the form

n—1
A(x(n)—i— Y b(s+h)x(s)) = £ (1, x0)- (3.9.2)

s=n—nh

Equation (3.9.2) will be studied in detail in Chapter 6. For more on neutral difference
equations, we refer to [183]. Most of this section’s materials can be found in [142].
We consider the vector Volterra summation equation

x(@t)=a(t)— li C(t,s)x(s), teZ* (3.9.3)
s=0

where x and a are k-vectors, k > 1, while C is an k x k matrix. To clear any confusion,
we note that the summation term in (3.9.3) could have been started at any initial time
to > 0. We will use the resolvent equation that was established on time scales in [2],
combined with Lyapunov functionals and fixed point theory to obtain boundedness
of solutions and their asymptotic behaviors. One of the major difficulties when using
a suitable Lyapunov functional on Volterra summation equation is relating the solu-
tion back to that Lyapunov functional. For x € R, |x| denotes the Euclidean norm of
x. For any k x k matrix A, define the norm of A by |A| = sup{|Ax]| : |x| < 1}. Let X



3.9 Volterra Summation Equations 141

denote the set of functions ¢ : [0,n] — R and ||¢|| = max{|¢(s)|: 0 < s <n}. We
have the following theorem regarding the existence of solutions of (3.9.3).

Theorem 3.9.1. Assume the existence of two positive constants K and o € (0,1)

such that
t—1

la(t)| < K, and 1}%;) IC(t,5)] < a, (3.9.4)

then there is a unique bounded solution of (3.9.3).

Proof. Define a mapping D : X — X, by

(Do) (t ZCts

N )

It is clear that (X, || -||) is a Banach space. Now for ¢ € X, with ||¢|| < g for positive
constant g we have that
(D) <K+ og.

Thus D : X — X. Left to show that D defines a contraction mapping on X. Let
¢,¢0 € X. Then

t—1
1(09) ~ (D) < max ¥ |C(e,5)/[16 o]
=" 5s=0
<olo—ol.

Hence, D is a contraction, and by the contraction mapping principle it has a unique
solution in X that solves (3.9.3). This completes the proof.

We have the following theorem in which we use a Lyapunov functional to drive
solutions to zero.

Theorem 3.9.2. Assume the existence of two positive constants K, and a. € (0,1)
such that

2|a |<K1,and2|cu+m)|<a (3.9.5)

t= u=1

then every solution x(t) of (3.9.3) satisfies x € 11]0,0) and x(t) — 0, as t — oo.

Proof. Using (3.9.3) we obtain

t—1
()] = la(e)] < Z(,)IC(LS)IIX(S)I- (3.9.6)

Define the Lyapunov functional V by

t—1 oo

Vi)=Y, Y, [Clu+s,s)||x(s)|.

s=0u=t—s
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Moreover,
oo t—1
AV () = x(0)] X 1C(u+s,5)| = 3 1C(1,5)[[x(s)].
u= s=0
A substitution of (3.9.6) in the above expression yields

AV(t) < |x(t)]| ilIC(MHJ)I — (@) + |a(r)]

= (= Dx(0)[+a(r)].

Summing the above inequality from O to # — 1 gives

t—1 t—1
0<V({E)<V(0)+(a—1) Za|x(s)| + §)|a(s)

Since V(0) =0 and o € (0,1) we arrive at

2|x D 2|a

Letting t — oo we have

1

Shoi<, S Ki,

— o

which is automatically implied that x(¢) — 0, as ¢ — . This completes the proof.

We note that the use of Lyapunov functional has an advantage here due to the ab-
sence of a linear term in our original equation (3.9.3) which is necessary for the use
of variation of parameters. The next result is about the existence of a unique periodic
solution for the Volterra summation equation

2 C(t,s)x(s), t € Z (3.9.7)

§=—o0
where x and a are k-vectors, k > 1, while C is a k X k matrix.

Theorem 3.9.3. Assume the existence of a constant o € (0,1) such that

t—1
<
I}l;g‘Y:ZWIC(t,s)I <a,

and there is a positive integer T such that
at+T)=a(t)and Ct+T,s+T)=C(t,s),

then there is a unique periodic solution of (3.9.7).
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Proof. Let X be the space of periodic sequences of period T. Then, it is clear that
(X, ]| - |I) is a Banach space. Now for ¢ € X, we define D: X — X by

(Do) (t 2 Ct,s)
Itis clear that D is periodic of period T. Thatis (D¢)(t+T) = (D¢)(t). Left to show
that D defines a contraction mapping on X. Let ¢, ¢ € X. Then

t—1
1(D9) — (De)|| < max _Z, IC(,5)lll9— ol

<af¢—oll

Hence, D is a contraction and by the contraction mapping principle it has a unique
solution in X that solves (3.9.7). This completes the proof.

In the next theorem we return to (3.9.3) and rewrite it so we can show it has an
asymptotically periodic solution. Thus we rewrite (3.9.3) in the form

ZCts +ZCts (3.9.8)

§=—00 S§=—o0

Note that the term a(r) — Y'Z! . C(t,5)x(s) produced a unique periodic solution as
we have seen in Theorem 3.9.3 and this indicates that for any bounded x, the term
> . C(t,5)x(s) — 0, t — oo. Hence it is intuitive to expect a solution x of (3.9.8)
to be written as x = y+ z where y is periodic and z — 0, as t — co. We need to
properly define our spaces. Let

Pr={¢:Z—R|o(t+T)=0(t)}

and
0={q:2" 5 R*|q(t) =0, as 1t — oo}.

We have the following theorem.

Theorem 3.9.4. Suppose for ¢ € Pr,

and for each z € Q,

ZCts ) =0, ast — oo.
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Assume the existence of a constant o, € (0,1) such that

t—1
C(t <a
r}gtggbl (t,5)] <o,

and there is a positive constant integer T such that a(t+T) =a(t) and C(t +T,s+
T)=C(t,s). Then (3.9.3) has a solution x(t) = y(t) + z(t) where ¢ € Pr and z € Q.

Proof. Let X be the space of sequences ¢ : Z+ — R such that ¢ € X implies there is
ay € Prandz€ Q with ¢ =y+z. We claim that (X, | -||) is a Banach space, where
I - || is the maximum norm. To see this, we let {y, + z,} be a Cauchy sequence in
(X,]|-11). Given an € > 0 there is an N such that for n,m > N we have

Y (t) + 2n() — ym(t) — zm(0)] < ;

Since z € Q we have for each € > 0 and each z € Q there is an L > O such thatz > L,

implies that |z(¢)| < €/4. Fix n,m > N and for the £/4 find L > 0 such that 7 > L
implies that

n(t) = 2n(0)] = [z (8) = ym(@)] < [ya(t) +2a(t) = ym(1) — 2m(t)| < ;

so that # > L implies that

[9a(0) = 3m(6)] < 3 +lan(0)] + [2nl0)] <,

for all ¢ since y,,y, € Pr. Since this holds for every pair withn > N and m > N, it
follows that {y,} is a Cauchy sequence. The same argument can be repeated for the
sequence {y, }. This completes the proof of the claim.

Let ¢ =y+zwherey € Pr and z € Q. Define the mapping H : X — X by

t—1
(H¢)(1) = alt) - ;)C(%S)X(S)-

Then H is a contraction mapping by Theorem 3.9.3. Now we observe that

t—1
(Ho)(1) = alt) - ;)C(%SM)(S)

-1
a(t) - ;}C(m) (v(s) +2(5))

a)- 3, Clrsyis)]

§=—o0

- -1
+ [ 2 C(tvs)y(s)_zb(:(t,s)z(s)}

§=—o0

= Bp+A¢.
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This defines mappings A and Bon X. Note that B: X - PrC X andA:X — Q C
X. Since H defines a contraction mapping, it has a unique fixed point in X that
solves (3.9.3). The proof is complete.

Next we discuss the equation for Volterra summation equation (3.9.3) and use vari-
ation of parameters to obtain variety of different results concerning the solutions.
Adivar and Raffoul [2] were the first to establish the existence of the resolvent of
an equation that is similar to (3.9.3) on time scales. Due to the importance of such
results, we will state them as they were presented in [2] on time scales. We then set
the time scale equal to Z to suit our equation (3.9.3). For a good reference on time
scales we refer the reader to the famous book by Martin Bohner and Al Peterson
[18]. A time scale, denoted T, is a nonempty closed subset of real numbers. The set
T¥ is derived from the time scale T as follows: if T has a left-scattered maximum
M, then TX = T— {M}, otherwise TX = T. The delta derivative f* of a function
f: T — R, defined at a point ¢ € T* by

£3(t) = tim 7 O 0) = £ (5)

™ Gy —s o Wheres =1, seT\{o(1)}, (3.9.9)

In 399), 0 : T — T is the forward jump operator defined by o(z) :=
inf{s€T :s>r}. Hereafter, we denote by p(¢) the step size function u : T — R
defined by p(¢) := o(¢) —¢. A point ¢t € T is said to be right dense (right scattered)
if u(t) =0 (u(r) > 0). A point is said to be left dense if sup{s € T:s <t} =1.
We note that when the time scale is the set on integers, T = Z, then o(¢t) =t +1
and 1 (¢) = 1. where 1y € T* is fixed and the functions a : It = R, C: It x It — R.
Based on the results of [2], we have the following. Given a linear system of integral
equations of the form

x(t)=a(t)— /tt C(t,5)x(s)As, toeT* (3.9.10)

Y10

the corresponding resolvent equation associated with C(z,s) is given by
1
R(t,s) :C(t,s)—/ R(t,u)Clu,5) Au. (3.9.11)
o(s)

If C is scalar valued, then so is R. If C is n X n matrix, then so is R. Moreover, the
solution of (3.9.10) in terms of R is given by the variation of parameters formula

x(t) =a(t) — /IR(t,u)a(u)Au. (3.9.12)

fo

It should cause no difficulties to take the initial time #y = 0. With this in mind, if we
set T' = Z, then equations (3.9.10) and (3.9.11) become

-1
x(t) =a(r) = Y, C(1,5)x(s), (3.9.13)
s=0
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and

R(t,s) 2 R(t,u)C (3.9.14)
u=s+1
respectively. If C is scalar valued, then so is R. If C is n X n matrix, then so is R.
Moreover, the solution of (3.9.13) in terms of R is given by

t—1
— Y R(t,5)a(s). (3.9.15)
s=0

For the remainder of this section we denote the vector space of bounded sequences
¢ : Z+ — R by %% . The next theorem is an extension of Perron’s Theorem for
integral equation over the reals to an arbitrary time scale. Its proof can be found in
[2]. Only for the next theorem we define % to be the space of bounded continuous

functions on I = [fy, )T endowed with the supremum norm, ||'|| z, given by
|11l == sup | f(z)].
telr

One can easily see that (4, ]|'|| %) is a Banach space.

Theorem 3.9.5 ([2]). Let C : IT X IT — R be continuous real valued function on
<tr<s<t<oo, Ifftf)R(t,s)f(s)As € BE for each f € BE, then there exists a

positive constant K such that ft; |R(z,5)| As < K, for all t € I.

Just for the record, we restate Theorem 3.9.5 for T = Z

Theorem 3.9.6. Let C : Z" x Z7" — R be real valued sequence on 0 <ty < s <t < oo,
IfZi;})R(t,s)f(s) € BE for each f € BE, then there exists a positive constant K
such that Y |R(t,s)| < K, forall t € Z*.

Theorem 3.9.7. Suppose R(t,s) satisfies (3.9.14) and that a € BE . Then every so-
lution x(t) of (3.9.13) is bounded if and only if

t—1

maxz |R(2,5)| < oo (3.9.16)

teZt ;=

holds.

Proof. Suppose (3.9.16) holds. Then, using (3.9.15), it is trivial to show that x() is
bounded. If x(7) and a(t) are bounded, then from (3.9.15), we have

2|Rts||a (s)| <y

for some positive constant ¥ and the proof follows from Theorem 3.9.6.

The intuitive idea here is that for C(¢,s) well behaved then the solution of (3.9.13)
follows a(t).
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Theorem 3.9.8. Let C be a k x k matrix. Assume the existence of a constant o €

(0,1) such that
t—1
max Y |C(t,s)| < o, (3.9.17)

teZt (5

(i) If a € BE so is the solution x of (3.9.13); hence, (3.9.17) holds.
T

(ii) Suppose, in addition, that for each T > 0 we have _ |C(t,s5)| — 0 ast — oo If
s=0

a(t) = 0 ast — oo, then so does x(t) and Y, R(t,s)a(s).
5s=0

“l-a

—1 o
(i) Y |R(1,5)| <
s=0
Proof. The proof of (i) is the same as the proof of Theorem 3.9.1. For the proof of
(i) we define the set
M={¢:Z" =R ||¢(1)] =0, ast — oo}.

For ¢ € M, define the mapping Q by

(09)(1) ZC (t,5)0
Then »
1(Q9) (1)| < la(t)|+ ;)IC(LSW(S)

We already know that a(z) — 0 as r — eo. Given an € > 0 and ¢ € M, find T such
that |¢(r)| <eifr >T andﬁnddw1th |¢( )| <d forallt > T. For this fixed T, find

n > T such that# > n) implies that 2 |C(z,s)]| < . Then ¢t > 1 implies that
s=0

=1 71 =1
Z(,)IC(M)I < ;)IC(M)I ;IC(LS)I
‘ < kds)/d+a£<2£.

Thus, Q : M — M and the fixed point satisfies x(t) — 0, as t — o, for every vector
sequence a € M. Using (3.9.15) we have

ER(t,s)a(s) =a(t)—x(t) =0, ast — oo.

This completes the proof of (if). Using (3.9.14) and (3.9.17) we have by changing
of order of summations
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t—1 t—1

Z|Rts|<2|Cts|+z >, IR(r,u)[|C(u,s)|

s=0u=s+1
=S )+ S R S, [Cls)
s=0 u=0 s=0

1
<a+a Y |R(t,u).

u=0
Therefore,
-1
—a) 2 |R(t,5)| < .
s=0
That is,
t—1
o
max R(t, .
€Lt = Z [R(:5) 1 —a

Example 3.10. Suppose there is a sequence r: Z* — (0, 1], with r(¢) | 0 with

maxti |C(2,5)|(r(s)/r(1)) <o, o0 € (0,1) (3.9.18)

teZt =

and
|la(t)| < kr(t) (3.9.19)

for some positive constant k. Then the unique solution x(z) of (3.9.13) is bounded
-1

and goes to zero as ¢ approaches infinity. Moreover, Y R(t,s)a(s) — 0, ast — oo.
s=0

Proof. Let

A =(0:10.%) > B | lol, < max 21} <),

Then (.#,|-|,) is a Banach space. For ¢ € .#, define the mapping Q by

(09)(1) Zc (t,s)

Then,

[(Q0) ()] /r() < la(®)l/r(r +Z C(t,8)|(r(s)/r(1))]@(s)] /r(s)

t—1

< k418l Y C(t,9)|(r(s) /(r))

s=0
S k+a|¢|r7
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which shows that Q¢ € .Z. Let ¢,n € .# , then we readily have that

(0)(1) — (@n)(1)|/r() < alo ~m],

and so we have Q is a contraction on .# and therefore it has a unique fixed point

x(t) in . that solves (3.9.13). Moreover, max,cz+ \f(f)} < oo, implies that |x(¢)| <

k*r(t) — 0, as t — o. Also by (3.9.19) we have |a(t)| — 0, as t — oo and hence
using (3.9.15) we have

2|Rts $)| < la(t)]+|x(t)| — 0, as t — oo.

This completes the proof.

The next theorem relates the kernel to a kernel of convolution type. Also, unlike
Theorem 3.9.2 we only ask for boundedness on a(t).

Theorem 3.9.9. Assume the existence of a constant o € (0,1) such that

i |C(u+1,1)| < e, (3.9.20)

u=1

and let a(t) be a bounded sequence. Suppose there is a decreasing sequence @ :
[0,00) — (0,0) with @ € 1,[0,%), and

oo

D(t—s)> Y [Clu+ts,s)|. (3.9.21)

u=t—s

If in addition there exists a positive constant K with

oo

> |C(u+s,5)| > K|C(t,5)], (3.9.22)

u=t—s
then the unique solution x(t) of (3.9.13) is bounded and
t—1

max Rts < oo,
zeZ+z| |

Proof. Define the Lyapunov functional V by
t—1 o
V(i) =3 X |Cu+s,9)x(s)]-

s=0u=t—s

Then along the solutions of (3.9.13) we have

oo t—1
AV(1) = |x(1)] Z, |Clu+s,5)| = ;)lC(LS)HX(S)l-
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Using (3.9.13) we arrive at

t—1
()] = la(e)] < %IC(M)IIX(S)I-

Hence,

AV(1) < |x(1)] 2 (Cuts,8)| = [x(@)| + |a(t)|

= (= Dx(0)[ +a(t)| := =8|x(1)[ + |a(1)],

for 0 > 0. Replace ¢ with s in the above expression and then multiply both sides by
D(t—s)for0 <5<t <oo.

AV (s)P(t —s5) < —8x(s)|D(t — 5) + |a(s)|D(t —s). (3.9.23)
Suppose there is a t > 0 satisfying

V()= max V(s+1).

0<s<r—1
Then summing from O to ¢ — 1 followed with summation by parts and by noting that

V(0) = 0 we arrive at

t—1 t—1
Z()Axv(s)cp(z —s) =V(s)@(t—s)|_, - ZE)V(s—l- DAD(r —5)

-1
>V(H)D0)—V(0)D(E)—V(t) Y AND(t—s)
s=0
=V()@(0)—V(1)[®(0) — @(t)]
=V({@)D(1). (3.9.24)
Hence (3.9.24) combined with (3.9.23) and making use of (3.9.22) yield

—

V()d(r) < i AV (s)D(t—s)

s=0
t—1 t—1
< -6 ;)d’(t —8)|x(s)| + ZE)(D(t —s)|a(s)]
t—1 oo t—1
<83 3 [Clctas)lo)]+ 3, 00—l
< —=6V(t)+lallg,
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where ||a|| is the maximum norm of a and ¢ is a positive constant that we get from
|®@| € [1]0,0). The above inequality implies that

a
Vi< <p|(|t)”f5’
and V (¢) is bounded. Using (3.9.22) in V(¢) gives
-1
V()= KZ,JC(M)HX(SH > K{lx(t)| = la(®)l];
from which we conclude x(¢) is bounded since both V(¢) and a(r) are bounded.
Now from (3.9.15) we have that ti IR(t,s)a(s)| < |x(¢)| + |a(t)| and hence X'}
5=0

=1
R(t,s)a(s)| is bounded and by Theorem 3.9.6, we have that max > |R(t,5)] < oo.
teZt (2

This completes the proof.

For Theorem 3.9.10 we assume (3.9.13) is scalar.

Theorem 3.9.10. Assume the existence of constants o, B € (0,1) such that

=

N [Clutt,1) < e, (3.9.25)
u=1
and
t—1
C(t,5)| < B. 3.9.26
522%' (r,5) < B (3.9.26)

If a € [0, o) s0 is the solution x of (3.9.13).
Proof. Define the Lyapunov functional V by

t—1 oo

V()= Z Z |C(u+s,s)|x2(s).

s=0u=t—s
Then along the solutions of (3.9.13) we have that

oo —1

AV(t) =x*(t) D [Clu+s,8)| = D [C(t,5)|¥(s)-
u=1 s=0

Squaring both sides of (3.9.13) gives
t—1 t—1 2
2(t) = a(1) — 2a(t) ¥ C(t,5)x(s) + ( Y C(t,s)x(s))
s=0 s=0

t—1
< 2(a2(t) + (%C(LS)X(S))Z)
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t—1 t—1
<2a%(1) +2 Y [C(t,5)] 3, [C(t,9) 1 (s)
s=0 s=0

t—1
< 2a°(t)+2B §)|C(t,s) ¥ (s).

This implies that

t—1
- %IC(LS)IJCZ(S) <a*(t)/B—x*(1)/(2P).

Substituting into AV gives
oo -1
AV (t) = xz(t) 2 |Cu+s,s)|— 2 |C(t,s)|x2(s)
u=1 s=0

< a(1)/B—(1/(2B) — 0)*(r).

Summing the above inequality for 0 to n — 1 yields

n-1 n—1
0<V()-V(0)<1/B ;}az(S) —(1/(2B) - @) ;)XZ(S%

and hence the results. This completes the proof.

3.10 The Need for Large Contraction

So far, we have been successful in using fixed point theorems including the contrac-
tion mapping principles in obtaining different results concerning functional differ-
ence equations. It is naive to believe that every map can be defined so that it is a
contraction, even with the strictest conditions. For example, consider

flx)=x—x

then for x,y € R we have that

242
70— F0 = k-2 =y < byl (1-737)
and the contraction constant tends to one as x* -+ y2 — 0. As a consequence, the
regular contraction mapping principle failed to produce any results. This forces us
to look for other alternative, namely the concept of Large Contraction. We will re-
state the contraction mapping principle and Krasnoselskii’s fixed point theorems in
which the regular contraction is replaced with Large Contraction. Then based on the
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notion of Large Contraction, we introduce two theorems to obtain boundedness and
periodicity results in which Large Contraction is substituted for regular contraction.

Definition 3.10.1. Let (.# ,d) be a metric space and B: .# — M. The map B is
said to be large contraction if ¢,Q € M, with ¢ # ¢ then d(Bp,Bo) < d(9,0)
and if for all € > 0, there exists a 6 € (0,1) such that

(0,0 € #4,d($,p) > €] = d(Bo,Bp) < 6d(0,9).

The next theorems are alternative to the regular Contraction Mapping Principle and
Krasnoselskii’s fixed point theorem in which we substitute Large Contraction for
regular contraction. The proofs of the two theorems and the statement of Defini-
tion 3.10.1 can be found in [24].

Theorem 3.10.1. Let (.# ,p) be a complete metric space and B be a large contrac-
tion. Suppose there are an x € 4 and an L > 0 such that p(x,B"x) < L foralln > .
Then B has a unique fixed point in A .

Theorem 3.10.2. Let .# be a bounded convex nonempty subset of a Banach space
(B, 11)- Suppose that A and B map A into B such that

i. x,y € M implies Ax+ By €
ii. A is compact and continuous;
iii. B is a large contraction mapping.

Then there exists z € . with z = Az+ Bz.
Next, we consider the completely nonlinear difference equation
x(t+1) = a(t)x(t)’ + p(t), (3.10.1)
where a, p : Z — R. To invert our equation, we create a linear term by letting
H(x) = —x+x. (3.10.2)

It would become clearer later on that H(x) is not a contraction and, as a conse-
quence, the Contraction Mapping Principle cannot be used. Instead, we will show
that H is a Large Contraction and hence our mapping, to be constructed, will define a
Large Contraction. Then we use Theorem 3.10.2 and show that solutions of (3.10.1)
are bounded. This allows us to put (3.10.1) in the form

x(t+1)—a(t)x(t) = a(t)H (x(t)) + p(r). (3.10.3)

Let x(0) = xo, then by the variation of parameters formula, one can easily show that
fort > 0, x(¢) is a solution of (3.10.3) if and only if

t—1 t—1

t—1 t—1 1—1
K0 =xo[Jals)+ Y (a(s)H(x(s)) 1 a(u))—l—z (p(s) 1 a(u)). (3.10.4)
s=0 5s=0 s=0

u=s+1 u=s+1
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We begin with the following lemma.

Lemma 3.9. Let || - || denote the maximum norm. If
M= {6: 2R 6(0) = o, and 0] <57/},

then the mapping H defined by (3.10.2) is a large contraction on the set M.

Proof. For any reals a and b we have the following inequalities
0 < (a+b)* = a* +b* +ab(4a* + 6ab + 4b*),

and 4 4 212 4 14
b b b
—ab(a2+ab+b2)§a 1_ +02 ga —;

If x,y € M with x # y, then x(¢)* + y(t)* < 1. Hence, we arrive at

5.5
w—v
1—
Y
= |u—v|{1—u4—v4—uv(u2+uv+v2)}

4, 4
§|u—v|{l—(u +v)}§|u—v|, (3.10.5)

|H (u) =H(v)| < [u—v|

2

where we use the notations u = x(¢) and v = y(¢) for brevity. Now, we are ready to
show that H is a large contraction on M. For a given € € (0,1), suppose x,y € M
with ||x — y|| > €. There are two cases:

a.

Z < |x(¢) — y(¢)| for some t € Z,
or
b. e
[x(2) —y(1)| < 5 for some ¢ € Z.
If £/2 < |x(t) — y(¢)| for some r € Z, then
(8/2)* < x(e) = y(0)|* < 8(x(1)* +¥(1)"),
or

X1 +y(0)* = .

For all such ¢, we get by (3.10.5) that

4
| (x(1)) = H((0))] < [x(1) = y(1)] (1 - ;) '
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On the other hand, if |x(¢) — y(¢)| < &/2 for some ¢ € Z, then along with (3.10.5) we
find

[H (x(2)) = H(y(1))[ < [x(t) = y(1)| < ; [l =l

Hence, in both cases we have
. et 1
)~ @) <mind 15 ey
Thus, H is a large contraction on the set M with § = min{1—€*/27,1/2}. The

proof is complete.

Remark 3.6. Tt is clear from inequality (3.10.5) that (u* +v*)/2 — 0, the contraction
constant approaches one. Hence, H(x) does not define a contraction mapping as we
have claimed before.

For y € M, we define the map B : M — M by

t—1 —1 t—1 —1 -1
) =vo]las)+ 3 (a0t (wis) TT at)+ 3 (po) TT aw).

u=s+1 s=0 u=s+1
(3.10.6)

Lemma 3.10. Assume for allt € Z,

|W0|’Ha )| +4(5 )<5 14 (3.10.7)

% (o 11

If H is a large contraction on M, then so is the mapping B.

U= s+1

Proof. Tt is easy to see that
|H(x(1))| = |x(1) — x(¢)°| < 4(5’5/4) for all x € M.

By Lemma 3.9 H is a large contraction on M. Hence, for x,y € M with x # y, we
have |[Hx — Hy|| < ||x—y||. Hence,

t—1
|Bx(t) = By(t)| < Z(,)IH(X(S)) —H(y(s))|

t—1

5/4 2

s=0

t—1

l;[a(u)

[lx = ll

=[x =yl

Taking maximum norm over the set [0,), we get that ||[Bx — By|| < [|x — y||. Now,
from the proof of Lemma 3.9, for a given € € (0, 1), suppose x,y € M with ||x—y|| >
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€.Then § =min {1 —¢&*/27,1/2}, which implies that 0 < § < 1. Hence, for all such
€ > 0 we know that

b,y € ML, [lx =y > &] = [[Hx — Hy|| < 8[]x—y]-
Therefore, using (3.10.7), one easily verify that
[[Bx — Byl| < 8]lx—yl|
The proof is complete.

We arrive at the following theorem in which we prove boundedness.

Theorem 3.10.3. Assume (3.10.7). Then (3.10.3) has a unique solution in M which
is bounded.

Proof. (M, ]| -||) is a complete metric space of bounded sequences. For y € M we
must show that (By)(7) € M. From (3.10.6) and the fact that

\H(x(t))] = [x(r) —x(r)] <4(5~ %) forall x € M,

we have

t—1 11
|<Bw><>|<|wO|\Ha )|+457 3 | TTatw) \+z(\p a(w)|)

s=0" u=s u?+1

<514

This shows that (By)(¢) € M. Lemma 3.9 implies the map B is a large contraction
and hence by Theorem 3.10.1, the map B has a unique fixed point in M which is a
solution of (3.10.3). This completes the proof.

Next we use Theorem 3.10.2 and prove the existence of a periodic solution of the
nonlinear delay difference equation

x(t+1)=a(t)x(t)’ + Gt x(t —r)) + p(1), t € Z, (3.10.8)
where r is a positive integer and
a(t+T)=a(t), p(t+T)=p(t), andG(t+T,-) = G(t,") (3.10.9)

and T is the least positive integer for which these hold. As before, for the sake of
inversion, we rewrite (3.10.8) as

x(t+1)—a(t)x(t) = a(t)H(x(t)) + G(t,x(t — r)) + p(2), (3.10.10)

where
H(x) = —x+x°. (3.10.11)

We begin with the following lemma which we omit its proof.
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Lemma 3.11. Suppose that 1 —TI'_} . a(s) # 0 for all t € Z. Then x(t) is a solution
of (3.10.10) if and only if

t—1

0 =(1-T1

s=t—T

t—1 t—1

a) Y (a@H () + Gle.xtu—r)+p(w) T als)

u=t—T s=u+1

Let Pr be the set of all sequences x(¢), periodic in ¢ of period 7. Then (Pr,|| - ||) is a
Banach space when it is endowed with the maximum norm

[l = max |x(r)| = nax (1)1
Set
M= {pePr:|o|]| <5 4. (3.10.12)

Obviously, M is bounded and convex subset of the Banach space Pr. Let the map
A : M — Pr be defined by

—1 1 =1 i—1
(o)) =(1- ] a) ¥ (Gteu—n)+pw) [] at), ez
s=t—T u=t—T s=u+1
(3.10.13)
In a similar way, we set the map B : Ml — Pr by

t—1

By = (1- 1

s=t—T

t—1 t—1

a(s))ﬂ S (awH(y@)) [ als), t€Z. (3.10.14)

u=t—T s=u+1

It is clear from (3.10.13) and (3.10.14) that A¢ and By are T-periodic in ¢. For

simplicity we let 1
1= ~1
a(s)) ‘ .

= ‘(1 _S:II_IT
Let
G(u, w(u—r)) =bu)yu—r)°. (3.10.15)

For x € M, we have
()] <5734,

and therefore,
G(u,x(u—r)) + p(u) = b(u)x(u—r)’ + p(u)
<54 b(w)| + p(u)| (3.10.16)

and
|H(x(2))| = |x(¢) —x(t)5| < 4(5’5/4) for all x € M.

We have the following theorem.

Theorem 3.10.4. Suppose G(u, y(u—r)) is given by (3.10.15). Assume for allt € Z
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t—1 t—1

n Y (5Pb@]+1pG)+ 45 lat])| TT atw| <574 310.17)
u=t—T u=s+1

Then (3.10.8) has a periodic solution.

Proof. Using condition (3.10.17) and by a similar argument as in Lemma 3.9, one
can easily show that B is a large contraction since H is a large contraction. Also,
the map A is continuous and maps bounded sets into compact sets and hence it is
compact. Moreover, for ¢, y € M, we have by (3.10.17) that

Ao+ By : M — M.

Hence an application of Theorem 3.10.2 implies the existence of a periodic solution
in M. This completes the proof.

It is evident from Lemma 3.9 that proving large contraction is tedious, long, and not
very practical to consider case by case function. Consider the mapping H be defined
by

H(x(u)) =x(u) — h(x(u)). (3.10.18)

We have observed from Lemma 3.9 that the properties of the function /4 in (3.10.18)
plays a substantial role in obtaining a large contraction on a convenient set. Next
we state and prove a remarkable theorem that generalizes the concept of Large Con-
traction. The theorem provides easily checked sufficient conditions under which a
mapping is a Large Contraction. The next theorem is due to Adivar, Raffoul, and
Islam. Several authors have published it in their work without the proper citations.
Let o € (0,1] be a fixed real number. Define the set M, by

My ={¢:¢ € C(R,R) and ¢|| < o} (3.10.19)

H.1. h:R — R is continuous on [—a, ] and differentiable on (—a, @),
H.2. The function # is strictly increasing on [—a., ],
H3. sup HW(t)<1.

te(—a,o)

Theorem 3.10.5. [Adivar-Raffoul-Islam [4] (Classifications of Large Contraction
Theorem)] Let h : R — R be a function satisfying (H.1-H.3). Then the mapping H
in (3.10.18) is a large contraction on the set M.

Proof. Let ¢, ¢ € My, with ¢ # @. Then ¢(r) # ¢(¢) for some 7 € R. Let us denote
this set by D(¢, @), i.e.,

D(¢,¢)={reR:¢(t) # o(1)}.
Forallt € D(¢, @), we have

|Ho(t) —Ho(t)| = [¢(t) —h(d(t)) — ¢
—10(1) — 0(1)] ’1 _ (h((p(t)) _h(‘p(t))) ’ (3.10.20)
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Since h is a strictly increasing function we have

h(q)(;t(z; :fp(((f)(t)) >0 forallz € D(¢, ). (3.10.21)
For each fixed t € D(¢, @) define the interval U; C [—a, o] by

U — { (@(t),9() if (1) > (1)
L), () if o(1) < @(t) |

Mean Value Theorem implies that for each fixed 1 € D(¢, @) there exists a real
number ¢; € U; such that

WoO)~h(o0) _
o) — ) )

By (H.2-H.3) we have

0< inf A'(u) < inf &' (u) <K (c,) <suph'(u)< sup K(u)<1.(3.10.22)

ue(—a,o) uel; ucl; ue(—o,o)

Hence, by (3.10.20)—(3.10.22) we obtain

o)~ Holr)| < ]1 ~ inf W) l66) - o). (3.10.23)

ue(—o,o)

for all t € D(¢, @). This implies a large contraction in the supremum norm. To see
this, choose a fixed € € (0,1) and assume that ¢ and ¢ are two functions in My,
satisfying
e< sup [o(t)—o(1)=¢— ol
1€D(9,9)
If [¢(r) — @(z)| < § for some t € D(¢, ), then we get by (3.10.22) and (3.10.23)
that

H@() ~H(p(0)] < 100)— 90)| <, 6~ o] (3.1024

Since h is continuous and strictly increasing, the function A (u+5) — h(u) attains
its minimum on the closed and bounded interval [—c, . Thus, if § < [¢(r) — ¢(t)]
for some ¢t € D(¢, @), then by (H.2) and (H.3) we conclude that

Wo()) ~ h(o(1)
0 -e0) T

where

|
A= 2 min{h(u+¢e/2) —h(u):u € [—a,a]} >0.
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Hence, (3.10.20) implies

[HY(t) —Ho(t)| < (1-A)[|o(1) — ()] (3.10.25)
Consequently, combining (3.10.24) and (3.10.25) we obtain

|HY(t) —Ho(1)| < 60— o,
where |
5_max{ ,1—1} <.
2

The proof is complete.
Example 3.11. Let oo € (0,1) and k € N be fixed elements and u € (—1,1).

1. The condition (H.2) is not satisfied for the function k(1) = 21k u*.

2. The function hy (u) = 2k1+1 u?k 1 satisfies (H.1-H.3).

Proof. Since hf(u) = u*~! < 0 for —1 < u < 0, the condition (H.2) is not satisfied
for hy. Bvidently, (H.1-H.2) hold for h,. (H.3) follows from the fact that i) (u) < o>
and o € (0,1).

3.11 Open Problems

Open Problem 1.
Consider the neutral delay functional difference equation

x(n+1) = ox(n+1—h)+ax(n)—q(n,x(n),x(n—h)),n€ Z* (3.11.1)

where the function g : Z* x R x R — R is continuous and ¢ and a are constants.
Fora > 1, (3.11.1) is equivalent to

Al(x(n) — ax(n—h)a'™")] = [acx(n — h) — g(n,x(n),x(n—h))|a™". (3.11.2)
We search for a solution of (3.11.1) having the property
(x(n) —ax(n—h))a " — 0, as n — eo.

Hence, by summing (3.11.2) from O to « we get the following advanced type
Volterra difference equation,

oo

x(n+1)=ox(n—h) =Y, [aox(s—h) — q(s,x(s),x(s — h))]a"~* (3.11.3)

s=n
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which is an indication to study the general advanced type Volterra difference equa-
tion

x(n) = f(n,x(n),x(n—h)) =Y O(s,x(s),x(s — h))C(n —s). (3.11.4)

Under suitable conditions, one might explore the boundedness of solutions and the
existence of periodic solutions. Finding suitable Lyapunov functionals to imply the
results is almost impossible. It is my suggestion that the use of fixed point the-
ory would be fruitful. For instance, if the right spaces are set up, one have the
choice to use the contraction mapping principle; Theorem 3.5.1 or the following
Krasnoselskii-Schaefer Theorem.

Theorem 3.11.1 (Krasnosselskii-Schaefer Theorem [25]). Ler (S,]| - ||) be a Ba-
nach space. Suppose B : S — S is a contraction map, and A : S — S is continuous
and maps bounded sets into compact sets. Then either

(i) x = AB(} )+ AAx has a solution in S for A = 1, or
(ii) the set of all such solutions, 0 < A < 1, is unbounded.

It is noted that Krasnoselskii-Schaefer’s theorem requires a priori bounds on solu-
tions of a corresponding auxiliary equation. To obtain such bounds, one would have
to construct a Lyapunov functional that is suitable for Krasnoselskii-Schaefer’s the-
orem. For problem (3.11.4), the auxiliary equation is given by

oo

x(n)=Af(n,x(n)/A,x(n—h)/A)—A z O(s,x(n),x(n—h))C(n—s).

s=n

Open Problem 2.
Extend the results of Section 3.9 to Volterra summation equations of the form

n—1
x(t) =a(t) — ;)C(n,s)g(s,x(s)).

This is an unexplored area of research.

Open Problem 3.

We have seen in Chapter 3 that fixed point theory was successfully used to obtain
asymptotic stability, while as in Chapter 2 we obtained uniform asymptotic stability
using Lyapunov functionals. To my knowledge, no one has been able to use fixed
point theory to obtain uniform asymptotic stability. Such results would mainly rest
on how the set S is defined. Being able to do so would revolutionize the concept
of fixed point theory and open the door for new research in differential/difference
equations and even in dynamical systems on time scales.

Open Problem 4.
Consider the following system of two neurons:
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{xl (n41) = hyxi(n) + Bif(x1(n — 7)) +arf(xa(n—11)) (3.11.5)
x2(n+1) = haxa(n) + Bof (x2(n — 7)) + ar f(x1(n — 12)) o

where x| (n) and x;(n) denote the activations of the two neurons, 7;, (i = 1,2) and ©
denote the synaptic transmission delays, a| and a; are the synaptic coupling weights,
f:R — Ris the activation function with f(0) = 0.

Use either Lyapunov functionals (Chapter 2) or fixed point theory (Chapter 3) to
analyze the system and compare both methods.



Chapter 4 M)

Check for

Periodic Solutions

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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x(n+1)=A(n)x(n) + i)B(n, r)x(r) (4.1.1)

and its corresponding perturbed system

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

where a,B are k x k matrix functions on Z" and Z* x Z™, 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=—oc0

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
x| = ; il Bjn(n) = 3 bjils,n)| < ee.

s=n

Assume that
k
3 llasi(n)| +Bj(m)] < 1 — .1 i <k, n>no, for some c € (0,1).
j=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 ¢ : (—eo,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

X||= max |x{(n)|.
| = max Ix(n)

Also, we let
T-1
P°={¢ePT: 3 ¢(s)=o}.
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]). Let (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 ¢ € PY, there exists a constant dy € R such that 37 F(s, ;) = 0
where

{w(n):dqy—i—ZZ_(}q)(s), for n>1, 4.1.6)
w(n) =dy+Y! "0 0(s), for n<0,n=j modT, 1<j<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 ||¢]| < .

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
G, : P} — P) by

G (9)(n) = AF (n, ).
If there is a constant D > 0 such that ||§|| < D whenever ¢ is a fixed point of G,
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
20 Gr(9)(s) =4 ZOF(s, ;) = 0.



166 4 Periodic Solutions

Hence, we have that G (¢) € P?. For each & > 0, the set S = {E(¢) : ¢ € P2, ||9]| <
o} is closed and bounded by (ii). Let 0 = {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.
Thatis ¢ = 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,), 2 € (0,1) (4.1.7)
satisfies ||x|| < J, then (4.1.5) has a T-periodic solution .

Proof. Since Gy (¢)(n) = AF(n, ), 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)| < rl9]|+M, for all ¢ € P

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)| = AIF (n, yn)| < rl|9]]+ M,

from which we arrive at
lot< M
—1-7
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,)+p(n),n€Z (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) =21 [L(n, Xn) —|—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 T-1 -1
Y L(n,-)is invertible if and only if the matrix ( Y L(n, ))
n=0 n=0

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

dy = —(T;zL(n, .))*1 [T;jL(n (n_Z;¢(s))n) —i—TZ;p(n)] (4.1.10)

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

T-1 n—1 T—1
> L(n.(do + (X, 65D ) + 3 plm) =0.
n=0 s=0 n=0

Thus, 3= F (s, ;) = 0. Let E be defined as in (ii), then it is readily verified that
E: Pg — Pr and continuous in ¢. Now, since L is linear and continuous in the second
argument, there exists a § > 0 such that for any y € BC, |L(n, y,,)| < B||y||. This
yields
n—1
[2(n, (3 90 ) | < BT 9.
s=0

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

dy < ‘(TEZzL(n,))I‘ (BTa+||p||)T::La.

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.



168 4 Periodic Solutions

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 €2, (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—|bl[—pT(|lal[+|[b]| >0
where p = min,c(o 7y |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
ST La(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 37~ L(n, ) #
0 and all T-periodic solutions of

Lx(n) =2 [a(n)x(n) +b(n)x(n—h) —I—p(n)}, A€(0,1) (4.2.2)

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

T-1 T—h-1 T-1
Zblb(nﬂ = ;h |b(s+h)| = §|b(S+h)|'
Thus for a(n) > 0,
T-1 T-1
Zb( )2 2 la(n)| = [b(n)]) = ;)(la(n)|—|b(n+h)|)'

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

T-1
26( )= 2 la(n)| = |b(n+h)])
B 1T 1 1 T—1
Z la(n) ;)(|a(n)|—N|b("+h)|)
_1T 1 -

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

T-1 T-1

;)(a(n)—l—b(n)) < Z()(—la(n)l +[b(n+h)|)
_nT-1 T-1
_1-N Z a( ;} S (la(n)| = N|b(n+h)|)
n=0
< 1_NT2‘1 la(n)| < 0.

Hence, we have shown that 25;01 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 2 [ (s)x(s_h)+p(s)].
Thus,
n+T-1 n+T-1
Y alxls) == X (b(s)x(s—h)+ p(s)).

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

n+T-1
Tla(n)[x(n*)| < Y, la(s)||x(s)],
S=n
we arrive from the above relation that
n+T-1
Tla(n")|x(n*)| < 3, (1b(s)[[x(s — k)| +|p(s)])

s=n

< T[pl|||xl[+T1[pl]-
As a consequence, we get
|11 Il
() < T[4
p p

Using Equation (4.2.2) we have

| Ax| < la(n)[[x(n)| + [b(n)||x(n = h)[ + |p(n)]
< lall {1l +{1&1] ||| +[l~I]
= ([lall + 15Dl + [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

e(n)] < [x(m")|+ Y, [Ax(s)]

s=n

< ()| + T|| Ax]|

|[b]] I[Pl
< .
= ||| + ) +T((||a||+||b||)||x||+||l7||)

The above inequality yields

7p]lpl| |
p —[I6ll - pT(lal] + [51)

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.

Il <

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()| (14~ [T2(llall + 1B +T) =g < 1,

where
T—1 -1

™ = |3 (aln) +b(w))]

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 > 0is a constant and 0 < r < 1.
By a similar argument as in Theorem 4.1.5, one may easily find that

T-1 1,71 ol o
do = 3 (atm 50| { 5, (aln) +500) 3, 006) + 5 o)}

Now,

ldo| < |d~!T (la| + [b])T || +T|P]
< |d~ T2 (la| + [B)T9]| +T1|P]].
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This yields to

[F(n,yn)| < la(n) + b(n)]|do| + la(m) +b(m)|TI|6 ]| + ]
< la(n) + b()] (14~ |T2(lal |+ |6} + 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<s<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= z ( )+ 2 B(n,s ) is invertible, 4.2.5)
s=0

§=—o0

HA Ly an‘MT—i— AW+ S 1B(ns))T }::g<1, 4.2.6)

§=—oc0 s§=—00

n€

where

T-1
M:|D71|2(|A )|+ 2 |B(u,s) )
u=0

§=—o0

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

Proof. Set F(n,x,) =A(n)x(n)+Y4__..B(n,s)x(s)+ p(n).
Then (4.2.5) and Theorem 4.1.4 imply that for each ¢ € P}), there exists a unique
ds € R such that X7~ F(n,y,) = 0, where y(n) is defined by (4.1.6). In fact for

I 0 F(n,y,) =0 gives

T-1 n—1 T-1 T—1
%(A(n)(d—f—;)(b(s))—i-Z[g B(n,s)( d+z¢ ]-i—;)p(n):
This yields

s—1

dy=-D [Tz( Z(p +23(ns)2¢(u)+p(n))].

n=0 §=—oc0 u=0
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Thus,
\do| < MT||9[|+|D~"|||p|IT.

On the other hand,

IFGny)| < Ayt 3 Blns)ys + p(o)

§=—o00

< Jaimias + i 6(5))

T—1
+Zan d¢+z¢ —I—Zp(n)‘
n=0

§=—o00

‘A —i—Zan

§=—o00

AW+ 3 1B Tlo] + Il

§=—o0

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

where K = max,co 7 1[A(n) + S2__B(n,s)|ID"'] |plIT + [|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 = (al-j) is a k X k real matrix, then we define the norm of A by

k
A| = max iil.
A= e, 3l

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

Ax(n) = A [Ax(n) + Y Cln—j)x(j)+gm)|, 2 € (0,1) 42.7)
J=—00
10 nel oo .
a=(p ) Stz let ) <= e
= o|C(u)| = a < X and CT (u) = C(u)(transpose). Assume that Q =¥ _; (A(n) +
" B(n,s)) is invertible. Then (4.2.7) has a solution in Pr for A = 1.

§=—00
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Proof. Set F(n,x,) = A(n)x(n) + Ya—_..C(n—s)x(s) + p(n). If we let

T-1 n—1 n s—1
ds=-0"'[ 3 (A T 00+ ¥ Clr=9) 3 9(a)+plm) .

then by a similar argument as in Theorem 4.2.2, it is readily verified that

T-1
F(n,y,) =0,
=0

n=

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 Ly > 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

FOuy)| < At 3 syt pln)

§=—o00

<A+ Y IC@)IT + |p|
u=0

2
< |A|J+JT25 +|lpl| <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 Zn: Cln—j)x(j)+Agn) (4.2.8)

J=—

A+1 0

does,whereD:( 0 1-2

) .Find E = ET such that
DTED — E = =21, as follows.

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

(e = ()

2
— 0
E:( %)H 5 )
2—-A

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

-2 A+l
o= (00 2) - (6 )
0 1-4 0 1% 0 2,73

Thus [DTE| <2 for 2 € (0,1). Find y > 2 + 2« such that (2 + y)a < 2. This is
possible because for a € (0, 225], it is elementary to verify that 2 420 < i —2.

Hence we may choose y such that 2 +20 < y < i -2.
Define a Lyapunov type functional

Also,

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

j:—o@ 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 X |C(n— j)[¥*(j) —x" (n)Ex(n)
j=—oo
= xT(n)DT—I—A'Zn: L (HCT (n—j)+ 28T ( )]
j=—oo

—x"(n)Ex(n)+Ay Y, |C(s—n) ¥ (n)

s=n+1

= x"(n)DT EDx(n) + Ax" (n)D"E i C(n— j)x(j)

Jj=—o0

+2xT (n)DT Eg(n) + A 2 x"(J))CT (n— j)EDx(n)

/7700

+A2 zx (HCT (n—j)E 2 C(n—j)x(j)

= ==

+22° Y X (j)CT (n— j)Eg(n) + Ag" (n)EDx(n)
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+A%eT (n)E Z Cln—j + 42T (n)Eg(n) — x" (n)Ex(n)

J=—o0

oo n—1
Ay Y [Cls—n)[P(n)— Ay Y, |C(n—j)I¥*(j).

s=n+1 J=—00

Hence

AV = x"(n)(DTED — E)x(n) + 24 2 x" (n)DTEC(n— j)x(j)

/7700

+24x" (n)DT Eg(n) +2A%g" (n)E i C(n— j)x(j)

Jj=—o0

+22 2 A (HC (n— j)E 2 C(n—j)x(j)

J=—o0 J=—o0

Ay Y [Cls—n)Rn)

s=n+1
-y Z |C(n— j)|¥*(j)+A%g" (n)Eg(n).
Note that

23 T WDTECH— () <23, I (n)][DTE]ICn— )| ()]

j==e ===

n

=DTE| 3, |C(n—j)|2]x(m)"|x())]

j=—oo

<ID"E|' S 1Cln— )| (2(n) +2())

Jj=—0c0

n

<2 Y [Cn— ) (P (n) +2%())

j=—oo

n
=20x%(n) +2 Y, [Cln—j)l2()).
J=—00
In the next two terms we make use of the following fact: for any real numbers a, b,
and L with L # 0, 2ab < I‘i + L?b?, which can be easily proven by using the fact
that (Z — Lb)2 > 0. As a consequence, for some L > 0 we have
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T T T T xz(”) 2\ T 2
2x (n)D" Eg(n) < 2lx" (n)| D" Eg(n)| <~ ;7 +L7|D" Eg(n)]
and

28" ME S Cln—j)x(i) < 228" ME| S 1Cn— )| 1x(j)

J=—00 Jj=—o0

< 3 ICln—j)2lg" (mE| k()

Jj=—o0

< NS T, 2
< Y lC(n—)) 2t 2, [C(n—j)l(g" (MEL)

Jj=—o0 Jj=—00

2 .
= ; |C(n—j)] L(z)—l—a(lgT(n)EL)z.

Foru—=s—n,

}/21|Cs n|x —yZ|C
s=n+
= you* (n) — 7|C(0) [x*(n).
Also,
Y Z ICn— NP () =7 Z [C(n— J)¥*(j) = YIC(0) | (n).
j=—ee j=—ee
Thus

oo n—1
Y X [Cls—n) )~y Y IC(h—j)I¥())

s=n+1 Jj=—00

= yox’( YZICn DHIEG).

Jj=—o0

Finally,

< 2 X WHICT (- Y o)

Jj=—c0 Jj=—o0

(2 WK GIICT (= ) >2+( 3 - piktl)

Jj=—0c0

2

IN
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(3 |c<n_,~>||x<,->|>2

j=—oo

n 1 1 2
(3 et e D))

j=—oo

23 IC—])I Y, IC—IRG)

Jj=—o0 Jj=—o0

IN

n
= 2u Z |C(n—j)|¥*(j), by Schwartz inequality for series.
j:—oo

Putting everything together we obtain

AV < A|=2x%(n) +2000% (n) + 2 zn: |C(n— j)Ix*(j)

j=—oo

2(n)

+L2

2 .
+IA(DTEg(n))? + 2 ci—* Y
g(n s

J=—o0

a(Ag" (n)EL)* + oy (n) —y Z |C(n— j)I¥(j)

J=—o0

120 3 Cn— )RG)+ |AgT<n>Eg<n>|]

je—

1
=2 {<—2+2a+ay+ Lz)xz(n)

+(2-pe20 ) 3100 00)

1" (n)Eg(n)] + (D" Eg(n)* + <gT<n>E>2a>L2} |

Since -2+ 20+ 057/ <0Oand2—7y+4+20 < 0 we may choose L large enough so that
—2+2a+ ay+ <0and2— 7+20¢+ < 0. Then we have

1
AV <A |(=2+2e+ar+ )xz(n)—i-M}
<A [—,uxz(n)—l—M]

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

n+T—1 n+T—1
0=V(n+T)- Z AV(i Z i) +TM

from which it follows
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I‘H’Tfl TM
> )<
i—n u
and ,
™
2 (+n—1)< .
j=1 u

Thus |x(n)|? is bounded over one period, and hence
[|x(n)|| <K, forsome 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(t+1) = a(t)x(t) +c(t) Ox(t — g(t)) + q(t,x(t),x(t — g(2)) (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@), gt)>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(z)].

ol = _max.[+(0)

Also, we assume that

IT a(s) #1. (4.3.3)

Throughout this section we assume that a(z) # 0 forall # € [0, T — 1]. It is interesting
to note that equation (4.3.1) becomes of advanced type when g(¢) < 0. Since we are
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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)| < Ll|x—z|| + K[ly — w]| (4.3.5)

for some positive constants L and E. Note that
lq(t,2,9)[ = q(2,0,0)[ < |g(z,x,y) = q(,0,0)| < L|jx—O0[| + K|y — 0]
= Lilx|| + K]yl

As aresult,

lg(2,,y)| < Lilx|[ + K]lyl[ + |¢(z,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(t) = e(t = 1)x(t — g(t))

1 i—1
- 1) _ra(s) ,:IZLT [X(r—g(r)) (a(r)c("— 1)— c(r))
t—1
+Q(r,x(r),x(r—g(r)))} IT a(s). (4.3.7)
s=r+1

Proof. The proof is the same as for (3.5.2) by summing from t — T 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 f : . — . 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) + (A9)(¢) (4.3.8)

where A, B : Pr — Pr are given by

(Bo)(1) = c(t =)ot —g(1)) (4.3.9)
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and
t—1 1 t=1
(49)(0) = (1= T ats) (0= g(r)la(r)e(r—1) = c(r)
s=t—T r=t—T
t—1
—I—q(r,(p(r),(p(r—g(r)))} Hla(s). (4.3.10)
s=r+

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@)(t+T) = (A@)().
Let ¢ € Pr. Then using (4.3.10) we arrive at

471 _tT-1
Ap)e+7) = [1= [T a)] % [o0r—gm)lat)ctr—1) =]
t+T-1
+a(r9(r),0(r—g()] TT als).
s=r+1
Let j=r—T, then
(A@)(t+T) =
t+T—-1 1 t=1
=] 3 [oU+T =g+ TNl +Teli+7 =1 =i +7)]
s=t Jj=t—
t+T-1
Ui+ Tpl+ )0+ T g+ T)] 1T a
s=j+T+1
t+T-1 1 t=1
=[] X [ol-eDlat)eti -1 =)
s=t Jj=t—
t+T-1
+a(,00)0(-gG))] T ats).
s=j+T+1

Now let k = s — T, then

t—1 1 t=1

(@) +1) = [1- [T a(®)]

k=t—T j=t—T
-1

+a(,90) 0 -0 T ats)

k=j+1
=(Ag)(t).
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To see that A is continuous, we let @, y € Pr with ||@|| < C and || y|| < C. Let

1
= _1 _
’EfaaT 1‘(1_1_[; ra(s) P reI[ItlE)T(,t] la(r)e(r=1) =]
—1

- . 43.11
7=, max 1]X:l:!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

|(a00) = (ave0)|

—Hl_n » i [(otr—s0) —wlr—500) (et~ D) <)
+ (q(r,<p<r>,<p<r—g<r>>>—q(r, v wir—g))] T ats)
s=r+1

t—1
<n Y [llo-wiB+Lie-vl+Kle-yl|r
-T

t—1
<m Y B+L+K)|o—yll=nyT(B+L+K)|lo— v

r=t—T
=M|o—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

c(t—l)H <C<l. (4.3.12)

Theorem 4.3.1 ([111]). Ler ot = ||¢(#,0,0)||. Let N, and y 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+m/T(B+L+K)}G+m/Ta§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(2,x,9)| < Lilx]| + K][y][ + o, we have

[Cao) (v =, _ppr
t—1

a(r0(r) 0(r—g()] ] als)+clt— Dl —g0)|

s=r+1

t—1

Y |olr—g()(ctr—Da(r) —c(r))

=t—T

t—1
<ny 3 [Llell+Klel+Blol+a]+ Ll
r=t—T

SUB+L+K)[oll+ T+ Clyll
<NYT(B+L+K)G+nyTa+ G

= {¢+mT(B+L+K) }G+nyTa
<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+Tyn(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

|(t00) - (v)]

|(2o) + (a90)) - (BW) ( )H
[((300) - (3vi0
|(2o0)) - (v [+ (40 ) (W)H

IN
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t—1

<Clo-vll+mm 3 [Llle-vl+Klo—vi+Blle—yl]
r=t—=T

< [c+Tm(B+L+K)]lo— vl

< Vig-vl.

By the contraction mapping principle, (4.3.1) has a unique 7-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(t) # 1 for all t € [0,T — 1]. Set

= mi —1 = k
leggzuwv) |, o nax (1),

where k(t) = ¢(t) — c¢(t — 1). Suppose 1 — ||c|| > 0. If
p(I=llel) > (1=1le[)(6 +L+K)+Tp(|la—1||+L+K)
holds, and G is defined by

o(1—|lel|+Tp

O p(= el = (1= Il (8 + 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

Ax(t) = (a(t) - l)x(t) +e(t)Ax(t—g(t) +qt,x(0),x(t — (1)) (43.14)

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 T — 1 gives

T—-1 T-1
3, £x(s) = 3, [(als) = Dals) +(5)a(5 = 8(5)) +a(5:x(5):x(5 = 06) |
Or,
T-1
A1) =(0) = 3, |(als) = 1x(6) + e(5) (s = g(6)) + alssa(s)x(s = 8(5)

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

T-1

0= [(als) = 1)x(s) + e(s) Ax(s — g(5)) + (5,x(5),x(s — 8(5)) |. 43.15)

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

T—1 T T—1
3, (s = g(5) = cls = Dnls =g _, = 3, xls - gls))scls—1)
=c(T = 1)x(T —g(T)) — c(=1)x(0—g(0))
T—1
- ZE)X(s—g(S))[C(S) —c(s—1)]
Til
=- ZE)X(s—g(S))[C(S) —c(s—1)].
As aresult (4.3.15) becomes

T-1

2. la(s) = 1)x(s)

T

= ;)x(s —g(s))[c(s) = c(s = 1)] — g(s,x(s),x(s — g(s)). (4.3.16)

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

T

a(t*) — le(t*)

T-1
<y }a(s) - 1Hx(s)
s=0

Suppose such t* does not exist. Then

Ta(t*)—le(t*) >,
which implies that
T‘a(t*)—le(t*) >S+e.
Or
T-1 T-1
S+e¢
Y Jat) 1| [se)| > ¥ re
*=0 t*=0 T

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

T‘a(t*) - le(t*)

T-1
< 3 [k xts— g6+ g (ss2(6):206 — )|
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By taking the maximum over ¢ € [0, T — 1], we obtain from the above inequality

Tpllx(t* Z 3||X||+LIIXI|+EIIXI|+06)

Y

~
—_ o

(
((6+L+E)||x||+a)
= (5+L+E [l + ),

which gives us

1
()| < , (8 +L+K)||x|| + IO)‘. 4.3.17)

Since forall 7 € [0,7 — 1]

i1
x(1) =x(t*)+ Y, Ax(s)

s=t*

taking maximum over ¢ € [0, T — 1] and using

(@] < []x(@)I + Z | Ax(s)
yields
1 a
[lx(®)]] < 5 (8+L+E)||x||+ P +T||Ax]|. (4.3.18)

Taking the norm in (4.3.1) yields
Ax@O] < lla = [ 1x]] +[lef] [[Ax]]+ KT[x]| 4 L||x|| + cx.
Or
(1= lel)ax@l < (lla =11+ E+L) x| + e
Thus

lla= 1|+ E+L)]lx]| + o

lAax(o)l < el

(4.3.19)
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A substitution of (4.3.19) into (4.3.18) yields

(lla= 1]+ K+L)|1x| +a

1 o
x| < (0+L+K)||x||+ +T
WOl < @+ L4 R+ —

Hence

(1~ [el| + Tp) _
TS o1 el = (1= el 3+2+ B) = Tp(lla— 1] +L+E) =€

Thus, for all x(t) € Pr we have shown that
(@] <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) + AQ(t,x(t — g(1))) + G(¢,x(1), x(t — g(r))) (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(r)| = max |x(z|.

o = maxs(6) = _max.[+(

Note that Pr 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;<;<, X}_; |a;;|. 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(t+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

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

with g : Z — Z7 being scalar and Q(z,x) and G(¢,x,y) are continuous functions and
periodic in ¢ of period 7. That is

Q(t+T,x) = 0(t,x), G(t+T,x,y) =G(,x,y). (4.4.4)

Throughout this section it is assumed that the matrix B(¢) = I + A(t) is nonsingular
and system (4.4.2) is noncritical, where [ is the n x n identity matrix. Also, if x(r)
is a sequence, then the forward operator E is defined as Ex(z) = 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) = 1. Then

(i) detK(t) # 0.

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

(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 +
T)=LTK (1)

With the above-mentioned K (#) 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) = Q1. x(r = (1))
4T
+ K@) (KT 1) X K () (1=AWB ™ (0)) [A@W)Q(u, x(u— g(w)

u=t

+ 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(¢) be a fundamental matrix of
solutions of (4.4.2). First we write (4.4.1) as

Afx(t) = (1, x(1 — (1))} = A(0){x(t) — Q(r,x(1 — g(1))) }
+A@)Q(t,x(t — g(1))) + G(2,x(),x(t = g(1)))-
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Since K (1)K~ (t) = I, it follows that

N (K(;)K*l(t)) = K@) AK (1) + AK()EK(r)

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

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

A{K10) (x() - 0(e.x(e = g(1))) |
= K104 (x(1) = Q(t,x(t —8(0))) ) + AK™ (0)E (x(1) ~ Qle,x(t — ¢(1) )
= K7 (0)]A(0) (x(1) — Q(r.x(r — (1)) ) +A() Q1 x(r — () + Gle,x(0), (1 — g(0))) ]
—K OAWB(0)[B() (x(1) — 0.3t (1))
FA)Q(t,x(t — (1)) + Glt,3(1) x(t (1)) by (4.4.6)
= K7 (O (1=AWB™' (1)) (A0Q(x(t = (1)) + Gl x(0). x(t —g(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))) )
+ Km;z;w(u) (1=AWB " () [A@W O, (u— g(w))
+ G, x (), x(u — g(u)))} . (44.7)
For the sake of simplicity, we let
D) = (1= A@B™ @) ) [A) Q1 x(1 — g())) + Glat () x(u — g ) |-

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

_17T-1

x0-0(0,x(~g(0))) = (I-K(T)) ¥ K(NK ' w)D(u). ~ 448)

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

1T-1

x(1) = 01, x( = g(1))) + K (1) (1= K(T)) S, k() K (D)
+t§ K@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

(-km) = (k& @)-n) = (K0)-1) K@),

(4.4.9) becomes

_17-1
() = 00,x(t @) +K0) (K1) ~1) 3 K D)
t—1
+ %K(t)K*l(u)D(u)
_ T-1
= 01x(t— @) +K() (K1) ~1) {3 K wD(w)
u=0

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

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

By (iv)wehave K(t —T) = K(t)L™T and K(T) = L, where L7 = (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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u=T
t+T—1
+ ¥ K WD)}
u=T
171
= O(1,x( — (1)) + K (1) (K(T) 1) , KD

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) = 0(t,0(t — g(1)))
—1t+T-1
+K(t)(K*1(T)—I) )) K*l(u)(z_A(u)B*(u))
<[40, 9~ £(1) + Glu, 0(u), plu—g(w)))]. @41D)

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

(Bo)(t) = 0(t,p(t —5(1))) (4.4.12)
and

_1t+T—1

o)) =K (K 1D)=1) 3 K (=408 W)
X A0, ¢~ g(u))) + Glu, @(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>, and E3 such that

0(7,x) = Q(t,y)| < Eq[lx—y]| and (4.4.14)

|G(t,x,y) — G(t,z,w))| < Ex|jx—z|| + E3|ly — w||. (4.4.15)
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Observe that in view of (4.4.14) and (4.4.15) we have

10(1,x)] = 1Q(t,x) — Q(£,0) + Q(1,0)]
< 10(t,x) — Q(¢,0)[ +[Q(z,0)|
< Eqflxl[ +cx.
Similarly,
|G(t,x,y)| = |G(t,x,y) — G(t,0,0) + G(¢,0,0)]
< |G(t,x,y) — G(t,0,0)| + |G(z,0,0)|
< Ex|lxl| + Esllyll + B

where o0 = max,cz |Q(¢,0)| and B = max;cz|G(t,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
Coll < 3[40t olu—gu) + Glu o). 9u— ¢(w)

where

F= max ( max ’[K(u)(zrl(r)_I)K*I(t)}71(1-A(u)371(u))’)

t€[0,7—1] \t<u<t+T—1
(4.4.16)

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

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

t+T—1

Co)) = Y K& @)K 0]
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As (Co)(t) € Pr, we have

t+T—1 . . 1 o
€Ol = max [ 3 [Ka & D)=DK 0] (1-AwB W)

% [A@WO(, @(u—g(w))) + Glu, o(u), @(u—g(w)||

< max ( max ][K(u)(zrl(r)_I)K*I(t)}71(1-A(u)371(u))’)

 1e]0,T—-1] \t<u<t+T—-1
T-1
< 3[40 o =) + Gl 9 0l g |

This completes the proof of (I). To see that C is continuous, we let ¢,y € Pr with
lle|| < D and ||y|| < D. Given € > 0, take § = €/N such that ||¢ — y| < 8. By
making use of (4.4.14) and (4.4.15) into (4.4.13) we get

|co—cy|| <] aE N0 —viI+(E+Es)lo— v
<Nlp-vyl<e
where E1, E;, and Ej3 are given by (4.4.14) and (4.4.15) and N = rT(|A|E1 + E» +
E3). This proves C is continuous. Next, we show that C maps bounded subsets into
compact sets. Let J be givenand let S={p e Pr:|| ¢ [|[<J}and Q={Cop: ¢ €
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 E is given by (4.4.14)
then B is a contraction.

Proof. Let B be defined by (4.4.12). Then for ¢, y € Pr we have
Bo—By| = Bo—B
1Bo — By [Gg}ygl]l ¢ — Byl
<E max [0 —g(0) ~ wl—g())
< Cllo—wlll-

Hence B defines a contraction mapping with contraction constant ¢.

Theorem 4.4.1. Let oo = 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

a+ElJ+rT[|A|(E1+a)+E2+E3}J+rT/3 <J. “.4.17)

Let M = {¢ € Pr:||p|| <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| < Edllvl|+atr X [1Al(0+Edllol)) + Exllol| + Esliol| + B
u=0

< a+E1J+rT[|A|(E1 +a)+E2+E3}J+rTB <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+ 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,

QG ot —g®))ll < J1,

and

t+T—1

(K1) -nK ()]

u=t
[40)0(u, 9~ g(1))) + Glu, 0(w), @ — g )| | < 72
for positive constants Jy and J. If
Ji+J <J,
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\+rT(JAJE1+E;+E3) < 1.
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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(|A|E, +E2+E3)) o —wl.

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,0(1), 9t —8(1)) = fi(1)* (1) + f2(1) 9° (t — (1)),

where f1(¢), 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 oc 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(t,x) = Q(t,y)| < Ef[lx =y,
G(t,,y) = G(t,2,w))| < E3 |lx — 2l + E5ly — wl,

and
oa+E{J+rT ||A|(Ef + o)+ E5 +E5|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

E{+rT(|AIEf +E, +E5) < 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

A2x+ (x> — 1) Ax—x— g1 A (COS(ITL')XZ(Z‘ - 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) - <(1) i) <2) A (elcos(m)g%(z_g(t)) > + (ezcos(mg)_ &xﬂ%) :
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where

A (‘1) i) O(r,x(r—g(1))) = <glcos(m))(c)%(t—g(f)))

Gt 030~ 80D = (s —ereni? )

gcos(mt) — exx

and

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

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

|Gt o), 0 — (1)) = Glr, W) Wit - g(0)|

<P1(f)—lI/1(f)>}

< & max | (@2(0) (91 (1) + 1 1)), W3(0) (
o2(1) = yalt)

t€[0,1]
<2877 o—vy.

Hence, we see that B = &,F, = 26,J%, and E3 = 0. In a similar fashion, we obtain
o =0and E; = 2¢,J%. Thus, inequality (4.4.21)

281]2 +2r {281J|A| +282]2}J+2}’82 <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

26 +2r [281J|A| + 282.]2} <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,c7|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 <. (4.4.21)

Then for M = {¢@ € Pr: ||p|| < J}, equation (4.4.1) has a solution in M.
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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) = Da(o) +SGw) + 3, Kl g +p(n), @S

Jj=—oo

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 —eo < 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)+ Y, C(n—j)x(j)+g(n),n € Z with i |C(u)] <o (4.5.2)

Jj=—o0 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, Elaydi 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

Kt ) =ax(n) +SG)+ 3 K eG() +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))

2 Y Klng(x() +Ap(n). (454

Jj=—o0

One may easily verify that

n—1
x(n) =4 % m O [ (em 14 D)x() + ()]

J=—o0
n—1 s
+ A m N K (s, j)g(x()))
§=—00 j=—co
n—1 )
+ 1Y pljym i (4.5.5)
/':700

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
m=A Y mo [(—m*11+D)X(j)+f(X(j))}

+ 2 Y pljym i, (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 ¢;, ¢» € Pr and use (4.5.6) to obtain,

(t00)— (Ho)| < T o0V (-m 14 D~ oo
fnll
n—1 i
+ X I VA (0n) — £(92)]
J=—

n—1
+0 Y, |m " Vg(91) — g(2)]-

§=—o00

By invoking the continuity of f and g and the fact that the infinite series
27;1700 lm~("=i=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 (HQ)(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 YePr:|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) = A(—=ml +D)x(n) + mx(n) + A f (x(n))

3 Kln)g(a() +Apln) @57

Jj=—oo

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

n—1
x(n) =4 3 m U0 (ml 4 D)x(j) + £ (+()

Jj=—o0

+ 2 Y p(j)m U, (4.5.8)

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

Kt ) =ar)+fx0) + ¥, KO gl +p(n), (459)

J=—

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 : ZT — R and R > 0 such that
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oo

|K(n,u+n)| < F(u), with Y |F(u)| <R, (4.5.10)
u=0
and
n—1 o
K(s,j)| < oo. 4.5.11
Tg;jgwgl (s, ) (4.5.11)

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 oo > 0 such that

f()+Rlg(x)] < el

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

where [ 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 i K(n,j)g(x(j))+Ap(n). (4.5.13)

Jj=—oo

Our aim is to show that there is a priori bound, say L such that all solutions x(n) of

§=—o00 J=—o0 §=—o0

for 0 < A < 1 satisfies |x| < L. Once this is accomplished then we can rule out (i)
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

Kt 1) = ) AL+ 3, Kl fea) +Ap),  @514)

—
where (t =m—+ A(—m+ a). Define the Lyapunov functional V by
n—1 oo
V() =kl +2 Y 3 IK(s, )80 (45.15)
Jj=—ocos=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(-)) = [x(n+1)| = [x(n)[+ A i K (s,n)|lg(x(n))]

s=n+1

n—1
—A X [K(n )lls(x()]

J=—

< (Il = 1)) + A1)+ 2 X Kl lg(a(m) + o)

< (Jul = 1) x(m)| + LF@] +Rlg(x) + o

< (Iul+ o= 1) x(m)] + |p|
=B [x(n)| + |p|-

IN

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

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

n+T-1

<-B 3 R6I+TIpl

This implies that
n+-T-1 T|p|
()] < .
Z p

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| + oc — 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 yt = 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|+ a — 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 o. > 0 such that

[f () +Rlg(x)] < exlx],
and
|1| — a—1> B, for some positive constant 3,

where UL 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

n—1 oo
V(nx() =|x(m) =4 3, Y K(s, /)llg(x()))]- (4.5.16)

Jj=—cos5=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)| = A i K (s,n)|lg(x(n))]

S=n

n—1
+ A 3 |K(n,j)llg())l

Jj=—oo

> (Jutl = 1) bx(m) | = (1£(9)| + RIg)]) - [

> (Jul+ 0= 1) x(m) |~ |p
> B Ix(m)| - |pl.
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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(-)) = ; AV (s,x(+))
n+T-1

=B Y o)l-Tp.

This implies that

n+T—1 Tp
; 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 a > 1. This concludes the proof of
Case 1.

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

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 g = 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)), (4.62)

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

Ax(t) = g(x(t — L)) — g(x(t — Ly — La)), (4.6.3)
Ax(t) = g(x(1)) = Y, pls—1)g(x(s)). (4.6.4)

-1
Ax(t)= Y pls—ng(x(s)— 3 qls—1)g(x(s)): 46.5)
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(z) = 0 in (4.6.2)—(4.6.5) provided that

71 71
S pls)=1,and Y g(s)=1.

s=—L S§=—00

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 w(¢) : [-L,0] — R be a given bounded initial function. We say x(¢,0,y) is a
solution of (4.6.4) if x(¢,0,w) = w(¢) on [—L,0] and x(z,0, v) 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 —1
Ax(t)=200 Y, pls) Y, glx(u)), (4.6.7)

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

Y pls)=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—yl. (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)l(—=s) <&. (4.6.10)

s=—L

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

< < 1 k(L+1)
KX POl =k 3 (=) =",
s=—L s=—L
Thus, condition (4.6.10) is satisfied for
k(L+1) <e

2

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

-1

-1 —1 t—1
x()=w(0)= Y pls) Y gww)+ Y pls) Y, glx(w). (4.6.11)

s=—L u=s 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 y : [—-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 y : [—L,0] — R be a given
initial function. Then, the unique solution x(t,0,y) of (4.6.4) satisfies x(¢,0,y) — r,
where r is unique and given by

—1

—1 —1
r=w(0)+g(r) X, p(s)(=s)— X, p(s) X g(w(u)). (4.6.12)

s=—L s=—L u=s

Proof. For | -| denoting the absolute value, the metric space (R, |-|) is complete.
Define a mapping 77 : R — R, by

—1 —1 —1
Hr=y(0)+g(r) X, p(s)(=s)— Y, p(s) Y &(y(u).

s=—L s=—L u=s
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Fora,b € R, we have

| #a—b| < 2 Ip(s) b)| <k Z P(s)|(=s)la—b| < &la—b].
s=—L

This shows that 57 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) — r ast — oo. Then (M, || -||) defines
a complete metric space. For ¢ € M, define &2 : M — M by

(2¢)(t) =y(r), for —L<t<0,

and
—1 -1
(29)(1) Z pls Zg @)+ Y, pls) Y, g(9(w)), for t>0.
s=—L u=s s=—L u=t+s
(4.6.13)
For ¢ € M with ¢(¢) — r, we have

t—1

Zp Y g Zp , ast — oo,

s=—L u=t-+s s=—1L
Then, using (4.6.12) and (4.6.13), we see that
—1
(29)(1) = w(0)+g(r) Y, p(s)(— Z p(s Zg
s=—L s=—L u=s

Thus, & : M — M. It remains to show that &2 is a contraction.
For a,b € M, we have

—1
|(2a)(t) = (2b)(1)| < 3 [p(9)(=s)lg(als)) — g (b(s))]

s=—L

<k Z Ip(s)|(=s) [a— b < Glla—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
function is stable. Moreover, if w| and y, are two initial functions with x(t,0, y; ) —
r1, and x(t,0,yn) — 1o, then |r| — ry| < € for positive €.

Proof. Let ||y||(_. 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 2;,i = 1,2 be
the mapping defined by (4.6.13). Then by Theorem 4.6.1 there are unique functions
01, 6, and unique constants r; and r, such that

D101 = 01, P26, — 65, 0,(t) =11, 02(1) = 12

e(1—kZ! L Ip()|(=)

Let € > 0 be any given positive number and set 6 = N
LS [p($)](=s)

Then

01 (1) — 62(1)| = [(Z161) () — («9”292)( )l

< |y1(0) — y2(0)| + Z pls Zlg(% ) —&(va2(9)]|
s=—L u=s
—1 1—1
+ > pls) Y 1g(6i(s) —g(6a(s))]
s=—L u=t+s
< [y1(0) — w2 (0)| +k Z IP()(=9)||w1 — wall|—L g
s=—L
+k Z Ip(s)[(—=9)[|[61 — 6]].
s=—L
This yields
1+k3 2 |p(s)l(—)
161 — 6| < " llvi—wall—ro <&,
1=kZ L |p(s)l(—) o
provided that
e(1-kX L1p(s)I(—9)
w1 — vl 0 < ( L ) = 8.

1+k3 L 1p(s)|(=s)
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This shows that

[x(2,0, 1) —x(1,0,y1)| < &, whenever |[y1 — yal[[_10) < .
For the rest of the proof we note that |6;(r) — k;| — 0, as t — oo implies that
[ri = ra| = [ = 61(1) + 61(2) — 62(2) + 62(1) — 12

< [ri = 61(1)[ + 161 — 6a] |+ [02(1) — a2 = |61 — 62|, (as 7 — 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

t—1 t—1

Ax(t)= Y, pls—0)gx(s)— Y, qls—1)g(x(s)) (4.6.14)
s=t—L §=—o00
and rewrite it as
—1
x(t)==00 ) pls 2 g(x(u))+ 2 2 2 qu (4.6.15)
s=—L u=t+s S=—o00 |f=—00

where we have assumed (4.6.8) and

—1
Y qls)=1. (4.6.16)

§=—o00

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

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

s=—L u=t-+s S=—ocoy=—o0
where
—1 s
0+ 3 20 T etw)- 3 3, alue(vis) (4.6.18)
s=—L u=s s=—coy=—o0

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 o, so that for 0 < o0 < 1, we have
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—1 —1 s
(3 P69+ 3 Y latl) < e 46.19)

§=—o0|=—00

Then, the unique solution x(t,0,y) of (4.6.14) satisfies x(t,0,y) — 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=—ooy=—00
and c is given by (4.6.18).

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

—1
Hr=c—g(r) Y, p(s)(~s Z Z qu

s=—L §=—oco=—o0

Fora,b € R, we have

| #a—Hb| < Z p(s)(=s)llg(a) — g(b)| +[g(a) IZ Z lq(u)

§=—ocoy=—00

— —1 s
<t 3 b9+ Y 3 latw])la—b

s=—L S=—coy=—00

< ala—b|.

This shows that 7 is a contraction on the complete metric space (R, |-|), and hence
¢ has a unique fixed point r, which implies that (4.6.20) 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 ¢ :
[—o0,00) — R with ¢(¢) = y(r) on [—e0,0],¢(¢) — r as t — o. Then (M, ]| - ||)
defines a complete metric space. For ¢ € M, define &2 : M — M by

(20)(1) = w(1), for 1 € (—e=,0],

and

t—1
(Z0)(t —C—Zp Y g +2 Zq for £>0

s=—L u=t+s S=—ooy=—00
(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—1

-1
> pls) Y g 2 p(s , ast —» oo,

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

Y q(uw)g(9(s) —glr) Y, Y qlu), ast — . (4.6.22)

S=—ool=—00 §=—00 [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(0(r)) —g(r)| < Q foralltand |¢(r) —r| < €if T <t < oo.

With this in mind, we have

S S dwlsew)-s0)|< Y Y 4w

S=—oco——o0 §=—ooy=—0c0

)| (s0 >>—g<r>)!

t—1 s—t

+ Y Y )| (s(0() ()|

s=T u=—o0
SQZ Zlq |+ZZIq )¢(s) —rl
§=—ooy=—o0 s=T u=—oco
t—1 s—t
<Q Z Z lg(u)| +ke D, D, lq(u)
§=—ooy=—o0 s=T u=—o0
T—t—1 s =1 s—t
<0 Y Y lawltke 3 3 lalw)
T—t—1 =

Due to the convergence that was assumed in (4.6.19), we have Y, Y [q(u)| —
§=—00 Yy=—00
t—1 st
0, ast — oo. Moreover, for T <t < oo, condition (4.6.19) implies that ke 2 2 |

§=—ocoyy=—00

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

~1
[(Za)(t) = (2b)(1)] < X p(s)|(=s)lg(als)) — g(b(s))]

s=—L
t—1

+ 2 Z |q(u)llg(als)) —g(b(s))]

S=—ocoy=—00

<k Z 0+ T S a1l

s=—L §=—ooyy=—oc0

< olla—bl|.

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(t) = g(t,x(t))— Y, p(s—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 t—1
Ax(r)=200Y, pls) Y, glux(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 =t — 1 we arrive at the expression

—1 -1
x(@t)= p(s) Y glux(u))+ec, (4.6.27)
s=—L u=t+s
where c is given by
~1 —1
c=y(0)— >, p(s) Y, g(u, 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(t,0,y) — 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 & : Ml - M by

—1 t—1
(29)(t) =c+ ;Lp(s) ; g(u, ¢(u)) (4.6.29)

Next we show that

(Z¢)(t+1L) = (Z9)().
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To see, for ¢ € M, we have

—1 t+L—1

(29)(t+L) =c+ Y, p(s) X 8u,9(u)

s=—L u=t+s+L
t—1

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

1
=c+ Y pls) Zglq) =(29)(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 (Z¢)(t) — p(¢).

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

(2)(1) = (1), for —L<1<0,

and

(Z¢) —C+2P Zg , for 1 > 0.

s=—L u=t-+s

-1 t—1
[(Z20)1)—p(®)| =] Y p(s Z g(u, o (u Z pls) Y, glu,p(u))|

s=—L u=t+s s=—L u=t+s
—1 t—1

< 2 pG)| X ko) —p(u)l
s=—L u=t-+s
—1

< 2 |p(s)] z k|¢(u (u)] =0, ast — oo,
s=—L u=t—L

since |¢ () — 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,r) (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 —1
0=2Ar=20, ), p(s) Y, gur)

s=—L u=t+s
1
- ,Z,Lms)(g(nr)—g(fﬂvr))
—1
=g(r,r) Y p(s) ZP glt+s,7)
s=—L s=—L

Zp (t+s,r), due to (4.6.8).
s=—L

Or,

z p(s)g(t+s,r).
s=—L

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
Axy = hpxy + ) > an,if(yi)
e 4.7.1)
AYn = pnYn+ ) 2 bn,ig(xi)
= oo
where f and g are real valued and continuous functions, and {a,;}, {bni}, {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 T such
that
a1 =y PutT = DPas (4.7.2)

A+ T,i+T = An,i; 4.7.3)

and
buit,ivT = bp i (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
AXn = hpxp + Z an,if(yi)

il , n=1,2, ..
nynzzpnyn+ §iangCW)

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

x5(n) = ag(n) + bs(n)xs(n) + 21 Z:‘)Ksp(n,i)xp(i), neN,
p=li=

where ag, by, x; : N = Rand Ky, : 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,)} .z, 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 [l sup |cn|} <o

nez~ nez—
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and for each n € N, the series

0

0
2 anif (mi) and 3’ big(§)

j=—oo0 i=—oo

converge. It is clear that for any given pair of initial sequences {(1,{u)},cz- in S
there exists a unique solution {(x,,yx)},c7 of the system (4.7.1) which satisfies the

initial condition
Xn Nn _
= forneZ . 4.7.5
()= (%) orn 75

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 (xn,y¢) := {(n (M), 30 (§))} ez, where

(Mn, Gy) forn e Z~
(%n,yn) forneN

(50 ()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 pointin 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,, 17 = 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,y)|| :=max<{ max |x,|, max )
o) = max{ max. s, max b}

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

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

by
E(x,
E@J%—{E@J%h%*—{<é&§k>} ’
P nez
where
%, forne Z~
— n+T—1 /n+T—1 i
Ei(x,y)n o ( Im (1 +h1)) Y aimf(ym) forneN ~’ @70
i=n I=i+1 m=—oe
o forne Z~
— ntT—1 /n+T—1 i
Ey(x,y)n : o 3 ( Im +Pz)) Y bimg(xm) forneN 4.7.7)
i=n I=i+1 m=-—ce
and

-1

T-1
oy = ll — H(l +h1)

=0

-1

71
op = ll -1 +p)

=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
I11+h,¢1am1[11+p,¢1 (4.7.8)
=0 =0

The pair (x,y) = {(Xn,Yn) } ez satisfies
E(x,y) = (x,)
if and only if it is a T-periodic solution of (4.7.1).

Proof. One may easily verify that the pair (x,y) = {(xz,y1) } 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) = {(%u,x)} ez is a T-periodic sequence satisfying (4.7.1) for all

-1
n
n € N. Multiplying both sides of the first equation in (4.7.1) with (H (I+ hl))
1=0
and taking the summation from n to n+ 7T — 1, we obtain

n+T—1

1 e -t
2 AN EY <11_!) 1+h1)> = <H(1+h1)> > aimf(ym)-

i=n 1=0 m=—oo
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This implies that

n+T—1 - n—1 !
( I (1+h,)> % (H(Hh»)

1=0 =0

i=n 1=0 m=—oo

n+T—1 [ i -t
= 2 <H(l+hl)> z ainf (Ym)-

n+T—1 T-1
Using the equalities x, .7 =x, and [T (14+k;)= [I (1+A;), we have E1(x,y), =
I=n =0

(xn,yn) for n € N. The equality E»(x,y), = (x4,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 Wi,
W,, K1, and K> such that

If(x)] < W 4.7.9)
lg(y)| < Wa, (4.7.10)
n+T—1|{n+T—1 i
low| D | TT +h)| Y laiml <K, (4.7.11)
i=n I=i+1 m=—oo
and
n+T—1 |n+T—1 i
oo X | TT o) Y Jbiml <Ko (4.7.12)
i=n I=i+1 M=—oo

forall n € 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

n+T—1|n+T—1 i
eyl <lewl X | TT (+m)| X laiml [£Om)| S WiK1,  (47.13)
i=n |I=i+1 m=—eo
and
n+T—1 n+T—1 i
|E2(X,y)n| < ’O‘p’ Z O)p H (1+P1) Z |bi,m||g(xm)| SWZKZ (4714)
i=n I=i+1 m=—co

forall n € N. If we set W = max{W,K;,W>K }, 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

!
X, — Xn

yil_)’n

limH(xl,yl)—(x,y)} zlim< max { ,

[—oo I—e0 \n€(1,T]y,

=0.

El (xlayl)ﬂ _El(x,y)n

2

3

HE(xl,yl) —E(x,y)H = max{ max
nell,T)y,

max ‘Ez(xl,yl)n —Ex(x,y)n
nez

in which

El (xlayl)ﬂ _El(x,y)n

= |oy,|

n+T—1 [n+T—-1 i
> ( I (1+hl>> S aimf () -

i=n I=i+1 m=—oo

n+T—1 (n4+T—1 i
2 ( H (1+hl)> Z ai,mf(ym)

i=n I=i+1 m=—oco
n+T—1|n+T—-1 i ;
<lowl ¥ | IT (+m)| 3 el [£O5) = £Om)].
i=n | I=it1 m=—co
Similarly,
L n+T—1|n+T—1 i ,
Ex( )= Bty <ol X | TT (tp)| 3 Ibinl [36h) — 805)|.
i=n |I=i+1 m=—oco

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

lim HE(xl,yl) —E(x,y)H =0.

[—eo
This shows that E is continuous. Finally, we have to show that EQ2 (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\)},cz
has a convergent subsequence {(xﬁ,k,yf,k)}. By repeating the diagonalization pro-
cess for each / € N, we can construct a convergent subsequence {(x,y’)}; ey
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

lg(x)] < 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)| < WiK, forall (x,y) € Q(W).
This along with (4.7.15) imply
i

2, [biml8(m)]

m=—oco

n+T—1

[E2(x,y)l < 3

i=n

n+T—1

op H (1+p1)

I=i+1

i

D, |bimlg(|E1(x,)])

m=—oco

n+T—1
<

n+T—1

0lp H (1+p1)

i=n I=i+1

< Kg(WiKy).

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

LFO < £y,

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

h, = 1+cosnm,
pn=1—cosnr,
—n

_ i
Aani = bn,i =e

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

Then (4.7.1) turns into the following system

n .
Axy, = (1 +cosnm)x, + x e sin(y),

n
Ayn = (1 —cosnm)y,+ Y e "sin(2x;)
j=—oo0
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) = {(Xn,yn)},cz Of sys-
tem (4.7.1) satisfying
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1n+1 n+1 i

z [1 2+cos(in)) Y & 'sin(ym),

i=nl=i+1 m=—oo

n+1 n+1 i

2 IT 2—cos(in)) Y, " sin(2x,y),

i=nl=i+1 m=—oco

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,},.; 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 +hj)=1and [J(1+p;) =1. (4.7.16)
Jj=0 j=0

Then we define the sequences @ := { @, }nen and Y := { Y, }nen as follows

’i:[l 1 "1:[1 1
Q= and y, 1= . “4.7.17)
j:()l—l—hj j:()l-l-pj

Furthermore, we define the constants my, My, k = 1,2, by

my = min M; := max my i= min i|, Mp:= max il
L ze[lT |(pl| b 16[17TZ|(PI| 2 ie[l,T]Z|Wl|’ 2 ie[l,T]Z|Wl|

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

the series _ '
> D laiml <ccand Y, D |bim| <o (4.7.18)

i=0m=—oco i=0m=—oo

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

hmz 2 |a,m|_11m2 2 |bim| = (4.7.19)

n—oo !
I=nMm=-—0o° i=nm=—oo

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) } ez

satisfying
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Xp 1= uﬁll) + vﬁll)

i af? 2

forn €N, where
O = o_ T +
w = [T0+n), w” = [J(1+pj).nez
Jj=0 j=0

c1 and c; are positive constants, and

lim v\V = lim v = 0.
n—soo n—soo

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

@n € {@1, @2, @} and Wi, € {Y1, 92, Y7}
for all n € N. This means
mi < [@u| <M, (4.7.20)
my < |yu| < Mo (4.7.21)

for all n € Z. Define
B: {(Q)’lfl) : q): ¢1+¢27T:%+%7(q’17l}’1)n+T = (Qlulfll)rh and(%u%)n —
(0,0) as n — e}. Then B is a Banach space when endowed with the maximum norm

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

For a positive constant W* we define
QW) :={(xy) €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,¥),} ez = { (gg:ig:) }nEZ7

where

Xn forne Z~

Eilohn = S 4w : 4.7.22)
' c1 (;n_.z hX (p(;lai,mf(ym) forne N

I=nMm=—o°
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and

Yn

E; (xv)’)n = s l;n _ E 2 lV’“b, mg(xm) forne N

4 Periodic Solutions

forne Z~
(4.7.23)

I=nm=—oo

We will show that the mapping E* has a fixed point in B. First, we demonstrate that

E*Q* (W

1
E*(X,y) —C
‘ eI e,

and

This implies that

|Ef(xmyn)| < Mlmf1W1a+ e

and

|E; (xmyn)| < MszIWQb -+

If we set

W = max{Mlm1 Wia +

then we have E*Q* (W*) C Q* (W

) QF (WH). T {(x,y)} € Q* (W

1
E*(xuy) —
2 n Vi

*), then

<M1m11W12 2 |ai m| (4.7.24)
l nm—=-—oo

SMWlIIle z |aim|
i=0m=—co

= Mm; 'Wia, (4.7.25)

< Mom; sz 2 |bim (4.7.26)
I NnMm—=—oo

SMQMEIWQZ Z |bim|
i=0m=—o0

= Mam; 'Wsb. 4.7.27)

C1
1

(&)

mzl

M2m2 1W2b+ 22},

*) as desired.

Next, we show that E* is continuous. Let {(x9,y7)},cn be a sequence in Q* (W)

such that
limy e | (6, y7) —
we must have (x,y) € Q* (

|ET (X7, y")n = E{(%,)n

and

|E3 (x?,3%)n — E5 (X, )n

(x,)[| =0, where (x,y) =
W*). From (4.7.22) and (4.7.23), we have

{(Xn,Yn) }pez- Since Q* (W) is closed,

Oit1

|aim| 1 f (V) = F(m)

LA

Vi1

|bim! g (k) — 8 (xm)] -

<23 [%

HMg
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Since f and g are continuous, we have by the Lebesgue dominated convergence
theorem that

lim [[E7(x?,y7) — 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,¥u) },cz of
the system (4.7.1) is a fixed point for the operator E*. This means E* (x,y) = (x,y)
or equivalently,

I & & o
m=c . =3 > O Om) (4.7.28)
On iSam=—c Pn
and ‘
_ 1 o v Vit
Yn=cC — 2 2 bim&(Xm). (4.7.29)
Yo o iSum=—e Yn

Conversely, any pair (x,y) = { (X, Y1)} 7 satisfying (4.7.28) and (4.7.29) will also
satisfy

n n—1
X1 —Xn(L+hy) = et (JT(1+hj) — (1 +ha) [T(1 + 1))
j=0 j=0

=

+(1+ 2 Z (Plﬂalmf(ym)

i=nm=-—co P

- Z Zl, Pt i,mf(ym)a

iZnt1m=—oo Pn+1
and hence
n—1
_ (k) T +hy)
=0
Xn1 — X (14 hy) z 2 ; ’ aimf (Ym)
e T (1)
j=0
o ;I (+hny)
j=0
- Z 2 ; aimf(Ym)
i=n+1m=— H(1+h )
j=0
= 2 anmnf (Ym)

That is, any fixed point (x,y) = {(xn,yx)},c7z 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
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1
lim |x, — ¢ = lim |E} (x,y)n — ¢ =0, (4.7.30)
n—yo0 (Pn n—oo n
and :
r}grolo yn—czwn :r}grolo Ez(x,y)n—czwn =0. (4.7.31)
Choosing
1 S - o
w=c ==Y O o ) (4.7.32)
Pn i—nm=—co Pn
and
1
WD, D= Z 2 Vit g g (m), (4.7.33)
Wn —nm=—oo Wn

we have x, = u') + v} and y, = u{? +v{?. By (4.7.30) and (4.7.31), v} and v{?
W )

tend to O when n — oo. Left to show that u,, * and u,,” are T-periodic.

n+T-1 n—1 n+T-1

Wy =cr T (+h) =er [T +n) [T (1+hy)

=0 =0 J=n
n—1 —
=c [J(1+ny) H (1+h;)
Jj=0 =0
n—1
=c1 [J(1+hy), by (4.7.16).
j=0

The proof for u;z) is identical and hence we omit.

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

w1 ifn=2k+lforkeZ
“Pn= -1, ifn=2kforkez °
an ;= e forn,i€Z
bui=e*73", forn,i € Z

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

Then (4.7.1) turns into the following system:

n .
Axy =hpxn+ %, el cos(y,-),

i=—oo
n .
Ayp=payn+ Y e* ¥ cos(2x;)
= —oco
Obviously, the sequences {4}, and {p, }, ., 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) = {(Xu,¥n) } ez satisfying
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I & & o ,
Xn=c1_ — Pitt g2 cos(ym)
(7 —— (]

| IR VA :
ym=cr =3 Y Vi1 "3 cos(2x,),
Y i=nm=—oo Yn

for all n € N, where ¢| and ¢, are positive constants, @ := {@,},cn and y =
{ 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

X 1) =c(m)— Y Dn,)g(s)), (48.1)

§—=—o0
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) = hy(n)x(n) + ha(n)y(n) + X2 a(n,s) f(x(s), 5(s)), 4.82)
Ay(n) = pi(n)y(n) + pa(n)x(n) + 2. b(n,5)g(x(s),y(s)), o
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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 z q(s—1)g(x(s)) (4.8.3)

s=t—L §=—o0

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)=1land Y g(s)=1. (4.8.4)

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(t) = h(x(t—L1))) = g(x(t)) — 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 % 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(t) —h(x(t—Ly))) = 2 p(s—1t)g 2 q(s—1)g(x(s)) (4.8.6)

S=t— L2 §—=—o00
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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 (t) +ex!(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'(t)+cx' (t) +g(x(t—h)) —gx(t—h—L))=0. (4.8.8)

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

N2x(t) +ex(t) + g(x(t—h)) — g(x(t —h— L)) = 0. (4.8.9)

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



Chapter 5 )
Population Dynamics Sk

This chapter is devoted to the application of Volterra difference equations in popula-
tion dynamics and epidemics. We begin the chapter by introducing different types of
population models including predator-prey models. Most commonly studied version
of population models are described by continuous-time dynamics, whereas in real
ecosystem the changes in populations of each species due to competitive interac-
tion cannot occur continuously. Hence, discrete-time dynamical systems are often
more suitable tool for modeling the dynamics in competing species. Cone theory
is introduced and utilized to prove the existence of positive periodic solutions for
functional difference equations. We introduce an infinite delay population model
which governs the growth of population N(n) of a single species whose members
compete among themselves for the limited amount of food that is available to sus-
tain the population, and use the results on cone theory to obtain the existence of a
positive periodic solution. Moreover, from a biologist’s point of view, the idea of
permanence plays a central role in any competing species.

5.1 Background

We begin with a brief history regarding the early work of Vito Volterra on mod-
eling fish population utilizing what we call today: Volterra integral equations and
Volterra integro-differential equations. Volterra did not limit himself to academic
research. Volterra became interested in mathematical ecology late in 1925. His in-
terest in the field was stimulated by conversations with the young zoologist Um-
berto D’ Ancona, then engaged to marry his daughter Luisa. D’ Ancona, studying
the records of the fish markets in the upper Adriatic, had noticed a curious phe-
nomenon. He observed that during and after the war, when fishing was severely
limited, the proportion of predators among the total catch had increased correspond-
ingly, an effect predicted by Volterra’s models. D’ Ancona was thus reinforced in his
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belief that the two facts were causally correlated. In other words, the proportion
of food fish markedly decreased during the war years. This beginning led Volterra
to attack more general problems in ecology. Volterra emphasized consistently that
differential equations are, at best, only rough approximations of actual ecological
systems. They would apply only to animals without age or memory, which eat all
the food they encounter and immediately convert it into offspring. Anything more
realistic would yield integro-differential rather than differential equations. The field
soon became his major research. More on the next discussion can be found in [158].
To put things into perspective we give some background on the famous Lotka prey-
predator model. In 1925 Lotka published his Elements of Physical Biology, in which
he developed and studied the interaction between two species via the model

dd]\? = (&1 + 1n\2)N1, dcll\t]z
where €| and &, are the “coefficients of self-increase,” while y; and 9» account for the
interaction between two species, and the Ny, N,, are population sizes. This model
can represent species preying on another, depending on the sign of the constants in
the model. In the case of predation, Lotka showed the existence of close periodic
orbits. Later on, Lotka considered more advanced models that dealt with multiple
species preying on a single specie. For the sake of the next discussion, we write
the above Lotka system to suit a predator-prey model. That is, by assuming all the
constants are positive we have that

dji\tfl djl\:z = (—&+PNi)N,, (5.1.1)
where N; and N, represent the populations of the preys and predators at time ¢,
respectively. Note that the predators would die out without the presence of the preys.
To better explain this, we multiply the first equation of (5.1.1) by dt and then it is
clear that an amount of &N, of them will die in a time interval dt. Suppose that
predator tendency to eat the prey when encountered does not depend on age, 7, nor
on the state of the association. Assume also that the age distribution of the predators,
A(7,t), can be considered as independent of time, A (7). The individuals of age not
younger than 7 will be in the proportion

= (& + 1NNy,

= (&1 —nMN)N1,

fe=7)= [ amyan.
-7
Then f(r — T)N,(¢) will be the number of predators that is active at time 7 — 7.
Their feeding rate is proportional to f(t — T)N2(t)Ny (1) that is ¢(t — 7)f(t —
T)Nz(¢)N; (1), measuring the effect of feeding through all previous time on the
chances of survival and the rate of reproduction at a subsequent time. Setting

ot —1)f(t —T)N2(1)N1 (T)dT = F(t — T)N2 ()N, (1)dT

and integrating over all previous time we obtain, as a positive term for the predators’
equation,
ot
Na(t) F(t—1)Ny(1)dr.

JI—T
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Similar argument can be made for the preys and hence we arrive at the system of
integro-differential equations

d:l\,]l =Ni(t)[&1 — N2 (1) — [;FI (t — 7)Ni (1)d7]
dcll\f =N(t)[— &+ N1 (1) — No(1) /LTFZ(; —7)Ni(1)d7].

Another aspect of importance for application of Volterra difference equations is their
usefulness in numerical approximations of Volterra integro-differential equations,
see [161] and the reference therein. This notion was briefly discussed in Chapter 1.

5.2 Formulation of Predator-Prey Discrete Models

In this section we obtain the Lotka-Volterra predator-prey model from its contin-
uous counterpart. Researchers have argued that discrete time models governed by
difference equations are more appropriate for describing the dynamics relationship
among populations than the continuous ones when the populations have nonover-
lapping generations. There is no unique way of deriving discrete time version of dy-
namical systems corresponding to continuous time formulations. One of the ways of
deriving difference equations modeling the dynamics of populations with nonover-
lapping generations is based on appropriate modifications of models with overlap-
ping generations. In this approach, differential equations with piecewise constant
arguments have been useful (see [170]). Thus, we consider the continuous Lotka-
Volterra predator-prey model given by (5.1.1) and use differential equations with
piecewise constant arguments to obtain a discrete analogue of it. We follow the
work given in [70] and [170]. That is, we assume that the average growth rates in
system (5.1.1) change at regular intervals of time. We can incorporate this aspect
in (5.1.1) and obtain the following modified system

dN; (l)

g Ny~ & (i) (5.2.1)
dl\;zt(l) Nzl(;) = (—a+rNi()

where 1 #0,1,2,...,[f] denotes the integer part of 7, ¢ € (0,c0). Equations of the
form (5.2.1) are known as differential equations with piecewise constant arguments
and they occupy a position midway between differential equations and difference
equations. By a solution of (5.2.1), we mean a function N = (Nl,Nz)T which is
defined for 7 € (0,°0) and has the properties that,

1. N is continuous on [0, ).

dNy (1) dN1(t)

2. The derivatives ")/, “21/ exist at each point # € (0,e0) with the exception of
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the points ¢ € {0,1,2,---, },where left-sided derivatives exist.
3. System (5.2.1) is valid on each interval [k,k+ 1] with k=0,1,2,---

Next we integrate both sides of (5.2.1) over any interval [k,k+ 1), k=0,1,2,--- to
arrive atfork <r<k+1k=0,1,2,---

Ny (1) = Ny (k) el l=0)} (5.2.2)

Na(t) = N (k)ell-2teM Bk}

Letting t — k+ 1, then system takes the form

(5.2.3)

Ny (k+1) = Ny (k)eller-nN(0]}
{Nz(k+ 1) = Ny(k)ell-&tnM®l}

where k =0,1,2,---.
General forms of discrete-generation host-parasite

{ P(k+1)=AP(k)f(P(k),H(k))
H(k+1)=cAP(k)(1— f(P(k),H(k))

have been used to model the interaction between host species (a plant, P(k)) and
a parasite species (a herbivore, H(k)). The term 1 — f represents the probability of
being parasitized. Nicholson-Bailey [13] used one of the simplest version of the
above general form by considering

P(k+1) = AP(k)e eHK)
{H@+U=dm@u—eww)

in which f = e~ is the proportion of hosts escaping parasitism, where a is the
mean encounters per host. Hence, 1 — e %# *) is the probability that host will be
attacked. In a later study, Beddington et al. [15] considered a generalization of the
above model by studying

P(k+1) = AP(k)e" (1= PK)/Prax) —aH (k)
{ H(k+1)=cAP(k)(1— e*aH(k))

where P,y is the carrying capacity imposed by the environment for the host in the
absence of the parasite.

Following in the footsteps of Beddington et al. [15], Elaydi et al. [90] considered
the predator-prey model

x(n+ 1) = x(n)er (=K
Y+ 1) = ey(n)(1— e~

where x(n) > 0 and y(n) > 0 represent population densities of a prey and a preda-
tor, respectively, and a,b,e,K, and r are positive. The constant K is the carrying

(5.2.4)
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capacity and represents the maximum population size that can be supported by the
available limited resources and r is the growth rate. In [90] Elaydi et al. investi-
gated the stability and invariant manifolds and the stability of the coexisting fixed
point of model (5.2.4). Motivated by Elaydi et al. [90], in [10], Asheghi revisited
model (5.2.4) and analyzed the stability of feasible fixed points and the period-
doubling. In addition, the author studied the Neimark-Sacker bifurcation diagrams.
In 2014, Li and Xu [176] considered the discrete predator-prey model with infected

prey

a(n)Z(n) o(n)l(n)

Str-+ 1) = Stmexp{r (1 =500 =100) = 1 (st +1(n) ~ S() +1(n)
I(n+1) =I(n)exp{ra(n)(1 —S(n) —I(n)) — 1+b(z)(zt;(2n()nl 1(n)) + Socn(;1)+1§r(1’)1) —m(n)}
Z(n+1) =Z(n)exp{ li(r;)(g((?(:)ig)&) —m3(n)}

(5.2.5)

where S(n) and I(n) are the susceptible phytoplankton population and the infected
phytoplankton population, respectively, and Z(n) grazes on both the susceptible and
infected phytoplankton. The parameter o > 0 is the frequency-dependent transmis-
sions rate and the parameter m, is the disease-induced mortality of infected prey.
The parameters | and r, are the intrinsic growth rates of susceptible and infected
population, respectively. Rate m3 represents the natural mortality rate of zooplank-
ton. In addition, a and b are constants. For more on the biological meaning and
development of the model in the continuous case, we refer to [81] and [157]. Li and
Xu [176] assumed periodicity conditions on the coefficients and used the Continua-
tion theorem due to Gaines and Malvin [71] and showed the existence of a positive
periodic solution. Moreover, they effectively used Lyapunov functions and proved
the positive periodic solution is indeed globally asymptotically stable.

We remark that all the above models display positive solutions for positive initial
data.

5.3 Cone Theory and Positive Periodic Solutions

We begin the chapter by utilizing cone theoretic fixed point theorem to study the
existence of positive periodic solutions of the nonlinear nonautonomous system of
functional difference equations

x(n+1)=An)x(n) + f(n,x,) (5.3.1)

where A(n) = diag[a;(n),az(n),...,ax(n)], a; is o-periodic, f : Z x Rk — Rk is
continuous in x, and f(n,x) is @-periodic in n and x, whenever x is ®-periodic.
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Most contents can be found in [149] and the references therein. Such results will be
applied to the infinite delay scalar Volterra discrete population model

0
Nin+1) = almN(m) 1 - Nol(n) S BsN(n+s)],nez (5.3.2)

§=—o00

which governs the growth of population N(n) of a single species whose members
compete among themselves for the limited amount of food that is available to sustain
the population. We emphasize that our conditions can only imply the existence of
positive and periodic solutions for model (5.4.1). We note that equation (5.3.2) is a
generalization of the known logistic model

N(n)}7

N(n+1)=a1v(n)[1— o

(5.3.3)
where o is the intrinsic per capita growth rate and N is the total carrying ca-
pacity. For more biological information on equation (5.3.2), we refer the reader
to [57]. We remark that in (5.3.2), the term Z?:ﬂoB(s)N (n+s) is equivalent to
N B(u—s))N(u). We chose to write (5.3.2) that way so that it can be put in the
form of x(n+ 1) = a(n)x(n) + f(n,x,).
Let 2 be the set of all real w-periodic sequences ¢ : Z — R*. Endowed with the
maximum norm ||| = 1513%2’;:1 |9;(6)| where ¢ = (¢1,¢2,...,¢)", 2 is a Ba-

nach space. Here ¢ stands for the transpose. If x € 27, then x, € 2 forany n € Z is
defined by x,,(0) = x(n+ 6) for 6 € Z.

The existence of multiple positive periodic solutions of nonlinear functional dif-
ferential equations has been studied extensively in recent years. Some appropriate
references would be [34] and [168]. We are particularly motivated by the work in
[88] on functional differential equations and the work of Raffoul in [67, 129], and
[151] on boundary value problems involving functional difference equations. When
working with boundary value problems whether in differential or difference equa-
tions, it is customary to display the desired solution in terms of a suitable Green’s
function and then apply cone theory (see [8, 45, 67, 78, 79, 80], and [118]). Since
our equation (5.3.1) is not the type of boundary value problem, we obtain a variation
of parameters formula and then try to find a lower and upper estimates for the ker-
nel inside the summation. Once those estimates are found we use Krasnoselskii’s
fixed point theorem [97] to show the existence of a positive periodic solution. In
[129], Raffoul studied the existence of periodic solutions of an equation similar to
equation (5.3.1) using Schauder’s Second fixed point theorem. Moreover, In [151],
Raffoul considered the scalar difference equation

x(n+1)=am)x(n) + h(n) f(x(n—1(n))) (5.3.4)

where a,h, and T are @-periodic for ® is an integer with @ > 1. Under the as-
sumptions that a(n), f(x), and h(n) are nonnegative with 0 < a(n) < 1 for all
n € [0, — 1], it was shown that (5.3.4) possesses a positive periodic solution. In
this work we extend (5.3.4) to systems with infinite delay and address the existence
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of positive periodic solutions of (5.3.1) in the case a(n) > 1. Let Ry = [0, +o0),
for each x = (x1,x2,...,x)" € R¥, the norm of x is defined as [x[ = ¥§_; [x;[. RE =
{(x1,%2,. .., ;) €RF:x; >0, j=1,2,...,k}. Also, we denote f = (f1, f,---, fi),
where ¢ stands for transpose. Now we list the following conditions.
(H1) a(n) #0forallne [0,0—1] with [1% a;(s)#1forj=1,2,....k
(H2) If 0 < a(n) < 1 for all n € [0, — 1], then f;(n,¢,) > 0 for all n € Z and
0:Z—RL,j=1,2,...,k where Ry =[0,+c0)
(H3) If a(n) > 1 foralln € [0, — 1], then fj(n,¢,) <Oforalln € Zand ¢ : Z —
R%, j=1,2,...,k where R} = [0, +oo)
(H4) For any L > 0 and € > 0, there exists 6 > 0 such that
[0, we 2, ol <L vl <L [|¢ -yl < 8,0 <s < o] imply

If(s,¢5) = f(s,5)| <& (5.3.5)

We begin by stating some preliminaries in the form of definitions and lemmas that
are essential to the proofs of our main results. We start with the following definition.

Definition 5.3.1. Let X be a Banach space and K be a closed, nonempty subset of
X. The set K is a cone if

(i) au+PveK forallu,ve Kandall o, >0
(i) u,—u € K imply u = 0.
We now state the Krasnoselskii’s fixed point theorem [97].

Theorem 5.3.1 (Krasnoselskii [97]). Let # be a Banach space, and let & be a
cone in B. Suppose Q) and £, are open subsets of P such that 0 € | C 1 C £,
and suppose that

YWZQZﬁ(gb\S%)—+£@

is a completely continuous operator such that

(D) |Tul| <||ull, u€ PNIL, and ||Tu|| > ||lul|, u € P NIy, or
(ii) || Tu|| > ||u||, v € N IQy, and ||Tu|| < ||ul|, u € P NILy,.
Then T has a fixed point in & N (2,\2)).

For the next lemma we consider
xj(n+1)=ajxj(n)+ fij(n,x,), j=1,2,... k. (5.3.6)

The proof of the next Lemma can be easily deduced from [129] and hence we
omit it.

Lemma 5.1 ([149)). Suppose (HI1) hold. Then xj(n) € 2 is a solution of equa-
tion (5.3.6) if and only if

n+m—1
xj(n) = Z Gi(nu)fj(uxy), j=1,2,....k (5.3.7)

u=n
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where

H?T’HI aj(s)

el (), uennt+o-—1], j=1,2,... k. (5.3.8)

Gj(n,u) =
Set
G(n,u) = diag[G1 (n,u),G(n,u),...,Gr(n,u)).

It is clear that G(n,u) = G(n+ ®,u+ o) for all (n,u) € Z*. Also, if either (H2) or
(H3) holds, then (5.3.8) implies that

Gj(n7 M)fj(uv ¢u) >0

for (n,u) € Z* andu €7, ¢ : 7. — Rﬁ. In defining the desired cone we observe that
if (H2) holds, then

Hs 0 aj(s) ‘ M2y a; ' (s)
IO ) <|Gj(n,u)| < -T2 ay(s) (5.3.9)
forall u € [n,n+ @ — 1]. Also, if (H3) holds, then
o-1_-1
Mo ) G < 50 ' aj(s) (5.3.10)
Hn+w 1 ()‘ ‘ Hn+w 1 ()‘

forall u € [n,n+w— 1]. For all (n,s) € Z2, j=1,2,...,k, we define

2

w—1
0y = min{(Haj(s)) = 1,2,...,n}
s=0
and
w—1
o3 ::min{(HaJTl(s)) = 1,27---7”}'
s=0

We note that if 0 < a(n) < 1 foralln € [0, — 1], then 0, € (0,1). Also, if a(n) > 1
for all n € [0, — 1], then o3 € (0,1). Conditions (H2) and (H3) will have to be
handled separately. That is, we define two cones; namely, &2 and &?3. Thus, for
eachy € 2 set

P2={ye Z :y(n) >0,ne€ Z,and y(n) > oa||y||}

and
P3={ye Z :y(n)>0,neZ, and y(n) > o3|y}

Define a mapping T : 2" — 2 by

n+m—1
> Gnu)f(u,x,) (5.3.11)



5.3 Cone Theory and Positive Periodic Solutions

where G(n,u) is defined following (5.3.8). We denote
t
(Tx) = (Tlx, sz,...,Tkx) )

It is clear that (Tx)(n+ @) = (Tx)(n).
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Lemma 5.2 ([149)). If (H1) and (H2) hold, then the operator T 2 C 2. If (HI)

and (H3) hold, then T 73 C &73.

Proof. Suppose (H1) and (H2) hold. Then for any x € 22 we have

(Tjx(n)) >0, j=1,2,...k
Also, for x € 22 by using (5.3.8)~(5.3.11) we have that

H;D:*Ol a;I (s) nto-1

(Tjx)(n) < a
’ I- ’vl;rr(tj) laj(s) u=n
and o 1 ¥
Iy a; (s)
| Tjx]| = sax | Tjx(n )I_ H"*“’l )
Therefore,

n+w—1

(Tjx)(n) = ; Gj(nu)fj(u,xu)

H(;)?)l a; (S) n+o—1

ST i) &

2

\/

z |fj(”=xu)|

S 1),

2 i)l

> Ha ) 1 Tjxll = 2| Tjx][-

That is, T 2?2 is contained in &?2. The proof of the other part follows in the same
manner by simply using (5.3.10), and hence we omit it. This completes the proof.

To simplify notation we denote,

(5.3.12)

(5.3.13)

(5.3.14)
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and X
o-1_
B3 = max M= a;(s) . (5.3.15)
lgjgk Hn+a) 1 ( )
Lemma 5.3 ([149)). If (H1), (H2), and (H4) hold, then the operator T : 2 — P2
is completely continuous. Similarly, if (HI), (H3), and (H4) hold, then the operator
T : 3 — 23 is completely continuous.

Proof. Suppose (H1), (H2), and (H4) hold. First show that 7' is continuous. By (H4),
forany L >0and € > 0, thereexistsa § > Osuchthat [¢, y € 27, ||¢|| <L, ||y] <L,

16— wl| < 8] imply

max |f(s,¢5) — f(s, )| < ©

0<s<w—1 Bw

where B is given by (5.3.13). If x, y € 272 with ||x|| <L, ||y|| <L, and |[x—y|| < &,
then

n+w—1
[(Tx)(n) = (Ty)(n)| < ; |G (n, )| (u,x) = f (1, yu)|
w—1
< By Y |f(u,x) = fu,yu)| <€
u=0

for all n € [0,w — 1], where |G(n,u)| = max <<, |Gj(n,u)|, j = 1,2,... k. This
yields ||(Tx) — (Ty)|| < €. Thus, T is continuous. Next we show that 7 maps
bounded subsets into compact subsets. Let € = 1. By (H4), for any p > 0 there
exists 6 > O such that [x, y € 27, ||x]| < u, ||Iy|| < i, [|[x—y|| < ] imply

|f (s,x5) = fs,y5)] < 1.

zx(n)

We choose a positive integer N so that § > “ .Forx € 2, define x/(n) = , for

i=0,1,2,....,N. For ||x]| < u,

||x' — x| = max —
ezl N N
Il m
< < <o
- N ™ N

Thus, | f(s,x') — f(s,x~1)| < 1. As a consequence, we have

N

Flsx) = £(s.0) = 3 (fls.) = fls.6 7)),

i=1
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which implies that

N . .
[f(s,x6)] < X 1£(s,x8) = £ (5,25 ) + | £(5,0)]
i-1
< N+|f(s,0)].

Thus, f maps bounded sets into bounded sets. It follows from the above inequality
and (5.3.11) that

k  n+T—1

Iromil <8y (X i)

j=1 u=n

< Byo(N +|f(s,0)))-

If we define S = {x € 2" : ||x|| <u} and Q = {(Tx)(n) : x € S}, then S is a subset
of R which is closed and bounded and thus compact. As T is continuous in x, it
maps compact sets into compact sets. Therefore, Q = T(S) is compact. The proof
for the other case is similar by simply invoking (5.3.15). This completes the proof.

Next, we state two theorems and two corollaries. Our theorems and corollaries are
stated in a way that unify both cases; 0 < a(n) < 1 and a(n) > 1 foralln € [0,0—1].

Theorem 5.3.2 ([149]). Assume (H1).
(a) Suppose (H2) and (H4) hold and that there exist two positive numbers Ry and
R, with Ry < R, such that

Ry
sup |f(sx)| < L (5.3.16)
lol=ki.oez2 ~ ©B)
and R
. 2
inf 5,%5)| > : (5.3.17)
9]|=Rz, 6€ 22 F sl A

where Ay and B, are given by (5.3.12) and (5.3.13), respectively. Then, there exists
x € P2 which is a fixed point of T and satisfies Ry < ||x|| < R».

(b) Suppose (H3) and (H4) hold and that there exist two positive numbers Ry and
R, with Ry < Ry such that

Ry
sup |f(s,x5)] < , (5.3.18)
lol=ky0e23  ©Bj
and R
. 2
inf S, Xs)| > , (5.3.19)
9]|=Rz, o€ 23 (s, A3

where A3 and B3 are given by (5.3.14) and (5.3.14), respectively. Then, there exists
x € P3 which is a fixed point of T and satisfies Ry < ||x|| < R,.
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Proof. Suppose (H1), (H2), and (H4) hold. Let Q: = {x € 22|||x|| < {}. Letx €
P2 which satisfies ||x|| = R;. in view of (5.3.16), we have

nt+o—1
(Tx) )l < X [G(nu)l[f (w,x)]
Ry
< Bza)sz =R;.

That is, ||Tx|| < ||x|| for x € 222N JIL,. let x € F72 which satisfies ||x|| = R, we
have, in view of (5.3.17),

n+w—1 R2
(Tx)(n)| > A2 Y, |f(ux)| > A0 © =R
i=n WA

That is, ||Tx|| > ||x|| for x € 22N IQk,. In view of Theorem 5.3.1, T has a fixed
pointin 22N (£, \ £1). It follows from Lemma 5.2 that (5.3.1) has an @-periodic
solution x with R; < ||x|| < R,. The proof of (b) follows in a similar manner by
simply invoking conditions (5.3.18) and (5.3.19).

As a consequence of Theorem 5.3.2, we state a corollary which its proof we omit.

Corollary 5.1 ([149]). Assume that (HI) holds.
(a) Suppose (H2) and (H4) hold and

o el _ 0, (5.3.20)
pez2.lo]~0 9]l
| fGs.8)l _ (5.3.21)
9220l [|9]]
Then (5.3.1) has a positive periodic solution.
(b) Suppose (H3) and (H4) hold and
Gim &9 (5.322)
923 ol-0 9]
[f(s.09)] _ (5.3.23)

lim
0e23, [0l O]l

Then (5.3.1) has a positive periodic solution.

Theorem 5.3.3 ([149]). Suppose that (HI) holds.
(a) Suppose (H2) and (H4) hold and that there exist two positive numbers Ry and
Ry with Ry < R, such that

R
inf  |f(s,x)] > )

, (5.3.24)
o=ty pez2!’ wB>
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and

sup [ f(s,x5)] < : (5.3.25)

16]=Rs, 9 22 0A;
where Ay and B are given by (5.3.12) and (5.3.13), respectively. Then, there exists
x € P2 which is a fixed point of T and satisfies Ry < ||x|| < Ry.
(b) Suppose (H3) and (H4) hold and that there exist two positive numbers Ry and
Ry with Ry < R, such that

) Ry
inf $,Xs5)| > , (5.3.26)
||¢||:R1,¢e@3|f( o) ©B;
and
sup | f(s,x)] < ke (5.3.27)
lol=Rpocz3 ©A3] -

where A3 and B3 are given by (5.3.14) and (5.3.15), respectively. Then, there exists
x € P3 which is a fixed point of T and satisfies Ry < ||x|| < R».

The proof is similar to the proof of Theorem 5.3.2 and hence we omit it. As a
consequence of Theorem 5.3.3, we have the following corollary.

Corollary 5.2 ([149]). Assume that (H1) hold.
(a) Suppose (H2) and (H4) hold and

|/ (5,05)l

= oo, (5.3.28)
oe22.)jol-0 (|9l
1 f(s.0)l _ (5.3.29)
9729~ [|@]]
Then (5.3.1) has a positive periodic solution.
(b) Suppose (H3) and (H4) hold and
| [f(s.05) _ -, (5.3.30)
oe23,)jo1-0 (|9l

0e?3, [0l [0l

Then (5.3.1) has a positive periodic solution.

5.3.1 Applications to Infinite Delay Population Models

We apply the results from the previous section to the model (5.3.2) and show that
it admits the existence of a positive periodic solution. Thus, we consider the scalar
discrete model that governs the growth of population N(n) of a single species whose
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members compete among themselves for the limited amount of food that is available
to sustain the population. Thus, we consider the infinite delay Volterra scalar model

N(n+1) = a(n)N(n) { 2 B(s n—i—s} nez (5.3.32)

s——oo

as described in the Introduction. We chose to write (5.3.32) that way so that it can
be put in the form of x(n+ 1) = a(n)x(n) + f(n,x,).
Before we state our results in the form of a theorem, we assume that

(P1) o(n) > 1, No(n) > 0 for all n € Z with a(n), No(n) are @-periodic and
(P2) B(n) is nonnegative on (—co,0]NZ with X0___ B(n) < .

Theorem 5.3.4 ([149]). Under assumptions (P1) and (P2), equation (5.3.32) has at
least one positive w-periodic solution.

Proof. Leta(n) = o(n)N(n) and
fln,x,) = 2 B(s)x(n+s)

It is clear that f(n,x,) is w-periodic whenever x is @-periodic and (H1) and (H3)
hold since f(n,¢,) <0 forall (n,9) € Z x (Z,R.). To verify (H4), we letx,y : Z —
Ry with ||x]| <L, ||y|| < L for some L > 0. Then

|f(n,x,,) _f(nayn)|

_ |x(m)a(n) <

= | Nl S:Z‘wB(s)x(n+ S_Z,wB y(n+s)
x{n)an 0

<[] 3 B9~ s(+)
+‘(x(n)NOy((n") 2003 $)ly(n+s)]

< Ml )oYl

where Ny, = min{Ny(s) : 0 <s < w—1}.Forany & > 0, choose 6 = eNy../(2L||a|)).
If [|x — y|| < 6, then

|f(n,20) = f(n,yn)| < Ll|a]|8/No« + 6||a|| L/ No. = 2L||al|5 /No. = €.
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This implies that (H4) holds. We now show that (5.3.22) and (5.3.23) hold. For
¢ € P73, we have ¢(n) > os||¢|| for all n € [0, — 1]. This yields

|f|(”;|¢)| < Ter[gg(})xl N() 3 YZMB H(pH -0
as ||¢]| — 0and
|f?|r;;ﬁ))| - [O;u 1N0 _2: B(5)05> ||| — +oo

as ||@|| — . Thus, (5.3.22) and (5.3.23) are satisfied. By (b) of Corollary 5.1, equa-
tion (5.3.32) has a positive w-periodic solution. This completes the proof.

Next we consider the infinite delay Volterra discrete model

k k n
xi(n+1)) =xi(n) [ai(n) =Y bij(n)xj(n) =Y, > Cij(n,s)gij(x;(s ))} (5.3.33)
j=1 Jj=ls=—o0
where x;(n) is the population of the ith species, a;, b; j : Z — R are @-periodic, and
Cij : Z x Z — R is w-periodic. For more on such derivation we refer to [44].

Theorem 5.3.5 ([149]). Suppose that the following conditions hold for
Lj=12,... .k
(i) ai(n) > 1, forall n € [0, — 1], and a;(n) is w-periodic,
(ii) bij(n) > 0, Cij(n,s) >0 forall (n,s) € Z,
(iii) gij : R™ — R is continuous in x and increasing with g;;(0) = 0,
(iv) bii(s) #0, for s € [0, — 1],
(v) Cij(n+ @,s+ ®) = Cij(n,s) for all (n,s) € Z* with
max,ez 25 o |Cij(n,s)| < oo

Then equation (5.3.33) has a positive w-periodic solution.

Proof. Forx = (x,X2,...,x;)7, define

n

k
_2 2 Cij(n,s)gij(x;(s))

M»

ﬁ(nu-xﬂ = _-xl

/:

fori=1,2,...,k and set f = (f1, f2,---,f¢)"- Then by some manipulation of con-
ditions (i)—(v), the conditions (H1) and (H2) are satisfied. Also, it is clear that f
satisfies (H4). Define

b* =max{||b;j| :i,j=1,2,-,-,-,k},

n n
Cc* :max{supz Z |Cij(n,s)|:i= 1,2,-,-,-,k}

NEZ j=1s=—o0
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and
g*(u) :max{gi,f(u) : laJ = 1525'7'7'7k}

Let x € &73. Since g is increasing in x, we arrive at

(i)l < )| Bl + 3 3 [Cn.s) gl

J=ls=—ee
Thus
| ()| < 12| [B7 1] + €™ (llxl],
which implies
|/ (%)
x|

as ||x|| = 0. Forx € &3, xi(n) > o3]|x;|| forall n € Z. Also, from (ii), b;;(n), C;;(n,s)
have the same sign. Thus, using condition (iii) we have

|fl(n xn)l
= le n)|bij(n)|x;(n +Z Z |Cij(n,s)|gij(x;(s))

j=1s=—00

> |b,-,»(n)|x,-(n)|2 > 03°||xi]|*|bii(n)|

< [BrlIxl+Cg*(llxlD] = 0

and

k 2
2 2 s 2
F5) = 032 3 P i, ()] = % [ min b0

i=1

2
Here we have applied the inequality (2{‘(:1 Hx,H) < k3K | ||x]|* Thus,
[/ (n, %)

4]

By (b) of Corollary 5.1, equation (5.3.33) has a positive w-periodic solution. This
completes the proof.

— oo as ||x|| = Heo.

Theorem 5.3.6 ([149]). Suppose that the following conditions hold fori, j=1,2,...,
(i) 0 < ai(n) < 1, foralln € [0, — 1], and a;(n) is w-periodic,
(ii) bij(n) <0, Cij(n,s) <0 forall (n,s) € Z,
(iii) gij : R™ — RY is continuous in x and increasing with g;;(0) = 0,
(iv)  bii(s) #0, fors € [0,0—1],
(v) Cij(n+ @,s+ ®) = Cij(n,s) for all (n,s) € Z* with
MaXyez Yoo |Cij(1,5)] < F-oo.

Then equation (5.3.33) has a positive w-periodic solution.

Proof. The proof follows from part (a) of Corollary 5.1.
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Remark 5.1. In the statements of Theorem 5.3.5 and Theorem 5.3.6 condition (iv)
can be replaced by

k n
(v Y, D |Cij(n,s)| # 0 and gii(x) — 40 as x — oo,

j=1s=—c0

5.4 Permanence of Multi-Species Competition Predation

The literature on nonautonomous continuous population models described by dif-
ferential equations is vast, see [165, 166, 167, 168, 169] and the references cited
therein. For example, Wen [169] considered the global attractivity of positive peri-
odic solution of multi-species ecological competition-predation system. Yang and
Xu [33] studied the global attractivity and existence of the periodic n-prey and m-
predator Lotka-Volterra system of differential equations. It is biologically and math-
ematically crucial to study the existence and stability of periodic solution. However,
a more basic and important biological question to ask is whether or not those in-
volved populations will be alive and well in the long run. In [174], Chen discussed
the permanence and global stability of nonautonomous Lotka-Volterra system with
multi-species predator-prey and deviating arguments by using comparison theorem
and constructing suitable Lyapunov functional. On the other hand, the problems
of permanence of time-delay systems have received considerable attention in the-
oretical ecology due to the fact that more realistic models should include some
of the past states of these systems. The dynamic behaviors of population mod-
els governed by difference equation have also been studied by many authors (see
[31, 50, 95, 126, 162, 164, 165, 174, 175], and [178] and the references therein).
This is a relatively new topic and the author believes this study should increase re-
search activities on the subject. In [126], Muroya studied the persistence and global
stability of delay discrete system for k-species,

xi(n+1) = x;(n)exp{c; — aixi(n) — Zizl ai(n)x(n— %)}

Results of this section can be partially found in [152] and [165]. The Jacobian
method of Section 5.2 is not suitable for our study here. The aim of this study
is to investigate the permanent behavior of the following discrete (I 4 m)-species
Lotka-Volterra competition-predation system with several delays

xi(n+1) = x;(n)exp{ri(n) — a;(n)x;(n) — 22:1 ap(n)x;(n— ty)
=X eix(n)ye(n—na)},

yj(n+1) = yj(n)exp{—bj(n) — c;(n)y;(n) + Zj_; djx(n)xi(n — 8;)
=Y cik(m)ye(n—Ei)},

xi(0) =¢{(0) >0, y;(0) =y;(0) >0, 6 €« N[—7,0] :={—7,—7+1,...,—1,0},
(5.4.1)
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where i = 1,2,...,1; j = 1,2,...,m; Ty, N, 0j and §j; are nonnegative integers;
$i(0) >0, w;(0) > 0;

T = max{ max Ty, max N, max Oy, max i} >0;
1<ik<l  1<i<l; 1<k<m 1<k<l 1<j<m * 1<jk<m

xi(n) is the density of species X; at nth generation; y;(n) is the density of species
Y; at nth generation; r;(n) represents the intrinsic growth rate of the prey species
X; at the nth generation; bj(n) represents the death rate of the predator species Y;
at the nth generation; a;(n) and cji(n) measure the intensity of intraspecific com-
petition or interspecific action of prey species and predator species, respectively;
eix(n) and djx(n) represent the influence of the (n — 1y )th and (n — d;¢)th genera-
tion of the predator and prey on the prey and predator population, respectively. For
more background of system (5.4.1), one could refer to [169] and [174]. It is clear
that model (5.4.1) has positive solutions for positive initial data. We note that the
model (5.4.1) generalizes the models in [31, 50], and [126].

Definition 5.4.1. System (5.4.1) is said to be permanent if there are positive con-
stants M} and Ly, k = 1,2, such that for each positive solution

{Xl(l’l), ---;xl(”)a)’l(”)a 7)’m(”)}
of system (5.4.1) satisfies

Ly < lim infx;(n) < lim supx;(n) < My,
n—yo0 n—>o0

< lim infy;(n) < li i(n) <
Ly < lim infy;(n) < lim supy;(n) < Ma,
foralli=1,2,...,1; j=1,2,....m.

Throughout, we always assume {r;j(n)}, {b;(n)}, {ax(n)}, {ex(n)}, {dj(n)},
{cji(n)}, {ai(n)} and {c;(n)} are bounded nonnegative sequences, and use the fol-
lowing notations for any bounded sequence {u(n)}

u=supu(n), u= inf u(n).
neN neN

In order to present our main result, we need some preliminaries. Let Rf’” =
{(x1(n),...,x1(n),y1(n), ..., ym(n))| xi(n) > 0,y;(n) >0, i=1,2,...,1;j=1,..,m},
and let x(n) = (x1(n),...,x;(n),y1 (1), .., ym(n)) € RLI™, the notation x(n) > 0 de-
notes x(r) € IntR'"™. For ecological reasons, we consider system (5.4.1) only in
Intlem. It is easy to obtain the following result.

Lemma 5.4 ([165]). Intlem is positively invariant set of system (5.4.1).

Lemma 5.5 ([165]). Assume that {x(n)} satisfies x(n) > 0 and

x(n+1) <x(n)exp{r(n)(1—ax(n))}
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forn € [ny,0), where a is a positive constant. Then

1
limsupx(n) < = exp(r—1).
n—yoo ar

Lemma 5.6 ([165]). Assume that {x(n)} satisfies
x(n+1) > x(n)exp{r(n)(1—ax(n))},n> Ny,
limsup,,_,.,x(n) < K and x(Ny) > 0, where a is a constant such that aK > 1 and
No € N. Then
1
imi > - .

ll’glilfx(n) > exp{r(1 —ak)}
The main result will follow directly from the following two propositions.
Proposition 5.1 ([152]). For every solution {x| (n),...,x;(n),y1(n),...,ym(n)} of sys-

tem (5.4.1), we have

limsupx;(n) <M; (i=1,2,..,]), limsupyj(n) <W; (j=1,2,...m),

n—oeo n—yoo

where

exp(ni—1) W — exp(Siy M — b; 1)
! a;+a;; exp(—riT;) 7 ! Cj—I—ijeXp((bj—leczldkkMk)gjj) '
Proof. First, we prove limsup,,_,..x;(n) < M;. From the first equation of (5.4.1), we
have
xi(n+1) < x;(n)exp{ri(n)}.

It follows that

n—1 n—1
:H | xi(s+1)< :H | xi(s)exp{ri(s)},
that is .
xi(n) < xi(n— ) exp{ 72: . ri(s)}.
In other words,
n—1
xi(n — Tye) = xi(n)exp{— 727, | ri(s)},
and hence
l n—1
xi(n+1) < x;(n)exp{ri(n) — a;(n)xi(n) — Z ai(n)x;(n)exp{— 2 ri(s)}
k=1 S=n—Tj
n—1
< xi(n)exp{ri(n) — (ai(n) + aii(n)) exp{— 727 “ri(S)}xi(")}

< xi(n)exp{ri — (a; + a;) exp(—riTi)xi(n) }.
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It follows from Lemma 5.5 that

limsupx;(n) < M;.

n—yoo

Next, we prove that limsup,,_,.,y;(n) < W;. For sufficiently small € > 0, there exists
sufficiently large ng such that x;(n) < M; + € for all n > ny. From the second equation
of (5.4.1), we have

yj(n+1) <yj(n)exp{—bj(n —I—Zdjk n)xi(n— &)}

< yj(n)exp{—bj(n) +;djk(n)(Mk +e)}.

By a similar argument, we can verify that
n—1 ]
viln—=E&u) <yj(mexp{ X (b; Z 5)(Mi +€))},
s=n—j; k=1

and hence

!
yj(n+1) < yj(n)exp{—b;(n) + /;1 dj(n)(My + €)) = ¢j(n)yj(n)

- chk n)exp{ 2 dek ) (M +€))}}

vni,‘jk

!
< yj(n)exp{(—b;+ Y dj(Mi+¢€))— (cj+cjj)exp{(b;
k=1

1
— Y du(Mi+€))Ej}yi(n)}

k=1
Therefore, by Lemma 5.5, we obtain

limsupy;(n) < W;.

n—soo

The proof is complete.

Proposition 5.2 ([152]). Let {x|(n),...,x;(n),y1(n),...,ym(n)} denote any positive
solution of system (5.4.1). Assume

. i +aii)M; i +cji)W;
(H) , H,lm, . (at+all) i . . ((,/ U)m/ o1
Isisl1<jsm ri*zkzl‘,k#aikMk*zkﬂeika Zkzldjkmfbjka:Lk#cjka
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Then there exist positive constants m; and w; such that

liminfx;(n) > m;, liminfy;(n) >w; (i=1,2,...,1; j=1,2,...,m),
n—yoo ’

n—yoo

where

1 m
- My — W,
m — ry— Yg—1 @My — 25 e Wi exp{(r zalkMk

a; + aj;
(ai + aii)M;
!
ri— Ypey QM — 25 e Wi

1 ._\m .
X djmmg—bj = Wi
cjtcjj

x(1—

l m
exp{(—b;+ N djm— Y, W)
=1 =1

(cj+cjj)W;

X(l Tl m
Yi—r d i —bj— 340 Wi

Proof. We first prove that liminf,,_,.x;(n) > m;. For any &€ > 0, according to Propo-
sition 5.1, there exists a n; € N such thatx;(n —7) < M;+¢, yj(n— 1) < W; + € for
all n > n;. Thus, it follows from the first equation of system (5.4.1) that

!
xi(n+1) > xi(n)exp{(ri(n 2 ai(n)(My +€)
k=1 ki

—Ze,k (Wi +€)) — (ai(n) +ai(n))xi(n) }

I
xi(n)exp{ (ri(n z ai(n)(M +€) — zelk (Wi +¢€))
k=1 ki
a;(n)+a;(n)
1-— xi(n
) = Sl ) Mot ) — S en(m Wi +e) )
I
le( )eXP{ rl 2 alk Mk+8 Zelk Wk+8 )
k=1 ki
“(1— ai(n) + i) xi(m)}.

ri— 2%:171{7&,' aik(Mk + 8) - Ekm:1 eik(Wk + 8)
By lemma 5.6 and condition (H), we obtain

liminfx;(n) > m;.
n—yoo
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From the second equation of (5.4.1), we have

[
yi(n+1) > yj(n)exp{—b;(n)+ Y dj(n)my
k=1

S epm) (Wt €) — (e5(n) + i)y ()}

k=1k#j
yj(n)exp{(=b;(n) + 2 d ji(n)my, _ki‘#c w(n) (Wi +€))
U5 aame z;"(l; enlm) -+ e) T
> vy (n)exp{(~b;(n) + 2 dpmme— 3 enln)(Wite))

k=1k#j

cj(n)+cjj(n)

x(1—
Shor djemi—bi— Xy s cie(We+ )

yj(m)}-

By Lemma 5.6 and condition (H ), we obtain liminf, .. y;(n) > w;. This completes
the proof.

Now, we state our main results of this section, which its proof is a direct conse-
quence of Propositions 5.1 and 5.2.

Theorem 5.4.1 ([152]). Assume (H) holds. Then system (5.4.1) is permanent.

Now, let us consider the special case of system (5.4.1), i.e., ai(n) = cj(n) =0,
% =0,m5=0,0k =0and ;s =0 (i,k=1,2,...,1; j,s =1,2,...,m), in this case,
system (5.4.1) can be written as

xi(n+1) = xi(n)exp{ri(n) — i, ai(n)xe(n) — 7, ea(n)yi(n)},
yj(n+1) = yj(n)exp{—b;(n) + Xi_, du(n)x(n) — Tp-; cju(n)yi(n)}.

As a corollary of Theorem 5.4.1, we have

(5.4.2)

Corollary 5.3 ([152]). Let {x;(n),...,x;(n),y1(n),...,ym(n) } denote any positive so-
lution of system (5.4.2). Assume

U

a;iM; ij”j

1<t<lig<m ri— Yt agM;, — Y7 eW 3! m,—b;— Y1 cqaW/ > 1
J= k=1 ki dik k=1 €ik k=1 4 jprmy — k=1k+j Cik Wi
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holds. Then there exist positive constants M, WJ{, m and wj- such that

m} <lim inf x;(n) <limsup x;(n) <M] (i=1,2,...,1),
n—ro0 n—soo

w <lim inf y;(n) <limsup y;(n) <W; (j=1,2,...,m),
n—ro0 n—soo
where

) 7
Ml = exp(ri — 1)7 W exp(Xh_ d M) —b;— 1)7
i ' €jj
! L e . 1

ri—Y. capM, =" e W,
;T X Gik ¢ 24z ik Coxpi(ri— 3 a))
all k:I

a,‘,'Ml{

1 )}7
ri— Yy GikMy — X5 e W,

l / . m !
;g g — by — XL c Wy
w. = (.¢

Cjj

x(1—

l m
p{(=b;+ Y djymi— Y, ciWy)
=1 =1

o )

x(1- l / m ’
g1 djpmy —bj— XL citWy

Finally, we give a suitable example to illustrate the feasibility of Theorem 5.4.1.

Example 5.1. We consider the following system:

x(n+1)=x(n)exp{l —x(n—1) — 610 (3 +sinn)y;(n)},
1) =y1(n)exp{—1+ (8 +cosn)x(n) —yi(n— 1) — g (3+sinn)y(n)},
) =y2(n)exp{—1—cosn+ 3(8 +cosn)x(n) —ya(n—1)}.

It is easy to verify that the system satisfies the condition (H). Therefore, by Theo-
rem 5.4.1 the system is permanent.

5.5 Open Problems

Open Problem 1.

In this section we consider the Lotka-Volterra predator-prey model given by Elaydi
et al. [90] and extend it to predator-prey model with ratio dependence. Let x and
y represent population densities of a prey and a predator, respectively. In [70], Fan
and Wang discretized a continuous model with ratio dependence and obtained the
Lotka-Volterra discrete predator-prey model with ratio dependence
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=x(n)exp{a(n) —b(n)x(n) — c(n)y(n)
x(n+ 1) = x(wexp{atn) —b(w(n) = S0 )
(5.5.1)
=yn)ex —d(n f(n)x(n)
y(n+1) =y(n)exp{ —d( )+m(n)y(n)+x(n)}

We refer to [70] for the specific interpretation of the coefficients. In [70] the authors
proved the existence of positive periodic solution of (5.5.1) by using Coincidence
Theory or Degree Theory.

We propose the reader uses the idea of [176] and show the positive periodic solu-
tion is actually globally asymptotically stable by constructing a suitable Lyapunov
function.



Chapter 6 M)
Exponential and [,-Stability in Volterra L
Equations

This chapter is devoted primarily to the exponential and /,-stability of Volterra dif-
ference equations. Lyapunov functionals are the main tools in the analysis. It is
pointed out that in the case of exponential stability, Lyapunov functionals are hard
to extend to vector Volterra difference equations or to Volterra difference equations
with infinite delay. In addition, we use nonstandard discretization scheme due to
Mickens [122] and apply them to continuous Volterra integro-differential equa-
tions. We will show that under the discretization scheme the stability of the zero
solution of the continuous dynamical system is preserved. Also, under the same
discretization, using a combination of Lyapunov functionals, Laplace transforms,
and z-transforms, we show that the boundedness of solutions of the continuous dy-
namical system is preserved. We end the chapter with a brief section introducing
semigroup, which should stir up some curiosity in the application of semigroup to
Volterra difference equations. The chapter concludes with multiple open problems.
The work of this chapter heavily depends on the materials in [9, 51, 59, 76, 91],
and [98].

6.1 Exponential Stability

We consider the scalar linear difference equation with multiple delays

x(t+1)=a(t)x(t)+ ti b(t,s)x(s), t >0, (6.1.1)

S=I—r

where r € Z",a: Z" — Rand b : Z" X [—r,00) — R. We will use Lyapunov func-
tionals and obtain some inequalities regarding the solutions of (6.1.1) from which
we can deduce exponential asymptotic stability of the zero solution. Also, we will
provide a criteria for the unboundedness of solutions and the instability of the zero
solution of (6.1.1) by means of Lyapunov type functionals.

© Springer Nature Switzerland AG 2018 253
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Consider the kth-order scalar difference equation
x(t+k)+px(t+k—1)+px(t+k—2)+---+ px(t) =0, (6.1.2)

where the p;’s are real numbers. It is well known that the zero solution of (6.1.2) is
asymptotically stable if and only if |A| < 1 for every characteristic root A of (6.1.2).
There are no easy criteria to test for exponential stability of the zero solution of
equations that are similar to (6.1.2) for variable coefficients. This itself highlights
the importance of the creativity of constructing a suitable Lyapunov functional that
leads to the exponential stability. When using Lyapunov functionals, one faces the
difficulties of relating the constructed Lyapunov functional back to the solution x so
that stability can be deduced. This task is tedious and we did overcome it. The au-
thors have done an extensive literature search and could not find any work that dealt
with exponential stability of Volterra equations of the form of (6.1.1). This research
offers easily verifiable conditions that guarantee exponential stability. Moreover, we
give criteria for the instability of the zero solution. Most importantly, our results
will hold for |a(¢)| > 1. We will illustrate our theory with several examples and
numerical simulations. It is scarce to find results concerning the use of Lyapunov
functionals in the stability of finite delay difference equations due to the unforeseen
difficulties in constructing such functions. This section intends to fill some of the
gap and moreover, we will compare the results obtained in this section to known
ones where other methods are used, such as operator theory.

In Chapter 2, we looked at the system of functional difference equation of the form

x(n+1)=G(n,x,), x € R (6.1.3)

where G : ZT x R — R is continuous in x. Let x be any solution of (6.1.3). Quite
often when using Lyapunov functional to study system (6.1.3) we encounter pair of
inequalities in the form of

n—1

Wi(x(n)) <V (n,x(-)) = Wa(x(n)) + ZE)K(mS)Ws (x(s)),

AV(n,x(-)) < =Wa(x(n)) + F(n)

where V is a Lyapunov functional bounded below, x is the unknown solution of
the functional difference equation, and K, F, and W;,i = 1,2, 3,4 are scalar positive
functions. The wedge W, is mandatory in order to relate the solutions x back to V.
Hence, identifying such a W) is not an easy job, as we shall see later on in this sec-
tion. It is even more difficult when using Lyapunov functionals to obtain exponential
stability, since it requires that along the solutions of (6.1.3) we have for some o > 0

AV(nx(+) < —aV(n,x(:)).

The above inequality presents us with formidable challenges as maybe seen later in
the section. However, a simple but clever rewriting of the difference equation points
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us in the right direction in constructing the appropriate Lyapunov functional, as we
shall see from (6.1.5).
Let y : [—h,0] — (—eo,0) be a given bounded initial function with

il = max [y(s).

It should cause no confusion to denote the norm of a function @ : [/, o) — (—co, )
with
lloll = sup [o(s)].

—h<s<eo

The notation x; means that x; (7) = x( + 1), 7 € [—h,0] as long as x(¢ + 7) is defined.

Thus, x; is a function mapping an interval [—4,0] into R. We say x(¢) = x(¢,t9, )

is a solution of (6.1.1) if x(¢) satisfies (6.1.1) for r >ty and x;, = x(fo +5) = Y(s),
€ [—h,0].

In preparation for our main results, we let

At,s)= Y b(u+s,s). (6.1.4)
By noting that
Alt,t—r—1)=0,
we have that (6.1.1) is equivalent to
-1
Ax(r) = (a(t) +A@+1,0) = Dx() = 2O Y, A(r,5)x(s). (6.1.5)
s=t—r—1

In [138], the author used the same method and studied the exponential stability and
instability of the zero solution of

x(t+1)=a(t)x(t) — b(t)x(t — h).

One of the novelty of rewriting (6.1.1) in the form of (6.1.5) is that it allows us to
obtain stability results concerning the totally delayed Volterra difference equation

x(t+1) 2 b(t,s)x(s), 1 > 0. (6.1.6)
S=I—r
We have the following definition.

Definition 6.1.1. The zero solution of (6.1.1) is said to be exponentially stable if
any solution x(,%y, ) of (6.1.1) satisfies

x(t, 10, )| < c(||w||,t0)§7<f*fo>, for all 7 > 1o,
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where ( is constant with 0 < { < 1, C: RT x ZT — R™, and v is a positive con-
stant. The zero solution of (6.1.1) is said to be uniformly exponentially stable if C is
independent of #;.

For simplicity we let
Ot)=alt)+A(t+1,)—1.

Assume
NA%(,2) <0, forallz+s+1<z<r—1. (6.1.7)

Lemma 6.1 ([98]). Ler A(z,s) be given by (6.1.4) and that for 6 > 0 the inequality
o

_ _osA2 2
(5+1)r < Q1) < —réA(t+1,0) - 0°(1) (6.1.8)
holds. If
=1 2
V(t) = |x(¢)+ z A(t,s)x(s)
s=t—r—1

-1 -1
+8 Y Y A1) (2), (6.1.9)

s=—rz=t+s

then along the solutions of (6.1.1) we have
AV () <0V (¢).

Proof. First we note that due to condition (6.1.8), Q(¢) < 0 for all t > 0. Also, we
use the fact that if u(¢) is a sequence, then Au?(t) = u(t + 1)Au(t) + u(t)Au(t).
Let x(¢) = x(z,y, ¥) be a solution of (6.1.1) and define V (¢) by (6.1.9). Then along
solutions of (6.1.5) we have

AV(t) = |x(t+1)+ i A+ l,s)x(s)] O |x(t)+ ti A(t,s)x(s)]
s=t—r s=t—r—1
-1 =1
+ |x(¢)+ _ZIA(t,s)x(s)] O | x(t) + _zlA(t,s)x(s)]
+ 8N, i li A2 (t,2)x%(2). (6.1.10)

s=—rz=t+s
We note that
t t—1

x(t+1)+ D A+ Ls)x(s) = (Q(0)+ Dx(t) =AY, Alr,5)x(s)

s=t—r s=t—r—1
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t
+ Y A@+1,5)x(s)
s=t—

r

Y

—1
= (0@)+ )x(t)+ 2 A(t,$)x(s)

s=t—r—1

—1
= (Q(t)+ 1)x(z) + Z Alt,s)x(s)

s=t—r

since A(t,t —r— 1) = 0. With this in mind, (6.1.10) reduces to

t—1
AV(1) = [(Q(I)Jrl)X(f)Jr > A(LS)X(S)] O(1)x(r)

s=t—r

t—1
H+ X A(hS)X(S)} Q(1)x(t)

s=t—r

=1 t-1

+80, Y, Y AMt,2)x%(2)

S=—rz=t+s

= 0(1)V(1) + (Q*(1) + (1)) **(1)

=1 t-1

—380(0) Y, Y A%r,2)x?
s=—rz=t+s
-1 -1
+ 0N, 2 Z A%(1,2)x%(2)
s=—rz=t+s

t—1 2
— Q0(r) < :,21 A(t,s)x(s)) .

Also, using (6.1.4), we arrive at

-1 -1 —1 t
N YY ARG = Y, Y AN+ 1LN(r)
s=—rz=t+s s=—rz=t+s+1
-1 t—1
- Y A1)
S=—rz=t+s

—1

257

6.1.11)

=Y [Az(t—i—l,t)xz(t)—i— li A1+ 1,2)x%(2)

s=—r z=t+s+1

— Z A2(t,2)x% (z) — A% (1,1 +5)x (t-i—s)}

z=t+s+1
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= i (Az(t +1,0)x%(r) — A2(t,1 +5)x> (1 + s))

s=—r

I VRS

s=—rz=t+s+1

= rA%(t+ 1,0)x%(t) — i A%(t,t+ )X (t +5)

S=—r

I VRS

s=—rz=t+s+1

IN

rA%(t 4 1,0)x%(1)

—1
— Y At +s5)(t+s). (6.1.12)

s=—r

With the aid of Holder’s inequality, we have

—1 2
( D A(t,s)x(s)) <ry A%(1,5))x%(s). (6.1.13)
s=t—r S=t—r
Also,
1 -1 —1
NN AN )x () < Y, AX(t,5)x7(s). (6.1.14)
S=—rz=t+s s=t—r

By invoking (6.1.8) and substituting expressions (6.1.12)—(6.1.14) into (6.1.11), we
obtain

AV(t) < Q) (1) + (Q* (1) + Q) + r8A* (1 + 1,1))x%(1)

t—1
+ [ (8 +1)rQ(1) = 8] 3, A%(1,5)x°(s)

s=t—h

<0V (1). (6.1.15)

This completes the proof.

Theorem 6.1.1 ([98]). Assume the hypothesis of Lemma 6.1 holds and suppose there
exists a number o < 1 such that 0 < a(t)+A(t+ 1,t)) < a. Then any solution
x(t) = x(t,t0, W) of (6.1.1) satisfies the exponential inequality

t—1
Ix(1)] < “;‘Sv(to) H (a(s) +A(s+1,5)) (6.1.16)

fort > ty.
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Proof. First we note that condition (6.1.8) implies that there exists some positive
number o < 1 such that |a(t) + A(t + 1,¢))| < o. Now by changing the order of
summation we have

1) i ti A2(t,0)x%(z2) = 6 ti Zi A2, (2)

S=—rz=t+s I=t—rs=—r

=6 [il A, () (z—t+r+1)

7=t—r

>3 ti A%(t,2)x%(2),

Z=t—r

where we have used the factthatt —h <z<t—1 — 1 <z—t+h+1<h. Also

t—1 2 t—1
< Z A(t,s)x(s)) <r Z Az(t,s)xz(s),

=t—r =t—r

and hence,
11 s [ 1= 2
5y > A%(1,2)x%(z) > ( Y A(t,z)x(z)) )
S=—rz=t+s r Z=t—r

Let V(¢) be given by (6.1.9). Then

t—1 -1 -1

V)= + Y Als)x(s)] +8 Y Y A1)

s=t—r—1 S=—rz=t+s

Y
=
S
S~—
+
\gll
b
~—~
\‘N
n
N~—
=
—
NP
)
_|_
(=7]
TN
\gll
b
=~
&\l
SN—
=
A\l
~—
N—————
N

—~

1)+

= r+5x
)

2
> r—|—5x (1).

Consequently,

From (6.1.15) we get
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Thus we arrive at

r t—1
(01 < |5 V) T (als) +AGs+ 1,9)

fort > t. This completes the proof.

Corollary 6.1 ([98]). Assume the hypothesis of Theorem 6.1.1 holds. Then the zero
solution of (6.1.1) is exponentially stable.

Proof. From inequality (6.1.16) we have that

r t—1
w01 < || 5 V) TT (@) +AG-+ 1.9)

= \/r;5v(fo)af’0

for t > 3. The proof is complete since o € (0, 1).

Now we state a corollary regarding the exponential stability of the zero solution
of (6.1.6).

Corollary 6.2 ([98]). Assume the hypothesis of Theorem 6.1.1 holds with Q(t) =
A(t+ 1,1) — 1. Then the zero solution of (6.1.6) is exponentially stable.

Remark 6.1. If for a positive constant M we have
V(1) <M, forallzy >0,

then the zero solution of (6.1.1) is uniformly exponentially stable. This follows from
the exponential inequality (6.1.16).

6.2 Criterion for Instability

In this section we use a nonnegative definite Lyapunov functional and obtain criteria
that can be easily applied to test for instability of the zero solution of (6.1.1).

Theorem 6.2.1 ([98]). Let H > r be a constant. Assume Q(t) > 0 such that
Q*(t) +Q(t) —HA*(t+1,1) > 0. (6.2.1)

If
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t—1
—H Y AXt,9)x(s), (6.2.2)
s=t—r—1
then along the solutions of (6.1.1) we have
AV(t) > Q(V(1).

Proof. Let x(tr) = x(t,1y,¥) be a solution of (6.1.1) and assume V(¢) is given
by (6.2.2). Since the calculation is similar to the one in Lemma 6.1 we have that

AV(t) = Q)V (1) + (O*(t) + Q(t) — HA*(t +1,1))x*(¢)

t—1 2
+ O(1)(H—r) < 72 lAz(t,s)xz(s)>
> Q(n)V(1), (6.2.3)

where we have used

i1 2 i1
( ; A(t,s)x(s)) <r ; A%(1,5)x%(s)

and (6.2.1). This completes the proof.

We remark that condition (6.2.1) is satisfied for

— 2
0() > 1+\/1+4;HA (t+1,1)

Theorem 6.2.2 ([98]). Suppose the hypothesis of Theorem 6.2.1 holds. Then all
solutions of (6.1.1) are unbounded and its zero solution is unstable, provided that

ﬁ (a(s) +A(s+1,5)) = oo, (6.2.4)
Proof. From (6.2.3) we have

t—1

V(t) > V(o) [T (als) +A(s+1,5)). (6.2.5)

s=1y
Let V(t) be given by (6.2.2). Then

t—1
V(t) = x2(t) + 2x(r) Y, A(t,s)x(s) +

t—r—1

t—1
—H Y, At,5)x(s). (6.2.6)

t—r—1
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(pamVho) =0

2ab < T2y By
B r

Let § = H — r. Then from

we have

With this in mind we arrive at

r ﬁ t—1 2
<5 2(t)Jr > A(%S)X(S)]
t—r—1
) B & o 2
< Bx (1) + rrZA (t,8)x(s

A substitution of the above inequality into (6.2.6) yields

V(t)gxz(t)—i—[;x() (B+r—H 2 A%(1,5)x*
trl
B+r ,
B x(1)
:Hljrxz(t)

Using inequality (6.2.5), we get

1= /7T v

H—r t—1 é
_\/ o V12(19) <H(a(s)++A(s+1,s)> .

s=ty
This completes the proof.

We have the following corollary regarding the unboundedness and instability of
(6.1.6).

Corollary 6.3 ([98]). Suppose the hypothesis of Theorem 6.2.1 holds with Q(t) =
A(t+ 1,t) — 1. Then all solutions of (6.1.6) are unbounded and its zero solution is
unstable, provided that

=

[TAG+1) =
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6.2.1 Applications and Numerical Evidence

In this section we provide examples that illustrate our theoretical results in two
instances: when the coefficients a(z) and b(z,s) are constants, and when they are
functions.

First, if a(t) = a and b(t,s) = b (a,b € R) we have A(t,s) = D, b. Then A(t,s) =
u=t—s
b(r+1—1t+s). Hence, NA(t,5) = b*(r—t +5)* —b*(r+ 1 —t+5)*> <0 and thus
condition (6.1.7) holds. Also A(¢ + 1,t) = br, and hence condition (6.1.8) becomes
o

—(6+1)r§a+br—1§—[5b2r3+(a+br—1)2]. (6.2.7)

It is obvious from (6.2.7) that when a = 1, b has to be negative.

Next we give four examples where the emphasis is on |a| > 1.

Example 6.1 ([98]). Leta=r=1,b=—0.3 and § = 0.5. Then one can easily verify

that (6.2.7) is satisfied. Hence the zero solution of the delay difference equation
x(t+1)=x(r) —0.3x(t—1) (6.2.8)

is exponentially stable.

Example 6.2 ([98]). Leta=1.2,b = —0.3,r = 1, and 6 = 0.5. Then one can eas-
ily verify that (6.2.7) is satisfied. Hence the zero solution of the delay difference
equation

x(t+1)=1.2x(t) —0.3x(t— 1) (6.2.9)

is exponentially stable as illustrated in Figure 6.1.

Example 6.3 ([98]). Let a = 1.29,b = —0.6,r = 1, and & = 0.5. With these val-
ues (6.2.7) is satisfied, and therefore the zero solution of the delay difference equa-
tion

x(t+1)=1.29x(t) — 0.6x(t — 1)

is exponentially stable as shown in Figure 6.2.

Example 6.4 ([98]). a = 1.125,b = —0.15,r =2, and 6 = % Then one can easily
verify that (6.2.7) is satisfied. Hence the zero solution of the delay difference equa-
tion

x(t+1)=1.125x() — 0.15(x(t — 1) +x(t — 2))

is exponentially stable as shown in Figure 6.3.
It is worth mentioning that in both papers [87] and [136], in which fixed point theory

was used, it was assumed that

—1
[Ta(s) =0, ast — e
5s=0
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Fig. 6.1 Trajectories of (6.1.1) when a(z) and b(¢, s) are constant. Figure 6.1 refers to Example 6.2
where a = 1.2,b = —0.3, and r = 1 with initial condition x(0) = —10 and x(1) = 10.3. Figure 6.2
refers to Example 6.3 where a = 1.29,b = —0.6, and r = 1 with initial condition x(0) = —10 and

x(1) = 10.3. Figure 6.3 refers to Example 6.4 where a = 1.125,b = —0.6, and r = 2 with initial
condition x(0) = 15,x(1) =2, and x(3) = —10.

N
o o

——

for the asymptotic stability.

Example 6.5 ([98]). Leta = 13,b= —0.2,r = 1 and H = 1.1. Then Q(r) = 0.1 >
—1 /1 +4HA(t + 1,1
0. Moreover Q(t) > +/1+ (t+1,1)

= 0.0422. Thus conditions (6.2.1)
and (6.2.4) are satisfied and the zero solution of

x(t4+1)=13x(0)—0.2x(t—1) (6.2.10)

is unstable. Actually, all its solutions become unbounded for large ¢. Figure 6.2

shows a trajectory for the above equation with initial condition x(0) = —10 and
x(l)=-1.3.
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Fig. 6.2 Trajectories of (6.1.1) when a(t) and b(t,s) are constant. This graph corresponds to Ex-
ample 6.5 where a = 1.3,b = —0.2, and r = 1 with initial condition x(0) = —10 and x(1) = —1.3.

Remark 6.2. When a(t) and b(z,s) are constant the solution x(¢) of the delay differ-
ence equation (6.1.1) is the same as the sequence (xn)nGNo defined

recursively as
(6.2.11)

Xptr1 = @Xntr + 0 (Xpyr1+ -+ x4),n € Ny,

and for which the general solution can be obtained analytically. For r = 1 in par-
ticular, the general solution to (6.2.11) is easily calculated. For instance, the exact

solution to (6.2.8) in Example 6.1 is
10x(1)
—x(0)cos O

V30 sin(¢60) |,

V30
x(t) = ( ) x(0)cos (10) + <in 6

10

30

where 6 = arctan (‘25 ) Since ‘{0
nential convergence. The exact solution to (6.2.9) in Example 6.2 is

1 (1) = "ON (61 /6
x(t) = ) [(x(O)—i— 10 V6 10 10
_6x(0) _ 4
" <x(0)—10x(1)\/6 L )(6 m”ﬂ.

< 1, we see that the solution x(¢) of Example 6.2 converges exponen-

‘ < 1 we see that lim |x(z)| = 0 with an expo-
—>+oo

Since ’ 6i1(\)/ 6 ’
tially to zero. Similar calculations can be done for Examples 6.3 and 6.4. Finally,

the exact solution to (6.2.10) in Example 6.5 is
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X ~ 13x(0) ¢
X0 = Kx(O)Jrzo (”mzo ) <13+20“89>

(1) = BN 1389’
+ (x(O)—ZO Jso ) .

13+\/89’ > 1, we see that llm [x(1)] = +eo.

Since ’

We now give two examples that illustrate the exponentially stable and unstable case
when a(r) and b(¢,s) are functions. We corroborate our results with numerical sim-
ulations.

Example 6.6 ([98]) Let a(t) = d**1 + 3 and b(t,s) = —d'** for d € R. Then
A(t,s) = —d* 2 d", and therefore A(t + 1,1) —dZ’Zd“f —d* " forr=1.

u=t—s
We can show that A,Az(t,z) <Oforallt+s+1<z<t—1.If we take r =1 and
1
6 =1, we obtain Q(t) = — 3 With these choices we see that the left inequality
of condition (6.1.8) is trivially satisfied. To obtain the right inequality, we need to

1 1
choose d such that (dz(d4)t + 9> < —Q(r) = 3 for ¢ large enough. It is there-

fore sufficient to choose d € (0,1). In that case, tglll (d*)" = 0 which implies that

the right inequality of condition (6.1.8) will eventually be satisfied. Note that con-
dition (6.1.8) is satisfied for all 7 > 0 when d € (0, ‘/2] With these choices for the
parameters d, 8, and r, we can conclude that the zero solution of the delay difference
equation

2
x(t+1)= (d”“ + 3) x(t) —d*x(r—1)
is exponentially stable. We plotted two of its trajectories in Figure 6.3.

Example 6.7 ([98]). Let a(t) = d**! + 1.1 and b(t,s) = —d'**. Then from Exam-
ple 6.6 we have A(t + 1,7) = —d* "' when r = 1. In that case choosing H = 1
yields Q(¢) = 0.1 > 0. With these choices we see that condition (6.2.1) is satisfied
if d € (0,1) and hence the zero solution of the delay difference equation

x(t+1) = (A + 1.1)x(t) —d* 'x(t — 1)

is unstable as illustrated in Figure 6.4. In fact, the zero solution is unstable for all
choices of a(t) = d* ! + v with v > 1. We note that with these choices of a(t) and
b(t,s) we have

oo

[1(a(s)+A(s+1,5)) = Hv—+°°

and hence (6.2.4) is verified.
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Fig. 6.3 Trajectories of (6.1.1) when a(t) = d**! + § and b(t,s) = —d'**. These plots refer to
Example 6.6 with r = 1. The initial condition was taken to be x(0) = —1 and x(1) = 0.21. In
Figure 6.3(a) we plotted the trajectory obtained with d = % and in Figure 6.3(b) we plotted the
trajectory with d = 2'399. In the latter case, since condition (6.1.8) is verified only after a certain
value of 7, the first few terms of the trajectory x(¢) are not converging to zero until condition (6.1.8)
is satisfied.

at)=d®*" + 1.1, b(t,s)=—d™®, d = 1/3, r=1
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Fig. 6.4 Trajectories of (6.1.1) when a(t) = d**! 4 1.1 and b(t,s) = —d'**. This graph corre-
sponds to Example 6.7 with r = 1 and initial condition x(0) = —1 and x(1) = 0.21.

Next we compare our results to existing ones. Let a = 1.2,b; = —0.2, b =
—0.088,7* =2, and § = 0.5. Then one can easily verify that (6.1.8) is satisfied.
Hence the zero solution of the difference equation with multiple delays

x(t41) = 1.2x(t) — 0.2x(t — 1) — 0.088x(t — 2). (6.2.12)

is exponentially stable.
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It is worth mentioning that in both papers [87] and [136] it was assumed that
Ha —0,ast — oo

for the asymptotic stability. Of course our a = 1.2 does not satisfy such a condition,
and yet we concluded exponential stability. Leta =1.2,b=—0.3,h=1, and 6 =
0.5. Then one can easily verify that (6.1.8) is satisfied. Hence the zero solution of
the delay difference equation

x(t4+1)=1.2x()—03x(t—1) (6.2.13)

is exponentially stable.

Moreover the above condition of [87] and [136] cannot be satisfied since our a =
1.2. Next we compare our results with the results obtained in [125] by EI-Morshedy.
Hence, we begin with the statement of the following.

Lemma 6.2 ([125]). If there exists A € (0,1) such that

N N s—1
| H)a(n —j)+b(n)|+ 21 | H)a(n —j)| 1b(n—s)| <2, (6.2.14)
j= s=1j=

for large n, then the zero solution of
x(n+1)=a(n)x(n) +b(n)x(n—N) (6.2.15)

is globally exponentially stable.

It can be easily seen that condition (6.2.14) cannot be satisfied for the data given in
the above (6.2.12). Next we state two major results from [125], by Berezansky and
Braverman, so we can compare with equation (6.2.12) and (6.2.13).

Lemma 6.3 ([16]). Let 0 < y < 1 and 2 la;(n)| 4|1 —ai(n)| < yfornlarge enough.
=2
Then the equation

x(n+1)—x(n)=—ai(n 2 ai(n (6.2.16)
is exponentially stable. Here n — T < g;(n) < n for some integer T > 0.

Lemma 6.4 ([16]). Suppose that for some y € (0, 1) the following inequality is sat-
isfied for n large enough:

S ()] i 2 |+|1—2ak <7, 62.17)
k=2 j=ar(n)1=1

Then (6.2.16) is exponentially stable.
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In the spirit of (6.2.16) we rewrite (6.2.13) as
x(t+1)—x(n) = 2x(t) —0.3x(r — 1).
Then the condition in Lemma 6.3 is equivalent to
laz(n)|+ |1 —a;(n)| =03+]14+02|> 1,
is not satisfied. Also, condition (6.2.17) is equivalent to
laz(n)||la1(n)|+ |1 —a1(n)] =0.3(0.2) + |14+ 0.2| > 1,

is not satisfied. Thus, we have demonstrated that Lyapunov functionals yield better
results as seen from the improvement over the results of [16] and [125]. For more
comparison with existing literature, we have the following theorem by Berezansky,
Braverman, and Karabash.

Theorem 6.2.3 ([17]). Consider the two delays difference equation
x(n+1)—x(n) = —apx(n) —ax(n — hy) —axx(n—hy), hy, by >0.  (6.2.18)

Suppose at least one of the following conditions hold:
1)1 >ap>0, |a1|+|a2| < ap;

apg+ay+a

2)0<ap+ar+ax <1, |ai|h +laglhy < 0TI

|aol +|a1| + |az|
ag+ax— |a‘

|ao| + |ai| + |aa|

Then Equation (6.2.18) is exponentially stable.

3)0<ap+ar <1, |a2|h2 <

The next theorem is due to Cooke and Gy®ri.
Theorem 6.2.4 ([42]). The multiple delays difference equation
N
x(n+1)—x(n)=— z arx(n—hy), ap >0, b >0, (6.2.19)
k=1
is asymptotically stable if

N
Y aghi < 1. (6.2.20)
k=1

The next theorem is due to Elaydi (1994) and Koci¢ and Laddas (1993).
Theorem 6.2.5 ([63, 94]). The multiple delays difference equation

M=

x(n+1)=x(n) =ao(n)x(n) — Y ar(n)x(gx(n)), gx(n) <n (6.2.21)

k=1
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is asymptotically stable if

N
ap(n)—e for0<ap(n) <1
g‘ () { 2 —ap(n)—¢€ for 1 <ap(n) <2 (6.2.22)

The next theorem is due to Hartung and Gy®ri.

Theorem 6.2.6 ([77]). The multiple delays difference equation

x(n+1) z arx(gr(n)), ar >0, gr(n) <n, (6.2.23)

is exponentially stable if

lim sup (n — gi(n)) < oo, (6.2.24)
n—roo
and
N
Y aglim sup (n — g(n)) < 1 + Z a. (6.2.25)
k=1 n—yeo

We remark that Theorems 6.2.4 and 6.2.5 only give results regarding asymptotic
stability.

Consider the difference equation in Example 6.4, where we have shown its zero
solution is exponentially stable.

x(n+1)—x(n) = —(—.125)x(n) — 0.15x(n — 1) — 0.15x(n — 2). (6.2.26)

Then ag = —.125, a; = 0.15, and, a; = 0.15. It is clear that 1) of Theorem 6.2.3
cannot hold since our ag is negative. Similarly, condition (6.2.22) cannot hold since
it requires that ag > 0. Notice that Theorems 6.2.4 and 6.2.6 are not applicable to the
results of this section since the coefficients (6.1.1) depend on time. In Example 6.6
we showed the zero solution is exponentially stable. Also we remark that our theo-
rems do not require sign conditions on the coefficients and the fact that if we rewrite
the equations of Theorems 6.2.4, 6.2.5, and 6.2.6, in the form of

x(n+1)=(ap+ )x(n) +aix(n—hy) + axx(n — hy)

then their first coefficient, ag + 1 > 1, unlike our theorems that are applicable to
|ap+ 1| > 1 as it was demonstrated in the examples.

In general, it is a major problem to find an appropriate Lyapunov functional and
hence, the dependence of the quality of the corresponding results on such functional.
However, once a suitable Lyapunov functional is found, investigators may continue
for decades deriving more and more information from that Lyapunov functional. It
is a common knowledge among researchers that stability and boundedness results
go hand in hand with the type of the Lyapunov functional that is being used. To
illustrate our concern, we consider the delay difference equation
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x(t+1)=a(t)x(t) +b(t)x(t— 1)+ p(t), t € ZT, (6.2.27)
where a,b,p : ZT — R, 7 is a positive integer. We have the following theorem.

Theorem 6.2.7. Assume
la(t)| < 1, forall t € Z (6.2.28)

and there is a 6 > 0 such that
b(1)| +6 < 1, (6.2.29)

and
la(t)| < 8, and |p(t)| < K, for some positive constant K. (6.2.30)

Then all solutions of (6.2.27) are bounded. If p(t) = 0 for all t, then the zero solution
of (6.2.27) is (UAS).

Proof. Consider the Lyapunov functional

t—1
V(t,x()) = x(0)]+8 Y, |x(s)

S=1—1T

Then along solutions of (6.2.27) we have

13 t—1
=R+ DI =xO]+6 Y xs)=8 Y x(s)

s=t+1—1 S=1—1T
< la(@)x(@)] = (@) + [b(1)[[x(t = 7)[ + & 2; s)| =6 Z [x(s)| +1p(1)]
s=t+1-71 S=t—7T
= (la()|+8 = 1) x()|+ (16(t)| = 8) |x(r = 7)| +[p(1)]
(la(t)|+8 = 1) x(0)| +p(1)]

IN N

—7vlx(¢)| + |p(z)], for some positive constant y.

The results follow from either [133] or Theorem 2.2.4.

It is evident from Example 6.2 that Theorem 6.2.7 does not give any result concern-
ing the exponential stability of the single delay difference equation

x(t4+1)=1.2x(t) —0.3x(t —1).

This illustrates the uncertainty we face when using Lyapunov functionals. On the
other hand, it is tricky to construct a Lyapunov functional that deals with multiple
delays.

As we indicated before, there is always a price to pay. By using Lyapunov function-
als, our method relaxed the stringent conditions on the size of the coefficients. On
the other hand, it puts a severe demand on the size of the delay /. The next theo-
rem, which is due to Clark [35], does exactly the opposite; however, it asks for the
coefficients to be constants.
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Theorem 6.2.8 ([35]). Suppose the coefficients a and b of (6.2.15) are constants.
Then Equation (6.2.15) is asymptotically stable provided that

la| +[b] < 1.

6.3 Vector Equation

In this section we try to extend the concept of exponential stability of finite delay
scalar Volterra equation to the finite delay vector Volterra equation

t—1

x(t+1)=Px()+ Y, C(1,5)g(x(s)), (6.3.1)

S=I—r

where r is a positive integer, P is a constant n X n matrix, and C is an n X n matrix of
functions that are defined on —r <7 < s < o, Where t,s € [—r,o0) N Z. The nonlinear
function g : R” — R” is continuous in x. Throughout this paper it is understood that
if x € R, then |x| is taken to be the Euclidean norm. Obtaining exponential stability
through the method of Lyapunov functional V requires that along the solutions, we
have AV (¢,x) < —oV (t,x), something that is almost impossible to obtain in vector
equations. Materials of this section can be found in [51] and the references therein.
Let U = (u);j be an n x n matrix. Then we define the norm |U| to be

n

|U| = max Z |u[j|.

ISjS"iZI

It should cause no confusion to denote the norm of a sequence function @ : [—7,00) N
Z — R" with

ol = sup |o(s)[-
—r<s<oo

The notation x; means that x,;(7) = x(t + 7),7 € [-r,0]NZ as long as x(¢ + 7) is
defined. Thus, x, is a function mapping an interval [—r,0]NZ into R". We say x(7) =
x(t,10,y) is a solution of (6.3.1) if x(r) satisfies (6.3.1) for r > #o and x;, = x(tp +
s) = y(s), s € [-r,0] N Z. Throughout this paper it is to be understood that when
a function is written without its argument, then the argument is . We begin with a
stability definition. For 7y > 0 we define

EtO = [—r, t()] QZ

Let C(t) denote the set of sequences ¢ : [—r,00) NZ — R" and ||¢|| = sup{|¢(s)] :
sE€[—nt]NZ}.

Definition 6.3.1. The zero solution of (6.3.1) is stable if for each € > 0 and each
1o > —r, there exists a 8 = 0(€,19) > O such that [¢p € E;; = R", ¢ € C(¢) : ||¢]| < J]
implies |x(t,79,¢)| < € for all £ > 0.
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In order to be able to handle the calculations for AV (¢) along the solutions of (6.3.1),

we let
,

A(t,s):= Y Clu+s,s), t,s€[0, «)NZ}.

u=t—s
Clearly A(r,t —r—1) = 0, and as a consequence, one can easily verify that (6.3.1)
is equivalent to the new system

t—1
Ax(t) = Ox(0) + A+ 1L,0)g (1) = 2 Y Alt,s)g(x(s)),  (63.2)
s=t—r—1
where the matrix Q is given by Q = P —I and [ is the identity n X n matrix.

Remark 6.3. Writing (6.3.1) in the form of (6.3.2) allows us to obtain stability result
regarding the nonlinear Volterra difference equation

t—1
x(t+1)="Y, C(t,5)g(x(s)). (6.3.3)

S=t—r

This is remarkable since (6.3.1) is considered as the perturbed form of x(r + 1) =
Px(t), which implies that the stability of the zero solution of (6.3.1) depends on
the stability of linear part; that is, one must require that the magnitude of all the
eigenvalues of the matrix A be inside the unit circle.

Before we state and prove our next theorem, we assume there exists a positive def-
inite symmetric and constant n X n matrix D such that for positive constants A, iy,
and U, we have

PTDO+Q"D = —pl. (6.3.4)

Due to the nonlinearity of the function g, we require that
x" (PTDA(t+ 1,1) + DA(t + 1,1)) g(x) < —pa|x|* if x £ 0, (6.3.5)

and
lg(x)| < Alx. (6.3.6)

It is clear that conditions (6.3.5) and (6.3.6) imply that g(0) = 0 and hence x = 0 is
a solution for system (6.3.1). We note that since D is a positive definite symmetric
matrix, there exists a positive constant k such that

k|x|* < x" Dx, forall x. (6.3.7)

If W(r) and Z(r) are two sequences, then AW (1)Z(1) = W (t + 1) AZ(1) + (AW (1))
Z(t).

Theorem 6.3.1 ([51]). Let (6.3.4)—(6.3.6) hold, and suppose there are constants y >
0 and o > 0 so that

t—1

— =20+ 722G+ 1,0) |+ (AAT (+1,0D] +107D]) Y A(ts)| < —er,
S=t—r

(6.3.8)
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—y+AAT(t+1,0)D|+|Q"D| <0, (6.3.9)
and
t—1
1-1 Y, |A(r,5)]>0 (6.3.10)
s=t—r—1

then the zero solution of (6.3.1) is stable.
Proof. Define the Lyapunov functional V (¢) = V(z,x) by

i—1 -1
VO = (0 3 Aw9sl) D0+ T A)s(x(s)
=1 t=1
+Y Y Y AW )lgx () 6.3.11)
S=—rz=t+s

First we note that the right side of (6.3.11) is scalar. Let x(¢) = x(¢,%, ¥) be a so-
lution of (6.3.1) and define V(¢) by (6.3.11). Then along solutions of (6.3.1) we
have

AV(t) = (x(t+1)+ Y, Ar+ l,s)g(x(s)))TD

—1
+ A+ Lo)[g(0)) P =1 Y, A1 +5)||g(x(r +9)) >

S=—r1
Using (6.3.2) one can easily show that

1

t—1
x(t+1)+ 2 At +1,5)g(x(s)) = Px(¢) + Z A(t,5)g(x(s)).

S=t—r S=t—r
With this in mind AV becomes

t—1

AV() = (Px()+ Y, A(t,s)g(x(s)))TD(Qx(t)+A(t+ 10)g(x(1)))

s=t—r
t—1

+ () +AG+1086) D)+ X Al 9)g(x(s)

s=t—r—1

—1
+ A A+ L) lg(x()]P =7 X A+ 5)] |8 (x(e +9)) .

§S=—r
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After rearranging terms, the above expression simplifies to
AV(E) = X7 () (PTDQ+ Q" D)x(t) +x (1)PT DA(t + 1,1))g (x(1))

-1 T
+ (X A9)8(x(s)) DOx(r)

S=I—r

t—1
£ (3 A98(x(s)) DA+ L0g(x(0)

S=I—r

—1
+x"(0)Q"D Y A(t,s5)g(x(s)) +g" (x(t)AT (t + 1,1)Dx(r)

s=t—r—1
t—1
+ 8T x)AT(t+1,0D Y Ar,9)g(x(s)) + yriA(t + 1,0)]|g(x(1)) >
s=t—r—1
—1
—y Z A(t,1 +5)||g(x(r + 5)) [ (6.3.12)

Next we try to simplify (6.3.12) by combining likewise terms. We begin by noting
that g7 (x)AT (t + 1,1)Dx = [xTDA(t +1,1))g(x)] " and hence we have

x"PTDA(t+1,1))g(x) + g" (x)AT (¢ +1,1)Dx

=x" (PTDA(t +1,t) + DA(t + 1,1)) g (x).

—1 1—1
(3 A)5(x(9) DOX0) + (0D T, Alt)elx()
t—1

=x"(Q'D Y, A(1,9)g(x(s))

s=t—r—1

t—1

+ [( Z A(t,s)g(x(s)))TDQx(t)}T

S=t—r

t—1
=2")Q"D Y A(t,s)g(x(s))

s=t—r—1

t—1
<20 NNIQ"DI Y, 1A(9)llg(x(s)]

S=t—r

t—1

< 10D ¥, 1A@s)[(Ix(0) +gx())I?),

s=t—r
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where we have used the inequality 2ab < a* + b%. Similarly,

t—1
3, At.9)8(x(s))) DA+ 1.0gx(1)
t—1
FE GO H1LOD S, As)g()
s=t—r—1
t—1
=GO H1LOD S, AGg()

s=t—r—1

T
Al1,5)8(x(s)) ) DA+ 1.0)g(x(r))|

t—1
= 2" AT+ 1D Y Alr,5)g(x(s)
s=t—r—1
t—1
<2AAT (e + 1,0)D] Y A1) [g(x(s))]

s=t—r

T

-1
< AAT (1 +1,0)D| ; A, 9)| (I(@)]* + [g(x(s))?).
Letu =1t +s, then
-1 t—1
Y Y [AG+9)]lgxt+9))F ==y X, |A(t,5)]1g(x(s) .

S=—r s=t—r

By substituting the above four simplified expressions into (6.3.12) yields
AV(t) < [— i — to+ yrA?|A(e 4+ 1,1))|

t—1
+ (MA@ 1,0D| +17D)) 3 A9 Ix(0)P

t—1
+ [ 7+ AT @+ 10D+ 107Dl T A9l lgx(s)) P
< —alx(r). (6.3.13)

Let € > 0 be given, we will find & > 0 so that |x(¢,7),¢)| < € as long as [¢ € E, —
R:||¢]| < 8] Let

to—1 -1 -1

2=p|(1+2 3 Aw.s)l) A7 Y S A0

to—r s=—rz=to+s
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By (6.3.13) we have V is decreasing and hence for t >ty > 0 we have that

V(tax) S V(t()vq))
to—1

< DI(0(0) + 3, Al 9)5(0(s)))”

th—r
—1 [0,1

T2 Y S JAl,0)l9()P

S=—rz=1p+s
to—1

=& p|(1+4 ¥ IA(to=S)|)2

fo—r

—1 t()fl

+vAT8E Y Y |At,2)

sS=—rz=ty+s

< 8% (6.3.14)

By (6.3.11), we have

t—1

< D(x()+ Y, Als)s(x(s)

s=t—r—1

=1
> k2(|x| -1 X A(t,s)g(x(s))’)z. (6.3.15)

s=t—r—1
Combining the two inequalities (6.3.14) and (6.3.15) we arrive at
|x(2)] S —|—l z A(t,s)||x(s)]-
s=t—r—1
So as long as |x(¢)| < €, we have
oL
|x(t)|< +eA Z A(t,s)], for allt > 1.
s=t—r—1
Thus, we have from the above inequality
lx(t)] < € for§ < (1—)L 2 s)|)e.
s=t—r— 1

Note that by (6.3.10), the above inequality regarding 0 is valid. This completes the
proof.

We have the following corollary.
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Corollary 6.4 ([51]). Assume all the conditions of Theorem 6.3.1 hold. Let x(t) be
any solution of (6.3.1). Then |x(1)|* € I([tg,>0) N Z).

Proof. We know from Theorem 6.3.1 that the zero solution is stable. Thus, for the
same O of stability, we take |x(¢,7,¢)| < 1. Since V is decreasing, we have by
summing (6.3.13) from #( to ¢t — 1 and using (6.3.14) that,

t—1
V(t,x) < V(to,0) < 8L — o Y |x(s)|*.

fo

Since,

V(t,x)

Y
TN
=
_|_
b
~—~
\‘N
5
S~—
=
=
—
[
S~—
S~—
N—

~
>
TN
=
_|_
b
~—~
\‘N
5
S~—
=
=
—
[
S~—
S~—"
N—

we have that

(x—|— ti A(t,s)g(x(s)))TD(x—f- 2 A(t,s)g(x(s)))

s=t—r—1 s=t—r—1

t—1
< &L —a Y |x(s)|* (6.3.16)
fo

Also, using Schwarz inequality one obtains

i—1 1—1
(3 Aeslee@)) = (3 A6 Aw)el)])
s=t—r—1 s=t—r—1
t—1 t—1

<A Y JA@s)l XY A

s=t—r—1 s=t—r—1

AsY'Z! | |A(t,s)| is bounded by (6.3.10) and |x|?> < 1, we have ' | |A(t,s)|

[x(s)|? is bounded and hence Y'_! | |A(t,s)||g(x(s))| is bounded. Therefore,
from (6.3.16), we arrive at

-1 -1
aZp@Fgﬁﬁ—@+lemkmmy
t—1
(vt Y Als)gx(s))
s=t—r—1
t—1 2
<EL+DI(H+ Y, AlS)O)]) <K,

s=t—r—1

from which we deduce that |x(7)|* € I([tg, ) NZ).
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Due to our previous remark; it is straightforward to extend Theorem 6.3.1 and Corol-
lary 6.4 to (6.3.3) by setting the coefficient matrix P = 0.

Theorem 6.3.2 ([51]). Let (6.3.4) and (6.3.5) hold for P = 0 matrix. Assume (6.3.6)
and suppose there are constants y > 0 and o« > 0 so that

i~z + PAYAG 1,0 + (AAT (+1,0)D)

t—1
+D[) Y A(19)] < —a,
1—r

—y+A|AT (1 4+1,1)D| + |D| <0,

and

t—1
1-4 Y |A(r,5)]>0

s=t—r—1
then the zero solution of (6.3.3) is stable and |x(t)|* € ([to,o) N Z).

Proof. The proof is immediate consequence of Theorem 6.3.1 and Corollary 6.4 by
taking the matrix P to be the zero matrix which implies that Q = I.

Next, we resort to fundamental matrix solution to characterize solutions of (6.3.1)
and then compare both results. We begin by considering the homogenous system,

x(141) = Ax(r) (6.3.17)

where A = (a;;) is constant n X n nonsingular matrix. Then if @(r) is a matrix that
is nonsingular for all ¢ > f( and satisfies (6.3.17), then it is said to be a fundamental
matrix for (6.3.17). Also, it is known that if all eigenvalues of A reside inside the unit
circle, then there exist positive constants / and 1 € (0, 1) such that |@(r) @~ ()| <
In'~". For more on Linearization of systems of the form of (6.3.17), we refer the
reader to [57]. Suppose the function g is Lipschitz. That is, there exists a positive
constant L such that

lg(x) —g(y)| < Lix—y| (6.3.18)
for all x and y. Then (6.3.18) along with g(0) = 0 imply that |g(x)| < L|x|.

Theorem 6.3.3 ([51]). Assume all eigenvalues of A of system (6.3.17) reside inside
the unit circle. Also, assume (6.3.18) along with g(0) = 0. In addition we ask that
for some positive constant R

3 IC(u,s)| <R, 6.3.19

S§S=—r

then the zero solution of (6.3.1) is exponentially stable provided that RL < 1?” .

Proof. Let @(t) be the fundamental matrix for (6.3.17). For a given initial function
¢ : [—r,e0) NZ — R", by using the variation of parameters, we have that
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t—1 u—1
x(t) = D) (t)d(to) + Y, @)D '(u+1) Y, Clu,s5)g(x(s)). (6.3.20)

u=to s=u—r

Then x(¢) given by (6.3.20) is a solution of (6.3.1) (see [57]). Hence, for r > 1y we
have

-1
()] < " 019 (t0)] +RLIN'™" 3, ™" fx(u)|-
u=tqy

The rest of the proof follows along the lines of Theorem 4.35 of [57], by invoking
Gronwall’s inequality (see Corollary 1.1).

Theorem 6.3.3 gives stronger type of stability since it requires the zero solution
of (6.3.17) to be exponentially stable. We end this section with an example.

Example 6.8. LetP_<1/2 O) and C(I,S)_<1/3 O),

01/2 01/3
1
then A(r,s) = J(r—t+s+1) 1 0
’ 03(r—t+s+1)
1
_ (3 0
andA(t+1,t) < Oér)'
From PTDQ + Q"D = — I, we obtain
*9M2xl
431“1 0 8uyr
D= 04 .Letg(x) = Y
’ S 2

Then
xT(PTDA(t+1,t) + DA(t+ 1,1))g(x) = — i (x} +23) .

Hence (6.3.5) is satisfied. By letting 89#1121 <A<

For the sake of verifying (6.3.10), we note that

r(jrl) we have that |g(x)| < 4 |x].

1
AG)| < lr—r+s+1]< ; fors e [t —rt— 1.

Thus,
t—1 t—1
Y Mesi< y <Y

s=t—r—1 s=t—r—1

1 . Left to verify conditions (6.3.8)

3

-1

Thus, 1 —A ¥~ |A(z,s)] >0 for A < )
and (6.3.9). As before, by simple calculations one can easily show that (6.3.8)
and (6.3.9) correspond to

o o AAruy 2 r -
R N (b JHi(y) < -a, (6.3.21)
and Moy 2
—y+ T <o, (6.3.22)

9 3
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respectively. Now inequalities (6.3.21) and (6.3.22) can be satisfied by the choice of
appropriate Up, U, and r. Thus we have shown that the zero solution of

O
1/2 o> = (1/3 0> Surr
x(t+1) = t
( ) ( 0 1/2 ( ) s:tZr 0 1/3 -
8uyr X
is stable by invoking Theorem 6.3.1.
Next we consider the nonlinear Volterra difference equation
n
y(n+1) = f(y(n)) + X, Cn,5)h(¥(s)) +g(n) (6.3.23)

s=0

where f and h are k x 1 vector functions that are continuous in x and g is k x 1
vector sequence. In addition C is k x k matrix functions on Z* and Z* x Z". Note
that (6.3.23) has no delay. We are mainly interested in the Uniform boundedness on
the solutions of (6.3.23) and its exponential stability when g(n) =0 for all n € Z*.
We make the assumptions that for positive constants Ay, A>, and M that

IfF D) < Aalyls [R(¥)] < A2lyl, and [g] < M. (6.3.24)

If A = (a;j) is a k x k real matrix, then we define the norm of A by

Al = max{z jaij}-

1<i<k

Similarly, for x € R¥, |x| denotes the maximum norm of x. In the next theorem we
construct a Lyapunov functional to obtain uniform boundedness and the exponential
stability of the zero solution.

Theorem 6.3.4. Assume (6.3.24). Also, we assume that

n—1 oo
D 2 C3s)| < oo, (6.3.25)
s=0 j=n
M+ L|C(n,n)|+K Y [C(j.n)| < 1—a, (6.3.26)
j=n
- . Ka
|C(n,)| =24 |C(j,s5)| where A = . (6.3.27)
j=n

where €, a, and K are positive constants with o € (0,1) and K = €+ A,. Then every
solution y(n) of (6.3.23) is uniformly bounded and lim sup|y(n)| < ¥ Moreover, if
X—po0

g(n) =0foralln € 7, then the zero solution of (6.3.23) is exponentially stable.
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Proof. Let’s begin by defining the Lyapunov functional V by

n—1 o
V(n) = [y(n)|+K Y, D I1CG,s)|ly(s)]- (6.3.28)

s=0 j=n

Then using (6.3.28) we have along the solutions of (6.3.23) that

AV(n) =|y(n+1)] = |y(n |+K(ZZIC1, )1y(s |_ZZ|CJ= )1y (s )

s=0 j=n s=0 j=n
Or
AV(n) = (ly(n+1)| = |y(n)]) +K<Z IC(jm)lly(n)| = Z |C(n,s)[1y( )I)

j=n

Substitute y(n + 1) and use (6.3.26) to obtain

AV(n) < (If( (m)| +[g(n |+ZIC n, )| [h(y(s ))I—Iy(n)|>

s=0

+K<2|CJ7 )y(n I—ZICMIIy )I)

j=n
Or .
AV(n) < (/'Ml(y(n))l M+ 22 |C(n,8)[|(v(5))] = Iy(n)|>

s=0

+K<z|cj, v |—2|Cns||y >|>

Jj=n

After simplification we arrive at

AV(n) < <?Ll — 1+ 4|C(n,n)| +Ki |C(j,n)|> ly(n)]

j=n

n—1
M+ Y (o~ K)[C(n,s) |y (s)!

s=0

which reduces to

AV(n) < —aly(n)|+ M+ (2 - K ZICn ) ly(s)l-

Using (6.3.27) we get

_ n—1 oo
AV(n) < —a (|y<n>| M _AREKY s |c<j,s>||y<s>|) .
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A(l—K)
o

Now use the fact that A := O‘EK ande:=K—-A = — = K to simplify to

n—1 o
AV(n) < —a <|y(n)| +KY, Y IC(LS)IIy(S)I) +M

s=0 j=n
=—oV(n)+M

Now, by applying the variations of parameters formula we get:
Vin)<(1- 0)+M Z (” s=1),

which simplifies to

Vin) < (1—05)”V(0)+IZ.

Using (6.3.28) we arrive at

bl < (1= @)+ (63.29)
< O]+

Hence we have uniform boundedness. If g(n) = 0 for all n € Z, then from (6.3.29)
we have

() < (1=a)"|y(0)],

which implies the exponential stability. This completes the proof.
For the next theorem we consider the scalar Volterra difference equation

n—1
x(n+1)=pun)x(n)+ ;)h(n,s)x(s) + f(n), (6.3.30)

and show, under suitable conditions, all its solutions are uniformly bounded and its
zero solution is uniformly exponentially stable when f(n) is identically zero. We
assume the existence of an initial sequence ¢ : ZT — [0,0), that is bounded and

= > 0.
1011 = max [9(s)], o >

Theorem 6.3.5 (Raffoul). Suppose there is a scalar sequence o : T — [0,00). As-
sume there are positive constants a > 1 and b such that

n—1
ou(s)a s - Y a PV p(u,5)| > 0, (6.3.31)

u=s

1t (n)| +oe(n)] = |h(n,m)| = 1< —(1—a™"), (6.3.32)
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and for some positive constant M

n—1

N (1—a )= Dif(s)| <M, for 0<n<eo.
s=0

() 1If

n

max ¥ (a(s)a*M"*S*U - 2 a5V |p(u, 5) |) < oo

nzng s=0
then all solutions of (6.3.30) are uniformly bounded and its zero solution is uni-
Sformly exponentially stable when f(n) is identically zero.
(ii) If for every ng > 0, there is a constant M (ng) depending on ny such that

l‘l()fl

0
2 Ot(s)aib(”of‘“l) — 2 aib(”°7“1>|h(u,s)| < M(ny),

u=s

then all solutions of (6.3.30) are bounded and its zero solution is exponentially
stable when f(n) is identically zero.

Proof. Consider the Lyapunov functional
V(n x) = |x(n)|
n—1
+ 2[ a b= N g D ) [ x(s)|. (6.3.33)

u=s

Then along the solutions of (6.3.30) we have

AV(n,x) < u(n)|lx(n |+Z|hnS||x ()] +1f ()]

n

+ 3 [als)a ") Za”’” “lh(u, )| x(s)]

s=0 u=s
n—1 n—1

= 3 [s)a ) = D ()] ().
s=0 u=s

Next we try to simplify AV (n,x).

M=

[ox(s)a"" Zcfb" h(u,s)[] 1x(s)]

s=0 u=s

_ é[a(s)ab =) zafbn Di(u,5)] — h(n, )] 1x(5)
n-1 n—1

= 2 [(X(S)afb(nfs) — Z‘ a*b(nfu)lh(u,sﬂ — |h(n,s)” |X(S)|
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+ a(n)|x(n)[ = [h(n,n)||x(n)]
n—1 —
— asz [OC 7bn s—1) Z b(n—u—1) |]’l u s)|]|x(s)|
- Z [1(n,5)||x(s)[ + ee(n)|x(n)| = |A(n,n)|Ix(n)].

Substituting the above expression into (6.3.34) and making use of (6.3.32) yield

AV (nx) < [|u(n)| +[o(n)] — [h(n,n)] = 1]|x(n)]
n—1 —
- (1—a”’)§)[0¢(s a P Z P ) ] ()| + £ ()]

< —(1=a™) [ lx(m)]
n—1
+ 3, [alga za i, 9)]] x(s)] + | ()

—(1—a "V (n,x)+|f(n)|. (6.3.34)

Set B = (1—a~") € (0,1) and apply the variation of parameters formula to get

V(n,x(n)) < (1-B)""V(no, ¢) + Z s (s)]

< (1 —ﬁ)"*"0||¢||[1+
ng—1 no—

+ 2 [ 7bn0 s—1) z b(ng—u— 1|h(u S)|

+ Z (1= )" DIf(s)l. (6.3.35)

s=ng

The results readily follow from (6.3.35) and the fact that |x(n)| <V (n,x). This com-
pletes the proof.

6.4 z-Transform and Lyapunov Functionals

Next we use combination of Lyapunov functionals and z-transform to obtain bound-
edness and stability of Equation (6.3.23).

We assume the existence of a sequence @(n) such that

o(n) >0, Ag(n) <0and i o(n) < co. (6.4.1)
n=0
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Lemma 6.5. Assume (6.4.1) and if
n—1
H(n)=B(n)+A Y, ¢(n—s—1)[B(s)],
s=0

AH(n) = —aB(n) B(0)=1,

where B(n) and H(n) are scalar sequences, then

n—1
B(n)+ Y {a+Apn—s—1)}B(s)=1foralln=1,23,...
s=0

B(n)>0 foralln=1,2,3,...,
2 Bn) <o,
n=0

and

where B(z), ¢(z) are Z-transforms of B and ¢.

Proof. By (6.4.3) we obtain
H(n)=H(0) - agﬁ(s),
and hence
H(n) = H(0) — agﬁ@)

n—1
= B(n)+ ;){OHMP(n—S— D}B(s)-

(6.4.2)

(6.4.3)

(6.4.4)

(6.4.5)

(6.4.6)

(6.4.7)

Since B(0) = H(0), we have (6.4.4). The proof of (6.4.5) follows by an induction
argument on (6.4.4) and by noting that the summation term is positive and §(0) = 1.

For the proof of (6.4.6) we sum (6.4.3) from s =0 to s =n — 1 and get

n—1
o ;)ﬁ(s) =H(0)—H(n).

Since B(n) > 0 Vn > 0, we have that H is monotonically decreasing. Therefore

H(0)
o

n—1
0< ;)ﬁ(s)<

for every n,



6.4 z-Transform and Lyapunov Functionals 287

which proves (6.4.6). Left to prove (6.4.7). The z-transforms of ¢ and f exist for
some |z| > d, where d > 0. Therefore, replacing n by n+ 1 in equation (6.4.4) gives

n
Bn+1)+ Y {a+2Apn—s)}B(s)=1.
s=0
Taking the z-transform of both sides and using the fact that §(0) = 1 give

Z
z—1

z
z—1

B)—zBO)+a_ " B()+Ap(z)B(2) =

or
5 e

{z+a < +/'Lq3(z)}[3(z)—
z—1

Since z > 0 we can divide through by z and get,

{1+a : +7“"3(Z)}B(z>_ ¢
z—1 z

z—1

Finally solving for f3(z) gives

-1
50 1 A(z) b4
ﬁ(z)—{1+az_1+ z } <z—1>’

which proves (6.4.7).
Theorem 6.4.1. Assume the hypothesis of Lemma 6.5. Assume there is A > 0 such
that

AN@(n—s—1)+2A|C(n,s)| <0  forO<s<nforneZ", (6.4.8)
and

A+ 4|C(n,n) |+ A0(0) <1-—«, (6.4.9)

where o € (0,1), then for every solution y(n) of (6.3.23), |y(n)| is uniformly
bounded and

M
i <
Jim sup|y(n)] <~ .

Proof. Define the Lyapunov functional V by

n—1
V(n) = |y(n)|+ 2 ;)(p(n—s—1)|y(s)|, n>0. (6.4.10)

Then, using (6.4.10) we have along the solutions of (6.3.23) that

n n—1
AV(n) =y(n+1)[+2 %@(H—S)Iy(S)I — ()l -4 gofp(n—s— Dly(s)l,
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which simplifies to
AV () = {y(n+ 1) = v}
+7L{Z<P (n—s) [ ¥(s) H—Z(P —s—l)ly()l}

s=0

= {bn+ 1) = bl }
n—1
" a{ Y. £a@(n—s=1)ly(s) +<p<o>|y<n>|}.

s=0

Along the solutions of (6.3.23) we have

V() < {F6m)]+ gl + X 1G] - ()]}

s=0

n—1
+A{ T 2apln—s=Dy()] +0(0) ()| |
s=0
< {Mb)]+M+32 Y, €05 ly(s)] = o)}
s=0

+ 4{'S drpln =5 Db(0) -+ 0000
After some algebra, we arrive at the simplified expression,
AV (n) < {[A1+AalCnm)| = 1+ A@(0)] fly(m)| +M
{g (221Cln,5) |+ 220(n 5= D]y (s)] .

Using (6.4.8) and (6.4.9) we arrive at
AV(n) < —aly(n)|+ M, M>0 (6.4.11)
Due to (6.4.11), there is a nonnegative sequence 7 (n) : Z* — R such that
AV(n) = —aly(n)|+M—n(n).

Since 7 is a linear combination of functions of exponential order, 7 is also of expo-
nential order and so we can take Z transform and have

W (z) =2V (0) = V(z) = —al5(2)| +sz —i(2).
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We solve for V and get

z U
<

2)
(=12 z—1

7o =_" vo- % e+

To derive the second expression for V, use the fact that

Taking the Z-transform in (6.4.10) we arrive at

V() = {1+?L¢(Z)}|y~(z)|.

Z

Substituting it into

gives

> _ -1
5@l = |m, ! +v<o>_"<Z>H o HHw(z)} (
_ 1 N(2) | 5
= _M(Z—1)+V(O)_ . ]B(z)
—m ' B@+voBe - ")
I (z—1) z

Taking the z inverse in (6.4.12) gives

n n—1
y(n)| = V(0)B(n) —MB(n) +M;)l3(8) - %n(n—s— 1)B(s)

n—1 n—1
=V(0)B(n)+M Zaﬁ(S) - Zz)n(n—s— D)B(s)

n—1
< V(O)ﬁ(n)JrM;)ﬁ(S)-

289

(6.4.12)
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Since B(n) is bounded, there exists a positive constant R such that f3(n) < R for all
n > 0. Hence, the above inequality gives

M

bl <VOR+".

This shows that all solutions y(n) of (6.3.23) are uniformly bounded.
Note that since X, B(n) < e, we have that (n) — 0, as n — e and hence

M

li <M < .
Jim suply()] <M 3 B) <

This completes the proof.

We end the section with the following example.

1 b’l(")n\
fy(n) = <16\/2> [ IJ}zy(',l())]

1+|y2(n)]

o) = (157

1 10
C(n’s) = 2 (n+4—s) |:() §:|

Example 6.9. Let

and

1 1
Then we have, |f(y(n))| < | y(®)], [hy(m)] < y(m)],|C(n,8) < 4, and
|g(n)] < 1.Let
1

Let ¢(n) = S(143)

and define the Lyapunov functional V by

n—1
V(n) = ly(m)|+4 Y ¢(n—s—1)y(s)l.

s=0

Then we have A = é, M= 116, and A, = 1. Then all conditions of Theorem 6.4.1
are satisfied since A¢(n) <0, AAp(n—s— 1)+ A|C(n,s)| < 0. Moreover, con-
dition (6.4.9) is satisfied for o = %2 Thus, by Theorem 6.4.1 all solutions are uni-

formly bounded and satisfy

i ()| < M 16
im sup |y(n = .
X—boo Pl T o 13
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6.5 [,-Stability

In this section we state the definition of /,-stability and prove theorems under which
it occurs. We begin by considering the nonautonomous nonlinear discrete system

x(n+1) = Gln,x(s); 0 < s < n) Y G(n,x()) (6.5.1)
where G : Z* x R¥ — R¥ is continuous in x and G(n,0) = 0. Let C(n) denote the
set of functions ¢ : [0,n] — R and ||¢]| = sup{|@(s)|: 0 < s <n}.

We say that x(n) = x(n,ng, ¢) is a solution of (6.5.1) with a bounded initial function
¢ : [0,n0] — R¥ if it satisfies (6.5.1) for n > ng and x(j) = ¢ () for j < no.

Definition 6.5.1. The zero solution of (6.5.1) is stable (S) if for each € > 0, there is
a 8 = 8(ng,e) > 0 such that [ng > 0,¢ € C(nog), ||¢|| < 8] imply |x(n,np,0)| < €
for all n > ny. It is uniformly stable (US) if it is stable and 0 is independent of ng. It
is asymptotically stable (AS) if it is (S) and |x(n,ng,9)| — 0, as n — oo.

Definition 6.5.2. The zero solution of system (6.5.1) is said to be /,-stable if it is

stable and if Y ||x(n,ng,9)||” < e for positive p.

n=n
We have the following elementary theorem.

Theorem 6.5.1. If the zero solution of (6.5.1) is exponentially stable, then it is also
lp-stable.

Proof. Since the zero solution of (6.5.1) is exponentially stable, we have by the
above definition that

S [ix(n,n0. §)]| < [C(1[6]]m0)]7 3, @m0

n=ng n=ng

= [C(||¢||7n0)]Pa*"0Pﬂ i abnn

n=n
= [C(l|]],n0)]7/ (1 = a™),
which is finite. This completes the proof.

We caution that /,-stability is not uniform with respect to p, as the next example
shows. Also, it shows that (AS) does not imply /,-stability for all p. In Chapter 1,
we considered the difference equation

n

x(n+1)= nt 1

x(n), x(ng) =x0 £0, ny>1
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and showed its solution is given by

Xono
x(n) :=x(n,ng,xp) = .

Clearly the zero solution is (US) and (AS). However, for ny = n, we have

x(2n,n,x9) = );): — )620 #0

which implies that the zero solution is not (UAS). Moreover,

oo

Y Il < 3 1CU)P = ol (o) 3 (7,

n=ng n=ng n=ng

which diverges for 0 < p < 1 and converges for p > 1.

The next example shows that asymptotic stability does not necessarily imply /-
stability for any p > 0. Let g : [0,00) — (0, 00) with lim,,_,e. g(1) = e=. Consider the
nonautonomous difference equation

x(n+1) = [g(n)/g(n+1)]x(n), x(no) = xo, (6.5.2)

which has the solution x(n,ng,xp) = ”;,(g’;)) xo. It is obvious that as n — o the solution

tends to zero, for fixed initial ng and the zero solution is indeed asymptotically
stable. On the other hand

3 Iisnmo.ao)|” = eyl 3 (o) (653

n=ny n=ng g(n
which may not converge for any p > 0. For example, if we take
g(n) =log(n+2),

then from (6.5.3) we have

S lixtmm ol = fogtro + 27l 3 (1)

n=ny n=nq log(n +2

which is known to diverge for all p > 0.
The next theorem relates /,,-stability to Lyapunov functionals.

Theorem 6.5.2. If there exists a positive definite V (see Definition 1.2.1) and along
the solutions of (6.5.1), V satisfies AV < —c||x||P, for some positive constants ¢
and p, then the zero solution of (6.5.1) is l,-stable.

Proof. Set the solution x(n) := x(n,ng,$). The hypothesis of the theorem implies
the zero solution is stable. Thus, for n > ng there is a positive constant M such that
[|x(n,n0,9)|| <M. For n > ng we set
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L(n) = n)+c Z [x(s)I17-
S=ng
Then for all n > nop we have
AL(n) = AV (n,x) + ||x||P
< —c[lxf[” +cllx]}” =0
Therefore, L(n) is decreasing and hence 0<L(n) <L(ng) =V(ng,9), n>ng. This
implies that 0 < L(n) =V (n,x) +¢ 2 [|x()||” <V (ng,0), n> ng so that
s=ng
0<V(nx) < —c2||x )NIP +V(no, ¢).
S=ngn
As a consequence,
S 5.0, 0)1P < V(0,6) e, n > o
s=ng
Letting n — o on both sides of the above inequality gives
2 [|x(n,n0,0)||” <V (no,¢)/c < oo.
n=ng

This completes the proof.

In the next two examples we show that the /,-stability depends on the type of Lya-
punov functional that is being used. Moreover, there will be a price to pay if you
want to obtain /,-stability for higher values of p.

Example 6.10. Consider the scalar Volterra difference equation
n—1
x(n+1)=a(n)x(n)+ Y b(n,s)f(s,x(s)) (6.5.4)

with f being continuous and there exists a constant A; such that f(n,x)| < A;]x|.
Assume there exists a positive ¢ such that

la(n)] + 2 2 |b(s,n)|+ A|b(n,n)| — 1 < —q, (6.5.5)
s=n+1

and for some positive constant A which is to be specified later, we have
A <A, (6.5.6)

then the zero solution of (6.5.4) is [;-stable.
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Proof. Define the Lyapunov functional V by
n—1 oo
V(n,x) = [x(m)|+4 Y, ¥ [b(s, )Ix())]
Jj=0s=n

We have along the solutions of (6.5.4) that

AV(t) < (|a(n)|+l i |b(s,n)| + A1|b(n,n)| — 1)|x(n)|

s=n+1

n—1
) ;)V?(",S)HX(S)
< —alx(n)|.

This implies the zero solution is stable and /;-stable by Theorem 6.5.2. This com-
pletes the proof.

Example 6.11. Consider (6.5.4) and assume f is continuous with |f(n,x)| < A;x%.
Assume there exists a positive constant ¢ such that

)44 Y, [blsn)|+Ala()] Y b(ns) — 1< ~a (657
s=n+1 s=0

and for some positive constant A which is to be specified later, we have
n—1
Mla(n)|+ ALY |b(n,s)| — A <O0. (6.5.8)
s=0

Then the zero solution of (6.5.4) is [,-stable.
Proof. define the Lyapunov functional V by

n—1 oo
V(nx) =x*(n) +24 Y, ¥ |b(s, ()

j=0s=n

We have along the solutions of (6.5.4) that
n—1
AV (1) = (a(n)x(n) + z b(n,s)f(s,x(s))) : —x*(n)

+ Ax%(n 2|bsn|—12|bns|x x(n)

s=n+1

n—1
< a*(n)x*(n) + 21 fa(n)|x(n) IZ |b(n,s)||x(s |+(Zb(n,S)f(SJC(S)))2

+ Ax%(n 2|bsn|—12|bns|x x2(n).

s=n+1
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As a consequence of 2zw < z> +w?, for any real numbers z and w we have
2A1]a(n)||x(n |2|bns||x )| < Ayla(n |2|bns +x())

Also, using Schwartz inequality we obtain

n—1 n—1
(%b(mS).f(s,x(S)))z = 2 [b(n,s)[2[b(n,5)" [ £(s,x(s))]

s=0

n—1 n—1
< Zz)lb(n,S)l ;)Ib(n,S)lfz(H(S))

n—1 n—1
< Af ;)Ib(n,S)l Zz)lb(n,S)lxz(S)-

Putting all together, we get

AV(r) < (az(n)—i-)t 3 |b(s,n)|+/11|a(n)|io|b(n,s)|_1)x2(n)

s=n+1

n—1 n—1

+ (Malal) + 273, b(n,)| =2 ) Y lb(n5)
s=0 s=0

< —ax*(n).

This implies the zero solution is stable and /-stable by Theorem 6.5.2. This com-
pletes the proof.

A quick comparison of (6.5.5) with (6.5.7) and (6.5.6) with (6.5.8) reveals that
the conditions for the /»-stability are more stringent than of the conditions for /;-
stability.

6.6 Discretization Scheme Preserving Stability and Boundedness

In Chapter 1, we briefly discussed the notion that Volterra discrete equations play
major role in numerical solutions of Volterra integro-differential equations. In this
section we apply a nonstandard discretization scheme due to Mickens (see [119])
to a Volterra integro-differential equation, to form a Volterra discrete system. By
displaying suitable Lyapunov functionals, one for the Volterra integro-differential
equation and another for the Volterra discrete system, we will show that under the
same conditions on some of the coefficients, the stability of the zero solution and
boundedness of solutions are preserved in both systems.

This section is intended to give a brief introduction to the subject of discretization,
although by no means, should it be considered a complete study of the subject. The
author is not claiming that the discretization scheme used here is the most general
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nor it is the most efficient. The sole purpose of this section is to introduce the reader
to the effectiveness of Lyapunov functionals when dealing with preserving the qual-
itative behaviors of solutions. However, this section should set the stage for future
research in preserving the characteristics of Volterra integro-differential equations
when nonstandard discretization schemes are used in obtaining the corresponding
Volterra discrete systems. For comprehensive treatment of the subject of nonstan-
dard discretization we refer to [119] and [120].

For motivational purpose, consider the differential equation

X (t) = ax(t), for some constanta < 0, (6.6.1)

which has the solution x(¢) = ¢0~0) and x(r) — Oas  — co.
On the other hand, if we consider the difference equation

x(t+1) = ax(z), x(to) = xo, (6.6.2)
then the unique solution of (6.6.2) is
x(t) = xpd' "0

and
x(t) = 0as t — o

provided that |a| < 1. We see that the stability is not preserved. Applying the ap-

proximations
x(t+h) —x(t) x(t+h)+x(t)

‘(1) = t)= 6.
X(0) [0 5 (66.3)
to equation (6.6.1) we have the analogous discrete system
2+ah
x(n+1)= 5 ahx(n), (6.6.4)

where x(n+ 1) = x(t + h) and x(n) = x(¢). All solutions x(n) of (6.6.4) satisfy
x(n) — 0as n — oo, provided that

2+ah

> —ah (6.6.5)

Clearly, inequality (6.6.5) is satisfied fora < 0 and 0 < & < 1. Thus, we see that the
discretization scheme defined by (6.6.3) preserved the stability of the zero solution.
It is noted that the result holds under the restriction that the step-size /At = h satisfies
the restriction

O0<h<l. (6.6.6)

Restriction (6.6.6) is a direct consequence of how we discretize equation (6.6.1). To
ease the restriction given by (6.6.6), we use a nonstandard discretization scheme due
to Mickens [122]; that is we let
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, x(t+h) —x(t) e —1
1) = d(a,h) = . 6.6.7
K=" g e = (66.7)
‘We note that this scheme holds for all # > 0. For more on the use of nonstandard dis-
cretization, we refer the reader to [119, 120, 121, 122]. Under discretization (6.6.7),
equation (6.6.1) becomes

x(n+1) = (14 a®(a,h))x(n) = e”x(n). (6.6.8)

Since a < 0, we have that ¢ < 1, and hence all solutions of (6.6.8) go to zero
asymptotically without any restriction on the step-size h. Thus, we see that the dis-
cretization scheme defined by (6.6.7) preserved the stability of the zero solution.

Definition 6.6.1. A resulting difference equation is said to be consistent with respect
to property P under a given discretization scheme with its continuous counterpart if
they both exhibit property P under equivalent conditions.

Based on Definition 6.6.1, we see that (6.6.5) is consistent with respect to asymptotic
stability with (6.6.1) under discretization (6.6.3) provided that (6.6.6) holds. The
same is true for (6.6.7) but without further restriction on the size 4.

Next we discuss the stability, uniform asymptotic stability, and exponential stability
of Volterra integro-differential equations and their corresponding discrete systems
with respect to certain discretization schemes. Consider the scalar Volterra integro-
differential equation

X (t) =ax(t)+ /OIB(t,s)f(s,x(s))ds, t>0. (6.6.9)

We assume f(,x) is continuous in x and # and satisfy

|f(2,x)| < ylxl, (6.6.10)

where 7 is a positive constant. The kernel B : R> — R is continuous in both argu-
ments. By considering the discretization scheme (6.6.3) for

X (t) = ax(t)

and by approximating the integral term with

! t
/ B(t,s)f(s,x(s)) ds =h Y B(t,s)f(s,x(s)), (6.6.11)
0 s=0
we arrive at the corresponding discrete Volterra equation,
2+ah 202 &
_ > 6.
x(n+1) 5 ahx(n) + o ah Y B(n,s)f(s,x(s)), n >0, (6.6.12)

s=0
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where x(n+ 1) = x(t + k), x(n) = x(t) and 0 < h < 1. Similarly by considering
discretizations (6.6.7) and (6.6.11) we arrive at the corresponding discrete Volterra
equation,

x(n+1) = e x(n) + hd(a,h) Zn: B(n,s)f(s,x(s)), n>0, (6.6.13)
s=0

The study of Volterra discrete systems is important since they play a major role in
the fields of numerical analysis, control theory, and computer science. Thus, finding
a discretization scheme under which Equation (6.6.12) is consistent with (6.6.9) is
important. Throughout this section it is assumed that the step size & satisfies 0 < h <
1. In preparation for the next theorem we make the following assumptions.

|B(t,s)| is monotonically decreasing in ¢ (6.6.14)

and there exists a constant o > 0 such that V¢ > 0
a—H// (u,t)|du < —a. (6.6.15)

Theorem 6.6.1. Assume conditions (6.6.14) and (6.6.15) hold. Then (6.6.13) is
consistent with respect to uniform asymptotic stability under the discretization
scheme (6.6.7) and (6.6.11) with its continuous counterpart (6.6.9).

Proof. Define the Lyapunov functional V by

= |x(1)| —l—}//ot /Iw|B(u,s)||x(s)|du ds.

Then by making use of (6.6.15), we have along the solutions (6.6.9) that

l
V@) = @O+ [ B a7 [ 13(6,5) (5 s

< a|x<r>| ”./0 B(t,5) ()]s
7 [ Bl ldu—y [ 1B0.9)lx)lds
Jay [ Bnldu] o)

—otfx(t)].

Then by Theorem 2.6.1 of [22], the zero solution of (6.6.9) is (UAS). Now we turn
our attention to (6.6.12). Define V by

IN

IN

n—1 oo

V(n) = |x(n)|+vh®(a,h) 3, 3 |B(u,s)[[x(s)].

s=0u=n
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It can be easily shown that along the solutions of (6.6.13)
AV(H) < [eah 4+ ’}/h@(a,h) 2 |B(u,n)| - 1} |x(n)|
u=n
Due to condition (6.6.15) there exists a positive constant 3 such that

v [ IB(wn)ldu<p.

We can choose £ small enough so that the above inequality combined with (6.6.14)
and the fact that a < 0 to imply that there exists a positive constant 1 such that

eah+th)(a7h) z |B(M,I’l)| -1 S _n

u=n

Therefore,
AV (n) < —nlx(n)].

By setting oo = 0 in Theorem 2.2.4 we have the zero solution of (6.6.13) is (UAS).
The proof is complete.

In Theorem 6.6.1 we showed that the discretization scheme given by (6.6.3) and (6.6.11)
preserved the uniform asymptotic stability of the zero solutions of Equations (6.6.9)
and (6.6.12). In the next theorem we will show that the discretization scheme given

by (6.6.3) and (6.6.11) preserves the exponential asymptotic stability of the zero
solutions of Equations (6.6.9) and (6.6.12) under more stringent conditions on the
kernel B(z,s). For the next theorem we make the following assumptions.

|B(t,s)| is monotonically decreasing in 7 and s. (6.6.16)

Suppose there exist constants k > 1 and ¢ > 0 such that
a—i—yk/tw IBu,1)|du < —a < 0 6.6.17)
where k = 1 + € for some € > 0. Suppose
IB(z,5)| > l/lm|3(u,s)|du (6.6.18)
where A > kg >0,0<s<t<u<oo,and
y/oto /tw IB(u,s)|duds < p < e forall zo > 0. (6.6.19)
Jtg

Remark 6.4. Due to conditions (6.6.16) and (6.6.17) there exists a positive constant
B such that
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yk/ IB(u,1)| du < B.
t
Similarly, by conditions (6.6.16) and (6.6.19) there is a constant such that
n()*l o
@(a,h)yk Y, Y, B(j.s)| < T
s=0 j=ng
Finally, as a consequence of (6.6.16) and (6.6.18) we have
|B(n.s)| >4 Y, |B(j,s)
Jj=n

Theorem 6.6.2 ([91]). Assume conditions (6.6.16)—(6.6.19) hold. Then (6.6.13) is
consistent with respect to uniform exponential stability under the discretization
scheme (6.6.3) and (6.6.11) with its continuous counterpart (6.6.9).

Proof. Define
V(t,x) = |x(t)| + & / ’ / " Bu, 5)|dul £ (5, x(s))|ds. (6.6.20)
0 Jt
Let V'(t,x) = 4 V(t,x(t)). Then along the solutions of (6.6.9) we have,
V'(t,x) = +k/ |B(u,t)|dulf(t,x(1) |—k/ |B(2,5)||f(s,x(s))|ds
< alx(1)| + /0 [B(t,5)] £ (s.(s)) Ids
k[ Bl (6x(0)| <k [ 1B (5, ds

< ok [ 1Bl O]+ =) [ 18057 G55(5)ds

< —alx()| e [ B0,5)1(s.x(5) s

< —olatt)|— e [ [ IBluss)dul 1 (5,5(5)lds

< W) +k [ [ 1Bldul (s.x(5)las]

< —aV(t,x). (6.6.21)

Hence inequality (6.6.21) yields
V(t,x) < V(to,0(.))e * 0.
As a consequence, we have

e(t)] < V(to,9(.))e *070) for t > 1y
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10 0
< lol[1 +ky/ / 1B, 5)ldu ds e 0) for 1> 1.
0 )

Hence, the zero solution of (6.6.9) is uniformly exponentially stable.

Remark 6.5. Suppose p (o) is a constant depending on #y. If condition (6.6.19) is
substituted with

1 oo
/ ’ / IB(u, )| duy(s)ds < plto), fory >0,
0 )

then a slight modification of the proceeding paragraph shows that the zero solution
of (6.6.9) is exponentially stable.

To show the zero solution of (6.6.12) is uniformly exponentially stable, we define
V(n) =V(n,x) by

n—1 oo
V(n) = |x(m)| +kh@(a,h) 3, ¥ |B(j,s)[1f (5.x(5)].

s=0 j=n

Then along solutions of (6.6.12), we have

AV(n) = IX(n+1)|—IX(n)|+kh‘P(a7h)i i 1B(j,5)I1f (s,x(5))]

s=0j=n+1

n—1 oo

—kh®(a,h) ZO 2 B8l (s,x(5))|
s=0j=n

¢x(n) + h®(a,h) 2 B(n,s)f (s,x(s))\

s=0

n

—[x(n)| + kh®(a,h) Y |

s=0 " j=n

“

B 9)[1f (s,x(5))]

n—1 o

—|B(n7S)||f(S=X(S))|} —kh®(a,h) 3, ¥ |B(j,s5)[1f(5,x(s))]

s=0 j=n

< [+ vndan) 3 1B0m) 1] (o)

n—1
+h®(a,h)(1-k) ZZ) |B(n,5)[.f(s,x(s))]-

Let o be defined by (6.6.17). Then by (6.6.16) and (6.6.17), we can choose an
appropriate 4 so that

=

e +vkh®@(a,h) Y |B(j,n)|—1< —a.

J=n
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Asa consequence,

AV (n) < —ax(n)| +h®(a,h)( 2 |B(n,s)||f(s,x(s))|

< —alx(n)| — eAh®(a,h) i D B( )1 f (s x(5))]

s=0 j=n

IN

n—1 oo
—a||x(n)| +h®(a,h)k Y, IB(j,S)IIf(&X(S))I}

s=0 j=n
= —aV(n).

The above inequality implies that
V(n) < (1—0)""™V(ng), n>ng > 0.
Or

[x(m)| < (1= )"V ()
nop—1 oo
< loll[1+h@@h) Y, T 1BUSI| (1= ), n=n >0,

s=0 j=ng

This completes the proof.

Now we turn our attention to the preservation of boundedness. Consider the Volterra
linear integro-differential equation

+/ (t,5)x(s)ds+g(t), 1 >0 (6.6.22)

and its analogous discrete Volterra equation, under discretizations (6.6.7) and
(6.6.11)

x(n+1) = ex(n) + hd(a,h) 2”: B(n,s)x(s) +h®@(a,h)g(n),n>0  (6.6.23)
s=0

where a, B are as defined before and g is continuous and uniformly bounded. Thus,
there exists a positive constant M such that

hd(a,h)|g(1)] <M, forall t > 0. (6.6.24)

Theorem 6.6.3. Suppose there is a continuous function Y : [0,00) — [0,00) with
1

v <0 fort>0, / y(u)du < o, and gtl//(t—s)—i— |B(t,5)| <0 for0<s<t<eco,
0

where |B(t,t)| is uniformly bounded. If fort > 0, a+ y(0) < —a < 0, for some pos-

itive constant o, then (6.6.23) is consistent with respect to boundedness under the

discretization scheme (6.6.7) and (6.6.11) with its continuous counterpart (6.6.22).
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Proof. Define a Lyapunov functional

V) = o]+ [ wii—9)lats)lds.

Along the solutions of (6.6.22) we have,

Vit = 50 YO+ vOROl+ [ 5 wie-s)islas
< ala(o)] + [ 1B(.9)ls)lds

g0+ W ORI+ [ 9wl s)ts)lds

IN

fat y OO +0+ [ [ 2 wle—5)+1B00,5)] (5
—alx(t)| + M.

A

By ([23], pp. 109-111) we have all solutions of (6.6.22) are bounded. With respect
to (6.6.23) we consider the Lyapunov functional

n—1
Vi) = )|+ h(ah) 3, ylon =5 = Dla().

Then along solutions of (6.6.23), we have

AV (n) < [+ hd(a,n)(1B(nm)|+ y(0)) 1] x(n)

n—1

() 3, [Aawn s = 1) + B, i)+ ()]

Due to condition gt y(t—s)+|B(t,s)] <0for0<s<t<eo, wehave A,y(n—s—
1)+ |B(n,s)| <0for0 <s<n<eco.
Also, due to condition a + y(0) < —a < 0 we have a < 0. Moreover, since |B(z,7)|
is uniformly bounded we arrive at the fact that we can choose & small enough so
that

e+ hd(a,h)(|B(n,n)|+ y(0)) — 1 < —a,

for some positive constant ¢. As a consequence,
AV (n) < —olx(n)|+ M.

By Theorem 2.1.1 we have all solutions of (6.6.23) are bounded. Thus, (6.6.23)
is consistent with respect to boundedness under the discretization scheme (6.6.7)
and (6.6.11) with its continuous counterpart (6.6.22).

Next we state the following corollaries using discretization (6.6.3).
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Corollary 6.5 ([91]). Assume conditions (6.6.14) and (6.6.15) hold. Then (6.6.12)
is consistent with respect to uniform asymptotic stability under the discretization
scheme (6.6.3) and (6.6.11) with its continuous counterpart (6.6.9).

The proof follows along the lines of the proof of Theorem 6.6.1 by taking

thloo

Vin) =)l +v,~ 3 2 1Bws)]l(s)

sOun

Corollary 6.6 ([91]). Assume conditions (6.6.16)—(6.6.19) hold. Then (6.6.12) is
consistent with respect to uniform exponential stability under the discretization
scheme (6.6.3) and (6.6.11) with its continuous counterpart (6.6.9).

The proof follows along the lines of the proof of Theorem 6.6.2 by taking

V(n) = |x(n kZZIBJ, )N (s,x(5))]-

s=0 j=n

For the next corollary we consider (6.6.22) and its analogous discrete Volterra dif-
ference equation

2+ah 252

x(n+1)= 5 ahx(n) + o ah Si‘z)B(n,s)x(s) +g(n),n>0 (6.6.25)

under discretization scheme (6.6.3) and (6.6.11).

Corollary 6.7 ([91]). Suppose there is a continuous function \ : [0,0) — [0, e0) with
1

v <O0jfort >0, / y(u)du < oo, and g[l//(t—s)—l— |B(2,5)] <0 for0<s<t<oo,

0
where |B(t,t)| is uniformly bounded. If fort > 0, a+ y(0) < —ot < 0, for some pos-
itive constant o, then (6.6.25) is consistent with respect to boundedness under the
discretization scheme (6.6.3) and (6.6.11) with its continuous counterpart (6.6.22).

The proof follows along the lines of the proof of Theorem 6.6.3 by taking

2 n—1
V= letl+, " 3 yln—s iG]

6.7 Semigroup

We end the book with a brief introduction of the concept of semigroup. The notion
of semigroup falls under the umbrella of fixed point theory. In continuous dynam-
ical systems, including partial differential equations, semigroup has been the main
tools in studying boundedness, uniform exponential stability, strong stability, weak
stability, almost weak stability, the existence of weak solutions, and almost periodic
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solutions. The theory of semigroup has been well developed for continuous dynam-
ical systems, which is not the case for discrete dynamical systems. This section is
only intended to raise curiosity about the subject of semigroup and how it can be
effectively used to qualitatively study solutions of discrete dynamical systems, and
in particular, Volterra difference equations.

Let X be a Banach space and #(X) the Banach algebra of all linear and bounded
operators acting on X .

Definition 6.7.1. The subset T = {T'(n)},cz of B(X) is called discrete semigroup
if it satisfies the following conditions:

(i) T(0) =1, where [ is the identity operator on X.

(i) T(n+m) =T(n)T (m), foralln,m e Z*.

Definition 6.7.2. A linear operator A is called the generator of semigroup 7 if

lim T(s)x—T(1)x

s—1 s—1

,x€D(A),

where the domain D(A) of A is the set of all x € X for which the above limit exists.

Next we consider the discrete initial value problem
x(t+1) =Ax(t), x(to) = x0 € D(A), t > 1o, t,tg € Z™, (6.7.1)

where A is the generator of 7. By [76] the initial value problem (6.7.1) has the
unique solution
x(t) =Tt —19)xo. (6.7.2)

Denote the norms in X and (X)) by || - ||. We have the following theorems. First, for
concise definitions and terminology regarding stability and boundedness we refer to
[76].

Theorem 6.7.1 ([76]). The following statements are equivalent:
(i) Equation (6.7.1) is stable;

(ii) {T(t) : t € Z} is bounded;

(iii) Equation (6.7.1) is uniformly stable.

Theorem 6.7.2 ([76]). The following statements are equivalent:
(i) Equation (6.7.1) is asymptotically stable;

(ii) limy o0 ||T (t)x|| = 0, foreveryx € X;

(iii) Equation (6.7.1) is globally asymptotically stable;

(iv) Equation (6.7.1) is uniformly asymptotically stable.

Next we turn our attention to using semigroup in Volterra difference equations.
Thus, we consider the linear convolution Volterra difference equations with infinite
delays

x(n+1) ZC n—s)x(s), n>ng>0,n,ny€Z", (6.7.3)

§=—o00
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and

x(n+1)= i {C(n—5)+G(n,s)}x(s), n>no >0,n,ng € Z". (6.7.4)

§=—o00

Our intention is to write (6.7.3) as a functional difference equation so that semigroup
can be used to derive conditions that relate solutions of (6.7.3) and (6.7.4). Let ¥ be
a positive constant. Define the set

B'={¢:72" — ck: s%p lp(t)|e” < oo},
ez~

where C is the set of complex numbers. Then BY is a Banach space when endowed
with the norm

[lpl| = sup |@(t)]e” <o, @ € BT
tel~

As we have done before, for x,, € BY, we set
xu(s) =x(n+s), seZ".
Then we may write (6.7.3) as
x(n+1) = L(xy,), (6.7.5)

where L(+) : BY — C* is a functional given by

oo

L(p) = ;)C(j)fp(—j), ¢ EB.

Let T (n) denote the solution of (6.7.5). Then T (n)® = x,, (@), for ¢ € BY. Moreover,
we denote by x(-, @) the solution of (6.7.5) satisfying x(s, @) = ¢(s), for s € Z~.
Then it can be easily shown that 7' (n) is a bounded linear operator on B and satisfies
the semigroup property

T(n+m)=T[n)T(m).

We have the following theorems.

Theorem 6.7.3 ([59]). Suppose system (6.7.5) possesses an ordinary dichotomy
with dichotomy constant M (see [59]). Assume

oo n
Y [C(n)|e"™ <o and Y sup 1G(n,s)]e""™) < oo, (6.7.6)
n=0 s§=—00 N1

oo n()fl i oo S

S N Gl YN |G(s, j) < 1/M. (6.7.7)
§=ng j=—c0 s=ng j=ng

Then for any bounded solution x(n) of (6.7.3) on [ng,) there exists a unique
bounded solution y(n) of (6.7.4) on [ng, ) such that
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n—1 s
¥ =)+ 3 Tln—s = DPE( 3 [G(s. /(i)

o N

= Y T—s=1)U-P)E( Y G ¥())) n=no,  (678)

S=n ]:—oo
where E°(t) = 1 ift = 0 and E°(t) = 0 (matrix) if t # 0.

Theorem 6.7.4 ([59]). Assume (6.7.6) and (6.7.7) Suppose system (6.7.5) possesses
an ordinary dichotomy with dichotomy constant M and related projection P (see
[59]) such that

[|T(n)P|| < Ma" for some a,0 < a < 1.

Then there is a one-to-one correspondence between bounded solutions x(n) of (6.7.3)
on [ng,°) and bounded solutions y(n) of (6.7.4) on [ng,e), and the asymptotic re-
lation

y(n) = x(n) +o(1) (n = =)

holds.

Naturally, the resolvent operator that was developed in Chapter 1, Section 1.3, might
be used to define a semigroup for Volterra difference equations. To see this, we
consider Volterra difference equation of convolution type

x(n+1)=Ax(n)+ i B(n—s)x(s) (6.7.9)
s=0

for all integers n > 0 and for integers, 0 < s < n, where A, B are k X k matrix func-
tions, and x is a k£ X 1 unknown vector. Then, we saw that the resolvent matrix
equation of (6.7.9) takes the form

R(n+1)=AR(n)+ i B(n—u)R(u), ROO)=1,neZ". (6.7.10)
u=0

Let A and B(-) be closed operators in X. Hence D(A) endowed with the graph norm
|x| = ||x|| + ||Ax|| is a Banach space denoted by Y. Next we use the resolvent op-
erator to define the solution of the nonhomogenous Volterra difference equation of
convolution type
n
x(n+1) =Ax(n)+ Y, B(n—s)x(s) + f(n), (6.7.11)
s=0

where f is a k x 1 given vector. First, we have the following definition.
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Definition 6.7.3. R(-) is a resolvent of (6.7.11) if R(n) € %(X) for n € Z" and
satisfies

1. R(0) = I (the identity operator on X).
2.R(n) € B(Y) forn € Z" and fory € Y, we have

R(n+1)y = AR(n)y+ zn:oB(n —u)R(u)y

= R(n)Ay+ Zn:R(n—u)B(u)y. (6.7.12)
u=0

We note that item 2. of Definition 6.7.3 is needed for (ii) of Definition 6.7.1. Suppose

R(n) is the resolvent operator of (6.7.11). Then, it can be easily shown using the
results of Section 1.3 that the solution of (6.7.11) is given by

x(n) = R(n)xo+ iR(n—u—l)f(u),nEZJ“. (6.7.13)
u=0

Now, one can use the concept of the resolvent operator given by (6.7.12) to obtain
various results concerning the qualitative analysis of solutions of Volterra difference
equations.

It is worth noting, however, that using the resolvent operator in Volterra difference
equations to define a semigroup and obtain a meaningful result is in dire need for
further development.

6.8 Open Problems

Open Problem 1
Prove a parallel theorem to Theorem 6.3.5 by considering (6.3.30) as a vector equa-
tion.

Open Problem 2
Extend Theorem 6.3.5 to the delay Volterra difference equation

n—1
x(n+1) = p(m)x(n) + Y, h(n,s)x(s)+ F(n),

s=n—h
where £ is a positive integer.

Open Problem 3 (Extremely Hard)
Extend the results of Section 6.1 to the following Volterra difference equations

n—1

x(n+1)=Px(n)+ Y, H(n,s)g(x(s)), (vector)

§=—o00
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n—1
x(n+1)=a(n)x(n)+ Y, h(n,s)g(x(s)), (scalar)

§=—o00

and

n—1
x(n+1)=Px(n)+ Y, H(n,s)g(x(s)), (vector)

s=n—nh

where £ is a positive integer.
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