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Abstract

The purpose of the study was to apply Topological Dynamics to Integral Equations.
Topological Dynamical techniques were used to analyse it and confirmed the results. Sell
developed methods which allowed one to apply the theory of topological dynamics to a
very general class of nonautonomous ordinary differential equations. This was extended
to nonlinear Volterra’s Integral Equations. This research took off from there and applied
the techniques of topological dynamics to an integral equation. The usage of limiting
equations which were used by Sell on his application to integral equations were extended
to recurrent motions and then studied the solution path. It thus confirmed the existence of
contraction and the stationary point in the said paper. The study of Dynamical Systems of
Shifts in the space of piece-wise continuous functions analogue to the known Bebutov
system was embarked upon. The stability in the sense of Poisson discontinuous function
was shown. It was proved that a fixed discontinuous function, f, is discontinuous for all its
shifts, T, whereas the trajectory of discontinuous function is not a compact set. The study
contributes to literature by providing notions of Topological Dynamic techniques which
were used to analyse and confirm the existence and contractions and the stationary points

of a special Integral Equation.
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Chapter 1

INTRODUCTION

1.1 Background

Topological dynamics was used to be called the qualitative theory of differential equations. In this scenario
the problem of boundedness (Dontwi, 19884, 1988B), periodicity, almost periodicity, stability in the sense
of Poisson, and the problem of the existence of limit regimes of different types, convergence, dissipative
are considered by Cheban (2009). The direction of the work is in the neighbourhood of asymptotic
(Dontwi, 1990) stability in the sense of Poisson motions of dynamical systems and solutions of differential

equations. Sell (1971) applied topological dynamics to differential and integral equations.

It is worthy to mention that a lot of authors have worked on the problem of asymptotical stability in
the sense of Poisson. Initially, the concept of asymptotically almost periodicity of functions was launched
in the works of Frechet (19414, 1941B) . Soon after these results were generalized for asymptotically
almost periodic sequences in the research work of Fan (1943) and Precupanu (1969) and for abstract
asymptotically almost periodic functions in the works of Ararktsyan (1988), Precupanu (1969), Khaled
(1983) and Cioranescu (1989).

Among other contributors include Dontwi (1988, 1989, 1990), Mambriani et al, (1971).



The most general and somewhat vague notion of a dynamical system includes the fol-

lowing ingredients:

A “phase space” X, whose elements or “points” represent possible states of the system.

“Time”, which may be discrete or continuous. It may extend either only into the future which may be
termed irreversible or noninvertible Processes or into the past as well as the future and in other words,
reversible or invertible processes. The sequence of time moments for a reversible discrete-time process
is in a natural correspondence to the set of all integers; irreversibility corresponds to considering only
nonnegative integers. Similarly, for a continuous-time process, time is represented by the set of all real
numbers in the reversible case and by the set of nonnegative real numbers for the irreversible case (Katok

and Hasselblatt,1995 ).

A dynamical system is a rule for time evolution on a state space. A dynamical system consists of an
abstract phase space or state space, whose coordinates describe the state at any instant, and a dynamical
rule that specifies the immediate future of all state variables, given only the present values of those same
state variables. For example the state of a pendulum is its angle and angular velocity, and the evolution

rule is Newton’s equation F = ma. Dynamical systems (2011).



Mathematically, a dynamical system is described by an initial value problem. The implication is that
there is a notion of time and that a state at one time evolves to a state or possibly a collection of states at a

later time. Thus states can be ordered by time, and time can be thought of as a single quantity.

Dynamical systems are deterministic if there is a unique consequent to every state, or stochastic or
random if there is a probability distribution of possible consequents i.e., the idealized coin toss has two

consequents with equal probability for each initial state.

1.1.1 The Time-Evolution Law

In the most general setting this is a rule that allows us to determine the state of the system at each moment
of time t from its states at all previous times. Thus, the most general time-evolution law is time dependent

and has infinite memory.

Different structures give rise to theories dealing with dynamical systems that preserve those
structures. The most important of those theories are: Erogodic Theory, Topological

Dynamics and Hamiltonian (Symplectic) Dynamics.

1.1.2  Ergodic Theory

Here the phase space X is a “good” measure space, that is, a Lebesgue space with a finite measure .



The origins of ergodic theory go back to the famous ergodic hypothesis of Boltzmann who postulated
equality of time averages and space averages for systems in statistical mechanics. Within mathematics the
notions of ergodic theory arose from the study of uniform distributions of sequences (Katok and

Hasselblatt, 1995).

1.1.3 Topological Dynamics

The phase space in this theory is a good topological space, usually a metrizable compact or locally compact
space. Topological dynamics concerns itself with groups of homeomorphisms and semi groups of
continuous transformations of such spaces. Sometimes these objects are called topological dynamical

systems. Application of topological strands are culled from Kelley, 1955.

Abstract topological dynamics is usually developed in the context of flows.
1.1.4 Hamiltonian or Symplectic Dynamics

This theory is a natural generalization of a study of differential equations of classical mechanics. The phase

space here is an even-dimensional smooth manifold with a nondegenerate closed differential 2-form ().

The origin of Hamiltonian dynamics as an object of study from the point of view of dynamical systems
is largely in the questions of celestial mechanics. Again Poincare introduced the fundamental approach of

the qualitative study of the n-body problem.



1.2 Problem Definition

Weak asymptotically almost periodic solutions of linear differential equations and their perturbations was

a paper that treated functions which are almost periodic in the sense of Frech'e (Dontwi, 2005).

Lots of works in diverse ways have considered the area of dynamical systems which culminated in the
usage of topological methods. The interest in the study of Differential Equations with Impulse is
increasing. Attempts to extend this study (Dontwi, 1994) to known topological methods of the Theory of
Dynamical Systems (DS)(Sibiriskii 1970, Levitan and Zhikov 1982, Shcherbakov 1972 and 1975, Cheban
1977 and 1986) brought into fore the necessity of studying Dynamical Systems of shifts in the space of

piece-wise-continuous functions which are solutions to some of these equations.

Introduction and application of notions of Recurrence motions of dynamical systems
(Shcherbakov 1972, Bronshtein 1979, Levitan and Zhikov 1982, Pliss 1966, Sacker and Sell 1994) to
various trajectories of Differental Equations with Impulse (Distributions) can be found in Hale (1977),

Cheban (1999) and (2001), Dontwi (1994) and (2001).

The idea of minimal set is centrally located in topological dynamics. The first paper of Birkhoff was
published in 1912 and developments of Topological Dynamicals appeared in journals. Matters related to
general transformation groups can be found in Gottschalk and Hedlund (1955). The current topic employs
the usage of recurrence (Gottschalk and Hedlund 1995, Nemyckii and Stepanov 1959, Floyd 1949) that

stated that some minimal sets are homogeneous.



In his paper, Sell (1967 A) throws more light on the fact that topological dynamics could be applied to
autonomous differential equations. In Sell (1967 B) asymptotic behaviour of solutions of nonautonomous
differential equations were considered. Truly, humankind has been astonished by time-periodic, quasi-
periodic, almost periodic and recurrent motions for centuries (Bongolan-Walsh, 2003). These motions
have been observed in the solar system, that is, the earth rotates around the sun (Bongolan-Walsh, 2003).
Limit points and limit sets play salient roles in topological dynamics (Katok and Hasselblatt, 1995).
Topological dynamical system and recurrence in compact sets can be found in Furstenberg (1981).
Topological entropy was done by Katok and Hasselblatt, (1995). Entropy as a dimension was treated in
Pesin and Pitskel, (1984). Symbolic dynamical systems related to n-shifts were introduced in Lind and
Marcus (1995). Alseda, et al (1993) covers one-dimensional topological dynamics to a very large extent.
Flows and homeomorphisms on surfaces can be found in Nikolaev and Zhuzhoma (1999). Limiting

equations and Lagrange stability were considered in Cheban (2009).

In Sell (1967 A and B), methods were developed which allowed one to apply the theory of topological
dynamics to a very general class of nonautonomous ordinary differential equations. This was extended to

non-linear Volterra’s Integral Equations (Sell,1971).

This research takes off from here and we apply the techniques of topological dynamics to an integral
equation in Dontwi (2005). Here we employed the usage of limiting equations which were used by Sell
(1971) in the application to integral equations. In our bid to lend new innovations to our system we go

further to apply recurrence motions to our systems and then to study the solution path.



Ergodic dynamical system on the finite measure space and its kronecker factor were considered in
Assani (2004A). Pointwise convergence of ergodic averages along cubes was proved in Assani (2010). In
Assani and Mauldin (2005A), negative solution to counting problem for measure preserving
transformation was carried out. Full measures were treated in Assani (2004B). A question of H.
Furstenburg on the pointwise convergence of the averages was answered in Assani (2005B). The
pointwise convergence of some weighted averages linked to averages along cubes were studied in Assani
(2007A). Two questions related to the strongly continuous semigroup were answered in Assani and Lin
(2007B). Characteristics for certain nonconventional averages were studied in Assani and Presser
(2011).Differentiable or smooth instead of topological gives a description of Differentiable Dynamics (de

Vries, 2010; Shub and Smale, 1972; Smale, 1967; Smale, 1980).

The objects of study are integral equations taking our cue from periodic functions, almost periodic
functions, asymptotic functions, asymptotic almost periodic functions, and weak asymptotically almost

periodic functions.

1.3 Research Aim and Significance

The aim of this research is to identify various ways of establishing flows (and/or semiflows) and making
itaccessible to academia and users of dynamical systems portrayed in this write-up. This would represent

an authentic contribution to knowledge.



1.4 Objectives

Basically, the objectives of the study are :

1. Use limiting equations on an Integral Equation in Dontwi (2005) based on topological dynamics and

extended it to recurrence motions.
2. To identify types of family of maps
3. To identify ways of constructing flows and / or semiflows

4. To develop a method which can be applied to the Navier-Stokes equations in the sense of Volterra

integral equations .

1.5 Study Design

The study design for addressing objective 1 and objective 3 will be multifaceted in dimension while
objective 2 and objective 4 will be treated to an extent. It would use a wide range of resources covered by
authors in the said field and furnish ourselves with the techniques used by them. The research would

employ the usage of Matlab approach to come out with ways to draw curves for analysis.



1.6 Scope

The research will involve a study repertoire of works in the area under study recently. Papers and
resources written by academicians would be consulted. Knowledge on Matlab would be of imperative

advantage. Well established textbooks and resources in the said field would not be left out.

1.7 Structure of the Thesis

The dissertation has been divided into the following chapters:
e Chapter 1: Introduction

Chapter 2: Literature Review

Chapter 3: Theoretical Exposition and theorems of work

Chapter 4: Applications of Topological Dynamics to Integral equations

Chapter 5: Conclusion and Recommendation

References



1.8 Notations Used

The following are notations from which the symbols in the research were culled from:

v for every;

3 exists;

1= equals (coincides) by definition;

0 zero, and also zero element of any additive group (semigroup);
N the set of all natural numbers;

z the set of all integer numbers;

Q the set of all rational numbers;

R the set of all real numbers;

C the set of all complex numbers;

XxY the Decart product of two sets;

Mhn is the direct product of n copies of the set M;
En is the real or complex n-dimensional Euclidian space;
{xn} is a sequence;

XeEX is an element of the set X;
XCcY the set X is a part of the set Y or coincides with it;

XuY is the union of the sets X and Y;

X|Y is the complement of the set Y in X;
XNy is the intersection of the sets X and Y;
0 the empty set;

10



(Xp)

M

f1

flM)

fo g
(%)

|x| or [|x]|
(xy)
CXY)
f:X—Y

{xy,..z}

{x e X|R(x)}

f1(M)
p(&n)

limn—+oo Xn

limx—)af(X)

is a full metric space with the metric p;

is the closure of the set M;

is the mapping inverse to f;

is the image of the set M € X'in the mapping f: X—> Y;

is the composition of the mappings fand g;

is the partial mapping defined by the function f;

is the norm of the element x;

an ordered pair;

is the set of all continuous mappings of the space X in the space Y ;
is the mapping of X into ¥ ;

is a set consisting of x,y,...,Z;

is the set of all elements from X possessing the property R;
is the preimage of the set M € Y in the mappingf: X—> Y;
is a distance in the metric space X;

is the limit of a sequence;

is the limit of mapping fas x — a;

11



is the union of the family of sets {Ma}xea;

| € A}
| € A} is the intersection of the family of sets {Mi}iea;
is the set of all compacts from X;
is a dynamical system;
Xa is a positive semitrajectory of the point x;
I+ (M) is a positive semitrajectory of the set M;
H*(x) is a closure of the positive semitrajectory of the point x;
Xx is the trajectory of the point x;
H(x) is a closure of the trajectory of the point x;
xt is the position of the point x in the moment of time ¢;
Xo is the space of all linear continuous functions on X;
U(tA) is the operator of Cauchy;
Ga(t,T) is the function of Green;
D(A4) is the domain of definition of the operator 4;
flm is the restriction of the mapping f on the set M;
D(f) is the domain of definition of the function f;
Ck(UM) set of all k times continuously differentiable mappings of U into M;
6)( is the boundary of the set X;
B(M,e ) is an open -neighbourhood of the set M in the metric space X;
B[M, e . . : .
] is a closed -neighbourhood of the set M in the metric space X;
o | 0 is a monotonically decreasing to 0 sequence;
%) oy . . . .
(7, ¢) ) is a Hilbert space with the scalar peoduct h-,-i;

12



wx(ax) is the w(a)-limit set of the point x;

Q is the closure of the union of all w-limit points of (X,T,m);

Mx is the set of all directing sequences of the point x;

Nx is the set of all proper sequences of the point x;

Cv(T,E™) Banach space of all continuous and bounded functions f: T — E? with sup-norm;

(Cp*(T,Em))n is the space adjoint to (Cp(T,E™))".

13



1.9 Assumptions

Throughout this research work we shall assume that X is a uniform space with a Hausdorff topology
generated by a directed set (4,2) and a correspondence V. In topology and related branches of mathematics,
a Hausdorff space, separated space or Tz space is a topological space in which distinct points have disjoint

neighbourhoods. Other assumptions would be indicated in the work.

1.10 Limitations

The researcher envisages some major problems in the process of carrying out the study. A crucial
limitation is that of financial resources. Deciding upon the appropriate instrument to use would be major
in order to come out with the desired result.

The scope would be limited to the existing works of academicians in the field under

study.

1.11 Definition of Terms

The following are some notions and denotations used in the theory of dynamical systems which will be

used in the work.

14



Let X be a topological space, R(Z) a group of real (integer) numbers, R+(Z+) a semigroup of nonnegative
real (integer) numbers, S one of subsets of RorZ,and T € S (S+ € T, where S+ = {s|s €S, s 2 0} is a semi

group of additive group S).

Definition 1.11.1

The triplet (X, T,), where 7 : XxT — X is a continuous mapping satisfying the following

conditions:

m(0,x) = x (xeX 0€T), (1.1)

m(t,n(t,x)) = n(t + 1,x) (xeX tTET), (1.2)

are called a dynamical system. In that case if T = R+(R) or Z+(Z) then the system (X,T,m) is called a
semigroup (group) dynamical system. If T = R+(R) the dynamical system is called flow and if T € Z then
(X T,m) is called cascade. (Cheban, 2009.) To be short we will write instead of m(¢,x) just xt or mtx.

Further, as a rule, X will be a complete metric space with the metric p.

Definition 1.11.2

The function 7(-,x) : T = X with fixed x € X is called motion of the point x and the set Xx:= 7(T,x) is called

trajectory of this motion or of the point x.

15



Let T € T°(T?is a subsemigroup from S).

Definition 1.11.3

If for any point x € X and (y1,T9), (y2,T%) € ®xfrom the equality y1(to) = y(to) it follows y1(t) = y2(t) for all t

€ TONT0, then (X/T,7) is said to be a semi group dynamical system with uniqueness.

Definition 1.11.4

A nonempty set M € X is called positively invariant (resp., negatively invariant, invariant)

if t(¢M) € M (resp., n(tM) 2 M, (¢, M) =M) forall t € T.

Definition 1.11.5

A closed invariant set not containing proper subset which would be closed and invariant is called minimal.

Definition 1.11.6

A point p € Xis called w-limit point of the motion 7(-,x) and of the point x € X if there exist a sequence {tn}

C T such that tn = +00 and p = limn—+e (&0, X).

The set of all w-limit points of the motion 7(+,x) is denoted by wxand is called w-limit set of this motion.

Definition 1.11.7

A point x and motion 77(+,x) are called stable in the sense of Lagrange in positive direction

16



— . +
and denoted st. LTt HM(z) == %, jsa compact set., where v, = (T ) and

T+:=

{t|teT, t= 0.

Definition 1.11.8

A point x and motion 7(-,x) are called stable in the sense of Lagrange and denoted st. L

if H(x) := Xxis a compact set, where Zx:= 7(T,x).

Definition 1.11.9

A point x € X is called fixed point or stationary point if xt = x for all t € T and t-periodicif xt = x(t + 7) = x (1

>0,T€T).

Definition 1.11.10

Let > 0. A number 7 € T is called -shift (-almost period) of # if p(z7,z) < e(p(x(t +7), 2t) < eforall t € T).

(Cheban, 2009.)

Definition 1.11.11

A point x € X is called almost recurrent (almost periodic) if for every > 0 there exists

I = I(€) >0 such that on every segment from T of length I there exists -shift (-almost

period) of the point x.

17



Definition 1.11.12

If a point x € X is almost recurrent and the set H(x) = Xxis compact, then the point x

is called recurrent.

Definition 1.11.13

A point x € X is called positively Poisson stable if x € wx.

Definition 1.11.14

A point x € X is called comparable by the character of recurrence with y € Y or, in short, comparable with

y if for every > 0 there exists 6 > 0 such that 6-shift of the point y is -shift for x € X.

Definition 1.11.15

The motion m(-x) : T = X of the semigroup dynamical system (X,T,7) is called continuable onto S, if there
exists a continuous mapping ¢ : S = X such that mi¢)(s) = ¢(t + s) forall £ €T and s € S. In that case by ap we
will denote the set {y|3tn— —oo, th € S-, p(tn) = ¥} where ¢ is an extension onto S of the motion 7(+,x). The

set agis called a-limit set of ¢ and its points are called a-limit for ¢.

Along with the dynamical system (X,T,r) let us consider (Y,T,0), where Y is a complete metric space

with metric d.

18



Definition 1.11.16

if r = lim xt,
The sequence {t»} is called proper sequence of the pointx .

Definition 1.11.17

A point x € X is called uniformly comparable by the character of recurrence with y € Y or, in short,

uniformly comparable with y if for every > 0 there exists § > 0 such that for any t € T every §-shift of the
point¥yt 18 e-ghift for xt, that is, & > 0 is such that for every two numbers t1,t2 € T for which d(yti,yt2) <6'is
held the inequality?(t1. 2t2) <€,

(Cheban, 2009.)

Definition 1.11.18

The triplet ((X,T1,m),(Y,T2,0),h), where h is a homomorphism of (X,T1,7) onto (Y,T2,0), we will call

nonautonomous dynamical system.

Definition 1.11.19

Let (X, T1,m) and (Y,T2,0) (S+ € T1 € T2 € S) be two dynamical systems. The mapping h : X = Y is called
homomorphism (resp., isomorphism) of the dynamical system (X,T1,m) onto (Y,T2,0) if the mapping h is

continuous (resp., homeomorphic) and h(m(t,x)) = o(t,h(x)) for all x € X and tT1. In that case (X,T1,m) is

19



called an extension of the dynamical system (Y,T2,0) and (Y,T2,0) is the factor of (X,Ty,m). The dynamical

system

(Y,T1,0) is also called base of the extension (X, T1,m). (Cheban, 2009.)
Definition 1.11.20

A dynamical system (XxY,T,A) is called direct product of the dynamical systems (X, T,7) and (Y,T,0) if

At (xy)) = (m(tx),0(ty)) forall (xy) EXx Yand t€T.

Definition 1.11.21
A function ¢ € C(R,E") is called bounded on S € R, if the set ¢(S) € E"is bounded.

(Cheban, 2009.)

Definition 1.11.22

A motion 7(+,x) is called asymptotically stationary (resp., asymptotically t-periodic, asymptotically almost
periodic, asymptotically recurrent, asymptotically Poisson stable) if there exists a stationary (resp., 7-

periodic, almost periodic, recurrent, Poisson stable) motion 7(:,p) such that

Jm p(at, pt) =0 (1.3)

20



Definition 1.11.23

The dynamical system (C(X,Y),T,0) is called a dynamical system of shifts (dynamical system of translations

or dynamical system of Bebutov) in the space of continuous functions

CXY).

Definition 1.11.24

A function f: S — B is said to be measurable if there exists a sequence {f»} of stepfunctions measurable

and such that fi(s) = f{s) with respect to the measure y almost everywhere.

Definition 1.11.25

A function f: S — B is called integrable, if there exists a sequence {f»} of step-functions, integrable and such

that for every n the function ¢na(s) = |fa(s) = f(s)| is integrable and

nll)]}.loo‘/ ‘fﬂ(‘c’) = f(5)|dﬂ(6) —0

(1.4)

Then andu converges in the space B and its limit does not depend on the choice of the approximating

sequence {f»} with the above mentioned properties. This limit is denoted by Rfdu or Rﬂs)du(s).

21



Definition 1.11.26

A function g € C(R;E") is called w-limit for f, if there exists a sequence tn = +oco such that fit) - g in the
topology of the space C(R;E").

Definition 1.11.27

A function f € (C*(R+,E"))"is called weakly asymptotically almost periodic, if the set of shifts {znf: h = R+}

forms a relatively compact set in the weak topology (C*(R+E™))".

Corollary 1.11.28

The point x is asymptotically stationary if and only if the sequence {(kr) 2, converges for every T € T+.

Definition 1.11.29

A function (Cs(R+ x M;E))" will be called weakly asymptotically almost periodic with respect to t uniformly

with respect to p € M, if for every subsequence {tk} € R+there exist a subsequence {tk.} and a function g €

(Co(R+ x M;En))" such that (s, fOm (-, ) —he,g(-p)i as m - +oo for every® € (Cy(Ry, )" uniformly

with respect to p on every compact subset K ¢ M.

Corollary 1.11.30

Every asymptotically almost periodic function is relatively compact and uniformly continuous on R-.
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Definition 1.11.31

Let ¢ € C(R,B). The function ¢ is said to have an average value M{¢} on R+, if there

1 L o
exists a limit of the expression (I) Jo e(t)dt as L — +o0 g,

- L

1
M{p} = LETOOE/” w(t)dt. (15)

Corollary 1.11.32

Every asymptotically almost periodic function is relatively compact and uniformly continuous on R-.

Corollary 1.11.33
Let ¢k € C(RB) (k = 1,2,..,m) be asymptotically almost periodic. Then ¢ := ¢p1 + g2+ ... + pm € C(R,B) is

asymptotically almost periodic too.

Corollary 1.11.34

+oo
Let {¢x} < C(RB) be a sequence of asymptotically almost periodic functions and the series 2 kot Pk
converges uniformly with respect to t € R+and S € C(R,B) is the sum of

this series. Then S is an asymptotically almost periodic function.

Definition 1.11.35

Let (X,T,m) and (Y,T,0)be dynamical systems, x € X,y € Y. One will say that the point x is comparable in limit

in positive direction with respect to the character of recurrence with

23



ar i +00 +o0 .
the point¥> if Iy ™ © L™ If 2 45 comparable in limit with y both in positive and negative

direction, then we will say that x is comparable in limit with respect to the character of recurrence with y.

At last, if Ly € Ly, then we will say that x is strongly comparable in limit with y. (Cheban, 2009.)

Definition 1.11.36
Let f € C(RxW,E") and Q be a compact subset from W. One will say that the function fis asymptotically
stationary with respect to the variable t € R uniformly with respect to x € Q, if the motion o(-,fg) generated

C(R x Q,E”),R,a)

by the function fy := flrx¢ in the dynamical system of shifts ( is asymptotically

stationary . (Cheban, 2009.)

Corollary 1.11.37

For every fixed t € R the mappingUt : C(R? [E”]) ~i [E”] defined by the equality U:(4) :=

U(t,A) is continuous.

Definition 1.11.38

Points x1 and x2 from X are called positively proximal (distaL) if

inf{p(xat,x2t) : t € T+} = 0 (inf{p(x1t,x2t) : t € T+} > 0). (1.6)
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Lemma 1.11.39

Let x € X be asymptotically Poisson stable. If points from wxare mutually distal in positive direction, then

Px consists from one point.

Lemma 1.11.40

Let the point x € X be almost periodic, then on wxthe dynamical system (X,T,7) is

distal, that is,

inf{p(pt,qt) : t€ T >0} (1.7)

for all p,q € H(x) (p 6=q).

Theorem 1.11.41

Let f € C(RxE™ E") be continuously differentiable with respect to x € E”and let exists ro > 0 such that

1. [f(tx)]| <A(r) < +oo for all (¢,x) € R+x B[0,r] and 0 < r < ro;
2. fis asymptotically Poisson stable with respect to t € R uniformly with respect to x € B[0,ro];

3. there exist positive numbers m and M(r) such that for all (¢,x) € R+ x B[0,r], 0 <

r <o, ml < fi(t,x) < M(r)I (1 js 3 unit matrix from [E"]) and the matrix/z (. %)

is self-adjoint.
The proof of Theorem 1.11.41 bases upon the following lemma.
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Lemma 1.11.42

Let M > 0 and f € C»(R+,E"). By the formula

L [ v [T v _vitr [ vt
o(t) = ———=— {e ‘ e VYT f(r)dr + eV eV M f(r)dr
2vVM t 0 (1.8)
there is defined a bounded on R+ solution of the equation
x00= Mx + f(t) (1.9)
and this is a unique solution which may be estimated as follows:
1
2
lell < =A1AA 10

where ||f]| := sup{|f(t)| : t € R+}.

If, besides, fis asymptotically Poisson stable, then ¢ is compatible in limit.

Chapter 2
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LITERATURE REVIEW

2.1 Historical Assertion

A dynamical system is a concept (Tabuada et al, 2007) in mathematics where a fixed rule describes the
time dependence of a point in a geometrical space in Mallat, (2009). Examples include the mathematical
models that describe the swinging of a clock pendulum in Holm et al, 2001, the flow of water in a pipe in

Piela et al, (2008) and the number of fish each spring in a lake in Feger et al, (2010).

At any given time a dynamical system has a state given by a set of real numbers ,a vector, which can be
represented by a point in an appropriate state space, a geometrical manifold (Nguyen et al, 1989) . Small
changes in the state of the system correspond to small changes in the numbers (Purushothaman et al,
2005). The evolution (Ohtsuki et al, 2006) rule of the dynamical system is a fixed rule that describes what
future states follow from the current state. The rule is deterministic (Ren and Zhang, 2009); in other words,
for a given time interval only one future state follows from the current state.

It should be noted that the concept of a dynamical system has its origins in Newtonian mechanics in
Sharipov, (2001). Detailed mechanisms of protein folding are not biased by nonnative contacts, typically
argued to be a consequence of sequence design and/or topology (Levinthal, 1968). A record of the folding

process is largely preserved in the final structure (Moult et al, 1991). The folding and refolding of mutant
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proteins can be used to map the formation of structure in transition states and folding intermediates

(Fersht et al, 1992).

There is, as in other natural sciences and engineering disciplines, the evolution rule of dynamical
systems is given implicitly by a relation that gives the state of the system only a short time into the future
(Hufschmidt et al, 2005). The relation is either a differential equation (King et al, 2010), difference equation
(Taixiang et al, 2005) or other time scale.

Topological Dynamics can be applied to biological systems (Hofbauar and Sigmund, 1988; May, 1973;
Sigmund, 1993). To determine the state for all future times requires iterating the relation many times-
each advancing time a small step. The iteration procedure is referred to as solving the system or
integrating the system (Price et al, 2009). Once the system can be solved, given an initial pointitis possible

to determine all its future points, a collection known as a trajectory or orbit (Wells, 2011).

Before the advent of fast computing machines (Crouch, 2010), solving a dynamical system required
sophisticated mathematical techniques (Powell, 2007) and could be accomplished only for a small class of
dynamical systems. Numerical methods implemented on electronic computing machines (Khan et al,

2008) have simplified the task of determining the orbits of a dynamical system.

For simple dynamical systems, knowing the trajectory is often sufficient, but most dynamical systems
are too complicated (Zimmermann et al, 2005 ) to be understood in terms

of individual trajectories.
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The difficulties arise because the systems studied may only be known approximatelythe parameters of
the system may not be known precisely or terms may be missing from the equations. The approximations
used bring into question the validity or relevance of numerical solutions. To address these questions
several notions of stability have been introduced in the study of dynamical systems, such as Lyapunov
stability or structural stability (Cortes, 2008). The stability of the dynamical system implies that there is a
class of models or initial conditions for which the trajectories would be equivalent. The operation for
comparing orbits (Fre et al, 2011) to establish their equivalence changes with the different notions of

stability.

The type of trajectory may be more important than one particular trajectory (Sanz and Miret-Artes,
2008). Some trajectories may be periodic, whereas others may wander through many different states of
the system. Applications often require enumerating these classes or maintaining the system within one
class. Classifying all possible trajectories has led to the qualitative study of dynamical systems (Elezovic et
al, 2009), that is, properties that do not change under coordinate changes. Linear dynamical systems and
systems that have two numbers describing a state are examples of dynamical systems where the possible

classes of orbits are understood.

The behavior of trajectories as a function of a parameter may be what is needed for an application. As
a parameter is varied, the dynamical systems may have bifurcation (Di et al, 2006) points where the
qualitative behavior of the dynamical system changes. For example, it may go from having only periodic

motions to apparently erratic behavior, as in the transition to turbulence of a fluid.
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The trajectories of the system may appear erratic, as if random. In these cases it may be necessary to
compute averages using one very long trajectory or many different trajectories. The averages are well
defined for ergodic (Lansberg, 1961) systems and a more detailed understanding has been worked out for
hyperbolic systems. Understanding the probabilistic aspects of dynamical systems has helped establish the
foundations of statistical mechanics and of chaos (Habib, 2005; Lorenz, 1993; Hunt et al, 2004; de Vries,

1993; Stewart, 1989).

Poincare did a lot of work through which these dynamical systems themes developed

(Araujo et al, 2008).
In his paper, Dontwi (2005) introduced Bounded on R* generalized functions (distributions) together

with their properties. Results of equations satisfying the conditions of exponential dichotomy on R*
bounded functions were extended to bounded on R* generalized functions. In a related paper, Dontwi
(2005) devoted the paper to the introduction of weak asymptotically almost periodic functions. Properties
of those functions were then applied to some class of linear, weakly linear and non linear differential

equations with the right hand sides exhibiting the dynamics.

Further demonstrations of the existence of weak asymptotically almost periodic functions which are
not asymptotically periodic in the sense of Freche were presented by Dontwi (2005). Cheban et al (2004)
proved the existence of recurrent or Poisson stable motions in the Navier-Stokes fluid (Galeazzo et al,
2011) system under recurrent or Poisson stable forcing, respectively and used an approach based on

nonautonomous dynamical systems. In a paper by Tao et al (2006) noncommutative topological
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dynamical sinumodal and bimodal maps of the interval were studied and they gave a statistical

interpretation to the topological numerical invariants associated to bimodal maps.

Yaacov (2008), defined a dynamical system as a continuous self-map of a compact metric space. It was
added that topological dynamics studies the iterations of such a periodic map or equivalently the
trajectories of points of the state space. The basic concepts of topological dynamics are minimality,
transitivity, recurrence, shadowing property, stability, equicontinuity ,sensitivity, attractors, and
topological entropy. A time series of the catalytical reaction of carbon mono oxide and oxygen on a surface
was used to model the topological features (Gilmore, 1998) of the underlying attractor by reconstructing

unstable periodic orbits in a three dimensional imbedding space.

In physics, the Navier-Stokes equations, named after Claude-Louis Navier and George Gabriel Stokes,
describe the motion of fluid substances. These equations arise from applying Newton'’s second law to fluid
motion, together with the assumption that the fluid stress is the sum of a diffusing viscous term which is

proportional to the gradient of velocity, plus a pressure term.

The equations are useful because they describe the physics of many things of academic and economic
interest. They may be used to model the weather, ocean currents, water flow in a pipe and air flow around
a wing. The Navier-Stokes equations in their full and simplified forms help with the design of aircraft and
cars, the study of blood flow, the design of power stations, the analysis of pollution, and many other things.

Coupled with Maxwell’s equations they can be used to model and study Magnetohydrodynamics.
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The Navier-Stokes equations are also of great interest in a purely mathematical sense.
Somewhat surprisingly, given their wide range of practical uses, mathematicians have not yet proven that
in three dimensions solutions always exist (existence), or that if they do exist, then they do not contain any
singularity (smoothness). These are called the Navier-Stokes existence and smoothness problems. The Clay
Mathematics Institute has called this one of the seven most important open problems in mathematics and
has offered a US$1,000,000 prize for a solution or a counter-example. [Navier-Stokes equations,

Wikipedia, the free encyclopedia, 01/10/2011].

The Navier-Stokes equations dictate not position but rather velocity. A solution of the Navier-Stokes
equations is called a velocity field or flow field, which is a description of the velocity of the fluid at a given
point in space and time. Once the velocity fields are solved for, other quantities of interest, such as flow
rate or drag force may be found. This is different from what one normally sees in classical mechanics,
where solutions are typically trajectories of position of a particle or deflection of a continuum. Studying
velocity instead of position makes more sense for a fluid; however for visualization purposes one can

compute various trajectories.

A Survey of Topological Dynamics

The many branches of dynamical systems theory are outgrowths of the study of differential equations and
their applications to physics, especially celestial mechanics. The transition from the differential equations
to the dynamical systems viewpoint is important. The difference can be illustrated by considering the

initial value problem in ordinary differential equations:
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" 1)

x(0)=p
Here x is a vector variable in a Euclidean space X = R or in a manifold X, and the initial point p lies in X.

The infinitesimal change £(x) is thought of as a vector attached to the point x so that £ is a vector field on

X.

The associated solution path is the function ¢ such that as time t varies, x = ¢(t,p) moves in X according
to the above equation and with p = ¢(0,p) so that p is associated with the initial time ¢ = 0. The solution is
a curve in the space X along which x moves beginning at the point p. A theorem of differential equations
asserts that the function ¢ exists and is unique, given mild smoothness conditions, for example Lipschitz

conditions on the function &

Because the equation is autonomous, i. e. ¢ may vary with x, but is assumed independent of ¢, the

solutions satisfy the following semigroup identities, sometimes also called the Kolmogorov equations:

p(Le(sp)) = @(t+sp) (2.2)

Suppose we solve equation (2.1), beginning at p, and after s units of time, we arrive
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at g = @(sp). If we again solve the equation, beginning now at g, then the identity (2.2) says that we
continue to move along the old curve at the same speed. Thus, after t units of time we are where we would

have been on the old solution at the same time, t + s units after time 0.

The initial point p is a parameter here. For each solution path it remains constant, the fixed base point
of the path. The solution path based at p is also called the orbit of p when we want to emphasize the role

of the initial point.

For each fixed t value we define the time-t map ¢t: X = X by ¢(x) = ¢(t,x). For each point x € X we ask
whither it has moved in t units of time. The function ¢ : TxX — X is called the flow of the system and the

semigroup identities can be rewritten:

Qe @s= t*s, Vts€eT. (2.3)

These simply say that the association t 7— ¢tis a group homomorphism from the additive group T of
real numbers to the automorphism group of X. In particular, observe that the time-0 map ¢?is the identity

map 1x(Akin, 2007).

Chapter 3

THEORETICAL EXPOSITION
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AND THEOREMS

3.1 Topological Spaces

In this section, we explore the definitions and examples of topological spaces, metric spaces, properties of
dynamical systems, limit sets, compact motions, attractors, flows and semi-

flows.

3.1.1 Definition: A topological space

(X, T) is a set X endowed with collection T c P(X) of subsets of X, called the topology of X, such that

1. 3,XeT

2. If{Oa}aea c T then UaeaOq € T for any set A

3. 1t {Ov‘}f:l - Tthel’ln;ﬂ:lOi =l

that is, T contains X and @ and is closed under arbitrary unions and finite intersections. The sets O € T
are called open sets, and their complements are called closed sets. If x € X then an open set containing x is
called a neighbourhood of T (Katok and Hasselblatt,

1995).

This calls for the definition and explanations of interior, exterior and boundary of a set.
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The sequence {xi}i € N C X is said to converge to x € X if for every open set O containing x there exists N

€ N such that {xi}i>n C O.

(X, T) is called a Hausdorff space if for any two x1,x2 € X there exist 01,02 € T such that x;€ Oiand 01 N 02
= (. Itis called normal if it is Hausdorff and for any two closed X1,X2 € X there exist 01,02 € T such that X;c

Oiand 01N 02= Q.

{OQ}QEA C Tis called an open cover of X if X = UqeaOq, and a finite open cover if A is finite. (X, T) is called

compact if every open cover has a finite subcover, locally compact if every point has a neighborhood with
compact closure, and sequentially compact if every sequence has a convergent subsequence, X is called

compact if it is a countable union of compact sets.

If (Xo, Ta),a € A are topological spaces and A is any set, then the product topology on

Quea X is the topology generated by the base {Qa 0a|Oa € Ta,0a 6= Xa} for only finitely many a}.

Let (X, T) be a topological space. A set D C Xis said to be dense in Xif D = X. X

is said to be separable if it has a countable dense subset.
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Rrwith the usual open and closed sets is a familiar example. The open balls (open balls with rational

radius, open balls with rational center and radius) form a base. Points of a Hausdorff space are closed sets.

Proposition 3.1.1

A closed subset of a compact set is compact.

Proof

If Kis compact, C € K is closed, and T is an open cover for C then T U {K N C} is an open cover for K, hence

has a finite sub cover T U{K N C}, so T is a finite sub cover of T for C.

Proposition 3.1.2

A compact subset of a Hausdorff space is closed.
Proof

If X is Hausdorff and C c X compact fix x € x C4 and for each y € C take neighborhoods Uy of y and V), of x
such that Uy N V= @. The cover UyecUy D C has a finite sub cover {Ux|0 < i < n} and henceVe = UiLoVyiis a
neighborhood of x disjoint from C.

Thus X C = Uxex cNxis open and C is closed.

Proposition 3.1.3 [Katok and Hasselblatt, 1995]

A compact Hausdorff space is normal.

37



Proof

First we show that a closed set Kand a point p /€ K can be separated by open sets. For x € K there are open
sets Ox Uxsuch that x € Ox,p € Uxand OxN Ux= @. Since K is compact there is a finite sub coverO 1 UL,0, DO K
,and U UL Usis an open set containing

p disjoint from O. Now suppose K, L are closed sets and for p € L consider open disjoint

sets Op D K,p € Up. By compactness of L there is a finite sub cover!/ = UjZiUp. D L, and? : M7210p, O K,

is an open set disjoint from U.

A useful consequence of normality is the following extension result:

Theorem 3.1.1 [Katok and Hasselblatt, 1995]

If X is a normal topological space, Y € X closed, and f: Y = < is continuous, then there is a continuous

extension of fto X.

A collection of sets is said to have the finite intersection property if every finite subcollection has

nonempty intersection.

Proposition 3.1.4 [Katok and Hasselblatt, 1995]

A collection of compact sets with the finite intersection property has nonempty intersection.
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Proof

It suffices to show that in a compact space every collection of closed sets with the finite intersection
property has nonempty intersection. To that end consider a collection of closed sets with empty
intersection. Their complements form an open cover. Since it has a finite sub cover the finite intersection

property does not hold.

3.2  Metric Spaces

For several quite natural notions a topological structure is not adequate, but one rather needs a uniform
structure, that is, a topology in which one can compare neighbuorhoods of different points. This can be
defined abstractly and is realized for topological vector spaces but it is a little more convenient to

introduce these concepts for metric spaces [Katok and Hasselblatt, 1995].

3.2.1 Definition: Metric Space

If Xisasetthend: X x X— Ris called a metric if
1. d(xy) =d(yx)
2. d(xy) 2 0ifxyeX
3. dxy)=0x=y,

4. d(xy) + d(y,z) = d(x,z)(triangle inequality)
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If d is a metric then (X,d) is called a metric space. The set B(x,r) := {y € X/d(x,y) < r} is called the (open)

r - ball round x.

0 c Xis called open if for every x € O there exists r > 0 such that B(x,r) c O.

ForAc XthesetA:={x€ X/Vr>0, B(xr) N A =6 @} is called the closure of A. A

is called closed ifZ: A.

Let (X,d), (Y,dist) be metric spaces. A map f: X = Yis said to be uniformly continuous if for all > 0 there
isa d > 0 such that all x,y € X with d(x,y) < 6 we have dist(f(z), f(y)) < e A uniformly continuous bijection

with uniformly continuous inverse

is called a uniform homeomorphism.

A family F of maps X — Y is said to be equicontinuous if for every x € Xand ¢ > 0

there is a 6 > 0 such that d(x,y) <6 impliesd’ib‘t(f(-’ﬂ)z ) < efor allye Xand f€eF.

Amap f: X — Yis said to be Holder continuous with exponent a, or a = Holder, if there exist C, > 0 such
thatd(z, y) < € implies d(f(x),f{y)) < C(d(xy))% Lipschitz continuous if it is 1-Holder, and biLipschitz if it is
Lipschitz and has a Lipschitz inverse.

It is called an isometry if d(f(x),f{y)) = d(xy) for all x,y € X (Katok and Hasselblatt, 1995).
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3.3 Exploring Basic Properties of Dynamical Systems

In this section we shall give the traditional definition of a dynamical system, or flow, and discuss some of

the elementary properties.

3.3.1 Flows and Semi-Flows

Throughout this chapter we shall assume that X is a uniform space with a Hausdorff topology generated
by a directed set (4,2) and a correspondence V . In topology and related branches of mathematics, a
Hausdorff space, separated space or T2 space is a topological space in which distinct points have disjoint

neighbourhoods Hausdorff, 2011.

Points x and y in a topological space X can be separated by neighbourhoods if there exists a
neighbourhood U of x and a neighbourhood V of y such that U and V are disjoint (U N V= @). Xis a Hausdorft
space if any two distinct points of X can be separated by neighborhoods. This condition is the third
separation axiom (after To and T1), which is why Hausdorff spaces are also called T2 spaces. The name

separated space is also used.

Many of our statements will be valid in even greater generality, but this viewpoint will be adequate.

A dynamical system on X is defined to be a mapping
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n: XxT->X

Where T is a topological group subject to the conditions:

1. (Identity property); m(x,0) = x

2. (Group property); m(m(x,t),s) = m(xt + S)

3. mis continuous. [Sell, 1971]

In this write up we will only be interested in the two groups R, the reals, and |, the integers, with the
usual topologies. The dynamical system T is sometimes referred to as a (continuous) flow when T =R, and
a (discrete) flow when T = I. In the sequel we shall use the symbol T to refer to either R or I. Many of our

statements will be valid in either situation. Let 7 be a flow on X and define m:(x) = (x,t).

Proposition 3.3.1

For each tin T, the mapping m:is a homomorphism of X onto X, that is a bijection.

Proof

The group property (Property 2) implies that (m:)-! = m-¢, and therefore both m:and (m:)-1 are continuous
by the continuity property (Property 3). Furthermore, m:is an injection.

Indeed, if 7t (x1) = 7t (x2) then by the group property one has
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x1=m(m(x1,t),~-t) = m(m(x2t),~t) = x2

Finally m:is surjective for if y € X, then y = m¢(x) where x is given by x = m(y,~t). Discrete flow can be
characterized in terms of homeomorphism as the following statement

asserts:

Proposition 3.3.2
A necessary and sufficient condition that a mapping 7 : X x [ > X be a discrete flow is that there exists a
homeomorphism F: X = X of X onto X such that

m(xn) = F1(x), nel

where Fis defined to be the identity.

Therefore the study of discrete flows is equivalent to the study of homeomorphisms and

their iterates.

If m: XxR — X is a continuous flow on X and we define F : X - X by F(x) = n(x,1) then F is a
homeomorphism of X onto X and m(x,n) = F"(x) defines a discrete flow on

X. In this case we say that the homeomorphism F is generated by the continuous flow 7. The problem of

characterizing those homeomorphisms that are generated by continuous flows is basically unresolved

[Sell, 1971].
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If Tis R of I, we define T*={t € T: t 2 0}, so T*is then a semi-group. We define a semi-flow as a mapping
m: X x T*— X satisfying.
1. (Identity Property) m(x,0) = x;

2. (Group Property) n(m(x,t),s) = m(xt + s);
3. mis continuous

We see then that by restricting t to T* any flow gives rise to a semi-flow. The converse is not true simply
because one may be unable to "back-up” a semi-flow. In other words, if 7 is a semi-flow and t € T, the
inverse mapping (m:)-! may fail to be defined, or if defined, it may fail to be continuous. As a result of this,

proposition 3.3.1 is no longer valid. Proposition 3.3.2 takes on the following form:

Proposition 3.3.3

A necessary and sufficient condition that a mapping m : XxI* = X be a discrete semi-flow is that there exist

a continuous mapping F: X = X (not necessarily surjective) such that

m(xn) = F1(x), nelr

We see then that the study of discrete semi-flows is equivalent to the study of continuous mappings and

their iterates [Sell, 1971].
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3.3.2 An Important Example

Here we want to examine a basic example to show the inadequacy of the above definition of a flow, and to
motivate a modified definition.

Consider the differential equation.

x0=f(x) (3.1)

on Euclidcan space R”where fis a C1-function. Then for every point x € R”, there is one and only one
solution ¢(x,t) of (3.1) that satisfies the initial value problem ¢(x,0) = x. It would appear that one could
define a continuous flow m on R" by setting m(x,t) = ¢(xt), and indeed this is the case provided every

solution [Sell, 1971].

@(x,t) can be continued for all time t. As is well known, though, this global existence property is not

shared by all differential equations. The scalar equation

X0 = X2

has precisely one solution that is defined for all time t.

One could remedy this defect by multiplying the right-side of (3.1) by an appropriate scalar-valued

function. For example, the differential equation.
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;o 1 o
TGS (32)

xT

does have the global existence property and the solution curves of (3.1) agree with those of (3.2). This
is of course, equivalent to introducing a new time parameter.

This change of time parameter has two defects. First, it can destroy certain dynamical properties that
depend on a specific time parameter. Secondly, it has no obvious counterpart for nonautonomous

differential equations.

It seems then that it is more appropriate to modify the definition of a flow so that a motion 7(x,t) does

not have to be defined for all time [Sell, 1971].

3.4 Modified Definition of a Flow

Let X be a uniform space.
For each point x in X let Ix= (ax5x) be an open interval in T containing 0. We shall assume that the intervals
1xhave the following continuity property: If x, = x in X, then

1xC lim in fIx.. Let D € X x T be defined by
D={(xt)eXxT:(t€l)}

A function : D — Xis said to be (local) flow on X if the following properties hold:
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1. (Identity property) m = (x,0) = x for all x in X:

2. (Group property) if t € Ix, and s € In(xyy then

(t +s) € 1xand m(1(x,t),s) = (xt + s);

3. mis continuous
4. (Maximal property) Each interval 1xis maximal in the sense that either 1x= T, or the set {m(x,t) : 0 <

t < fx} is not conditionally compact if Sx < +oo0 or the set {m(x,t) : ax< t < 0} Is not conditionally compact

if —o0 < ax.

5. The intervals 1xare lower semi-continuous in x, that is if x» — x, then 1xC lim in fIx.. It should be clear
from the maximal property that if E € D and E — X is a local flow, then E = D. Because of this there is
reason to distinguish between a local flow and a flow, and therefore we shall drop the modifier
"local”. Nevertheless, it will be convenient to have a way of referring to those flows that satisfy the
first definition, viz, those flows for which 1x= T for all x, we shall call such a flow a global flow. The

following formulation of the continuity of = will be needed in the sequel [Sell, 1971].

Proposition 3.4.1

Let  be a flow on X. If {xn} is a (generalized) sequence in X with x» — x, then the sequence of functions

{m(xn,t)} converge to m(x,t), and the convergence is uniform on compact sets in 1x.
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Proof

Let k be a compact set in 1x. By the semicontinuity of Ix we see that there is an index m such that K c Ix.for
n =2 m. The uniform convergence on K means that for every neighborhood Va(.), there is an index p such
that (xnt) € Va(mr(x,t)) for all n = p and all t in K. Assume, on the contrary, that this is false. Then there is a

neighborhood Vq(.) such that for every index n = m there is a tnin K such that

(Xn,tn) €/ Va (m(x,tn)) (3.3)

We use the fact that since K is compact, there is a convergent subsequence of {t»} which we shall denote

by {ta}. Say that tn — to, one then has m(x,tn) = 7(x,to).

With a € A given by (3) choose b € A by Proposition 1.4 so that one has

m(x,to) € Vb (m(x,tn)) and z € Vp (t(x,t0)) = z € Va (1(x,tn)) (3.4)

It follows from the continuity of 7 that m(x»,tr) — (x,t0). This means that we can find an index N so that

Z =T (Xn,tn) € Vb (1(x,t0))

For n 2 N. By applying (3.4) we get m(xn,tn) € Va (m(x,tn)) and this contradicts (3.3).QED
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Let m be a flow on X and let x € X be fixed. The function of ¢,(x,¢t) is said to be the motion through x. The

trajectory through x is the set

Y(x) ={m(xt) : t € I}

(This is also referred to as the orbit through x.) The positive semitrajectory and the negative

semitrajectory are defined by

vy (x)={m(xt):0<t<px}

and

Y (x) ={m(xt) : ax< t < 0}

respectively. The hull of a point x is defined as

H(x) = Cly(x)

and the positive and negative hulls are defined by

H*(x) = Cly(x) and H~(x) = Cly-(x)

respectively [Sell, 1971].
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A set E C Xis said to be invariant if y(x) € E whenever x € E. The set E is said to be positively invariant,
or negatively invariant, if y*(x) € E,or y-(x) € E, whenever x € E. It is easy to see that a set E is invariant if
and only if E is the union of a collection

of full trajectories [Sell, 1971].

Proposition 3.4.2

The closure of an invariant set is an invariant set.
Proof

Let E be an invariant set and let y € CIE. We want to show that y(y) c CIE, that is m(y,t) € CIE for each t in

I. Since y € CIE there is a (generalized) sequence {y»} € E such that ¥» —* Y- It € I then by the continuity
property of the intervals Iy, there is an index m such that t € Iy.for n = m. By the continuity of = one has

m(ynt) = m(y,t). Since E is invariant, the subsequence {m(ys,t) : n 2 m} is in E, hence n(y,t) € CIE.

By the same argument we also see that the closure of a positively invariant set is positively invariant,

and the closure of a negatively invariant set is negatively invariant.

Perhaps a “principle” should be noted here. It is apparent that there is a duality between the positive
and negative properties of a flow. A statement valid for positive trajectories has an obvious counterpart
for negative trajectories. In the sequel we shall examine the behavior for positive t and leave unstated, but

noted, the corresponding facts for negative time.
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3.5 Limit sets and Compact Motions

Let 7 be a flow on X. Define the sets

LB* = {x€X:[fx=+x}
LB~ = {x€X:ax=-o0
LB = LB-NLB*

We note that if LB is nonempty, then LB x T c D, the domain of definition of 7, and m restricted to LB x
T, is a global flow on LB

If x € LB* we define the w-limit set by

Qx = NeoH* (m(x,t)) Similarly, if x € LB~ we

define the a-limt set by

Ax= NeoH™ (1(x,£))

Proposition 3.5.1
The limit sets are described equivalently by
Qx={y € X:y =limn(xtn) for some sequence {ta} with tn — +oo} and

Ax={y € X:y =limn(xts) for some sequence {t»} witht, - —oo}
Proof

By the duality principle it will suffice to prove the equality for the w-limit set. The sequences noted above

are, of course, generalized sequences.
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If y = limm(x,tn) for some sequences {tn} with t, = +oco then y € Cly*(x) = H*(x).
However,

y =limn(x,tn) = limn(m(x,t),-7 + tn)

where (-1 + tn) = +00. Hence y € H*(m(x,t)) for every T = 0. Therefore y € Qx. Conversely, if y € Qxthen y €
Cly*(m(x,t)) for each T 2 0. It follows that there is a sequence xq, defined on A with range y-(7(x,t)), such
that xa = y. We can write this as xa = (x,7 + ta) for some ta = 0. With the usual ordering on T* we define the

product ordering on T* x A4, that is (t,a) = (0,b) whenever 7 =0 and a 2 b.

We define a sequence t on T* x 4, with range in T* by

t:n=(t,a) > 1T+ ta=tn

First we note that t» — +o0. To prove this we pick an integer N and fix an index (g,b) in T* x A, witha > N. It

follows that if n = (r,a) = (o,b) then

th=T+ta=0=2N

Hence tn — +00. Secondly we note that y = limn(x,t»).

Theorem 3.5.2

The a-and w-limit sets are closed and invariant.
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Proof

Consider the w-limit set Q. Since Q«xis defined as the intersection of a family of closed sets, Qxis closed. If
y € Qx, then there is a sequence {tn} with tn = +c0 and x» = (x,tn) — y. By the continuity of 7 for any ¢ in I,
one has m(xnt) — m(y,tn). However m(xn,t) = m(x,t + tn). Since (t + tn) — +o0 it follows that n(y,t) € Qxfrom
the last

proposition. Hence (xis invariant.

It should be noted here that the limit sets may be empty. This will be shown in the examples below. We
would like to find a sufficient condition that the limit sets be nonempty. For this we introduce the following

concept.

A motion m(x,t) is said to be compact if the trajectory y(x) lies in a compact set, that is m(x,t) is compact
if the hull H(x) is a compact set. Similarly a motion m(x,t) is positively compact if y*(x) lies in a compact set,

that is if the positive hull H*(x), is a compact set. Negative compactness defined similarly.

Because of the maximality of Ixwe see that if m(x,t) is positively compact, then x € LB*. Similarly if (x,t)
is negatively compact {compact}, then x € LB-{x € LB}.

The following result shows the relationship between positively compact motions and their w-limit sets

[Sell, 1971].
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Theorem 3.5.3

Let (x,t) be a positively compact motion. Then (xis nonempty, compact and invariant.

Moreover, for every y in Qxone has I, = T. If, in addition, the group T is R, then the set .xis connected.

Proof

We have already observed that Qxis invariant. If (x,t) is positively compact, then H*(x) is a compact set in
X. For 7 2 0 one has H*(m(x,t)) € H*(x), is compact set in X. Since the family of sets {H*(x,7)} is decreasing
and since the intersection of a decreasing family of nonempty compact sets is nonempty and compact, it

follows that Qxis nonempty and compact.

If y € Qxthen (y,t) lies in the compact set Qxfor all t in Iy. Therefore from the maximality of I, we have

Now assume that T = R and that (.« is not connected. Then there exist disjoint, nonempty, open sets A

and B such that Qxc A U B. We then can find (ordinary) sequences {t»} and {s»} so that

O<si<ti<:-<sSn<tn<Sn+1 <+ ,Spn— 00,tn = 0

n(x,sn) € A and (x,tn) € B
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Since the path 7 (x[snts]) is connected it follows that there is a point fn in [snts] such that
7(x.t,) € AUB | From the compactness of m(xt) it follows that the sequence {7(%:%7)} contains a

convergent subsequence, say that 7(z, 1) = Y. The limit point y lies in the close set X - (A U B) and since

t, = —9C one has yQx. This is a contradiction and

so Qxis connected.

Corollary 3.5.4

Let  be a flow on X. If there exists a positively compact motion, then the set LB is nonempty.

Proof

It follows from the last theorem that Qxis nonempty and lies in LB.

3.6 Minimal Sets

A set E c X is said to be a minimal set if it is nonempty, closed and invariant and if it contains no proper

subset with these three properties.

A point x in X is said to be a rest point (equilibrium point) for the flow m if m(x,t) =x for all t. If x is a rest

point, then E = x is a minimal set.

A point x is said to be a periodic point, and the motion 7(x,t) is said to be periodic, if there isa 7 > 0

such that (x,t + t) = m(x,t) for all . In this case we say that the motion 7(x,t) is T-periodic. The number 7
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is said to be a period of the motion m(x,t). If x is a periodic point, then E = y(x) is a minimal set. We shall

see later that if m(x,t) is compact, then y(x) is a minimal set if and only if 7(x,t) is periodic.

It should be noted that a periodic point may be a rest point. If it is not then one can show that every

period is a multiple of a minimal period [Sell, 1971].

Proposition 3.6.1

Let x be a periodic point and define o by

w =inf{t>0:71(x71) =X}

Then x is a rest point if and only if o = 0. Furthermore if ¢ > 0, then any period t of the motion 7(x,t), is an
integral multiple of o.

The existence of minimal sets, or better, compact minimal sets is assured by the following result.

Theorem 3.6.2

If a flow m admits a nonempty, compact, invariant-set, then the flow has a compact minimal set. In
particular, if there exists a positively compact motion m(xt), then the limit set (x contains a compact

minimal set.
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Proof

This is a simple application of Zorn’s lemma. Let ¢ = £ denote the collection of all nonempty, compact,
invariant sets. Order by setinclusion. If {E«} is a chain in, that is E« € Egwhenever § < a (the indices denote
ordinal numbers), then the intersection E = NeEris an element of . Thus every chain in has a lower bound,

and we conclude that has a minimal element Eo. It follows then that Eo is a minimal set for the flow .

If we apply the same argument to the collection/ = {E N : £ € e}ywhen m(xt),is a

positively compact motion, we conclude that the minimal set Eo can be chosen as a subset of Qx.
3.7 Semi-Flows, Revisited
We define a (local) by the same properties that define a (local) flow but now restricting t to be in the semi-

group T*. In other words, the intervals Iy, now are of the form Ix = [0,8x). Where Qx> 0. Because of the

maximality of the intervals Ixwe can, and do, drop the modifier "local” from this term.

The observations made for flows are also valid for semi-flows, with the appropriate modifications since
the sets y~(x)and LB-are not defined in a semi-flow. For examples if (x,t), is a positively compact motion

in a semi-flow on X, then Qxis a nonempty, compact, positively invariant set in X.
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3.8 Attractors

Let be a flow on a uniform space X and let M be a closed invariant subset of X. Assume that the restriction

of mto M is a global flow. M is said to be an attractor if there is an open set Uo such that M c Uoand for each

x € Uo

1. n(xt) € Uoforallt=0.

2. m(xt) > M as t = oo that is, for every open neighborhood V of M there is a  such that (x,t) € V for

allt=Tt.

An attractor M is said to be stable if for every neighborhood U of M there is a neighborhood V of M such
that m(V,t) c Ufor all t 2 0. If M is an attractor we shall let A(M) denote the region of attraction of M, that

is A(M) is the largest open set satisfying (1) and (2) above [Sell, 1971].

Lemma 3.8.1

Let M be a compact attractor for a flow 7 on a uniform space X. If x € X has the property that y*(x) N A(M)

6= @, then wxc M if in addition the space X is locally compact, then wxis nonempty.
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Proof

Assume that y = (x,7) € A(M) for some 7 = 0. Then m(y,t) = m(x,7 + t) = M. This means that if z € wx= wy,

then z = limn(x,T + tn) for some sequence {tn} with tn — oo.

Since the sequence {m(x,7+tn)} is eventually in every neighborhood of z and eventually in every

neighborhood of M, it follows from the Hausdorff property that z € M.

If X is locally compact, then there is a conditionally compact neighborhood V of M
such that M c V c V c A(M). It follows from (2) that (x,t) € Vfor t 2 7, hence

m(x,t) is positively compact. Hence wxis nonempty .
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Chapter 4

APPLICATION OF

TOPOLOGICAL DYNAMICS TO

INTEGRAL EQUATIONS

4.1 Introduction

In this section examples of topological dynamical systems are given in (1)-(4).

Let R = (—00,+0), R*=[0,+o0) = R or R*and E” - n—-dimensional Euclidean

space endowed with the norm |[.|. Denote by (C(m;E))” the Banach space of all continuous and bounded

functions. The mapping f: m — E"has the norm kfk = sup{|f(¢)| : t € m}.
For h € m, Tnf € (C(m;E))" and taf(t) = f{t + h). The adjoint of (C(m;E))"is represented by (C*(m;m))" If ¢

€ (C*(m;E))"and f € (C(m;E))", then he,fi € En. Let {hn},{kn} denote strictly increasing sequence of natural

numbers with {trF} being a
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weakly Sequence of translates of f. From Dontwi
(2005), then ta.f -— g implies {tn.f} weakly converges to g in (C(m;E))".
1. A function f € (C(R*;E))"is weakly asymptotically almost periodic (waap), if the set of its translates

{tnf : h € R*} forms a relatively compact set in the weak topology (C(R*;E))". The set of all waap

functions are represented by W, in Dontwi (2005). The function f defines a topological dynamical

system.

2. The systems x = A(t)x + f(t) in Dontwi (2005) and x = A(t)x in Cheban (1980)
satisfy the hyperbolic or satisfies the condition of exponential dichotomy. There is at least one

bounded solution on R* of equation x = A(t)x + f(¢).

3. Periodic functions e.g. the sine function.

4. Almost periodic functions are topological dynamical systems.

4.2 Almost Periodic Functions

In 1924, Henald Bohr published in Acta Mathematica the first of a series of three fundamental papers
entitled "Zur Theorie der fusperiodis chen Functionen’. In this, Bohr defines the property of being almost
periodic. A function f{x), real or complex, defined for all arguments X, is said to possess a translation
number, 7, pertaining to the positive number

, if for all values of x from —oo to o

[fle+7) = flz)| <e
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The continuous function f{x) is then said to be almost periodic if, whenever is given, there exists a
finite number I such that if y is any real number, the interval (¥:¥ + lc)contains at least one translation

number 7 pertaining to .

Bohr shows that if f{x) is almost periodic, then

A(N\) = lim —f f(x)e™dr

T—00 T
exists for every real .

He then shows that there is at most a denumerable set {A»} of values of A for which A(A) 6= 0. Let us

write A(An) = An; then Bohr’s fundamental theorem asserts that
hrn f |f(x)]| dm—Z|A \2

or in another form, that

N

1 G
li li - (x) — An f_':An:: Qd::'
N A s~

This is an analogue of Parseval’s theorem for Fourier series. Its simplicity gives a motive for the

definition of almost periodic functions.
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Bohr’s second paper makes this motive even clearer by showing that the class of almost periodic
functions is identical with the class of functions which may be uniformly approximated by polynomials of

the form

N
§ Bne_i)‘n €,
1

where N is a positive number, Bi,...,Bn are arbitrary complex numbers, and Aj,..,An are arbitrary real
numbers. Bohr’s third paper is devoted to the extension of almost periodic functions to complex

arguments. [The Mathematical Gazette, 1932].

4.3 Bounded Functions

In mathematics, a function fdefined on some set X with real or complex values is called bounded if the set

of its values is bounded. In other words, there exists a number M > 0 such that |[f{x)| < M for all x in X.

Intuitively, the graph of a bounded function stays within a horizontal band whiles the graph of an

unbounded function does not.

Examples

1. The function f: R = R defined by f{x) = sinx is bounded . The sine graph is no longer bounded if it is

defined over the set of all complex numbers.

63



2. The function/ (%) = ﬁ defined for all x which do not equal -1 or 1 is not bounded. As x gets closer
to -1 or to 1, the values of this function gets larger in magnitude. This function can be made bounded

if one considers its domain to be, for example, [2,00).

Y 1
3. The function/ (*) = 717 defined for all real is bounded.

Thus, almost periodic functions are those functions defined on the real line which can be approximated
by trignometric polynomials. From the definition of almost periodic functions, it follows that any
trignometric polynomial is an almost periodic function. From the theorem of approximation of periodic

functions by trignometric polynomials, it follows that any periodic function is also almost periodic.

Theorem 4.3.1

There exists almost periodic functions which are not periodic.

Proof:

It is sufficient to show that there exists at least one trignometric polynomial which is not a periodic
function. Set f{x) = e+ ei™ and let us assume the existence of a real number w 6= 0 such that f(x + w) = f{x)

for any x. This means that

(el - 1)eix + (einw - 1)einx= 0 (4.1)
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But the functions e*and e™* are linearly independent. Therefore w must satisfy the conditions e = ein®
= 1. Then we have w = 2km,mw = 2hm where k and h are integers. However these two equations are

incompatible, so that the theorem is proved.

Almost periodic functions have many properties of periodic functions. Certain almost periodic

functions have properties that the periodic functions do not have.

Here are some of them:

Theorem 4.3.2

An almost periodic function is continuous and bounded on the real line.

Proof

Let f{x) be an almost periodic function and ta(x) a trignometric polynomial such that

[£(2) = ma(2)] < =

n; —00 < X < +00

The sequence tnx converges to the function f{x) on the whole number line. But the limit of a uniformly
convergent sequence of continuous functions is a continuous function.
Since the trignometric polynomials are continuous functions, f{x) is continuous at every point of the real

line.
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Assume that |ta(x)| < M, where M > 0. Then we have

)] < Ifx) -] + |r1(x)| s M+ 1, —00 <X < +00

which proves the theorem.

Theorem 4.3.3

An almost periodc function is uniformly continuous on the real line.

Theorem 4.3.4

If f{x) is an almost periodc function, €, a complex number, and a a real number, then the function

f(x),cf(x),flx + a) and f{ax) are almost periodic.

Theorem 4.3.5

If f(x) and g(x) are almost periodic functions then f{x) + g(x) and f{x) - g(x) are almost periodic functions.

Theorem 4.3.6

The limit of a uniformly convergent sequence of almost periodic functions is an almost periodic function.

4.4 The Periodic, Almost Periodic and Recurrent Limit Regimes of

Some Class of Nonautonomous Differential Equations.
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4.4.1 Introduction

In this section, we acquaint ourselves with notions from Cheban (1999).

Let (E|.|) be a Banach space, C(R x E,E) is a space of all continuous mappings from R x E into E
equipped with the topology of convergence on every compact (opencompact topology). For f € C(R x

E,E) and T € R we denote by frthe 7 trans-

lation of fwith respect to ¢, i.e. fz(t,x) = f(t + T,x), H*(f) = {fr|t € R+} and wf={g|I1tn = +0, g = limn-+oo frn}.

Consider the differential equation

x0=ftx), (4.2)

where f € C(R x E,E), and a family of equations

y=g(ty) (4.3)

with g € H*(f) or wr Throughout this section we suppose that f € C(R x E,E) is regular, i.e. forall g €
H*(f) and x € E the equation )9 = g(t,y) admits a unique solution ¢(t,x,g) defined on R+ with condition that
¢(0,x9) = x and a mapping ¢ :

R+ x E x H*(f) = E is continuous.
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The solution ¢ (¢t xo,f) is called uniformly stable, if for any > 0 there existsd(€) >0

so that |@(to,x,f) — P(toxof)| < implies‘%ﬁ(ts x, f) — ¢t wo, f)| < €forall t = to= 0.

The solution ¢(t,xo,f) is called globally asymptotically stable, if ¢p(¢,xo,f) is uniformly

stable and for all >0 and K € C(X) there is T(e, K) >0 so that |d(tx)-P(tx0,f)| <

foralll = to + T'(e. K)(¢(to. x, f) € K).

We will call the equation x9 = f{t,x) convergent if it admits at least one compact solution on R+ which is

globally asymptotically stable.

Bounded (on R+or R) solutions of the equation

x =A(t)x (4.4)

with recurrent (in particular, almost Bohr periodic) cefficients.

The well-known Cameron-Johnson theorem for equation (4.4) in a finite dimensional space states that

this equation can be reduced by a Lyapunov transformation to an equation

Yy =B(t)y, (4.5)
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where B(t) is a skew-symmetric matrix, if all the solutions of equation (4.4) and the solutions of all its

limit equations are bounded by R.

In 1962, W. Hahn posed the problem of whether asymptotic stability implies uniform stability for linear

equation

x0=A(t)x (x € R") (4.6)

with almost periodic coefficients.

The matrix A(t) in (4.6) is recurrent (in particular, almost periodic), and the asymptotic stability holds

for the null solution of (4.6) and for the null solutions of all systems

x0= B(t)x, (4.7)

where B € H(A) = {A:: T € R}, with A-denoting the translation of the matrix A by T and the ‘bar’ denoting

the closure in the topology of the uniform convergence on compact subsets of R.

We study the limit regimes of almost periodic equations.

x0= fltx), (4.8)
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 [:RxE > E

€T E( E . ) : .
where " < (] ‘)15 a Banach space is a closed mapping and for any

to € R and xo € E defined for all ¢t 2 to and satisfying the initial condition x(¢;to,x0) = xo.

4.5 Main Results of Thesis

4.5.1 Introduction

This section constitutes the main facet of the research work. Topological Dynamical techniques were
applied to an Integral Equation. It was then shown that by using Limiting
Equations, Poisson Stability, and Asymptotic Stability the conclusion arrived in Dontwi (2005) was

confirmed in terms of contraction and stability of the stationary point.

4.5.2 The Main Work

We now consider the Volterra integral equation from Dontwi (2005),

(Sy)(t) = A L GA(t, ) F(r,y(t))dr. -

We introduce arbitrary value that is T 7= +oco where y is an n-vector, F: R*xR"— R",
Ga: R"xR*— Rrand A is an nxn matrix. G4 and F satisfy the concept of a group

(Fraleign, 2003) and a topological group (Munkres, 1975).
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If ¢ = p(fg;t),0 <t <aq,is asolution of (4.9) we shall define the function T+f = Tz(f,g) by

(17 £)(0) = ﬂ ' g7+ 0,7) f((7), t)dr. 410)

The functions g and fare dynamical systems (Robinson (1995), Devaney (1989), Alligood et al (1996),

Hirsch et al(2004)) and hence Sy(t) is a dynamical system from (4.9). See Definition 1.11.1.(Page 17)

Assume that C has a topology of uniform convergence on compact sets. That is, a sequence {fi} in C is
said to converge to a limit fif for every compact set K € R the sequence of restrictions {fx|K} converges to

fIK uniformly (Sell, 1971).

Let us show that this topology is metrizable. We let = [-n,n] and let |.| denote any norm on R". Now

define
on(fg) = sup{|f(6)-g(0): 06 €}
PE9) = min{Lon(fg))
UG = P 2apalfy)
n=1

when f,g € C. We claim that p is a metric on C and that p(fi,f) — 0 if and only if {fx} converges to f

uniformly on every compact set in R.

To prove that p is a metric we first note that
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1. an(f,9) = on(g.f)
2. O'n(f;f) =0
3. on(f,g) < on(f,h) + on(h,g)

where f,g,h € C. In other words, onis a pseudo-metric (Kelley, 1955; Sell, 1971). Similarly px satisfies
the same three conditions so pnand onare equivalent, which means that for any sequence {f} in C and any
fin C one has pa(fi,f) = 0 if and only if on(fi,f) = 0. Since |pn(fg)| < 1, it follows that the series defining p
converges absolutely for every pair f,g in C. It follows then that p satisfies the three conditions (1,2,3) given
above. We need only prove that p(fg) = 0 for every n. Hence f{6) = g(6) on every set In. Since Unln = R, it
follows that f=g.

Hence p is a metric on C.
The next thing to show is that the metric topology generated by p agrees with the topology of uniform

convergence on compact sets. Let K be a compact set in R. Then for some integer n one has K C In. Now if
p(fif) = 0 for some sequence {fi}, then pn(fi,f) = 0, which implies that ox(fkf) — 0. Hence the sequence {f}

converges uniformly to f on the compact sets Irand K. (Katok and Hasselblatt, 1995; Sell, 1971).

Going the other way, assume that {f«} converges to fin the topology of uniform convergence on compact

sets. We then want to show that for every > 0 there is an index

K such that #(fx: f) < 26whenever k = K. Let >0 be given. Then choose N so that

one has
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Since {fi} converges to funiformly on compact sets it converges uniformly on In. Therefore an index K can

be found so that the pseudo-metrics
o1(fi ) oN(ficf)

are small whenever k = K. We choose K so that

N
> 2" pu(frr f) S €

n=1
Then one has
N 00
p(fir FY & 2" pufin )+ 2<%
n=1

n=N+1

whenever k > K.

We define a mapping m: C x R = C by

n(ft) = fe
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where f(0) = f(t + ). For 0 < T <a and 0 < 6, define g: by

g(nt)=g(tT+1t)

m(f,t N
Consider limt—+co m(f, ) (Definition 1.11.6).
Then all points under this motion denoted by wsis called the w-limit of the motion

(f,t).

A point Pin Cis almostrecurrent if we can choose >0 wherel| — I(e) >0 (Definition 1.11.11). According

to Definition 1.11.12, if a point p € C then p is recurrent (Dontwi and Denteh, 2012A) then it follows that
the motion is asymptotically stationary. (Cheban, 2005; Dontwi and Denteh, 2012B, 2012C). Now define a

mapping m (formally) by

T[(f;g,f) = (Trﬁgr) (411)

where 0 < 7 < a. We will show shortly that the mapping 7 defines a semiflow on a space X that consists of

ordered triples (f,g).

Let us be more precise about (4.9). First we shall assume that the function flies in C = C(R*,R").
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We want to show that

T[(T‘rﬁg‘r}O') = (T‘r+oﬁgr+a) (412)

where 72 0 and o = 0. The left side of (4.12) suggests that we want to solve the

integral equation.

(4.13)

and then compute To(Tf) by (4.10). Let 1(t),0 < t < o, be the solution of (4.13), and ¢(s),0 < 7 < g, the

solution of (4.9).

Since

Rewft+ 1.0g(0(0),1)dr

1
=]

p(t+1)

Ryrdr + Rt [t + 1,9)g(o(2),0)]dr

= Reffle+ 4+ 9)g(o(c + 8,7+ tldr = Re[fu(t D) gl (c
+t),6)dt

the uniqueness of solutions implies that ¢(t + 7) =(r) for0 << 0.
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Next we have

R f(06,00g6((1), T)dr
To(Tf)(6)

1
=

Rofﬂr +0+ 6,1)g(e(t),T)dT

R fi(o + 6,t - O)ge(W(t - 7).t - T)ds

+

Ryreo flt+o0+6,71)g(e(7)1)dt

(Tx+of)(6)
Since the mapping (g,7) — g-and (f,t) — frsatisfy the semigoup property, we see that m does as well

[Sell, 1971].

Theorem 4.5.1

Assume that the spaces C,Lp and €, have the prescribed topologies. Then the solution ¢(fg;t) depends
continuously on the four variables. More precisely, if fn = fin

+ n 3 — s *
C(RT,R"),gn = g in (£, Ty), 7 = 7 in (C, 7;.) and tn - tin R*, where tsis a point in

the maximal interval of definition of the solution ¢(fs,gnnt), then t lies in the interval of definition of

¢(f,9,7;t) and

(p(fn,gn,Tn,tn) = (p(ﬁg,‘[';t)
One consequence of this theorem is that if [0,an) denotes the maximal interval of definition of

@ (fngn Tn tn), then a < liminf Tn.
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Another consequence of this theorem is that the mapping Tr, which actually depends on the three
terms f,g and 7, is continuous in these variables. That is if fo = f,gn — g,Tn = 7 then Tr.fn(6) converges to

T+f(0) uniformly for 8 in compact sets in R*[Sell, 1971].

A third consequence is the following:

Theorem 4.5.2

Assume that the spaces C,Lp and®» have the prescribed topologies. Then the mapping ©

given by (4.11) defines a semiflow ont = & X £p X C;,

Theorem 4.5.3

Let (G,C) be a compatible pair of spaces. Let ¢(f,g;t) be the unique solution of

(90 = [ ot

where f€ C,g € G and a € C, on the maximal interval [0,a). Then the mapping m given by (4.11) is a semi

flow on C x G x C, where the interval of definition of the motion n(f,g,a;t) is [0,a).
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Equation (4.9) then agrees with both Theorems 5.6.1 and 5.6.2 in Cheban (2005), where f is
asymptotically almost periodic. From (4.9), it is inferred from Cheban (2009, pp. 160), that a resolvent of

integral equation 4.9 is called a Matrix Function R € C(R*,R") satisfying the equation

This implies that the solution is given by

(S)(6) =~ / R(r— 8)f(r)dr,

where R is the resolvent.

It is then declared that R of (4.9) is hyperbolic (Cheban, 2005; Dontwi, 2005) satisfies the condition of

exponential dichotomy on R.

S is a contraction from Katok and Hasselblatt (1995), fand g are called contraction if there exist A < 1

such that for any x,y € X

The inequality (*) implies that the map fis continuous and therefore its positive iterates form a discrete-

time topological dynamical system (Dontwi and Denteh, 2012C).

By iteration equation (*), one sees that for any positive integer n,

A(f"(@), 19)) < Nd(w,g) oo (%)
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SO

d(f”‘(;r), f”(y)) —0asn — o

This means that the asymptotic behaviour of all points is the same. On the other hand, for any x € X,

the sequence {f?(x)}nenis a Cauchy sequence because for m = n

m—mn—1

d(f’”(;r), fﬂ (U)) < g) d(j’71+k+1(‘,r)’ an‘(.T))
< miéol itk (j(r) :::) ...... (% * %)
< =

1— frd(f(“”)"c) —0asn— oo

Thus, for any x € X the limit of f2(x) as n = oo exists if the space is complete, and by equation (**) this
limit is the same for all x. Let us denote this limit by p and show that p is fixed for f. For any x € X and any

integer n one has

A(pf@) < d(p. @) +d( @), @) )+ d( £+ @), £()
< (A+n)d(p @) +7d(, fl)

{(p.f7(@)) = 0 as | |
Since' \" ek oo' we have f(p) = p. Taking the limit in inequality

(***) as m - 0 we obtain that

d(f"(ﬂi),P) < 12 Td(f(a:).-:rz).
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We will say that the two sequences {xn}nenand {yn}nen of points in a metric space converge exponentially
(or with exponential speed) to each other if d(xnyn) < ct”for some ¢ > 0, T > 1. In particular, if one of the

sequences is constant, that is, y» = y, we will say that x» converges exponentially to y.

4.5.3 The Mapping T+f.

If one sets 8 = 0, then Equation (4.10) becomes

T:(0) = @(£g;7),
in other words, T+f(0) agrees with the solution of (4.9). Secondly, if the kernel g(¢ ) depends only on s

and if fis constant, then T+f{0) is a constant function, that is

T(0) = ¢(7)
for all & = 0. This situation occurs precisely when one changes the initial value problem of the

differential equation

x0=g(xt), x(0) =xo
into the integral equation
x(t) = +j g(x(s), s)ds.
0

Consequently the semiflow 7(f,g;7) in (4.11) is an extension of the (semi) flow defined.
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The following reformulations of T+f can be established by means of a routine change of

variables.

0

T10)= [ 10,79 (7). 7)dr o

0
T.16) =~ [ £.6.70:(6.(r).7)r 15)

Equation (4.14) is always valid, whereas Equation (4.15) is valid only when the solution ¢(7) can be

continuedtot=1 + 0.

4.5.4 Limiting Equations

Let (G,C) be a compatible pair of spaces and let = be given by (4.11). Let () denote the w-limit set of the

motion 17(f,g;t) in X = C xG xC. The collection of all Volterra integral equations of the form

X(t) :/o F(t,s)G(Y (1), 7)dr (4.16)

where (F,G) € Q is said to be the set of limiting equations of

o) = | 1. gf()ir)ar (417)
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One can give a comparison between the solutions (4.17) and those of (4.16) much in the same spirit as

we can see in Limiting Equations. It is obvious that the mapping (f,t) — ftdefines a continuous flow on

C(W xR,R"). Let Qrdenote the w-limit set of the motion fi. We define the set of limiting equations for

x0=f(x1t)

to be the set of all differential equations of the form

x0=f(xt) fely

For example, if the motion m(f,g;t) in X is positively compact, then the set of limiting equations is a
nonempty compact connected subset of X. Another comparison is the

following:

Theorem 4.5.4

Let (F,G) € Q where Q-limit set of the motion (fg;t). Then there is a sequence {ta} with 7, — oo and

p(fg,tn+t) = @(EGt)
where the convergence is uniform on compact subsets of [0,a), the maximal interval of definition of

o(FG;t).
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Proof

It follows that there is a sequence {7} with 7»— o0 and

n(f,g;tn+ t) = n(FG;t)

uniformly on compact subsets of [0,a). In particular, this implies that

Tensif > TeF (4.18)

uniformly for t in compact subsets of [0,a). However, the convergence in (4.18) means that

T‘['n+1.f‘_) TtF(G)

uniformly for 8 in compact sets in R*. If we set 8 = 0, this becomes

p(fg;tnt+ t) = @(FGt)

One of the problems that arises with this flow is to describe the limiting behavior of T:f that is, to

describe the function F(t) in (4.16).
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Theorem 4.5.5

Let (G,C) be a compatible pair and let g¢be a positively compact motion in G and let f{¢,s) = f(t — s) be in C
where a is in L1[0,00). Assume that for some f € C the motion f:is positively compact and the solution

@(fg;t) = (t) of

a(t) :/O f(t —)gly(r),7)dr (4.19)

Proof

Choose a sequence {tn} so that t,— o and gw— g* (in G), fe.— f*(in C) and

@u(t) = X(t), where the last limit is uniform for ¢t in compact sets. Then Te»becomes

0
T, f(0) = F(0 = 5)gu, (du,(7), 7)dT

—tn

or

Thﬂmzﬂﬂm+[:fWTMA@AﬂJMT

- /_ - f(9 = T)gt"(@tn('i’_);i")dq—_

If we let tn — oo, the last equation becomes

FO) =1 [ 099 ().7)dr

— lim /_ (0= 8)gr, (¢, (7),7)dr.

tn—o0 o0
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4.5.5 Conclusion of the Proof

However, gt.(¢t(7),7) is uniformly bounded. Since a is in L1[0,o0) the last limit above is zero. Hence F is
given by (4.19) and this agrees with the conclusion drawn by Dontwi (2005) that

lim |w(®)| =0

t—+o0

It has thus been confirmed that Topological Dynamical techniques have been applied to the given

integral equation in Dontwi (2005) and is a contraction and its stationary point gives the required solution.
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4.6 Applications of Topological Dynamics to the Navier-
Stokes Equations

Introduction

The Navier-Stokes equations would be delved into in a dimension.

4.6.1 Central Object of Topological Dynamics Revisited

The central object of study in topological dynamics (Akin (1993, 1997), Ellis (1969), Furstenberg
(1981), de Vries (1993)) is a topological dynamical system, i.e. a topological space, together with a
continuous transformation, a continuous flow, or more generally, a semigroup of continuous
transformations of that space. The origins of topological dynamics lie in the study of asymptotical
properties of trajectories of systems of autonomous ordinary differential equations, in particular, the
behavior of limit sets and various manifestations of “repetitiveness” of the motion, such as periodic
trajectories, recurrence and minimality, stability, non-wandering points. George Birkhoff is considered
to be the founder of the field. A structure theorem for minimal distal flows proved by Hillel Furstenberg
in the early 1960s inspired much work on classification of minimal flows. A lot of research in the 1970s
and 1980s was devoted to topological dynamics of one-dimensional maps, in particular, piecewise

linear self-maps of the interval and the circle.
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4.7 Examples of Flows and Semi-flows

4.7.1 Autonomous differential equations

Let v(x) be a C1-vector field on an open set Win R?and consider the ordinary differential equation

,  dx

ilff—g:

vl (4.20)

Let ¢(x,t) be the solution of (4.20) that satisfies ¢(x,0) = x. Then ¢ is a flow on W. If one only assumes

v(x) to be continuous and that (4.20) has unique solutions, then ¢ is still a flow on W.

It is possible to replace W with a smooth manifold M", where v(x) is a C1-vector field on M. If ¢ is
defined as above, then ¢ is a flow on M. It is worth noting that if the manifold M"is compact, then ¢ defines

a global flow (Sell, 1971).

4.7.2 Nonautonomous differential equations

Letv: W x R — Rnbe a C1-vector field, where W is an open set in R?and consider the

ordinary differential equation

x0=vy(xt) (4.21)
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Let ¢(xotot) be the solution of (4.21) that satisfies ¢@(xo,to,to) = xo and let Ixw) be the interval of

definition of this solution.

Define
LI(:I:().I()) - {t . f() +t S I(:‘x‘(],{,o)}

and let X = W U R. Define m formally by

T[(p,t) = ((P(Xp,tp,tp + t),tp + t)

where p = (xptp) € X. The mapping m defines a flow on X where the interval of definition of the motion

(p,t) is Jp.

This construction is equivalent to reducing Example B to Example A by writing (4.21) as

X0 v(xt)s metd S0 (4.22)

It should be noted that the flow m for this case has no rest points, no periodic points, no compact
motions and all the limit sets are empty. One of the objectives of this research is to overcome these

deficiencies by giving a more appropriate definition of a flow for (4.21).

4.7.3 Parametric equations

Modify Example A so that the vector field v depends continuously on a parameter u, where p ranges over

a uniform space M. Let ¢(x,u,t) be the solution of
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x0=v(x,u) (4.23)

that satisfies @(xu,0) = x. Let X = W x M and define 7 by

T(xut) = (exut),n

Then mis a flow on X.

4.7.4 Differential Equations

Let Wbe an open set in R"and f: W — R"a continuous function. Then the difference

equation

Un+1 =f(lln) (424)

defines a discrete semi-flow on W as follows: Let ¢(u,n) be the solution of (4.24) that satisfies ¢(u,0) =
u. Let Iube the maximal interval of definition of ¢, that is either I.=I* or I. = {0, 1,.., N} where ¢(u,n) € W for
O<ns<Nandf(¢(uN)) €/ W.(The set Iu

could consist of the single point {0}.) Then ¢ is a discrete semi-flow on W. (Sell, 1971).

4.8 Volterra Integral Equations

Definition of an integral equation: An integral equation is an equation in which the unknown function
appears under one or more integral signs. Naturally, in such an equation there can occur other terms as
well. For example, fora<s<b,a<t<b,oras<s,t<b

the equations
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Zb

fls) = K(s,t)g(t)dt a

b
g = f(s)+ / K (s, 8)g(t)dt
o) = LrKGOOPd

a

where the function g(t) is the unknown function while all the other functions are known, are integral

equations. These functions may be complex-valued functions of the real variables s and t.

An important interjection is that integral equations arise as a representation formulas for the solutions
of differential equations. Virtually, a differential equation can be replaced by an integral equation which
incorporates its boundary conditions. In lieu of that each solution of the integral equation automatically

satisfies these boundary conditions.

We have Fredholm and Volterra integral equations. In all Fredholm integral equations the upper limit

is fixed while the upper limit of the Volterra integral equations is a variable. (Kanwal, 1971).

4.9 Functions

One of the basic concepts in mathematics are functions. Let two sets X and Y be given and suppose that to

each element x € X corresponds an element y € Y, which is denoted by f{x). In this case one says that a
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function fis given on X (and also that the variable Y is a function of the variable x, or that y depends on x)

and one writes f: X— Y.

In ancient mathematics the idea of functional dependence was not expressed explicitly and was not an
independent object of research, although a wide range of specific functional relations were known and
were studied systematically. The concept of a function appears in a rudimentary form in the works of

scholars in the Middle Ages, but only in the work of mathematicians in the 17th century.

4.9.1 Set Theoretic Definition of a Function

One says that the number of elements of a set A is equal to 1 or that the set B consists of one element if it
contains an element and no others (in other words, if after deleting the set {a} from A one obtains the
empty set). A non-empty set A4 is called a set with two elements, or a pair, A = {a,b}, if after deleting a set
consisting of only one element a € A there remains a set also consisting of one element b € A (this definition

does not depend on the choice of the chosen element a € 4).

If a pair A = {a,b}, is given, then the pair {a,{a,b},b}, is called the ordered pair of elementsa € Aand b €
A and is denoted by {a,b} . The element a € A is called its first element and b € A is called the second

element.
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Given sets X and Y, the set of all ordered pairs (x)), x € X,y € Y, is called the product of the sets X and

Y and is denoted by X xY . It is not assumed that X is different from Y, that is, it is possible that X =Y.

Each setis f={(xy)} of ordered pairs (xy) , X € X,y € Y, such that, if (x9)°) € fand if (x%0,y00) € f, then

y0 6= y00 implies that x0 6= x%0, is called a function or, what is the same as a mapping.

The set of all first elements of ordered pairs (x,y) of a given function fis called the domain of definition

(or the set of definition) of this function and is denoted by Xy and the set of all second elements is called
the range of values (the set of values) and is denoted by Yr The set of ordered pairs itself, f = {(xy)},
considered as a subset of the product

X xY, is called the graph of f. The element x € X; is called the argument of the function, or the independent
variable, and the element, y € Yis called the dependent variable.

4.9.2 Iterating Functions

The focus here is on dynamical systems defined by repeated application of a function that maps a space to
itself. Specifically, let X be a topological space and f: X — X be a function mapping X to itself. For every n €
Z., define f*(x) = fofo...f(x), the composition of n copies of the function f. The idea is that we start with x,
then apply fto x, then apply fto f{x), and continue this iterative process until we obtain f(x). (Adams et al,

2008).
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Definition 4.9.1

The dynamical system defined by f: X = X is the family of functions {f"}nez., with each f* mapping X to X.

Example 4.9.2
oy T
Let f: R - R be given by J(x) = 5.
xr

byfn (x) = 5n,

Then the dynamical system defined by fis the family of functions given

In an application of a dynamical system defined by iterating a function f: X — X, we think of f{x) as
describing the new state of the system one unit of time after it was at state x. For example, in the modeling
of a bacteria population growing by the hour, one might have a function f{x) representing the population
size that results one hour after the population was x. Also in modeling the position and velocity of a rocket,
one might have a function f(x,v) representing the position and velocity of the rocket one second after it

had position and velocity (x,v).

Below are few more examples of functions defining a dynamical system.

Example 4.9.3

Consider the following four functions defined on R:

1. f:defined by f(x) = -2x,
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2. g : defined byg(l‘) =3z,
3. h: defined by h(x) = —x

4. k: defined by k(x) = 0.

When each of these functions is evaluated at x = 0, the result is 0. We say that 0 is a fixed point for the

associated dynamical system.

First, consider the function f, if we take a particular point xo, then f7(x0) = (-2)"xo.
Therefore if xo 6= 0, then the repeated iteration of f on xo results in values that move further and further
and further from 0, bouncing back and forth between positive and negative values. The dynamics of fon R

are qualitatively depicted in Figure 4.1 in what is called a phase diagram for the dynamical system.

N

[ AN O oD

h
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Figure 4.1: Phase diagrams for f, g, h and k

Next consider g. Hence iteration of g on a nonzero value results in values that move progressively
closer to 0, approaching 0 in the limit. In this case, 0 is referred to as an asymptotically stable fixed point.
With h we see a different dynamic picture. We have the fixed point at 0, but with any other x the result of
iterating h is an oscillation between the values —xo and xo. Each nonzero value xo is called a period-2 point
of the dynamical system.

Finally, consider k. Here the dynamics are simple. Every point, upon application of k, is sent
immediately to the fixed point at 0. So 0 is a fixed point and every other point is referred to as an eventual

fixed point.

Definition 4.9.4

Letf: X— X, and assume x € X.

1. The orbit of x under fis the sequence (x,f(x),f?(x),....f*(x),.-) And is denoted O(x).

2. We say that x is a fixed point of fif f{x) = x. So the orbit of a fixed point x is a constant sequence at the

point x.

3. We say that x is an eventual fixed point of fif x is not a fixed point of f but f(x) is a fixed point for

somen € Z+.
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4. Assume m € Z+. We say that x is a periodic point or a -m point if f(x) = x and fj(x) 6=x forj=1,...m -
1. Under these circumstances the orbit of x is called a periodic orbit or a period - m orbit. Also, we

say that m is the period of the periodic point or the periodic orbit.

5. We say that x is an eventual periodic point if x is not a periodic point but f?(x) is a periodic point for

some n € Z+.
Example 4.9.5

Here we consider two simple examples of savings accounts. First, suppose that we deposit money in a
savings account that earns 10% interest, compounded annually. After the initial deposit, we do not make
any further deposits to the account nor do we make any withdrawals from it. We simply let the amount in
the account accrue the earned interest. The function f: [0,00) — [0,0), given by f(x) = 1.10x, defines a

dynamical system that models the amount in the account as it changes year by year.

The dynamics of f are straightforward: there is a fixed point at 0, and every other point has an orbit

that increases away from 0 upon successive iteration of f. (See figure 4.2)

Figure 4.2: The dynamics of f

96



Now assume that after the interest is applied each year, we withdraw either GHC5,000 from the
account (if there is at least that much in the account) or the balance of the account
(if it is less than GHC5,000). In this case the function g : [0,00) — [0,00),given by

1.10x - 1000

9(x) = if
0 if 1.10x <5000,

defines a dynamical system modelling how the amount in the account changes. Here too, 0 is a fixed

1.10x 2 5000,

point. There is another fixed point at x = 50,000 that we find by solving g(x) = x. We can also find the fixed
point at 50,000 by reasoning that the amount in the account will be fixed when it is such that the interest
of 10% provides exactly the GHC 5,000 needed for the annual withdrawal. Since 10% of 50,000 is 5,000,
it follows that the fixed point occurs at x = 50,000. For values of x greater than 50,000, the interest on x
provides more than the amount needed for the GHC 50,000 withdrawal; so the amount in the account will
grow without bound under successive iteration of g. If x < 50,000, then eventually the amount in the
account will equal 0. So nonzero values of x that are less than 50,000 are eventual fixed points of g. This is

illustrated by the dynamics of g in figure 4.3

Figure 4.3: The dynamics of g
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Example 4.9.6

Imagine a stretch of bread dough lying across the interval [0,1]. Suppose that we uniformly stretch the

dough to thrice its length and then fold the dough over, pressing it together so that it again lies across the

interval [0,1]. (See figure 4.4)

T
® <
- —

Figure 4.4: Stretching, folding and pressing the bread dough

Let :[0,1] — [0,1] be defined by setting T(x) equal to the new position of a loaf of bread that was

originally at x, after the stretching, folding, and pressing of the dough (Dontwi and Denteh, 2012D). More

precisely, T is defined by

. T € [D l]
3x if & ' 3

T(x)= 2-3x if v € [3.3]
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l
3r — .
2 if z€[3.1]

The following definition establishes a notion of equivalence for dynamical systems defined by function

iteration:

Definition 4.9.7

The functions f: X = Xand g : Y = Y (and the dynamical systems defined by them)
are said to be topologically conjugate if there exists a homeomorphism (Banks et al (1992) showed the
importance of homeomorphisms in topological transitions, Akin (1993)and Fathi and Herman (1977)) h:

X—-Ysuchthatge h=h-° f The function h is called a topological conjugacy between fand g.

We illustrate the topological conjugacy conditiong° h=h-° finFigure 4.5. The idea is that both routes
from the upper-left X to the lower-right Y - across the top, then down the right side, and down the left side,
then across the bottom - give the same result. We say that the diagram commutes. Essentially, h is mapping

the function fto the function g.

Example 4.9.8

The dynamics of the functions f{x) = 2x and g(x) = 3x appear qualitatively the same. In both cases there is
a fixed point at 0, and all other orbits stay either on the positive or negative side of 0 and move outward
from 0. In fact, these two functions are topologically conjugate. The function h : R — R,defined by h(x) =

x10823), is a homeomorphism that satisfiesge h=h- f. This is illustrated as follows:
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A topological conjugacy between two functions fand g naturally maps orbits of fto

f
X X

Figure 4.5: Topological conjugacy requires thatge h=h- f

orbits of g, as the following theorem indicates:

Theorem 4.9.9

Let h be a topological conjugacy between f: X— Xand g: Y — Y. For each x € Xand n € Z+,we have h(f*"1(x))

= g"(h(x)), and consequently h maps the orbit of x under g.

Proof

We prove this by induction on n. Then n = 1 case holds by the definition of topological conjugacy. Assume

that the result holds for n — 1. Then,
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h(f'(x) = h(f"V(f(2))
= ¢" " (h(f(2)))

9" (g(h(x)))

g"(h(x))

Corollary 4.9.10

Let h be a topological conjugacy between f: X - Xand g: Y - Y, and assume that x € X. Then the following

implications hold:
1. If x is a fixed point of f, then h(x) is a fixed point of g.
2. If xis a period - m point of f, then h(x) is a period - m point of g.
3. If xis an eventual fixed point of f, then h(x) is an eventual fixed point of g.
4. If x is an eventual periodic point of f, then h(x) is an eventual periodic point of g.

The corollary implies that important dynamic features of f are mirrored in functions that are

topologically conjugate of f.

4.10 The Application to the Navier-Stokes Equations

In this section topological dynamics is applied to the Navier-Stokes Equation to determine that it defines

an integral equation. The Navier-Stokes Equations cover the study of fluids.

101



The equations hinge on the assumption that the fluid is a continuum, which means it is not made up of
discrete particles but rather a continuous substance. (Batchelor, 2000; White, 2006; Derivation of the

Navier-Stokes Equations, 2012.).

Conservation of mass, momentum and energy are used in its derivation. The convective or material

derivative concept is adopted:

2 = 2 +v
Dt §BtE X0 (4.25)

Here v is the velocity of the fluid. The first term on the right-hand side of the equation is the ordinary
Eulerian derivative which is the derivative on a fixed reference frame, representing changes at a point
with respect to time, whereas the second term denotes changes of a quantity with respect to position. The
operator D/Dt has meaning only when applied to a field variable, that is a function of x and ¢ and is said to
give a time derivative following the motion of the fluid, or a material derivative. If a material surface in the

fluid is specified geometrically by the equation F(x,t) =constant. F is a quantity which is invariant for a fluid

DF
particle on the surface, or that Dt = 0 at all points on the surface. In particular, the equation to any surface

DF
bounding the fluid must satisfy the equation Dt=0. (Batchelor, 2000).

For instance, the measurement of changes in wind velocity in the atmosphere can be obtained with the

help of an anemometer in a weather station or by mounting it on a weather balloon. Using the Reynolds

transport theorem the conservation laws would give rise to the following integral equation:
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d / LdV — — / LondA — / QdV
dt Jq Jao Jo (4.26)

In this scenario v is the velocity of the fluid and Q represents the sources and sinks in the fluid. () denotes

the control volume and 0Q its bounding surface.

The divergence theorem when applied changes the surface integral into a volume inte-

gral:

d

—f LdV = —/ V.(Lv)dV — / QdV

dt Jo 0 Ja (4.27)
Using Leibniz’s rule on the left and combining yields:

dl L
—dV = —/ (Lv)dV —f dV 04 (L
/ o) N T aas JEAY W (4.28)

In another sense the Navier-Stokes equations in the form of elemental nature can be obtained from using
conservation of momentum:

0

dr‘( pv) + V.(pov) + Q= 5 (4.29)
dp ov
57 + T + V.(pv)o+poVau =b (430)
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‘ ap v

v i V(p)v.w+ pV(v)v+vpV.o =b (431)
8,0 v
v V(1 vV.0 = b
vy g T UvV(p) + puv(v) + puv.u (432)
The covariant derivative as special case brings out the gradient of a vector:
v.0p + Op.v =0.(pv) (4.33)
(& )+ (G ew)
+uv.Vp+pVau | +p| =+v.Vo ]| =0
ot ot (4.34)
ap v
+v. V(pfu)) +p (— + U.VU) =b
(at ot (4.35)
The convective derivative now becomes:
v Du
P\ =+ 'U.V’U) =b ik SN
(Ot == (4.36)

(4.36) is an expression for the Newton’s Second Law in the Navier-Stokes equations and can be written

as:

P%(?»’(ﬂ"'::f,zaf))f) = p(a_iﬁr@a_‘” v dy 31-’32)

ot Taral Toyor oz ot (437)

@+?@+Is@+qrav —b =4 @+?'v3' _b
or " “or " Vay " oz) T P\ac 7777 ) =
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where v = (u,v,w)
"=\ ot ot o

The derivative is in a way “following” a fluid “particle”, and in order for Newton’s second law to work,
forces must be summed following a particle. The convective derivative is also called the particle

derivative.

4.11 Application

The Navier-Stokes equation can be generalized in the form depicted in the theorem

Theorem 4.11.1

Consider the equation

() = F(t) + ./_f(ac(t ~ 9)d(a(s))ds 439)

which implies that f{¢t) is continuous for t = 0 and f{t) = foas t = -0, g(x) is
locally Lipschitian and strictly decreasing. Suppose the solution ¢(t) = ¢@(fg;t) of equation (4.44) is

bounded and uniformly continuous for all ¢t < 0 and let xo be the solution xo = fo — Ag(x0). Then ¢(t) = xo0as

t— -0,
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4.12 Dynamic Systems of Shifts in the Space of Piecewise Continuous

Functions

4.12.1 Introduction

In this section we embark on the study of Dynamic Systems of Shifts in the space of piece-wise continuous
functions analogue to the known Bebutov system. We give a formal definition of a topological dynamic
system in the space of piece-wise continuous functions and show, by way of an example, stability in the
sense of Poisson discontinuous function. We prove that a fixed discontinuous function, f, is discontinuous
for all its shifts, T, whereas the trajectory of discontinuous function is not a compact set.

The interest in the study of Differential Equations with Impulse is increasing. Attempt to extend this
study (Dontwi 1994) to known topological methods of the Theory of Dynamic Systems (DS) (Sibiriskii
1970, Levitan and Zhikov 1982, Shcherbakov 1972 and 1975, Cheban 1977 and 1986) brings into fore the
necessity of studying DS of shifts in the space of piece-wise-continuous functions which are solutions of

these equations.

We extend the study DS of shifts in the space of piece- wise-continuous functions analogue to Bebutov
Systems. We give a formal definition of a topological dynamic system in the space of piece-wise continuous
functions and show, by way of an example, stability in the sense of poisson discontinuous function. We
prove that a fixed discontinuous function, f, is discontinuous for all its shifts, 7, whereas the trajectory of
discontinuous function is not a compact set. These should prepare the way for the introduction and

application of notions of Recurrence (Gottschalk and Hedlund (1955) introduced the idea of distinguishing
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different sets of recurrence) motions of dynamic systems (Shcherbakov 1972, Bronshtein 1979, Levitan
and Zhikov 1982, Pliss 1966, Sacker and Snell 1994) to various trajectories of Differential Equations with
Impulse(Distributions) (Hale 1977, Chehan 1999 and 2001, Dontwi 19884, 1988B, 1988C, 1988D, 1994

and 2001). Fu and Duan, (1999) have shown that the Bebutov’s shift dynamical system is a chaotic system.

4.12.2 Notions and Preliminaries

Let R and N be the set of real numbers and the set of natural numbers respectively, f{to +0), f{to +0) be the

left and right sided limits of the function f{t) at the point ¢t = to.

We consider PC[R]- the space of piece-wise-continuous real-valued functions defined on the number

line R with the following properties:

i. The set of points of discontinuity of every function f € PC[R] represented as D (f))is either empty

or has points of discontinuity of the first kind;

ii. The point of discontinuity of every function, if it is more than one, is distinct from each other at a

distance not less than some fixed positive number for a given function.
The jump or discontinuity of the function f{¢t) at the point ¢t = to is the number
n o h=max |f(to-0) - f(to)|, [f(to+ 0) - f{to)|, |f(to+ 0) = f{to - 0)] .

In PC[R], (or simply PC), we consider countable partitions of family of semi-norms

Pu(f) = sw|f(t)] (n€N)

[t|<n

’
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defined for every function f € PC and induces metrisable topology in this space. Further we shall represent

this metrisable space by PC.

Remark 4.12.1

The sequence of functions {fx(t)} from PC is convergent if in PC there exist a function f{t) such that fa(t)
converges uniformly to f{t) in every interval [-k k]|, where k € N. We write this in the form

llmfn =fn—>oo

The following hold:

Lemma 4.12.2

If the function f{t) at the point t = tois a jump of magnitude h > 0 while the function g(t) is continuous at

this point, then for every n € N and n > |to| the following is true:

Lemma 4.12.3:

Let lim fu(£) = £ Then n-eo

a. If the function f{¢t) is discontinuous at the point t = to, then all functions fa(t) (except, maybe, for a
finite number of points) are also discontinuous at the same point. As a consequence we have the

following:
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b. Ifbeginning from some number, all functions fa(t) are continuous at the point ¢ = to, then the function
f(t) is also continuous at this point.

The reverse of the above statements hold.

Example 4.12.4

1
— for t>0;
f?'!(t): n . f — f
Letf(t)=0 and then limn—oc ™ -
0 for t<O.

Remark 4.12.5

The space PC is not complete.

For any f € PC and 7 € R we represent by the symbol f* the shifts of the function f{t) by 7, that is f7(t) = f{¢
+ 7).
Following Bebutov dynamic systems in the space PC we consider the family of shifts (or translates) ¢

: PCxR -— PC, defined by the formula ¢(f 1) := ftfor all fe PC, T ER

4.12.3 Main Results

Theorem 4.12.6

The mapping ¢ defined above satisfies the following conditions:

a. ¢(£,0) = for any f € PC;
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b. @(@(f'- 5)) =p(f,t+ %), for any f€ PCand t,s € R;

c. ¢(f,t) is continuous in f for any fixed t and for a fixed f-continuous function, the mapping ¢(f 1) is
continuous in 7, however, if for a fixed fit is a discontinuous function then ¢(f;7) is discontinuous at

all points of t.

Proof:

(a.) and (b.) are obvious.

Continuity of ¢(f,7) in f for a fixed T by Remark (4.12.1) implies uniform convergence of the function
fa(t) = f(t) as n = oo in every interval |t| < m, m € N, which in turn implies uniform convergence of the
function fu(t+1) = f(t+7) as n = o in every interval |t| < k, k € N.

If fois a continuous function, then ¢ (fo,7) is continuous in 7 by the known property of Bebutov Dynamic
System.

The motion corresponding to the continuous function f is continuous (Abott, 2001), and if it is

discontinuous it will be discontinuous at every point.

Theorem 4.12.7

For any arbitrary discontinuous function ffrom PC, its trajectory is not a compact set.

Proof:
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_ 1
Let f be any discontinuous function in PC. Consider {ffm}, where "= = 7. The given sequence converges
point-wise to the function f of points of continuity of f. However, no sub-sequence of the given sequence

converges to fin PC, and this means, in general it does not converge in PC.

4.12.4 Concluding Remarks

The topological dynamical system in the space of piece-wise continuous functions has been shown by way
of an example, as well as stability in the sense of the Poisson discontinuous function. It has also been

proved that a fixed discontinuous function, f, is discontinuous for all its shifts, T, whereas the trajectory of

discontinuous function is not a compact set.

4.13 Using Differential Equations in Modeling Bats’

Numbers in a Habitat

4.13.1 Introduction

The use of differential equations in real life problems cannot be overemphasized. Differential equations
have been used to model the dynamics of systems such as aeroplanes, the hierarchy of a political or
religious system. Ordinary differential equations are again used in modeling biological, social, physical,
engineering, as well as systems. In fact most things behave and evolve in ways determined by some rules.

For instance, the Newtonian revolution lies in the fact that the principles of nature can be expressed in
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terms of mathematics and physical events can be predicted and designed with mathematical certainty. In
the social sciences quantitative deterministic descriptions also have taken a hold. Some important

expressions lend themselves to the quintessence of truth.

In order to develop a systematic approach to calculate or predict the number of bats in an environment
this study was embarked upon to come up with a differential equation model that will be able to do that

easily.

The subjects included in this study were assumed to be bats and the following factors were outlined:
the current population of the habitat, the rate of animals entering the forest, the rate of departure of the

number of animals. These were used to develop the model.

4.13.2 Assumptions

All natural and climatic conditions are assumed such that the population of the species would continue to
exist continuously. Assume the current population of the said environment which would be referred to as

the forest to be p1 with p2% being bat population (Dontwi and Denteh, 2011).

Assume the rate of animals entering the forest by being born or coming from other places to settle
there to be in the neighbourhood of p3 animals per year with p4% of the new arrivals of bats. Assume the

rate of departure of the number of animals by extinction, either by dying, hunting, poaching, or leaving to
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other places to be approximately ps animals per year. Assume the departing number has the same

structure as the number of species at the time of departure in the forest.

4.13.3 The Model

An important and applicable fact useful to any venture where input and output are imperative could be

used:

Total Rate = Rate in — Rate out (4.40)

In situations of this nature n could be chosen to denote the number of bats in the forest and also use t
to stand for time in years from the current time, then the total rate will be the rate of change of the number

of bats with respect to time given as

dn
alol Bt ei
L LN v (4.41)

It is important to calculate the rate in as well. This implies that

rate in = p3pa% (4.42)
The population in the forest would be the initial number in addition to an added population per year

multiplied by the number of years. It needs no telling that there are p3animals and psleaving, the number

at time t could be given by

Y (t)=p1+ (p3—pe)t=p1+qit (4.43)
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where q1 = p3 - ps.
The rate out could be given by

Number of bats

Rate out = x Rate
are ot Number of animals in the forest e (4.44)
of all leaving the forest, this gives
Psn
P+ aqit, (4.45)
Using the rate in and rate out conditions that would yield
dn _ psps Ps
S— = n
dt 100 p1+ @it (4.46)
which simplifies to
dn Ps P3Pa
—&k n =
dt  pr+aqt 100 (4.47)

That gives a first order differential equation which has the following integrating factor

P54t ﬂi]n(

= o e oo Birat) I oy B8 (4.48)

The result gives rise to

s 25 PsPs
= (3 i) B AT dt
n = (p1 + qit) 1/(p1+ql)1100 (4.49)

Ps iy P ta)
n= %(Pl +aqt) o ( - ) {(3’1 +qt) n + C]
100 ps+q (4.50)

D3Pady [ —&i]
= — t C t q

At t = 0 there would be p2% of p1 which implies that’ = G0 att=0
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DiP2  PaPada [(}h +C(p1)%]

100 100 (4.51)
P2 = Opy)
DP3Paqa (4.52)
{ P1p2 ] =
= P
P3Paq (4.53)
P1pP2 -
—p1 =C(p) @
Y (4.54)
P3Py = | pip2 — P1P3paqy _B
'n,f.:—')+qt+p1{ ]p+qt a
*) 100(ps 4—(}'1)[[l 4 PaPaqa B + ait) (4.55)

4.13.4 Illustrative Example

In a forest it was recorded that the current population of animals was 40000 and 38% were bats. The rate
of animals entering was around 1000 every year with 8% been new arrivals. The rate of departure of the
total population was 0.4 thousand every year. We wish to analyze the topological (qualitative) behaviour

of the population of bats.

dn
Let the rate of change of the number of bats with respect to time be given bya

Rate in=0.8(1) = 0.8
The total number of animals in the forest y(t) =40 + (1 - 0.4)t =40 + 0.6¢

n

— %04
Rate out=40 + 0.6
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dn B 0.4n

Therefore df 40 + 0.6t
dn 0.4n
08
dat 0 + 0.6t

Using integrating factor gives

0.4

/_,L = e flO-}—n.Gfdt f— c% 111(40 + O-Gt)
= (40 + 0.6t)3

n = (40 + 0.6t)"% [(40 + 0.6t)0.8dt

n=0.8(40 + 0.6t)"3 x — x

1
0.6

ot W

[(40 +0.6)5 + c]

n=08 [(40 +0.6t) + (40 + 0.61%)*%]
At t=0, n=15.2 thousand.

15.2 = 0.8 |40 + c(40) 3

Therefore c=-246

1= 0.8 [(40 +0.6t) — 246(40 + 0.6t)—%]
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x 10

Figure 4.6: Plot of n against ¢

The qualitative or topological behaviour of the solution pack is studied as t approaches infinity. From
the Matlab sketch of the graph it is obvious that as t approaches infinity, n approaches infinity. Bats are
strong species and can withstand harsh weather conditions and survive. If poaching and killing of the bats
are curtailed, then the trend revealed will represent the ideal situation. With all things being equal the
number of bats will increase with the passage of time. Considering it for a long period of time, the limit

would be obtained as follows:

lim n(t) = lim 0.8 [(40 +0.6t) — 246(40 + 0.6f,)—%]
—00

{—ro0

= 00

which means that for a long period of time, the number of bats will diverge to infinity.
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Chapter 5

CONCLUSION AND

RECOMMENDATION

5.1 Conclusion

This research work hinged on the Integral Equation that resulted in Dontwi (2005). Topological Dynamical
techniques were used to analyse it and confirmed the results. In doing that, a lot of other ideas were visited
to lend credence to the concept under study. In the end it was shown that the efficacy of the concept has
been well-grafted into the repertoire of already existing knowledge as the new contribution to knowledge.
Sell developed methods which allowed one to apply the theory of topological dynamics to a very general
class of nonautonomous ordinary differential equations. This was extended to non-linear Volterra’s
Integral Equations. This research took off from there and applied the techniques of topological dynamics
to an integral equation. The usage of limiting equations which were used by Sell in his application to
integral equations were extended to recurrent motions. In our bid to lend new innovations to our system
we then went on further to apply recurrence motions to our systems and then studied the solution path.

It thus confirmed the existence of contraction and the stationary point in the Dontwi (2005).
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5.2 Recommendation

It is recommended that Topological Dynamics could be introduced as a core course into post-graduate

programmes for Pure Mathematics students.
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