A ) Al jagal) 4y i) Jad) 4 sgeal)
PEOPLE'S DEMOCRATIC REPUBLIC OF ALGERIA
el iadl g lall adetl 315

MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH

20 aout 1955 University — Skikda /\ 8aSSu - 1955 &gl 20 dzala
Faculty of Sciences ashad) 4yl
Department de Mathematics Ciluaaly ) and

Master’s Thesis

Field : Mathematics and Computer Science
Program : Mathematics

Option: A. F. A.

Subject

Existence of periodic solutions for a nonlinear system of neutral differential
equations

Presented by:
Ms. Mebaoudj Rayane

Publicly defended on: 02/07/2025

Jury Committee:

Hebhoube Fahima M.C.A Skikda University Chair
Benhadri Mimia M.C.A Skikda University Supervisor
Boulfoul Amel M.C.A Skikda University Examiner

Academic Year: 2024/2025



Dedication

I dedicate this work to my family, my best

friends and my loved ones.



Acknowledgments

First of all, i would [ike to thank my supervisor Dr. Benhaderi Mimia for
training me throughout the achivement of this master graduation thesis and for their

advices and instructions.

I would like to thank the members of my committee for having honored me by
agreeing to evaluate my master thesis. My gratitude to Dr. Hebhoube Fahima for
accepting to preside over my committe and Dr. Boulfoul Amel for your
participation and your valuable judgement. I am grateful for your generosity of

expertise and precious time. You have added a lot to me.

I extend my sincere thanks to all the proffessors who supported and encouraged

me throughout my academic career.



Abstract

The aim of this work is to study the existence of periodic solutions for a nonlinear system
of neutral differential equations with variable delays.

In the process, we transform the differential system into an equivalent integral system.
Then, we construct appropriate mappings on a bounded closed and convex set of a Banach
space. Under specific conditions, we apply the Krasnoselskii fixed point theorem for obtaining
the existence result. Whereas, the existence of a unique periodic solution is determined by
the contraction mapping principle. Our results are considered a generalization of some con-
clusions proposed in recent literature. The main results are illustrated with an appropriate

example.

Keywords: Functional differential equations, delay differential equations, neutral dif-
ferential equations, fixed point theorems, Krasnoselskii fixed point theorem, contraction

mapping principle, periodic solution.



Résumé

L’objectif de ce travail est d’étudier 'existence des solutions périodiques pour un systeme
non linéaire des équations différentielles de type neutre avec retards variables.

Dans le processus, on transforme le systeme différentielles a un systeme intégrale équiv-
alent. Puis, on construit des applications appropriées sur un ensemble convexe fermé et
borné d'un espace de Banach. Sous des conditions spécifiques, on applique le théoréeme du
point fize de Krasnoselskii pour obtenir le résultat d’existence. Alors que, 'existence d’une
seule solution périodique est déterminée par le principe d’application de contraction. Nos
résultats sont considérés comme une généralisation de certaines conclusions proposées dans

la littérature récente. Les principaux résultats sont illustrés par un exemple approprié.

Les mots clés: équations différentielles fonctionnelles, équations différentielles retardées,
équations différentielles de type neutre, théoremes du point fixe, théoreme du point fixe de

Krasnoselskii, le principe d’application de contraction, solution périodique.
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Introduction

Delay differential equations ( abbreviated: DDEs ) are a class of functional differential
equations (FDEs) which involve time delays or memory effects in their formulations. This
class is widely used in modeling phenomena that exhibit time delays in their systems and
processes creating more realistic models. DDEs have a rich history and have found numer-
ous applications in various field of science and engineering such as applied sciences, practical
problems concerning mechanics, the engineering technique fields, economy, control systems,
physics, chemistry, biology, medicine, etc. Therefore, the study of this class of dynamical
systems knew many activities concerning quantitative and qualitative properties of solutions,
such as existence and uniqueness, oscillation, stability, periodicity, positivity and asymptotic
behavior (see [12], [29], [37], [42], [45], [33] for example). For the general theory of such dif-
ferential equations, we refer to the monographs ([19], [22], [23], [27], [28], [32]).

Recently, the researchers have given a special interest to the study of a kind of delay
differential equation in which the delay argument occurs in the highest derivative of the
state variable as well as in the independent variables, so called neutral differential equations.
This category of equations is not only an extension of delay differential equations, but also
provides more useful models in many fields and describes actual problems, including biology,
mechanics, economics, electronics, and so on. Due to their practical importance in numerous
applications, the analysis of the qualitative properties for neutral differential equations has
taken great interest because of the importance of understanding continuous phenomena in
applications of mathematics. We refer as examples to [4], [18], [21], [25].

Fixed point theory is one of the most powerful and fruitful tools of modern mathematics,
as well as one of the strongest areas of nonlinear analysis. Its origins, which date to the late

nineteenth century, can be traced to successive approximations which establish the existence
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and uniqueness of solutions to differential equations. In recent years a number of excellent
books, monographs and surveys by distinguished authors about fixed point theory have ap-
peared. A number of mathematicians have contributed to the development of this theory,
such as Banach, Brouwer, Schauder, Krasnoselskii, and Burton. See [2], [8], [10], [11], [30],
[39], [44] and the references cited therein.

Over last years, the study of the existence and qualitative properties of periodic solutions
for various kinds of delay functional equations, especially for differential, difference and dy-
namic equations with delays has attracted much attention. For related results, we refer the
reader to [1], [3], [5], [43], [36], and the references cited therein. There are many meth-
ods for obtaining the existence and uniqueness of periodic and positive periodic solutions.
For example, Fourier analysis method, Lyapunov method, fixed point theory. Particular,
we are interested in the use of the fixed point theory to problems of periodicity, positivity
and stability for delay functional equations. Its advantege is that it can prove the exis-
tence, uniqueness, multiplication of periodic or positive periodic solutions for each type of
functional differential equations (ordinary, partial, delay). All we need to apply fixed point
method, a complete metric space, a suitable fixed point theorem and an elementary integral
methods to solve the problems.

The present dissertation consists of three principal chapters.

In chapter 1, we give the necessary definitions and theorems as well as some useful func-
tional analysis tools, which are needed in this work. In addition, we demonstrate how some
fixed point theorems can be applied to prove periodic solutions to ODEs.

The second chapter is devoted to present some useful preliminaries and essential defini-
tions needed to better understand the manuscript. Precisely, it contains a background of
delay differential equations as well as an overview of significant and interesting models of
equations with delay emanating from biology, economy and chemistry are given in this part.
Additionally, the steps method is presented that explains how to generate explicit solutions
to DDESs, using an example to illustrate the process.

The third chapter exposes results published in [33]. The main bulk of the present work
is to study the existence and uniqueness of periodic solutions of the following neutral differ-

ential system

Ey(t) = AWyt — 7)) + 5 QL Y(E —T2(H)) + Gt y(0), y(t — (1),
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with two variable delays and non-linear term h(y(t — 71(t))), where A(.) is a non-singular
n X n matrix with continuous real valued functions as entries. 7; and 75 are variable delays
with 7 is continuously differentiable. The functions h : R®* — R", @Q : R X R®™ — R"”, and
G : R X R®™ X R®™ — R” are continuous in their respective arguments.
Motivated by the works of M.N.Islam and Y.N.Raffoul [24], and M.B.Mesmoulli, A.Ardjouni

and A.Djoudi [35], we will use the fundamental matrix solution of the system

ay(t) = A(t)y(t) coupled with Floquet theory to transform the system into integral
equation. By means of Krasnoselskii fixed point theorem, and under suitable conditions, we
establish the existence of periodic solutions and by using the contraction mapping principle,

we prove the uniqueness.



Chapter 1

Preliminary Notions

In this chapter, we mention the necessary elements of functional analysis and some
necessary notations, definitions, and preliminary results that will be used throughout this
work, as well as introduce results relating to fixed point theory, contributed by as an example
an application of some mentioned fixed point theorems for discussing the existence, and

uniqueness of periodic solutions for ODEs.

1.1 Functional analysis elements

In this section, we mention more general spaces which are metric spaces and normed spaces,

and mappings of these spaces with some of their properties, theorems and results.

1.1.1 Banach space

Definition 1.1.1. (Metric space)[17] Suppose X is a set. A mapd: X X X — R is

called a metric (or distance function) on X if the following properties hold:
(i) d(x,y) > 0 for allz,y € X,
(ii) d(x,y) = 0 if and only if ¢ = y,
(iii) d(x,y) = d(y,x) for al xz,y € X,
(v) d(x,y) < d(xz,z) + d(z,y) for all x,y,z € X (called the triangle inequality).

We call (X, d) a metric space.



1.1. FUNCTIONAL ANALYSIS ELEMENTS

Definition 1.1.2. (Cauchy Sequence)[17] Suppose (xy) is a sequence in a metric space
(X,d). We call (x,) a Cauchy sequence if for every e > 0 there ezists ng € N such that

d(xn, xm) < € for allm,m > ny.

Definition 1.1.3. [17] The metric space (X, d) is complete if every Cauchy sequence in

that space has a limit.

Definition 1.1.4. (Relatively compact sets)[17] We call a subset of a metric relatively

compact if its closure is compact.

Proposition 1.1.1. [17] Let K be a closed subset of a complete metric space. Then K is

compact if and only if it is relatively compact.

Definition 1.1.5. (Normed space)[17] Let X be a vector space. A map ||.|| : X — R is

called a norm on X if

1. ||x|| > 0 forallx € X,

2. |lz|| = 0 if and only if x = 0,

3. ||lax|| = |al||x|| for allz € X and o« € R or C,

4. le+yll < |lz|| + ||yl for all xz,y € X (called the triangle inequality).
We call the pair (X, ||.||) @ normed space.

Remark 1.1.1. ([31], p59) A norm on X defines a metric on X which is given by

d(z,y) = [z — yl|,

for all x,y € X, we call the metric induced by the norm. Then, the normed space is a

metric space. But the metric space is not always a normed space.

Definition 1.1.6. (Banach space)[17] A Banach space is a complete normed space with

respect to the metric induced by the norm.

Corollary 1.1.1. [13] Every finite-dimensional normed vector space is complete (Banach

space).

Corollary 1.1.2. (General Heine-Borel Theorem)[17] Let X be a finite dimensional
normed space and let K C X. Then K is compact if and only if K is closed and bounded.

9



1.1. FUNCTIONAL ANALYSIS ELEMENTS

1.1.2 Compact, Lipschitz, Bounded, Continuous Linear Operator

In the case of normed spaces, a mapping is called an operator, which preserve the two
algebraic operations of vector space. The purpose of this part is to introduce bounded linear
operators in normed spaces, their boundedness and continuousness, as well as the concept

of compactness for nonlinear operators.
Definition 1.1.7. (Linear operator)/31] A linear operator A is an operator such that

(i) the domain ®(a) of A is a vector space and the range R(A) lies in a vector space

over the same field,

(ii) for all x,y € D(A) and scalar a,
A(x + y) = Az + Ay,
A(ax) = aAx.

Notation: we write Az instead of A(x).

- ®(A) denotes the domain of A.

- M(A) denotes the range of A.

- N'(A) denotes the null space of A (which is the set of all x € D(A) such that Az = 0,

is also called kernel).

Definition 1.1.8. (Bounded linear operator)[13] Let (X, ||.||x) and (Y, ||.||y) be real
normed vector spaces. A linear operator A : X — Y is called bounded if there exists a

constant ¢ > 0 such that
|Az|ly < c||lz||x, forallz € D(A).
The space of bounded linear operators from X to'Y is denoted by L(X,Y)
L(X,Y)={A: X =Y/ A is linear and bounded }.
Definition 1.1.9. (Operator norm)[17] For A € L(X,Y), we define

|A|lzx,yy = inf{c > 0: ||Az||y < c||z||x for allxz € D(A)}.

10



1.1. FUNCTIONAL ANALYSIS ELEMENTS

We call ||.||c(x,y) the operator norm of A. Then (L(X,Y), ||.||lzcx,v)) is a normed vector

space.

Proposition 1.1.2. [17] Suppose that A € L(X,Y). Then

lAz[ly < [[Allccen) llz]lx

for allx € ®(A). Moreover,

B |Az|ly B
|Allzx,y)y = sup = sup |[Az|ly = sup |[Az|y.
zex\{0} ||Z]lx  Jelx=1 el x <1

Theorem 1.1.1. [17],/31] Let X and'Y be normed vector spaces and suppose dim(X) <

oo. Then every linear operator A : X — Y is bounded.

Theorem 1.1.2. (Continuity and boundedness)[13] Let X andY be real normed spaces

and A : X — 'Y be a linear operator. Then, the following are equivalents:
(i) A is bounded.

(ii) A is continuous.

(iii) A is continuous at x = 0.

Definition 1.1.10. (Lipschitz continuous operator)/39] Let X andY be normed spaces.
An operator A : X — 'Y s called Lipschitz continuous if there is ¢ > 0 such that

|Ax — Ayl|ly < k||lz —yl|x, foralx,y € D(A).

If k € [0,1], A is called a contraction operator.
Remark 1.1.2. A is a contraction =—=> A is Lipschitz continuous =—=> A is continuous on X.

Definition 1.1.11. (Compact operator) An operator A : X — Y is called compact if
and only if A maps bounded sets into relatively compact set.
Equivalently, A is compact if and only if for every bounded sequence (Tn)nen in X, the

sequence (Axy)nen has a convergent subsequence in'Y .

11



1.2. PERIODIC FUNCTIONS

1.1.3 Arzela-Ascoli theorem

Let K be a compact subset of a normed vector space (X, ||.||) and let C(K,R) be the

normed vector space of real valued continuous functions on K with the sup-norm

[ £lloc = sup | f()].
zeK

Let F be a collection of functions in C(K, R).

Definition 1.1.12. [9] The collection F is said to be equicontinuous if for every e > 0 there
exists 8 > 0 such that for all z,y € K with ||x — y|| < 9, we have |f(x) — f(y)| < e,
for every f € F.

Definition 1.1.13. /9] The collection F is said to be uniformly bounded if there exists
M > 0 such that
[ flle = sup |f(z)| < M, forall f €F.

Theorem 1.1.3. [9] If F is a collection of uniformly bounded and equicontinuous functions

in C(K,R), then F is relatively compact in C(K,R).

1.2 Periodic functions

Let w > 0, and let h ba a function defined on a set 2.

Definition 1.2.1. The function h is said to be w-periodic function if
h(t + w) = h(t)

for all t € ).
Corollary 1.2.1. The derivative of w-periodic function is also a w-periodic function.

Proof. Let h be a periodic function of period w and derivable at t. Then

h(t+w)—h(to+w) d

ih(to) i MO =R
dt

t—to t — tO t—to t — tO

12



1.3. FIXED POINT THEORY

Remark 1.2.1. The antiderivative of a w-periodic function is not necessarily a w-periodic

function for t € R. For example, h(t) = 1 is periodic but [ 1dt = t is not.

Remark 1.2.2. Let h be w-periodic function, then

/:er h(s)ds = /Ow h(s)ds.

fot allt € R (we obtain this result by variable changement, we put v = s — t).

Definition 1.2.2. A solution x = ((t) of a system is called a periodic solution if there
exists a positive number w such that {(t + w) = ((t) for allt € R.

1.3 Fixed point theory

Fixed point theory becomes a strong tool for solving various problems arising in different
fields of pure and applied mathematics, especially in nonlinear functional analysis. Histori-
cally, Poincare in 1886 was the first to work in this field. However, the major classical result
in fixed point theory is due to Brouwer, given in 1912, which states that a continuous map
on a closed unit ball in R™ has a fixed point. An important generalization of this result was
discovered in 1930 by Schauder, which states that a continuous map on a convex compact
subset of a Banach space has a fixed point. Subsequently, Schauder extended Brouwer’s the-
orem to the case of infinite dimensional subsets of some function spaces. Before that, Banach
in 1922 proved that a contraction mapping on a complete metric space has a unique fixed
point. Thereafter, Krasnoselskii in 1955 studied a paper of Schauder on partial differential
equations and formulated the working hypothesis principle: the inversion of a perturbed
differential operator yields the sum of a contraction and a compact map. Accordingly, he

formulated an hybrid theorem known under its name.

Definition 1.3.1. (Fized point)[39] Let (X, ||.||x) be a normed vector space over K. A
fized point of a mapping S : X — X is an ® € X which is mapped to itself by S':

S(x) = x.

13



1.3. FIXED POINT THEORY

1.3.1 Banach fixed point

In 1922, the Polish mathematician Stefan Banach formulated and proved a geometrical
theorem which concerns, under appropriate conditions, the existence and uniqueness of a
fixed point in a complete metric space. His result is known as Banach’s fixed point theorem
or the contraction mapping principle. Due to its simplicity and generality, Banach principle

was considered as one of the fundamental principles in the field of functional analysis.

Definition 1.3.2. Let (X, p) a complete metric space and let P : X — X. We say that
the operator P is a contraction, if there exists a positive constant a < 1 such that for

x,y € X we have:
p(Pz, Py) < ap(z,y).

Theorem 1.3.1. [39] Let (X, p) a complete metric space and P : X — X a contraction

operator. Then there exists a unique point z € X with Pz = z.

1.3.2 Schauder fixed point theorem

Theorem 1.3.2. (Version 1)[39] Let (X, ||.||) be a Banach space and M C X be a closed
bounded convex non-empty subset. Any compact operator P : M — M has at least one

fixed point.

Since a continuous operator on a compact set is always a compact operator, the Schauder

fixed point theorem -version 1 yields the Schauder fixed point theorem-version2.

Theorem 1.3.3. (Version 2)[39] Let (X, ||.||) be a Banach space and M C X be a compact,
convex and non-empty subset. Any continuous operator P : M — M has at least one fixed

point.

1.3.3 Krasnoselskii’s fixed point theorem

In 1955, Krasnoselskii combined two main results of fixed point theory, which are Banach’s
fixed point theorem and Schauder’s fixed point theorem, into his theorem. Krasnoselskii’s
fixed point theorem is applicable to a mapping that can be expressed as a sum of two
maps: a contraction and a continuous mapping in a Banach space. In 1996, Burton has
investigated Krasnoselskii’s fixed point theorem and has established, what we have called,

Krasnoselskii-Burton theorem.

14



1.3. FIXED POINT THEORY

Theorem 1.3.4. [39] Let M be a closed convexr non-empty subset of a Banach space
(X, |I-11)- Suppose that A and B map M into X such that the following conditions hold:

e Ax + By € M forallx,y € M,
e A is continuous and AM is contained in a compact set,
e B is a contraction.

Then there is a z € M with z = Az + Bz.

Proof. According to the third condition, we have

(I = B)x — (I — B)yl|

|(z —y) — (Bx — By)|

< lz =yl + [[Bx — Byl
< llz =yl + Allz — yl|
= 1+ Nz -yl

and

I(I = B)x— (I —B)y|| = [[(z—y)— (Bx— By

> ||z —yl|| — |[|[Bz — Byl
> lz =yl = Allz — yl|
= 1-=A|z -yl

In short

1=z -yl <II(I = B)z - (I =Byl < 1+ Nz -yl

This inequality shows that (I — B) : M — (I — B)M is continuous and bijective. Thus,
(I — B)™! exists and is continuous.

Let us pose U := (I — B)"'A. Tt is clear that U is compact mapping, because U is a
composition of a continuous mapping with a compact. Under the theorem of Schauder, U

has a fixed point, i.e.

3z € M such that (I — B) ‘Az = z.

15



1.3. FIXED POINT THEORY

This is equivalent to z = Az + Bz. ]

Remark 1.3.1. Note that, if A = 0 then the theorem becomes Banach theorem, and if

B = 0 then it becomes Schauder theorem.

Remark 1.3.2. If A is continuous and A(M) is contained in a compact subset of X, then

we say that A is a compact mapping (we also say that A is completely continuous).

1.3.4 Krasnoselskii-Burton fixed point theorem

Definition 1.3.3. (Large contraction mapping) Let (X, p) be a metric space
and B : X — X. B is said to be a large contraction if for each pair ¢, € X with

@ # 1, then
p(Bg, BY) < p(¢,v)

and if for each € > 0 there exists & < 1 such that

[#,% € X, p(¢,) > €] = p(Bo, BY) < dp(¢h, ).
Theorem 1.3.5. (Krasnoselskii-Burton)[10] Let (X, ||.||) be a Banach space, M a
closed bounded convex non empty subset of X. Suppose that A, B : M — M and that
(i) Ve,y € M, Ax +~ By € M,
(ii) A is continuous and AM 1is contained in a compact set,
(iii) B is a large contraction.

Then there is a z € M with Az + Bz = z.

1.3.5 Fixed point theorem in cone

The fixed-point index in cone spaces is a concept in topology, particularly in fixed-point
theory, that helps determine the "multiplicity" of fixed points for certain types of mappings.
It extends the notion of the fixed-point index from Euclidean spaces to spaces equipped with

a cone, which introduces an ordering.

Definition 1.3.4. (Cone) Let X be a Banach space and let A be a closed, non-empty subset
of X. A is said to be a cone if

16



1.4. FUNDAMENTAL MATRIX SOLUTION AND FLOQUET THEORY

i) Ve,y € A,Va,8 > 0: ax + By € A,
i) y,—y € A imply y = 0.

Theorem 1.3.6. [30] Let X be a Banach space and let A C X be a cone. Assume that
Qq and Qo are bounded open balls of X such that 0 € Q; C Q1 C Qa. Suppose that
P:AN(Q2\ Q) — A is a completely continuous operator such that one of the following

conditions holds:
i) ||Px|| < ||| forx € AN Oy and ||Px|| > ||x|| for € € AN Ny,
it) ||Pz|| > ||z|| forx € AN Oy and ||Pz|| < ||| for x € AN ONy.

Then P has a fized point in A N (a2 \ 241).

1.4 Fundamental matrix solution and Floquet theory

In this section, we give the definition of fundamental matrix solution of a linear system
of first order equations and some properties, also the role of Floquet theory on studying the

fundamental matrix solution.

1.4.1 Fundamental matrix solution

Let I be an interval of R, E = K™ (with K = R or C) a normed vector space over a field
K, and L(E) the space of continuous linear maps from E to E. Let || ||g be a norm on
E and || || be the induced supremum normon L. Consider A € M,,(K), n X n matrices

over the field K. A linear system of first order equations is defined by
x'(t) = A(t)x(t). (1.1)

Definition 1.4.1. [6] An n X n matriz function t — ®(t), defined on an open interval I,
is called a matriz solution of the homogeneous linear system (3.2) if each of its columns is a
(vector) solution.

o A matrixz solution ® is called a fundamental matriz solution if its columns form a funda-
mental set of solutions.

e [fin addition ®(to) = I, for someto, a fundamental matriz solution is called the principal

fundamental matriz solution.

17



1.4. FUNDAMENTAL MATRIX SOLUTION AND FLOQUET THEORY

Theorem 1.4.1. [6] A solution matriz ® of (1.1) is a fundamental solution matriz on I if

and only if det ®(t) # 0 for allt € I.

Proof. Let ® be a fundamental matrix with column vectors ¢;(¢ = 1..n), and suppose that

¢ is any nontrivial solution of (1.1). Then there exists €1, ..., ¢,, not all zero, such that

6= iy
j=1
or, writing this equation in terms of ®, ¢ = ¢, if c = (¢, ..., c,)T. At any point ty € I,
this is a system of n linear equations with n unknowns ¢y, ..., ¢,. This system has a unique
solution for any choice of ¢(tp). Thus det ®(ty) # 0, and by the remark ([6] page 39),
det ®(t) #0forallt € I.
Reciproqually, let ® be a solution matrix of (1.1), and suppose that det ®(t) # 0 fort € I.

Then the column vectors are linearly independent at every t € I. O

1.4.2 Floquet theory

A significant theoretical tool for studying the fundamental matrix solution is provided
by Floquet theory, which assures that the function ®(.) solving the system (1.1) can be
decomposed into the product ®(t) = Q(t)e?, where R € M, (R) and Q(.) € M, (R)
is a nonsingular, 2w-periodic matrix valued function. It identifies the non periodic function
®(.) with the couple (R, Q(t)), where R a constant matrix and Q(.) a periodic function
[14]. Floquet’s theorem gives a canonical form for fundamental matrix solution.

Consider the linear system (1.1), with & € R"™, where t — A(t) is w-periodic continuous
matrix-valued function.
Floquet’s theorem is a corollary of the following result about the range of the exponential

map.

Theorem 1.4.2. [15] @If C is a nonsingular n X n matriz, then there is an n X n matriz
B (which may be complexe) such that e = C.

o [f C is a nonsingular real m X n matriz, then there is a real n X m matriz B such that

el = C2.

Theorem 1.4.3. [15/(Floquet’s theorem) If ®(t) is a fundamental matriz solution of the
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1.4. FUNDAMENTAL MATRIX SOLUTION AND FLOQUET THEORY

w-periodic system (1.1), then, for allt € R,
D(t+w) = 2(t)2 1(0)P(w).
In addition, there is a matrizx B (which may be complex) such that
e = &7 (0)P(w),

and a w-periodic matrixz functiont — P(t) (which may be complex valued) such that ®(t) =
P(t)e!B for allt € R. Also, there is a real matriz R and a real 2w-periodic matriz function

t — Q(t) such that ®(t) = Q(t)e!® for allt € R.

Proof. Since the function t — A(t) is periodic, it is defined for all t € R. Thus, by Theorem
2.4 (see [15] page 130), all solutions of the system are defined for ¢ € R.
If ¥(t) := ®(t 4+ w), then ¥(¢) is a matrix solution. Indeed, we have that

V() =d(t) = A(t + w)P(t +w) = A(t)¥T(1),

as required.
Define
C:= o '(0)®(w) = &1(0)¥(0),

and note that C is nonsingular. The matrix function ¢ — ®(t)C is clearly a matrix
solution of the linear system with initial value ®(0)C = W(0). By the uniqueness of
solution, W(t) = ®(t)C for all t € R. In particular, we have that

B(t+ w) = B()C = (£)d71(0)B(w),

D(t+2w) =P((t+w) +w)=&(t+w)C = &(t)C>.

By Theorem 1.4.2, there is a matrix B, possibly complex, such that e*B = C.
Also, there is a real matrix R such that e?*® = C?2.

If P(t) := ®(t)e B and Q(t) = ®(t)e &, then

Pt+w) =®(t+w)e “Be B = @(t)Ce “Be P = ®(t)e '? = P(t),
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Qt + 2w) = ®(t + 2w)e e ™ = &(1)C?e **Fe % = ®(t)e 'F = Q(1).

Thus, we have P(t + w) = P(t), Q(t + 2w) = Q(t) and
®(t) = P(t)e'” = Q(t)e'",

as required. O

The representation ®(t) = P(t)e'® in Floquet’s theorem is called a Floguet normal

form for the fundamental matrix ®(t).

1.5 Application of fixed point theorems on ODE

In this section, we will apply three different famous fixed point theorems to establish
several existence results and state a set of new periodicity conditions for the following ODEs

with a parameter A € R:
2(t) = a(t)z(t) — Af(tz(t), tER

We will resort to the contraction mapping principle to obtain first results concerning
the uniqueness of periodic solutions for the considered ODEs. Next, by using Schauder’s
fixed point theorem, the second existence result is presented for the existence of at least one
periodic solution. The assumptions given in both results do not ask for fixed sign conditions
on the coefficient functions, of the above ODEs. For the third results, existence theorem for
two positive periodic solutions of ODEs are established by using a well-known fixed-point
index theorem due to Krasnoselskii under the conditions that f(;f have the some limits,

where the positivity of the coefficient functions of the considred ODEs are needed. Let us

begin to explore this issue of periodicity.

Example 1.5.1. We study the existence of periodic solutions for the ODE follow:
Z'(t) = a(t)x(t) — Xf(t,z(t)), tER, (1.2)

where X € R, the functionsa : R — (0, 00) and f : Rx (0, 00) — (0, 00) are continuous.
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For w > 0, let (P, ||.||) @ Banach space of w-periodic continuous functions,
P,={x € C(R,R)/x(t + w) = x(t) for allt € R},

equipped with the supremum norm:

||| = sup [z(¢)| = sup [z(t)].
teR

te|0,w

We assume that the functions a(.) and f(.,.) are w-periodic on t, that is
fit+ w,v) = f(t,v), and a(t + w) = a(t) with /w a(s)ds > 0. (1.3)
0

forallt € R and v € (0,00). For positive constants py and pa, the function f is assumed

Lipschitz in their composents:
[f(t,v) — f(t,w)| < pa|v — wl, (1.4)
|f(t2;v) — f(t1,v)| < palts — . (1.5)

Consider the mapping defined on (P, ||.||) by

t+w
(Ta)(t) =X [ g(t, w)f (u, 2(u))du, (1.6)
where

exp (j;j a(s)ds)

1 — exp ( — Iy a(s)ds) '

Lemma 1.5.1. [29] Assume (1.3) holds. Then x € P, satisfies (Tx)(t) = x(t) for all

g(t,u) := .7

t € R if and only if © is a w-periodic solution of (1.2).

Suppose (1.3) holds and let ® € P, be a solution of (1.2), by multiplying both sides of
(1.2) by exp ( — jé a(s)ds) and taking integral from t to t + w, we get

t4w -t t+w u
x(t +w)e” Jo " aterds _ x(t)e” Joato)ds — )\/ e Jo “(S)dsf(u, z(u))du,
t
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and by employing w-periodicity of x and a we deduce

1
1—e fOT a(s)ds

t t4+w u
x(t)e” Jo ate)ds — )\/t e Jo (s £ (y, z(u))du,

which gives
t+w
2®) =X [ glt.u)f(uz(w)du = (T2)(®),

where g is as in (1.7). Conversely, one may easily verify that
t+w
2(®) = A [ g(t,u)f (w2 (u))du,
solve (1.2). We have g(t + w,u + w) = g(t,u) and

0 1

where

0 := exp ( — /Ow a(s)ds). (1.9)

Now, we will apply the Banach fized point theorem to prove that the operator (1.6) has one
fized point.
We will show that T : P,, — P, is a contraction, let o, € P,

A [ g w) (£ 0(8) — F(t,(2))) dul
< I lat )| 0®) — £t w(e)du
< B [ Rt o) — F(t ().

[(Te)(t) — (T) ()]

By the assumption (1.4), we have

[(Te)(t) — (TY) ()| < [A[Bawnlle — -

For |\|Bawp < 1, H is a contraction. Then, it has one fized point.

Lemma 1.5.2. If (1.3)-(1.9) and |X|Bawp < 1 hold, then the equation (1.2) has one

periodic solution.

For applying the Schauder fixed point theorem, we need to construct a bounded, closed
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and convex set from the Banach space P,, as follow:

For LLN >0

Pw(L7 N) = {.’IU € Pwa ”w” S L’ |:12(t2) - w(tl)l S N|t2 - t1|7 that2 € R}'

We have to show that the operator T is well defined, i.e. T(P,(L,N)) C P,(L,N).
Hence, we make sur that for ¢ € P,,, we have (T'p) € P, ||Te| < L, and

|(Te)(t2) — (Te)(t1)| < Ntz — 1], Vi1, 82 €R

It is easy to verify that (T@)(t + w) = (T)(t). By (1.4), we ontain

| £, )| |f(t,v) — £(¢,0) + f(t,0)]
< f(@v) = £(E,0)] +1f(20)]

< plloll +1£(2, 0)].

and

[FEP) = |f(t9) — F(0,9) + (0, 9)]
< F(@E9) = F(0,9)[ + [£(0,0)]
< pelt] +[£(0, )]

We note n = sup |f(¢,0)| and § = supye(o |f(0, )|

te[0,w]
. Then

IA

t+w
(@)l < L[ lgtwlIFt o(#)ldu
ABaw (ullell +m)
|A|B2w (L + m)

L.

IAN A

IN

Therefore, |[(T)|| = sup [(To)(®)] < L.

elo,w
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Let t1,t2 € R with t; < to, we have

to+tw t1+w
(@) (t2) = @R)(t)] = X[ glta,w) flusp(u)du =X [ (b, u) f(u, o(w))]
= W[ [ gt w F @) du+ [ g(ta, w) S (s o)) du
[T gty w) — Rl ) f (s () du
t1 totw
< M| atey ) fus p(u))du + [ g(tau) £ (s o) du

t1—|—w
I [ (gt w) — gty w)) f (us o).
Since (1.3) holds, we have by letting v = v — w

A [ gt w) fus plu)du + [ glta,u)f(us plw))du
= [ [ gty w) f (s (@) + [ g(ta, 0+ w) F 0 + w0, 0(0 + w))do
<= [ gt w) f s o)) dul + NI [ g(ta, u) £ o(w))dul
<28 [ (alul + 8)du

= 2|A|B2(p2|ts — t1| + 0),

and

t1+w
[ (g2 w) = glta,w) £ (s o)

t14w exp (f:f a(s)d8> exp (f£1 a(S)dS)
< |A — u, p(u))|du
< A t1 1 — exp ( — Iy a(s)ds) 1 — exp ( — Iy a(s)ds) "f( Pl
|)\| t1+w t1 to
S0 ‘eXp(/u a(s)ds)H exp(/t1 a(s)ds) — 1’|f(u, p(u))|du.

t
We will employ finite increment theorem on the function q(t) = eftl U i the interval
[t1,t2]. It is clear that the function q is well-defined and continuous in [ty, ta3] and derivable

in tq, ta[, hence

‘2 a(s)ds

q(ts) — q(t)) = el — 1= a(@)e DTy — 1)), a €ty ta].
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Then

titw |)\| t1+w t1
|>\|\/t1 (g(tasw) — g(tr, u)) f(u, p(u))du| < 0] /tl ]exp(/u a(s)ds)|

a(s)ds

(2 — t1)|| f (u, p(w))|du

X ’a(a)eftl
6[: a(s)ds

<[
- | |/tl 1 — e—f:a(s)ds

t1+w
< [Alllallt2 _tll/tl l9(a, w)|[f (u, p(u))|du

la(e)]|tz — ta][f(u, p(u))|du

< [AlllallwB2(pL + n) [tz — ti].

Therefore,
[(Te)(t2) — (Tp)(t1)] < 2[A|B2(p2ltz — t1] 4+ 0) + |AlllallwB2 (L + n)[tz — ta].

Consequently, T(P,,(L, N)) C P,(L,N).
By the definition of the set P,(L, N), it is uniformly bounded. Forty € [t;,t14+w],ts > tq,
we have tg — t; < w. Let ¢ € P, (L, N), then

|(Te)(t2) — (Te)(t1)] < Nlt2 — ti]
< Nw=c¢.

Sincee > 0, P, (L, N) is equicontinuous. By Arzela-Ascoli theorem, P,,(L, N) is relatively
compact, and by the proposition 1.1.1, P,(L, N) is compact.
Now, we show that the operator T is continuous. Let ¢, € P,(L, N)

(@) (R) — @O < AL [ lglw)llf (s () — F (ot () s

< |>\|,32wu1||<,0 - Qp”

§ = |A|B2wpa > 0.
Then, T is continuous. By the Schauder fized point theorem-version 2, T has at least one

fixed point.

Lemma 1.5.3. If (1.3)-(1.9) hold, then the equation (1.2) has at least one periodic solution.
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Next, we introduce the following limits:

fo= lim min r,v) foo = lim min 7@,v)
4= v—071 t€[0,w] v S22 9500 £E[0,w] v
F(t,v) —— F(t,v)

= li = li
Fo= lim max ==  Joo = lim max =7

and we define a cone A as a subset of P,(L,N) by
A={x € P,(L,N) : x(t) > 0||x|| forallt € [0,w]}, (1.10)

where 6 is as in (1.9).

Definition 1.5.1. Let K be a subset of a Banach space X and A : K — X a map. If
A is continuous and A(K) is contained in a compact subset of X, then we say that A is a

compact mapping (we also say that A is completely continuous).

We have to prove that T is continuous on A and T'(A) C A.
Let ¢ € P,(L,N), we have before Ty € P, (L, N),

t+w
(Te®) = A[ " glt,w)f(u, p(u)du
t+w
> A [ flup(u)du
= o [ F s e(w))du)

> o(x [ gt w) f (s p(u))du)
= 0(Ty)(®).

We arrive to (T'p)(t) > 0(Tp)(t),Vt € R.
Then

(Te)(t) 2 Sup |(Te) ()] = ITell-

Hence, T(A) C A.
T is continuous on P, (L, N') and the cone A is a subset of P,,(L, N'). ThenT is continuous
on A.
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Theorem 1.5.1. [29] Let (1.8) and (1.9) hold. Assume fo = foo = 00, and there exists a
constant r > 0 such that
ft,v) <ré (1.11)

forv € [0,W] and t € [0,w]. Then, for X > 0 the equation (1.2) has two positive

solutions.

If fo = oo, then there exists 0 < r < 7 such that f(t,v) > c1v for 0 < v < r. And
if foo = 00, then there exists ¥ > r, such that f(t,v) > cov for v > 7.

Then, we introduce three bounded open balls as follow:
0 ={x € P,(L,N) : ||| <r},
Q2 ={x € P,(L,N) : |z|| <r},
Q3 ={x € P,(L,N) : ||z|| < T}.
Since (1.8) and (1.11) hold, and for ¢ € A N 8N, we get

(@B > Ay [ 1 (uy p(w))|du

)\,81/0 cirp(u)du
> Apiawb||e|].

v

For ¢; > AB1w0, we get |[(Tp)(t)] > ||ell-
Therefore,
ITell = llell, for ¢ € AN OQ.

For ¢ € AN 8Ny, since (1.8) and (1.11) hold, we have

(T < A8 [ 1F(us p(w)ldu

AB2 /w rOdu
0
< ABswlr.

IN

1
We set A < —— then |(T@) ()] < = [l
B2wb
Therefore,

ITell = llell, for o € AN .
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The case of ¢ € A N O3 has the same procedure of ¢ € A M Oy for ca > AL1w8.
Consequently, since r < r < T, by the fixed point theorem in cone, the mapping T has two
fized points; one in AN (Qz \ Q1) and second in A N (Qz \ Q2). This is equivalent to the

existence of at least two positive periodic solutions of (1.2).
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Chapter

Delay differential equations

This chapter provides background materials necessary for the rest of the dissertation.
Some preliminaries and basic defininitions are given for delay differential equations. Addi-

tionally, we illustrate a method for resolving conflicts with an example.

2.1 Basic Concepts of Delay differential Equations

Delay differential equations (DDEs) are a class of differential equations that depend
on previous states or have memory effects in their formulations. Mathematically speak-
ing, DDEs are differential equations in which the derivatives of some unknown functions at
present time are dependent on the values of the functions at previous times. Many real life
phenomena such in physics, biology, medicine, economics, engineering, etc, are modeled by

initial value problem or Cauchy problem, for ordinary differential equations of the type

x'(t) = f(t,z(t)), t>to (2.1)

w(to) = T,

where the function x(.), called the state variable, represents some physical quantity that
evolves over time.

Nevertheless, models including differential equations with time delay terms exist. The
delay differs from one model to other, it can represnts incubation periods of an infectious
disease in epidemiology, the transit time or the duration of a cellular transformation in the
dynamics of cell populations or transport delays. In many cases, it can be related to the time

of gestation, forestation, deforestation, life cycle or the period of maturation in population
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dynamics or little lags such as acceleration and deceleration in physical processes.

Thus, it seems clear that DDEs are more suitable to describe a wide class of phenomena
in many branches of science, such as life science, physical science and economical science,
then the ordinary differential models which can, at best, be approximations of real world
problems. Therefore, it has be necessity to include time delay terms into the differential
equations, in order to make models more consistent with real phenomena.

For that, we need to modify (2.1) by including the dependence of ’ on the past time

values of the state variable . By doing so, we obtain:

:D'(t) = f(ta wt)a t> to’ (2.2)

xi,(8) = x(to + s) = ®(s), s € [—T,to],

where x; and ® € C([—T,t0], R"?) and f : € — R™ is a given function of the set Q C
R x C([—T,to], R™) into R™, ® represents the initial point or the initial data.

Functional differential equations with delays have an ancient history coming back to
the early of 18th century. The first attempts have been made by J.Bernoulli, L.FEuler,
J.L.Lagrange, P.Laplace, S.Poisson, but unfortunately, equations of this kind have been
ignored at that time. In many cases, the delay was estimated as non significant and ignored

to simplify the studies. In 1728, J.Bernolli was who put the first retarted differential equation

2/(t) = a(t — 1),

when he considered a weighted stretched vibrating cord with distributed masses on it, but
he ignored it since he thought that there were several mistakes in deducing the equation.
Furthermore, due to many factors including limitation of the theory and mathematical tools
to deal with this equations, also the fact that the introduction of delays may further com-
plicate the dynamics or may effect the stability of the systems.

They had their moment of glory in the 20th century which has been marked by an ex-
plosion of scientific researches on this topic at that time. In 1908, during the international
conference of mathematicians, Picard has revealed the importance of taking into account
the effect of delays in modelling physical phenomena. He emphasized the significance of
accounting for hereditary effects when constructing models of physical system. Volterra

seemed to be the first to applay this idea. In 1931, he wrote a fundamental book on the role
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of hereditary effects on models for the interaction of species [41], which have contributed in
developing both the theoretical ecology and the theory of delay differential equations and
their applications. They gained much momentum after 1940, especially in the Soviet Union,
due to the consideration of meaningful models of engineering systems and control. During
the 50s and 60s, the theory of delay differential equation were widely developped and several
books about FDEs with delayed argument were appeared by the authors Myshkis (1951),
Krasovskii (1959), Bellman and Cooke (1963), Halanay (1966), and others. Such as [7], [19],
[22], [23], [27], [28], [32].

Delay differential equations have attracted a rapidly growing attention in the field of
nonlinear dynamics and have become a powerful tool for investigating the complexities of
the real-world problems such as infectious diseases, biotic population, physics, population
dynamics, industrial robotics, neuronal networks, and even economics and finance. They
continue to be an active area of research, with new applications and theoretical results being

discovered all the time.

2.2 Classification

In this part, we are interested about DDEs classification according to the types of delays cited
in the literature. We distinguish two main classes which are "delay differential equations"

and "neutral differential equations".

2.2.1 Delay differential equations

In this class, we find three categories of delays: constant, variable, and distribued.
Constant delay differential equations

(also called discrete delay) In their simplest form, it is written as follows:

'(t) = f(t,x(t), z(t — 7)),

where f is a given function and 7 is a positive constant. the presence of the term x(t — 7)
indicates that the state of the system at time ¢ depends on its state at a previous time t — 7.

We can find this type of equations in Nicholson’s blowflies model (see[28]).
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Variable delay differential equations
The delay in this case is time varying, depending on the state, or time and state-depending.
Time-varying delay differential equtions: (also called time-dependent delay) In their

simplest form, this kind of equations is written as follows:

z'(t) = f(t,z(t), z(t — 7(1))),

where f is a given function.
State-dependent variable delay differential equations: In their simplest form, this

kind of equations is written as follows:

o' (t) = f(t, z(t), z(t — 7(x(t)))),

where f is a given function.
Time and state-dependent delay equations: In their simplest form, this kind of equa-

tions is written as follow:

wl(t) = f(t,z(t),z(t — 7(t,z(t)))),

where f is a given function. If we take 7(t) = t — x(t), then we obtain the iterative

functional differential equations of the form

z(t) = f(a(t), 2 (2), (),

where zl%(t) = t, x(t) = x(t) and x!?(t) = x(x(t)) are the iterates of the state x.
For examples, we refer to the works [20], [26], [38], [40], [46] for more informations on the
subject.

All these equations are arbitrary variable delay differential equations where the delay
and its derivative are not bounded. In some cases, we encounter conditions on the delay or
its derivative , as follow:

Differential equations with increased delay: This type of equations requires knowing

the maximum value of the delay.

0 < 7(t) < Trmaz-
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Bounded delay differential equations (bi-bounded): This kind of equations which is

often less studied than the previous case, contains a delay verifying the following constraint:
Tmin S T(t) S Tmax-

Delay differential equations varying slowly over time: 7(t) is an almost everywhere
derivable function such that

F(t) <A< 1,

which then indicates a limitation on the speed of variation of the delay and that the latter
varies slowly over time, in other words that the delayed information arrives in chronological
order.

Moderately time-varying delay equations: 7(t) is an almost everywhere derivable

function such that

#(t) < A with A > 1.

Delay equations varying rapidly in time: In this type, there are no constraints on the
delay and its derivative.
Distributed delay differential equations

In their simplest form, these equations are written as follows:

#(t) = —ax(t) — B | g(t,w(t + 6))d(6).

For example, we find this type of equation in the population dynamics model presented by
Volterra in 1934 where he used a distributed delay term to examine a cumulative effect on
the mortality rate of a species.

Differential equation with unknown delay

In this case, no assumption about the delay is considered whether it is constant, variable or

distributed.

2.2.2 Neutral differential equations

Delay differential equations, in which the delay occurs in the derivative of the state variable
as well as in the independent variable, are called neutral differential equations. Also, the

derivative of the state at the current time depends not only on the values of the past state
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but even on the highest order derivative intervening in the equation of the past time.

In their simplest form, these equations are written as follows:

d
2Dzt = 7)) = f(t,2(t), 2(t — 7(2))),

where f is given and D is an operator. For example, we find this type of equations in
the distributed network model [28], such equations appear as models of electrical networks
which contain lossless transmission lines. Such networks arise in high speed computers where
lossless transmission lines are used to interconnect switching circuits. Moreover, they arise
in the study of two or more simple oscillatory systems with some interconnections between
them ([37], [16]), and in modeling physical problems such as vibration of masses attached to

an elastic bar [37].

2.3 Difference between DDEs and ODEs

Delay differential equations (DDEs) and ordinary differential equations (ODEs) differ in how
systems behavior is modeled over time. In ODEs, the derivative at a given time depends
only on the current state of the system at that time. In DDEs, the derivative also depends on
the state of the system at previous times, introducing a "memory" or "delay" effect. Among

these differences, we mention the following:
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ODE

DDE

The rate of variability change is determined
by its current value and perhaps the values

of other variables at the same time point.

The rate of variability depends on
its current value and also on

the previous value with a time delay.

used to model dynamic systems where
the system’s behavior depends on

the current state.

used to model systems in which the current
situation depends on previous cases
and therefore the effect of time delay enters

the dynamics of the system.

have an instantaneous effect, and

generate finite dimensional systems.

have not an instantaneous effect, and

generate infinite dimensional system.

The initial problem value of the form

o' (t) = f(t,x(t)),

the initial condition at initial

tZth

time point x(tg) = xo.

The initial problem value of the form

x'(t) = f(t,xy),
the history function

Vt € [to — T, o], z(t) = (1)

t2t09

Dynamical strutures: DDEs already show a richer range of dynamics structures com-
pared to ODEs. One of the main reasons for this richness is the presence of delays, which
introduce memory effects into the dynamics of the system. These memory effects can lead
to a variety of complex behaviors such as oscillations and even chaotic dynamics.
Propagated discontinuities: In both of DDEs and ODEs, discontinuity can occur when
there is a difference between the left and right side boundaries of the solution function
derivative at a given point. This can be expressed as follows:

Jim (1) # lim @} (1),
There exists a jump derivative discontinuity at to where:
xo(t) is the solution function.
to is the point at which the discontinuity occurs.
x(t) represents the derivative of the solution function with respect to time.
This applies to the both of ODEs and DDEs. However, in the case of DDEs, the existence of
delays leads to additional complications, and the disruptions may arise due to the reliance

of the system’s status on previous values.
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2.4 Existence and uniqueness results

In this section, we will see theorems on the existence and uniqueness of solutions for the

both of FDDEs and NDEs.

2.4.1 Functional differential equations with delays

Given a number 7 > 0. C([a, b], R™), the Banach space of continuous functions defined on
[a, b] with values in R™ is provided with the norm of uniform convergence.
Let [a,b] = [—T,0], we put C = C([—7,0],R™) and we denote the norm of an element
p € C by

lell = sup ()]

Ifto e R, A >0and x € C([to — T,to + A],R™), then for t € [to,to + A], we define
xi(s) = x(t + s),

for all s € [—T,0].
Definition 2.4.1. [22] If ® is a subset of R X C, f : ® — R"™ is a given function and

” .« here represents the derivative on the right, the equation

w(t) = .f(ta wt)a (23)

where

xy(8) == x(t + s),s € [—7,0], (2.4)

is a delay functional differential equation on ® denoted and the number T is called the delay.

It is clear that the case T = 0 corresponds to the case of ordinary differential equations.

Example 2.4.1. The following equations are delay differential equations
' (t) = 2z(t) + x=(t — 3),
o' (t) = a(t)z(t) + BE)z(t — 7(t)) + (1),

' (t) = /_OT x(t + s)ds,
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where o, B, T are continuous functions.

The first equation represents an autonomous linear differential equation with constant delay
T =3.

The second is a linear differential equation with non-homogenuous non-autonomous func-
tional delay.

The last represents a linear delay integro-differential equation.

It is obvious that an initial condition appropriate to the time ¢ = ¢4 requires the deter-

mination of the function @ over the entire interval [tg — T, to].
x(t) = (1), t € [to — 7, 0], (2.5)

where ) : [to — T,to] — R is a given function assumed to be continuous called the initial
condition of the delay equation (2.3). Thus, the equation (2.3) can be written in the form
2 (t) = f(tm), £ to
x(t) = P(t), t € [to — T to],
where 1 is a given continuous function on the interval [to — T, to].

Definition 2.4.2. [22] Given ¢ € C andty € R. Ift € [to,to + A] with A > 0, then the
function x(.) such that x(t) = P (t) if t € [to — T, to] is a solution of the equation (2.3)
and called the solution of (2.3) through (to, %) and it is often denoted by

w(t) = m(tO’ P, .f) (2.6)

Lemma 2.4.1. [22] Let ¢»p € C,ty € R and f(t,v) a continuous function. Finding
solutions of the equation (2.3) through (to, ) is equivalent to solving

Ty, = P,
xz(t) = ¢¥(0) + ftto flu,x,)du, t > t,.

(2.7)
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Proof. Necessary condition. Let (£, to, 1) a solution of (2.3), then

{x'(t) = f(t,m), t>to
Ly = ’Lp.

By integration, we get
t t
/ ' (s)ds = x(t) — x(ty) = / f(s,xzs)ds, t > tg.
to to
As x(tg) = x(to + 0) = x4,(0) = 1 (0), we obtain
mto - ,11[)7
xz(t) = ¢(0) + ftt;) flu,z,)du, t>to.

Sufficient condition. Let (¢, to, 1) a solution of the integral equation (2.7). So,

Hpy e T R) —x(®) 1 gtk
x'(t) = #_rg W = l—rf(l)h,/t f(s,xs)ds.

Since f(t, x;) is continuous in ¢, by applying the mean theorem, we have

‘ 1 [ t+h
lzmh_}oh/t f(sa :cs)ds = f(ta mt)a

hence the result. O

Theorem 2.4.1. (Existence)[22] for the equation (2.3), suppose that €2 is an open subset
of R X C and f € C(2,R") is a continuous mapping on 2. If (to, ) € Q, then there
exists a solution of the equation (2.3) passing through (to, ).

Definition 2.4.3. [22] The function f(t, @) is said to be a Lipschitz mapping with respect
to ¢ on a compact K of R X C if there is a constant k > 0 such that for all (t,v;) €
K,»=1,2,..., we have

|f(t7 ¢1) - f(ta 77/)2)| S Kl"vbl - '¢2| (28)

Theorem 2.4.2. (Uniqueness)[22] Suppose that € is an open subset of R X C, f : Q@ —

R™ is continuous and f(t, ) is a Lipschitz mapping with respect to 1 on any compact subset
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of Q. If (to, ) € K, then there is a unique solution of the equation (2.3) passing through
(t07 ¢)

2.4.2 Neutral differential equation

Definition 2.4.4. [23] Suppose that Q2 is an open subset of R X C' of elements (t, ). A
Function g : 2 — R"™ s said to be atomic at a point v of 2 if g and its first and second
derivatives are continuous in the sense of Fréchet with respect to v and gy, the derivative

with respect to 1, is atomic at ~y of €.
Definition 2.4.5. [23] Suppose that Q is an open subset of R X C, g : & — R™ and f :

Q — R™ are two given continuous functions with g is atomic in zero. The relation

(b = F(t,w0), 29)

is called a differential equation of neutral type.

Example 2.4.2.
' (t) = 3z'(t — 5),

() =xz(t)+z'(t—2)—2'(t—"17),
x'(t) = z(t — 1) + [z'(t — 3) + 1]%
Example 2.4.3. If 7 > 0, x is a scalar, g(¢) = ¢(0) — sin(—7), and f : @ — R"™ is

continuous, then the pair (g, f) defines an neutral differential equation,

d
—[x(t) —sinx(t — 7)] = f(t, x:).
dt
Theorem 2.4.3. (Existence)[23] If Q is an open subset of R X C and (to, ) € 2, then

there is a solution of the equation (2.9) passing through (to, ).

Theorem 2.4.4. (Uniqueness)[23] If Q is an open subset of R X C and f(t,) is a
Lipschitz mapping with respect to ¥ on any compact subset of Q, so for all (tg, ) € €,
there is a unique solution for the equation (2.9) passing through (to, ).
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2.5 Method of steps

It is known that the exact solution of delay differential equations can be found just in
some special cases. There is no unified approach to solving the delayed differential equations,
even in the linear case. The theory of ordinary differential equations gives various methods
to obtain analytical solutions such as the variation of constants method, the separation of
variables method and others. However, these methods are inapplicable to dealing with delay
differential equations. Hence, qualitative and numerical analysis equations gather great
importance.

The method of steps (also called method of successive integrations) is an elementary
method that makes it possible to solve DDEs and NDEs digitally (analytically) and at the
same time to establish the existence and uniqueness of the solution. It was presented in 1965,
by R.Bellman for constant delay. In 1973, El’sgol’ts, Norkin and others have shown that it
also remains valid for variable delays, provided that the delay never cancels. The principle of
this method is to look for solutions on successive intervals of the type [to+ kT, to+ (k+1)T]
where k € N by solving ordinary differential equations without delays in each interval. To
fix the ideas, we explain the steps as follow:

Consider the following delay differential equation

z'(t) = f(t,z(t),z(t — 7)), t=to,

xz(t) = (1), Vt € [to — T, to],

For simplicity, we put to = 0.

First step: In the interval [—7, 0], the function x(t) is the given function ¢(t), so the
equation is solved in the interval [—7, 0] and we denote xo(t) this solution. It should be
pointed out here that if t € [0, 7], so t — 7 will reside in [—T, 0].

Second step: In the interval [0, 7],we have x(t — T) = xo(t — T), we obtain the solution

by solving the system:

z'(t) = f(t,x(t),zo(t — 7)) = go(t,z(t)), Vte [0,7],

z(0) = ¢(0),
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which is an initial valued problem for an ordinary differential equation where xo(t — 7) =
p(t — 7) is known. Under suitable hypotheses on gg, the existence and uniqueness of the
solution of this system can be established and we denote by @7 this solution in [0, T].

Third step: In the interval [7, 27], the system becomes
@' (t) = f(t, z(t), z1(t — 7)) = g1(t, 2(t)) Vt € [7,27],
x(7) = z1(7),

for which we can again find the solution x5.
In general, by assuming that x_1(t),Vk = 1,2,... is defined on the interval [(k —

2)7, (k — 1)7], then, we can solve the system

w,(t) = f(t7 w(t)’ mk—l(t)) = gk—l(t’ ;B(t)), t e [(k - 2)7-7 (k - 1)7-]’

x((k—1)1) =x1_1((k — 1)71).

We can continue this process indefinitely, showing that the uniquely defined x(t) exists on

[_Ta +OO]

Example 2.5.1. Consider the problem

'(t) =—x(t—1), t>0

z(t) = p(t) = 2, vt € [—1,0]

For t € [0,1], we integrate the both sides of the equation, we obtain

t
z(t) — 2(0) = —/ o(s — 1)ds,
0
then, the solution in the interval [0, 1] s

wl(t) =2 — 2t.
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Now, we can find the solution in the interval [1, 2]

2(t) = :B(l)—/ltacl(s—l)ds

= —/lt[2—2(s—1)]ds
= t* — 4t — 3.

then, xo(t) = t? — 4t — 3.

In the interval [2, 3], the solution xg is given by

z(t) = z(2) —/:m2(s—1)ds
— <7 [l = 1) — 4(s — 1) — 3las

_13 8
= — 4+ 3t2—2t—15+ —.
3 3

In the interval [3, 4], the solution x4 is given by

2(t) = w(3)—/;a:3(s—1)ds

. 1 tr—(s—1)3 2 8
— —f—/g[i—i—?,(s—l) —2(3—1)—15—|—§]ds

3 3
I N 912 s 152
12 3 2 12

2.6 Delayed models

2.6.1 Economic model

Cooke and Yorke (1973) also briefly consider a related economic model. Let x(t) be the
value of capital stock. Assume that productionof new capital depends only on x(t) and
that the rate of production is g(x(t)). Also, assume that the lifetime of equipment is L
and that depreciation is independent of the type of equipment; in particular, at time s after
production the value of a unit of capital equipment has decreased in value to P(s) times its
original value. Here, P(0) =1, P(L) = 0.

Now, at any time t, (t) equals the sum of capital produced over the period [t — L, t] plus
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a constant ¢ denoting the value of nondepreciating assets. Thus,

z(t) = /OL P(s)g(z(t — s))ds + ¢
= /tt_L P(t — u)g(xz(u))du + c. (2.10)

Cooke and Yorke obtain certain boundedness results for (2.10) and they pose the problem

of determining conditions under which (2.10) has a periodic solution.

2.6.2 Biology model

Early in this century A.J.Lotka (1907) formulated basic principles for the mathematical
theory of population growth. He assumed that

(a) individuals belong to different classes and the relative proportion of members of each

class during any time period is constant,

(b) the life span of an individual in a class is independent of the number of members of

that class and independent of the age distribution in the class, and
(¢) the life support conditions remain constant.

On the basis of these assumptions Lotka derived the equation
.’Bl = Bt — Dt, (211)

where x(t) is the population, By is the number of births per unit time and D, the deaths.
He generalized the model to the renewal equation (cf. Bellman and Cooke, 1963; Feller,
1941)

B(t) = G(t) + /Ot B(t — s)P(s)m(s)ds, (2.12)

where B(t) is the number of births between 0 and ¢, G is the number of births at time ¢
to parents surviving from an initial population at ¢ = 0, P(s) is the probability density of

survival to age at least s, and m(s) is the probability density for a parent of age s giving

birth.
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2.6.3 Mixing of liquids

Consider a tank containing B gallons of salt water brine. Fresh water flows in at the top
of the tank at a rate of g gallons per minute (see [19]). The brine in the tank is continually
stirred, and the mixed solution flows out through a hole at the bottom, also at the rate of g
gallons per minute.

Let (t) be the amount (in pounds) of salt in the brine in the tank at time . If we assume
continual, instantaneous, perfect mixing throughout the tank, then the brine leaving the

tank contains x(t)/B lbs. of salt per gallon, and hence

2/(t) = —qw(t)/B.

But, more realistically, let us agree that mixing cannot occur instantaneously throughout the
tank. Thus, the concentration of the brine leaving the tank at time ¢ will equal the average
concentration at some earlier instant, say ¢ — 7. We shall assume that 7 is a positive
constant, although this assumption may also be subject to improvement. The differential

equation for & then becomes a delay differential equation,

©'(t) = —qz(t — 7)/B,

or setting ¢ = q/B,
' (t) = —cx(t — 1),

where 7 is the delay or time lag.
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Chapter 3

Existence and uniqueness of periodic

solutions for nonlinear system of

neutral differential equations

In this chapter, we are interesting to the study of existence and uniquness of periodic

solution for the nonlinear neutral system

S u(t) = AWy (=) + 5 Qe y(t = (0) + Gl y(H), y(E — 7)), (.1

with two variable delays and the nonlinear term A(t)h(y(t — 71(t))), where A(.) is a
nonsingular n X n matrix with continuous real-valued functions as entries. The functions
h:R" > R*" @Q:RXR*—R" and G : R X R™ X R®" — R" are continuous in their
respective arguments, and 77 is continuously differentiable.

In the process, we use the fundamental matrix solution on y’(t) = A(t)y(t) coupled with
Floquet theory to transform the system (3.1) into an integral system. Then, we construct
appropriate mappings and employ Krasnoselskii’s fixed point theorem to show the existence
of a periodic solution of the system (3.1). We also use the contraction mapping principle to
show the existence of one periodic solution of the proposed system.

The study of the periodicity of functional differential equations is far from systematic
study, especially for higher-dimensional equations. Hence, it is meaningful to study the

periodicity of n-dimensional differential systems. We should point out that the form of the

45



3.1. PRELIMINARIES

system (3.1) is rather general and incorporates as special cases various problems which have
been studied extensively in the literature. For example, Mesmouli, Ardjouni and Djoudi [35]

have studied a case of this system where h(x(t)) = x(t) as follow

S u(t) = AWyt —~(0) + L QY — (1)) + Clt y(®), y(t — 9(1)),

with the linear term A(t)y(t — 7(t)) and two variable delays, motivated by the works of
Islam and Raffoul [24] whose study the system

S u(t) = AWy(t) + © QL y(t — 9()) + Gl u(), u(t — 9(1)),

with one variable delay, where 7(¢t) = 0.

Our main purpose is, by using Krasnoselskii’s fixed point theorem, to establish the ex-
istence of periodic solutions of (3.1). We shall emphasize that we present some existence
results for periodic solutions of a very general form of functional differential system, which
may cover some special equations already handled, since our system involves the nonlinear
term A(t)h(y(t — 71(t))), which is a grueling task in the application of fixed point to the
existence of periodic solutions, and consequentially we contribute to the ongoing theory with

the outcomes of this work.

3.1 Preliminaries

For w > 0, let P, be the set of all n-vector valued functions y(t), which are continuous
and periodic in ¢ to period w.

Then (P,, ||.||) is a Banach space with the supremum norm
ly()Il = sup [y(t)| = sup [y(t)],
teR t€[0,T]

where |.| denotes the norm for R™. Also, if A is an n X m real matrix, then we define the

norm |A| = maxi<i<n 354 [|ai;]|-
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Definition 3.1.1. Let matriz A(.) be periodic of period w. The linear system

y'(t) = A(t)y(t), (3.2)
1s said to be noncritical with respect to w, if it has no periodic solution of period w except

for the trivial solution y = 0.

In this chapter, we assume that

A(t+w) = A(t), mt+w) =71(t) > 77 >0, 2(t +w) =7(t) > 1, >0, (3.3)

with 7 is continuously differentiable and 7, 7, are constants.
For t € R, &,y € R", the functions Q(t,x) and G(t,x,y) are periodic in t of period w.
That is

Qt+w,z) =Q(t,x), Gt+w,z,y)=G(t,z,y). (3.4)

The functions Q, G, h are also globally Lipschitz continuous. That is, for @, y, z, w € R",

there are positive constants kq, ko, k3, k4 such that

Q(t,z) — QR y)| < kallz —yll, (3:5)
|G(t,z,y) — G(t, 2z, w)| < kaf|z — 2|| + ks|ly — w]], (3.6)
|h(z) — h(y)| < kallz —yl|. (3.7)

Throughout this chapter, we assume system (3.2) is noncritical. Let ®(t) represents the
fundamental matrix of (3.2) with ®(0) = I, where I is the n X n identity matrix.
Then:

(a) det(®(t)) # 0.

(b) There exists a costant matrix B such that ®(t + w) = ®(t) exp(wB), by Floquet

theory,
(c) System (3.2) is noncritical if and only if det(I — ®(w)) # 0.

The following lemma is fundamental for our results.
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Lemma 3.1.1. [33] Suppose (3.3) and (3.4) hold, then y is a solution of (3.1) if and only

i
y(?)
= Qt.y(t— () — [ A()h(y(s)ds
+ROUW) [T 8 ) A y(s — 7a(s))
~ () — k) = [ Al)h(y(w)dulds
FEOUW) [ 87 F)hy(s — () + Glsu(s), y(s — ma(s)))]ds,
(3.8)
where
Uw) = (87'(w) - D7, o)

F(t) = A(t) — (1 — 7(£)A(t — (1)),
where ®(.) is the fundamental matriz solution of (3.2).

Proof. Let y(t) € P, be a solution of (3.1). We rewrite (3.1) as

jty(t) = At — () h(y(t — () (1 — ()
—A(t — () h(y(t — (1)) (1 — ()
+A[)h(y(t)) — A)h(y(t)) + A)h(y(t — 1(t)))

+CZQ(t, y(t — m2(t))) + G(t, y(t), y(t — m=(t)))
= th(t,y(t — 12(t))) — (jt/tt_ﬁ(t) A(s)h(y(s))ds + A(t)h(y(t))

+h(y(t — 1(t)[A®) — At — 7(8)) (1 — 71(2))]
+G(t,y(t), y(t — m2(t)))-
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Putting F'(t) = A(t) — A(t — 71(t))(1 — 7/(t)), we have

S+ [ A ds — @ty — ma(6)]
= AW + [ As)h((s)ds — Qt.y(t — (1))
+ PRyt — (1)) — AW®)(e) — hy®)] + ADQE y(t — 72(2)
— AW [ A@h(y()ds + Gt u(t), y(t — (0)).

Since ®(t)®~1(t) = I, it follows that

d -1
0 = —[2H)2 ()]
= A(t)®()® ' (t) + <I>(t)jt<1>_1(t)
= A(t)—|—<I>(t);t<I'_1(t).

This implies

d -1 _ -1
ST = T (DA().

If y(¢t) is a solution of (3.1) with y(0) = yo, then

SRy + [ AGR(s)ds — Qs y(t — 1))
= SO + [ AGR()ds — Qltsy(t — m(0))
+EIO SO + [ Ah()ds — Qe y(t — (D)
= 3 (D ADQ y(t — (1)) — (4(8) — h(y(2)))
= [ A@h((s)ds] + 2O FOh((E - ()
+ Gl y(1), y(t — (D)
Integrating of the above equation from 0 to # yields
y(®) = Qe y(t — (0) — [
FEOWO + [ AGhu()ds - Q0,y(~72(0))

o AOR(y()ds

(3.10)
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+(t) [ @7(5) A(5)[Q(s, (s = 7a(s))) — (¥(#) — h(y(s)))
_ / S_ﬁ(s) A(w)h(y(uw))du]ds

+2(t) [ 87 (5)[F(s)hly(s — (5)))
+G(s,y(8),y(s — 72(s)))]ds.

Since y(w) = yo = y(0) and
(I—@w)" = (2(W)(® 7 (w) — 1)) = (27 (w) — )& (w),
using (3.10), we obtain

v+ [ AGhu(E)ds — QO y(~7(0)))
= (@71(@) = D [T () AE)Q(s, (s — m2(5)) — W(H) — h(y(s)
[, Alwh(y(w)du] (3.11)
+ (@ w) = D7 [T () F()hy(s — ()
+ G(s,y(s), y(s — 7a(5)))]ds.

Substituting (3.11) into (3.10) yields

u(t) = Qe y(t — () — [ A()h(y()ds

+oB)(@ 7 ()~ D)7 [T 85 AB)Q(s, y(s — () — (8(0) — h(y(s)))
= [ o AR (y(w)dulds

+o)@ 7 (w) — D7 [T 87 ) F()h(y(s — ()

+ Gs,y(s),y(s — a(s)ds + B(2) [ 87 (5) A()[Q(s, y(s — 7a(s))

— () = hly()) = [ Aw)h(y(u)dulds

+0(t) [ B (S)F(s)h(y(s = 71(5))) + Gls,y(s) y(s — 7a(5))]ds.
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Then

t

y(t) = QUy(t—m®) ~ [ A)h(y(s)ds
+0(H)(@ W) — D7 [T 7 (5)A()[Q(s, y(s — 7a(s)))
~w® ~ k@) = [ Aw)h(y(w)dulds
+ [ @7 ()P (s)h(y(s — ma(s)) + Gls,y(s), y(s — ma(s)))]ds
+(@7 (@) = 1) [ 87 A)Q(s: y(s — 7a(s))) — (¥(#) — h(y(s)))
= [ AWh(y(u))dulds
+(@ (@) = 1) [ @7 ($)[F()hy(s — mi(s)))
+G(s,y(s),y(s — 2(s)))]ds]

— Qtyt-n®) - [ As)h(y(s)ds

+0(H) (@' W) — D7 [T 7 (5) A)[Q(s, y(s — 7a(s)))
~w® ~ k@)~ [ Aw)h(y(w)dulds
+ [ @7 () F(s)hly(s = ma(s))) + Gls,y(s), y(s — ma(s)))]ds
+ [ 71 (@) 2 (5)A)Q(s, y(s — ma(5)) — (y(8) — h(y(s))
= [, AR (y(w)dulds

+ /Ot 27 (w)®(5)[F(s)h(y(s — 1(s))) + G(s,y(5), y(s — 2(5)))]ds].

By letting s = v — w and U (w) = (®~*(w) — I)~!, the above expression yields

t

u(t) = QLiyt—n(®) — [ Ah(y(s)ds + 2OUW) [ 27 ()A(s)

X 1@, us ~ () — WD) ~ () — [ Awh(y(w)dulds
£ BOUE) [ 07 @) F@h((s — () + Cls,y(s). yls — ra(s))]ds
4 U (W) /tt“’ B ()DL (v — W) A(v — W)[Q(v — w, Y(v — w — Ta(v — W)))

— W —w) —hyw—w) = [ Awh(y(w)duldy

+ e@UE) [ @8 (0 - W) P - w)h(y(o - w - m(o - ©)))

+ Gv—w,y(v —w),y(v —w — (v — w)))]dv. (3.12)
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

Consequently, since (3.3) and (3.4) hold, equation (3.12) becomes

y(t)
= QU Yt =) ~ [ Als)h(y(s))ds
+BOUW) [ 271 (s) A)Q(s, (s — 72(5))) — (w(t) — h(y(s)))
= [, Awh(y(w)dulds
+EOUW) [ 8 (S)F()h(y(s — 71(5))) + Gls,y(s), y(s — 7a(s)))]ds
+oRUE) [ B () AE)Qsy(s — a(s)) — (u(t) — h(y(5)))
= [, Awh(y(w)dulds

s—T11(s

t

FEOUW) [ 8 F)hy(s — 1a(s)) + Gls,y(s), y(s — ma(s)))]ds.
(3.13)

By combining the two integrals of (3.13), we can easily obtain (3.8). By finding the derivative
of (3.8), we can obtain (3.1). The converse implication is easily obtained and the proof is

complete. [

3.2 Existence and Uniquness of periodic solution

In this section, we prove the existence of periodic solutions using Krasnoselskii fixed
point theorem, and the existence and uniqueness of periodic sulotion by contraction mapping
principle. To apply Theorem 1.3.4, we need to define a Banach space E, a closed bounded
convex subset M of E and construct two mappings: one completely continuous and the

other a contraction. So, we let (E, ||.||) = (P., ||-||) and
M={p€P,: ol <L} (3.14)

where L is a positive constant.

Define the mapping P : P, — P, by
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

(Pe)(t)
t t+w
= QUp(t = () — | A()h(p(s)ds +SOUW) [ 27 (3)A(s)
X Qs (s = ma())) = (#() = hle() = [ A(u)h(p(u))dulds
FeU) [ e () ()hlp(s — ()

+ G(s, 0(s), o (s — Ta(s)))]ds.

(3.15)
Therefore, we express the above equation as
(Pe)(t) = (Re)(t) + (Bp)(1), (3.16)
where R, B : P, — P, are given by
(R)®) = Qlte(t—na®) — [ A()h(p(s)ds
+ 20U [T ) AR pls — ma(s))
— (p(a) —h(e() = [ A@h(p(w)dulds. (.17
and
t+w
(By)(t) = ‘P(t)U(w)/t 27 (s)[F(s)h(p(s — T1(s)))
+ G(s,(s), (s — T2(s)))]ds. (3.18)

Lemma 3.2.1. [33] Let R be defined by (3.17), and assume that (3.3)-(3.7) hold. Then R

is continuous and RM 1is contained in a compact set.

Proof. First of all, by (3.5)-(3.7), we obtain

|Q(t’ w)l |Q(ta w) - Q(t’ 0) + Q(ta O)|

<
< kallzll +1Q(%,0)], (3.19)
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

|G(t? Z, y)l < |G(t7 T, y) - G(ta o, 0) + G(ta 0, 0)|
< ko] + ks|lyll + |G(t,0,0)], (3.20)

|h(z)| < Kkallz]| + [R(0)]- (3.21)

Let R defined by (3.17), we show that are is continuous in the supremum norm. Let 1, 2 €

M, for € > 0, choose n = €/A, where
A =k; + a|Alky 4+ cw|Alk; + cw|A| + cw|Alky + cw|Al(a| Alky).

For ||¢1 — e2|| < n, we obtain

[(Rp1)(t) — (Rep2) (1)

< Q1 (t — 72(1))) — Q(t, pa(t — 72(1)))| + /t |A[|h(41(s)) — h(pa(s))|ds

—T1 (t)

+ /:Jm [@(s)UH(w)@ (1) HAlQ(s, p1(s — 12(8))) — Q(s, p2(s — T2(s)))|ds
+ /t“rw [2()U ()27 ()] | Allpr(s) — p2(s)|ds

+ [T @)U @)@ O] Al (5)) — hlpa(s))lds

t+w
+ [ l@E@U @@ @Al [ Al () — h(ps(u))|duds

—71(8)

< killpr — 2| + af Alky]lpr — @2| + cw|Alki]lp1 — @2l| + cw|Al|lp1 — @2|
+ cw|Alk4||p1 — @2l + cw|A|(a|Alks)||p1 — P2l
= [k1 + a|Alks + cw|Alk; + cw|A| + cw|A|ky + cw|A|(a]Alks)]||p1 — 2| < €,

which shows the continuity of R.

Now, we show that RM is contained in a compact set. Firstly, we prove that for all ¢ € M,
R is uniformly bounded.

For ¢ € M, we have

(RO < QU et — O+ [ [Allk(e(s)]ds
+ [T @)@ @] IAIIQ(s: o(s — 7a(s)))]
o) + he@) + [~ |Alla(p(u))]dulds
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

< kiL + B+ a|A|(ksL +n) + cw|A|[kiL + B8+ L + k4L +1
+alA|(ksL +m)] = E, (3.22)

such that FE is a constant, and

o= sup |m(t), B= sup |Qt0)|, = sup |G(t,0,0)],
te[0,w] te[0,w] te[0,w

n=1|h0)|, c= sup ( sup [[B(s)U*(w)®'(t)]7"]).

te[0,w] * s€[t,tt+w]
Therefore, for all ¢ € M, R is uniformly bounded.
Second, we show that RM is equicontinuous. Hence, let o € M, without loss of generality,

we can pick z < t such that ¢t — z < w. Then we have

[(Rep)(t) — (Rep)(2)]
<1t (t = (0) = Qevp(z = T+ | [ Als)h(e(s)ds
-/ i AB(p(s))ds|
+ | [T @)U @)@ O] AG)Qs, 95 — 7a(s))ds
B /j*“[q,(s)U—l(w)qu(z)]—lA(s)Q(s, (s — 73(s)))ds|
+ /tter[q)(s)U—l(w)qfl(t)]_lA(S)SO(S)dS
~ [T U @)@ ()] As)p(s)ds |
£ [T @U@ 0] A h(p(s)ds
~ [ U @)@ ()] Als)h(p(s))ds,
oy (U @)@ ()] As) /:_Tl(s)A(“)h(so(u))dUds

z4tw s
— [T REUT @R ETAG) [ Au)h(e(w)duds|.
Since (3.19)-(3.21) hold, we have

[ AReeNds — [ A)h(e(s)ds
t—11(t)

—T1 (z)

< (kL + n)(/: Alds+ [ |A|ds),
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

and

[T @U@ O] AG)Q(s ¢(s — ma(s))ds
— [T U T @@ =) AE)Qs, (s — ()ds)
= | [ 1)U ()87 (1) A()Q(5, (5 — 7a(5)))ds
+ [ @)U @)@ 1) AB)QUs: (s — Ta(s))ds
z4tw
+ [ (@)U @2 (0] - (@)U @)@ ()] )
X A(3)Q(s, p(s — a(s)))ds|
[ @)U @)@ (0] A()QUs, (s — ma()))ds|
z4w
+ [ (Ut @a o] - [@eU @)@ ()]
X A(s)Q(s, p(s — a(s)))ds|
< c|®(w) ~ I( L+ B) [ |Alds + (kaL + )

< |[®(w) — I

x [T19(t) - 2(2)[|U @)@ (@)@ (5) | Alds,
and

[T @e 0] Al)e(s)ds

~ / B (5)U (w) 81 (2)] L A(s) g (s)ds |
= | /:[‘I’(S)U_l(w)q’_l(t)]_lA(s)go(s)ds

+ [ eeut @) 01 Als)e()ds

+ [ (@)U @)@ (0] — [B(5)U (@)8 ()] ) Als)p(s)ds
< |@(w) — I /:[@(S)U_l(w)@—l(t)]—lA(S)(p(S)dS’

+| /:+w ([@()U (W) (1)) 7F — [B(5)U " (w) @7 (2)] 1) A()p(s)ds|

< c|®(w) — I|L/: |A|ds + L/Ow |B(t) — B(2)||U(w)®(w)®"(s)||Alds,
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and

[T @)U @) 0] Als)hlp(s)ds

_ /z”“’[q)(s)u-l(w)cb—l(z)]‘1A(s)h(¢(8))d8\
= | [([2(s)U @)@~ (O] A(s) (i (s))ds

+ /::[@(S)U-l(w)cxfl(t)]‘1A(s)h(¢(8>)ds

[ (@U@ O] - [BU @) (2] ) Als)h(p(s))ds
< @) — 11| [[B(:)U ()87 (5)] 7 As)h(p(s))ds]

+ \/:w ([(s)UH(w) @ (1) — [B(s)U (@) (2)]7*) A(s)h((5))ds|
< c|®(w) — I|(kaL + 7) /: |Alds + (kaL +n)

x [712(t) - 2(2)[|U(@)8(@)® " (5) | Alds,
and

t+w K]
[T EUT @R @17 AG) [ Awh(p(w)duds
— /:+“’ [®(s) U (w)® 1 (2)]*A(s) /:_Tl(s) A(u)h(p(u))duds ‘
= | [@@UT @@ 01 As) [ A@)h(p(u)duds
+ [T U @@ O AG) [ A@wh(p(u))duds
z4w s—T11(8)
z4tw s
+ [ ([2@U 0]~ [BEU @R () AG) [
X A(u)h(p(u))duds|
< (@) — 1| [[BU @)@ O AG) [ A@w)h(p(w))duds|
[T (@U@ O - @U@ @) AG [
x A(u)h(p(u))duds|
< [®(w) — TlalA|(kL + ) [ |Alds + ol A (kL + )

x [712(t) - @(2)I[U (@)@ (@)@ (5)] | Alds,
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

which implies

[(Re)(t) — (Rep)(2)]
<, ¢t — 72(1))) — Q(2, (2 — 72(2)))| + (kaL + 1)

X (/:|A|ds+/::((:)) |A|ds>
T el®(w) ~ TI(kaL + B) [ |Alds + (kL + )
x ["1@(t) - @(2)|[U (@)@ (w) @ (5) | Alds
+el@(w) — 1L [ |Alds + I [ 18(2) — 8(2)|[U(w)@() 27 (s)] Alds
+ el ®(w) — Il(kaL +n) [ |Alds + (kaL + )
x [ " 19(t) — 8(2)||U(w)@(w) @ (s)|| Alds
+12(w) ~ TlalAl(kaL +7) [ |Alds + alAl(k,L + n)
x [T12(t) - @(2)|[U (@)@ (@)@ (5)] | Alds.
By the dominated convergence theorem, we have |(Re)(£) — (Ryp)(2)] — 0ast —z — 0

for all ¢ € M. Then, RM is equicontinuous.

Hence, by Ascoli-Arzela’s theorem, RM is contained in a compact set. O]

Lemma 3.2.2. [33] Suppose (3.3)-(3.7) hold and

If B is defined by (3.18), and F by (3.9), then B is a contraction.

Proof. Let B is defined by (3.18), and ¢, € M. By (3.5)-(3.7), we have
[(Be)(t) — (BY)(?)|
= [ B @U @B 01 [F6) (el = m(6)) — b (s = a(e)

(G (s, 0(5), (s — Ta(5))) — Gs, (s)b(s — n(s))))] ds

< cw(ky|F| + k2 + ks)lle — ¢

The proof is complete. O
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

Theorem 3.2.1. [33] Let the hypothesis of Lemmas 3.2.1 and 3.2.2 hold, M defined by
(3.14).
If there exist a constant L > 0 such that

k1L + B + a|A[(kaL +n) + cw|Al[k1L + 8+ L + (kaL +n) + afA| (k4L + 1)
+ cw[|F|(ka|lL +m) + (k2 + ks)L + 7] < L,

then (3.1) has a w-periodic solution in M.

Proof. By Lemma 3.2.1, R is continuous and RM is contained in a compact set, by Lemma
3.2.2, B is a contraction. Next, we will show that if ¢, € M, we have Ry + By;nM.
Let ¢, € M, we have

|Re + By|| < kiL+ B+ a|A|(ksL +n) + cw|A|[kiL + B+ L + (kaL + 1)
+o|Al(ksL + m)] + cw[|F|(ksL + 1) + (k2 + ks)L + ] < L.

Clearly, all the hypotheses of Krasnoselskii’s fixed point theorem are satisfied. Thus, there
exists a fixed point w € M such that w = Rw + Bw.

By Lemma 3.1.1, this fixed point is a solution of (3.1). Hence (3.1) has a w-periodic solution
in M. [l

Theorem 3.2.2. [33] Suppose (3.5)-(3.7) hold. If

k1 + a|Alky + cw|Alk1 + cw|A| + cw|Alks + cw|A|(a| A|ky)] (3.24)

+ cw|F|ks + cw(ke + k3) < 1,

then (3.1) has a unique w-periodic solution in P,,.
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

Proof. Let the mapping P given by (3.15). For all 1, 2 € P,,, we have

|(Pp1)(t) — (Pe2) ()]

<1Q, o1 (E — T2(8))) — Ot @t — T2(D))] + /tt_n(t) |A||h(p1(58)) — h(p2(s))|ds
+ /t“rw [[@(s)U " (w)@ ()] | A]IQ(s, p1(s — T2(5))) — Q(s, p2(s — Ta(s)))|ds
n /t“r“ [2(s)UH (@)@ ()] || Allp1(s) — p2(s)|ds
n /f“ [2(s)U (@)@ (#)] || Allh(#1(s)) — h(p2(s))ds

S

btw -1 -1 -1
+ [ EEUT @R OINAL AR (w) — h(pa(w)|duds
t+w
+ /t [@(s)UH(w) @™ ()] | Fllh(p1(s — T1(s))) — h(p2(s — T1(s)))ds
o 1 1 -1
+/t [2(s)U (@)@ (t)] |G (s, p1(8), p1(s — 72(s)))
— G(s, p2(s)p2(s — 72(s)))|ds
< killer — o2l + alAlkslpr — 2| + cw|Alk1][p1 — 2| + cw|All|e1 — @2||
+ cw|Alks|lp1 — 2|l + cw|A|(a|Alks)|[1 — p2|| + cw|Flks|lpr — 2|
+ cw(kz + ks)[[e1 — 2|
= [k1 + a|Alks + cw|A|k1 + cw|A| + cw|A|ks + cw|A|(a|Alks)
+ cw|F|ks + cw(kz + ks)]llp1 — 2|

Since (3.24) holds, with the contraction mapping principle there exists a unique w € P,

with Pw = w, which is a solution of (3.1). O

Example 3.2.1. We consider the two-dimensional system
(w;u)) _ (pa) 1 ) (h(:cl(t - ﬁ(t)))) L d ( 0 )
5(t) 0 q(t)) \h(z2(t —m(t))) I \V(t,21(t — 72(t)))

+( 0 ) 529
W (t,x1(t — 12(t)), z2(t — T2(1)))

where p and q are positive periodic continuous functions with period w.
The functionsh : R - R, V:RXR >R and W : R X R X R — R are continuous in

their respective arguments, 11(.), T2(.) satisfy (3.3).
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

Functions V (.,.) and W (., .,.) are periodic in t with period w. They are also globally

Lipschitz continuous in x and y respectively. That is

V(t+T,a) = V(t,a), (3.26)
Wit+T,z,y) = W(,z,y), (3.27)

and there are positive constants k1, ko, ks and k4 such that

V(t,x) — V(t,y)| < kallz -yl (3.28)
(W (t,z,y) — W(t, z,w)| < Kzl — z|| + kslly — wl], (3.29)
|h(z) — h(y)| < kallz — 9. (3.30)

Let,
1 ™ T
P(t) = a(t) = =1, h(w) = S sin(@ + 2), 7i(t) = — sin®(rt),

1
V(t,@) =  sin(2mt) sin(e + ’g),

1 1 -
W(t,x,y) = 3 cos(27t) sin(x) + - sin(y + g),

and 12(.) is a non-negative and continuous function with period w.

Consider the Banach space (E, ||.||)
E={p € C(R,R),p(t+1) =p(t),t € R},
and the closed bounded convex subset
M ={p € E: |¢] <}
Then for x,y,z,w € M, we have
1
Vit,2) = Vit,y)| < Sllw -yl
1 1
W (t2,9) — Wt 2 w)| < Cllz = 2l + - lly — wll,
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3.2. EXISTENCE AND UNIQUNESS OF PERIODIC SOLUTION

h(@) — h(w)] < Slle — yll

1
a = sup |11(t)], B = sup |[V(¢,0)=—,
te[0,T] t€[0,T7] 10
1 V3
~ = sup |W(t,0,0)| = -, n=|h(0)| = —,
t€[0,1] 7 6

|F| = |A(t) — (1 — 7/(t))A(1 — 71())] < 0.04, ¢ < 0.34.

Consequently,

k1L + B + a|A[(kaL +n) + cw|A|[k1L + 8+ L + (kaL +n) + afA|(ksL + 1)

+ cw[|FI(kaL + ) + (ks + ks)L + 7]
V3 V3 V3

7777703477 ~ (=4 =
- +50(3+ ) + [+ + + —- +50(3+ )]

+ 0.34[0.04(5 + \g_) + (? + g)ﬂ' + ?] <.

Then (3.25) has a 1-periodic solution in M. Moreover,

k1 + a|A|lky + cw|Alks + cw|A| + cw|Alkys + cw|A|(a|Alky) + cw|F|ky
+ cw(ks + k3)

1 w1 1 15

—— 034 0.34 034 034— —— 0.34(0.04 0.34—

<ctigst +0.34 4+ - ( )+ ( ) +0.34_
<1.

Then (3.25) has a unique 1-periodic solution in M .
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Conclusion

In conclusion, this work is devoted to study the existence of periodic solutions for a kind
of nonlinear differential systems with two variable delays. Our results obtained by applying
Krasnoselskii’s fixed point theorem to original operator constructed here on a convex, closed-
bounded subset of a Banach space using some functional analysis tools. In addition, we
also used contraction mapping principle to show the uniqueness of periodic solution of the
proposed system. Furthermore, with the help of fundamental matrix solution coupled with
Floquet theory, we could transform the differential system into integral system to extract
the operator.

The key contribution of this work is to generalize the work [35], replacing the linear term
A(t)y(t) by the nonlinear term A(t)h(y(t)).

Future research should focus on extending the application of this precise approach to
more complex models, such as the equations with damped stochastic perturbations and

other variants.
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