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Preface

The problems of modern society are both complex and inter-disciplinary. Despite the ap-
parent diversity of problems, however, often tools developed in one context are adaptable
to an entirely different situation. For example, consider the well known Lyapunov’s second
method. This interesting and fruitful technique has gained increasing significance and has
given decisive impetus for modern development of stability theory of discrete and dynamic
system. It is now recognized that the concept of Lyapunov function and theory of differ-
ential inequalities can be utilized to investigate qualitative and quantitative properties of a
variety of nonlinear problems. Lyapunov function serves as a vehicle to transform a given
complicated system into a simpler comparison system. Therefore, it is enough to study the
properties of the simpler system to analyze the properties of the complicated system via an
appropriate Lyapunov function and the comparison principle.

It is in this perspective, the present monograph is dedicated to the investigation of the theory
of causal differential equations or differential equations with causal operators, which are
nonanticipative or abstract Volterra operators. As we shall see in the first chapter, causal
differential equations include a variety of dynamic systems and consequently, the theory
developed for CDEs (Causal Differential Equations) in general, covers the theory of several
dynamic systems in a single framework. Also, many of the same tools which are employed
for ODEs (Ordinary Differential Equations) are applicable to CDEs including the method
of Lyapunov Functions, for not only the development of stability theory but also other
qualitative properties of solutions of CDEs.

It is Volterra who used causal operators implicitly in his work on integral equations and
Tonelli gave a sharp definition. It is Tychonoff who made a significant contribution in de-
veloping the theory of functional equations involving causal operators. At the end of the last
century, the functional equations of a variety of types such as delay differential equations,

functional differential equations and integrodifferential equations, etc., were developed and
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studied and all these are special cases of causal differential equations .

The first book dealing with functional equations with causal operators is of Corduneanu,
which offers some basic theory and paves the way for future development. Recently, a
lot of important research has been done in this area and there exists sufficient amount of
literature to warrant assembling the existing results in a unified way. It is now widely
recognized that this important branch of nonlinear analysis merits further study in order to
explore and appreciate the intricacies and advantages involved in the investigation of such
dynamic systems.

It is with this spirit we see the importance of the present monograph. As a result, we provide
a systematic account of recent developments, describe the present state of the useful theory,
show the essential unity achieved and initiate several new extensions to other types of CDEs
such as CDE:s in infinite dimensional spaces with or without memory, fractional CDEs and
set differential equations with causal operators. We hope that this book would motivate
scientists to investigate CDEs and their applicability to real world problems and becomes
instrumental for further advancement of this interesting area of nonlinear analysis. One can
extend CDE:s to cover the case of dynamic systems on time scales, impulsive systems and
hybrid systems to name a few.

In Chapter 1, we collect preliminary material providing necessary tools, some relevant
basic concepts and useful results. Defining causal operators, we give examples of several
dynamic systems that are included under the banner of causal systems. Also, we list some
useful fixed point theorems, define measures of noncompactness and nonconvexity and
indicate necessary preliminaries of a Banach space.

Chapter 2 is devoted to the investigation of fundamental theory of causal differential equa-
tions (CDEs) such as comparison principles, existence, uniqueness and continuous depen-
dence of solutions on initial data, existence of extremal solutions, global existence and
Nagumo type uniqueness results. Existence of Euler solutions via nonsmooth analysis is
also discussed. We present some basic theory for differential and integral equations of
Sobolev type and finally inequalities results for causal differential systems.

Chapter 3 contains the method of lower and upper solutions including monotone iterative
technique, quasilinearization and their generalizations. Chapter 3, therefore, provides a rich
source of methods of finding approximating sequences which are monotone and converge
to the extremal solutions/unique solution of the causal differential system.

Chapter 4 introduces the stability theory via Lyapunov method by employing Lyapunov

functions, Lyapunov functionals and functions on product spaces. Stability theory in terms
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of two measures is indicated and is useful for covering many stability concepts in a sin-
gle frame work. The method of vector Lyapunov functions and cone valued Lyapunov
functions is described to provide weaker sufficient conditions for stability theory.

Finally Chapter 5 deals with several new topics that are initiated in the context of CDEs.

They are

(i) CDEs in a Banach Space,

(i1)) CDEs with fractional derivatives,
(ii1) CDEs with memory,
(iv) causal set differential equations,

(v) CDEs with retardation and anticipation.

Few basic results are proved in each case, enough to provide initial apparatus for further
study.

Some important features of the monograph are as follows:

(1) It is the first book that attempts to describe the theory of CDEs as an independent
discipline;

(2) It incorporates the recent general theory of CDEs showing the interconnections be-
tween various dynamic systems and CDEs;

(3) It introduces several new areas of study by providing the initial apparatus for further
advancement;

(4) It is a timely introduction to a subject that is broad enough to cover a variety of dy-
namic systems in a single setup that follows the present trend of studying analysis and

dynamic systems in a general framework.

The monograph will be very useful to those scientists and doctoral students who work in
nonlinear analysis in general. It is a good reference book to researchers in several disci-
plines where real world problems are considered and to graduate students in those disci-
plines. In fact, the concept of causal operators is prevalent in the engineering literature and

thus engineering researchers may find the monograph useful.
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Chapter 1

Preliminaries

1.1 Introduction

This chapter is essentially introductory in nature. Its main purpose is to introduce some
relevant basic concepts, present some known results from standard books and sketch some
useful results that are not so well known. Section 1.2 deals with the notion of causal
operators and provides several possible examples that may be treated as causal operators
so that one can formulate causal functional equations and causal differential equations.

In Section 1.3, we assemble some known basic results including comparison results. The
notion of Dini derivatives and their properties are given. In Section 1.4, we list some well
known fixed point results as well as one not so well known contraction result where domain
and range of the operator are different but connected.

Necessary preliminaries of a Banach space are described in Section 1.5, while Section
1.6 is devoted to the notion of directional derivatives and their properties. In Section 1.7,
we define the concept of the measure of noncompactness and provide some of its useful
properties. Section 1.8 introduces the measure of nonconvexity. Finally Section 1.9 is

devoted to notes and comments.

1.2 Causal Operators

This monograph is primarily a brief account of the investigation of equations with causal or
nonanticipatory or Volterra operators. We shall use the word causal to denote such opera-
tors. The causal operators can be described by several functions or functionals that occur in
the formulation of many dynamic systems as well as functional systems including discrete
systems. Therefore, the study of the theory of causal systems becomes very important.

This is because a single result involving causal operators covers interesting corresponding

V. Lakshmikantham et al., Theory of Causal Differential Equations, Atlantis Studies in Mathematics 1
for Engineering and Science 5, DOI 10.2991/978-94-91216-25-1 1,
© 2009 Atlantis Press/World Scientific



2 Theory of Causal Differential Equations

results from many categories of dynamic systems, thus avoiding duplication and monotony
of repetition. Moreover, in this general set up, one can visualize how far we can go and
where we get stumbling blocks, if at all. The investigation of the theory of causal systems,
dynamic or otherwise, is an important branch of nonlinear analysis.

Let us first define the concept of the causal operator. Let E = E(J,X) where J is an appro-
priate time interval, X represents either finite or infinite dimensional space, depending on
the requirement of the context, so that £ is a function space. The operator Q : E — E is
said to be a causal or nonanticipatory operator if the following property is satisfied:

(*) for each couple of elements x,y of E such that x(s) = y(s) for 0 <7y <s <¢, we also
have (Ox)(s) = (Qy)(s) for0 <1y <s <t,t < T, T being arbitrary. Of course, the definition
needs a slight modification when E is a space of measurable functions on [t,T), #) > 0,
requiring property (*) to be valid almost everywhere on [y, T]. We wish to point out that
for causal operators, a notation identical with what is encountered for a general equation

with memory can be stated as follows. A representation of the form

(Ox)(1) = O(t,x)

where for each ¢ € [y, T), O(t,x;) is a functional on E which takes values in X, for each ¢,
while the whole family of functionals, ¢ € [t, T'), define the operator from £ = C([ty, T),X)
to itself. Sometimes, this description is more clear in defining the operator Q. Many
operators on function spaces have been defined and investigated in connection with their
use in the theory of functional or functional differential equations.

The sum and product of two causal operators O : E — E and P : E — E are causal. Another
property of causal operators is related to the convergence of a sequence of such operators.
For illustration, let us take £ = C([ty,T),R") as the underlying space. Let {Q,} be a

sequence of causal operators on E such that

Jim (0,x) (1) = (Ox)(2), (1.1)
for each (¢,x) € [to,T) x E. The question is whether we can infer that the limit O : E — E

is also a causal operator. The answer is yes because the causality of {Q, } implies that

(Onx)(s) = (Ony)(s), s € [to,T).
If we let n — oo on both sides, in the above relation and use (1.1) for each fixed s € [to, T),
we obtain the causality of Q.
The problem of invertibility of causal operators is not true in general. If E = C([0,),R)
and Q, the operator defined by

(Ox)(t) =x(¢/2), 1€][0,0),
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is continuous and has inverse in £, namely,

Q™)) =y(20), 1€[0,). (1.2)
Also, this operator is continuous, i.e., if y, — y uniformly on any interval [0, 7], then
(07'y,) — (O~'y) on any bounded interval of R.. But, as seen from (1.2) Q~! is not
a causal operator. Hence, we cannot take it for granted the causality of the inverse of a
causal operator.
However, with reference to the classical examples of causal operators, there are many cir-
cumstances where the inverse exists and is a causal operator. An example which plays an

important role in the study of linear integral equations (of Volterra) of the second kind
t
x(t) = / k(t,5)x(s)ds + /(1) (13)
fo
is provided by the operator

(Lx)(t) = x(t) — tk(t,s)x()sds

lo
so that (1.3) can be written as

(Lx)(t) = f(1), 1€, T],
choosing E = C([ty, T],R") and assuming that the kernel &(z,s) is a continuous n X n ma-
trix valued function on #p < s < ¢ < T. This operator L is invertible on the space £ and
expressing x = (L ™! f), we get the solution of (1.3) in terms of the resolvent formula given

by
LN)0) =x(0) = fO) + [ R(t.5)f(s)ds,

to
where R(¢,s) is the resolvent kernel associated with k(¢,s) obtained by the method of suc-
cessive approximations. Clearly L~ ! is causal.
Next, we shall provide examples of dynamic equations that can be included in causal dif-

ferential equations of the form

X (1) = (00)(1), x(to) = xo. (1.4
Clearly, the IVP

X(t) = ft.x(2)), x(to) =xo (1.5)

can be considered as a causal differential equation by identifying f(¢,x(¢)) with (Qx)().

The next example is difference-differential IVP

X(t)=f(t,x(0),x(t - 1), 7>0, } (1.6)

Xy = Qo(s), to—T<s<t,
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where ¢y is the initial function at r = ¢y. Clearly (1.6) is a causal differential equation since,

we can make the identification

J(t,x(0),x(t = 1)) = (Ox)(t)

and because of the finite memory that is involved, we need the information on x(z) for
[to — T,%] given as the initial function ¢ (s).

More general than (1.6) is known as the functional differential equation, given by

x/(t) :f<t7xt)7 Xty = ¢0(S)7 (17)

where x, = x,(s) =x(t +5), —7 < s < 0. (1.7) is also known as delay-differential equation
and is clearly a causal differential equation with finite memory.
Consider the next IVP given by an integro-differential equation
t
X ()= [ k(t,s,x(s))ds, x(to) = xo. (1.3)
fo

One can incorporate finite memory and write (1.8) as

X(t) = [l k(t,s,x(s))ds, >0, (19)
x(to+s)=x4=¢o(s), —T<s5<0,%>0. .
A more general problem than (1.8) is given by
X (t) = f(t,x(t)) —|—ft; k(t,s,x(s))ds, (1.10)
x(t()) = Xp,
and if we incorporate delay, we get
X(t) = f(t,x(t))+ [ k(t,s,x(s))ds (1L11)
x(to+s)=x4=¢o(s), —7<5<0,2>0 )
or in general
X(0) = (t30) + o k(t,5,5(6)ds 1)
x(to+s)=x4 =¢o(s), —T<s5<0,%>0. .
The very general integro-differential equation can be written as
X(t) :f(t,x(t),ft; k(t,s,x(s))ds (1.13)
x(to) =X
which can be extended with memory as
X (t) = f(t,x(t), [I k(t,s,x(s))ds (1.14)
Xy = Po(s),
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or more generally,

X/(t) - f(t,x(t)’xt’ﬁirk(I7S7X(S))dS } (115)

Xip = Po(s).
All equations (1.8)—(1.15) are examples of causal differential equations. In all of these
equations where x; occurs, x; represents the graph of x in [t — 7,7] shifted to the interval
[—7,0]. We could have delay or memory of Volterra type, namely, x; is the graph of x on

[to — T,¢], in which case, an IVP could be of the form, for example,
t

X (t) = f(t,x,)+ k(t,t,x(s))ds, x4 = @o(s).

th—7T
This remark applies to (1.9), (1.11), (1.13) etc.
Other possibilities also exist. For example, the I[VP
/ _ _
Y0 =1 (s x6) ) i) =30

or

x/(t) :f(tax[t])a X(Z‘()) = X0

where the notation x([¢]) represents the maximum value of x(¢) in each interval [t,,7,.1],
n=1,2,.... Another possibility is difference equation
n
Xpil —Xp = Zk(H— 1,i,x;),  Xpy =Xo.
i=1
Thus, we see that the IVP for causal differential equation or causal equation may include a
variety of problems, that we normally study independently in different branches of nonlin-
ear analysis. However, all of these can be incorporated as special cases of causal differential
or causal functional equations in finite or infinite dimensional spaces.
The equations with causal operators also include integral equations of the type
t
x(t)=h(@t)+ | k(t,s,x(s))ds.

fo

The functional differential equation can also contain advance argument as well as delay,

such as
X(t) = ft,x(@t),x(t — 1), x(t + 1)), 71,7 >0.
A typical example with infinite delay is
X1 = / " k(t,,x(s))ds

and in general, functional differential equations with unbounded delay are also examples

of causal differential equations.
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1.3 Known Basic Results

We list, in this section, certain basic comparison results, that concern with estimating a
function which satisfies a differential inequality by the extremal solutions of the corre-
sponding differential equation. Sometimes, it is enough to have the differential inequality
satisfied relative to only Dini derivatives. We adopt the following notation for Dini deriva-
tives:

D" u(t) = limsup }1’ [u(t+h)—u(t)];
h—0+

Diu(t) = lliqminf}ll [u(t+h) —u(t)];

—0t

D™ u(t) = limsup }1’ [u(+h) —u(@));
h—0~

D_u(t) = liminf | [u(t +5) ~u(e),
where u € C((t,% +a),R). When Du(t) = Dyu(t), the right derivative is denoted by
u', (t). Similarly, u’_(¢) denotes the left derivative when D™ u(t) = D_u(t).
The following results are useful in the sequel. Let us begin with a simple result.
Lemma 1.3.1. Suppose m(¢) is continuous on (a,b). Then m(¢) is nondecreasing (nonin-
creasing) on (a,b) if and only if DTm(¢) > 0(< 0) for every ¢ € (a,b), where
DT m(t) = limsup ! [m(t+8) —m(t)].
50+ O

Proof. The condition is obviously necessary. Let us prove that it is sufficient. Assume
first that D™ m(z) > 0 on (a,b). If there exists two points o, € (a,b), a < B3, such that
m(a) > m(f), then there exists a 4 with m(a) > p > m() and some points 7 € [a, B] such
that m(¢) > u. Let § = sup{t;m(t) > u,t € [a,B]}. Clearly, § € (¢,) and m(§) = u.
Therefore, for every t € ({, ), we have

m(t) —m(§)

t=¢

which implies D" m({) < 0. This is a contradiction and therefore the proof is complete.
Lemma 1.3.2. Let v,w € C([tp, T|,R) and for some fixed Dini derivative, Dv(¢) < w(t),
t € [to, T]. Then D_v(t) <w(t),t € [to, T].

Proof. Define the function

<0

m(t) = () — /, " (s)ds.
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It then follows, from the assumption, that
Dm(t) =Dv(t) —w(t) <0, ¢€lh,T].
Hence by Lemma 1.3.1, m(¢) is nonincreasing in ¢ on [fo, 7]. Consequently,
D_m(t)=D_v(t) —w(t) <0, t€lh,T],

and the lemma is proved.

The existence theorem together with the extension result imply the following.

Theorem 1.3.1. Let g € C(E,R), where E is an open (¢,u)-set in R? and (f, 1) € E. Then,
the IVP

/

u' =g(t,u), u(ty)=u, (1.16)
has extremal solutions (that is, minimal and maximal solutions) which can be extended up
to the boundary of E.

The next lemma is useful in certain situations.

Lemma 1.3.3. Let the hypotheses of Theorem 1.3.1 hold and let [#, T') be the largest inter-
val of existence of maximal solution r(¢) of IVP (1.16). Suppose that [¢y,#] is a compact

subinterval of [fy, T'). Then there is an & > 0 such that for 0 < € < g, the maximal solution
r(t,€) of IVP

' =g(tu)+e, u(ty) =uo+e, (1.17)
exists over [to,#;] and

r(t) = limr(t,€)
e—0

uniformly on [ty,1].
Lemma 1.3.4. Let g € C[[ty, % + a] x R,R] and nondecreasing in u for each 7 € [ty, %) + a].

Assume that
g(,0)=0,

lg(t,u)] < Mon [f,to+a] xR,
and u(¢) = 0 is the unique solution of
' =g(t,u), ulto) =0
on [fo,# + a]. Then, the successive approximations

uo(t) = M(t — o),
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wet(6)= [ (s (5)ds
are well defined;
0 <uyi1(t) <up(t) on [ty,t+al,
and
r}l_r};lo u,(t) = 0 uniformly on [to, 7 + a].

Moreover, for n > 1, the maximal solution 7, (¢) of
u =g(t,u) +kg(t,u,_1(2)), us(to) =0, k>0,
exists on [fy,y + «], and

lim r,,(¢) = 0 uniformly on [fy,) + a].

n—oo
One of the results that is widely used is the following comparison theorem:
Theorem 1.3.2. Let E be an open (¢,u)-set in R? and let g € C[E, R]. Suppose that [tg, ) +
a) is the largest interval in which the maximal solution r(¢) of (1.16) exists. Let m €

Cl(to,to+a),R], (¢,m(t)) € E fort € [ty,to +a), m(ty) < ug, and for a fixed Dini derivative,
Dm(t) < g(t,m(1)),
t € [to,to+ a). Then,
m(t) <r(t), telt,to+a),

where r(¢) = r(¢,%9,up) is the maximal solution of IVP (1.16) existing on [to, 7 + ).

To give another comparison theorem that, in certain situations, is more useful than Theorem
1.3.2, we require the following result:

Theorem 1.3.3. Let E be the product space [to, % +a) x R? and g € C[E,R]. Assume that
g is nondecreasing in v for each ¢ and u. Suppose that 7(¢) is the maximal solution of the

differential equation
u =g(t,u,u), uty) =uy>0
existing on [f,%y + a), and
r(t) >0, tE€tth+a).
Then, the maximal solution 7 (¢) of

u' =g (t,u), u(ty) =uo>0,
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where g (¢,u) = g(t,u,r(t)), exists on [ty, +a) and
rt)=r(t), teElt,to+a)

Theorem 1.3.4. Let the hypothesis of Theorem 1.3.3 hold; m € C[[to, o + a),R] such that
(¢,m(t),v) €E,t € [ty,to+a), and m(ty) < up. Assume that for a fixed Dini derivative the

inequality
Dm(e) < glt,m(1),v)
is satisfied for ¢ € [f,% + a). Then, for all v < r(¢), ¢ € [ty,f0 + a), we have

m(t) <r(t), tElto,to+a).

1.4 Fixed Point Theorems and Auxiliary Results

In this section, we shall list some fixed point theorems and other auxiliary results that we
need in the course of our discussion. One of the most useful tools in proving existence and
uniqueness of solutions for a variety of equations is what is known as Banach Contraction
Principle which is stated below.

Theorem 1.4.1. Let (E,d) be a complete metric space and T : E — E is a contraction

mapping, that is, for every x,y € E,
d(Tx,Ty) < ad(x,y), 0<a<l1.

Then, there exists a unique fixed point x of 7' in E such that x = T'x.

Banach Contraction principle provides an abstract setting for the classical method of itera-
tions or successive approximations. Another fixed point result which has many applications
in the theory of functional equations is Schauder’s fixed point theorem, which we state next.
Theorem 1.4.2. Let E be a Banach space and B C E, a convex, closed bounded set. If
T : E — E is a continuous operator such that 7B C B and T is relatively compact, then T
has a fixed point.

A more general result known as Tychonoff’s fixed point theorem is in the context of Fréchet
space. Before stating the theorem, let us define Fréchet space.

A Fréchet space is a linear space endowed with an invariant metric with respect to trans-
lation and is complete with respect to this metric. It is usual to define a Fréchet space by
means of the use of seminorms. A seminorm on the linear space X is a map from X into

R, say x — |x], such that the following holds:

(i) [x| >0;
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(i) |Ax| = [A[lx[;
(i) [x+y| < |x|+ |-

The only difference with respect to a norm consists in the fact that |x| = 0 does not neces-
sarily imply x = 0.

Theorem 1.4.3. Let F' be a Fréchet space whose distance function is constructed by means
of a sufficient, countable family of seminorms, say {|x|;k > 1}, i.e., from |x|; =0, k> 1
one derives x = 0. If B C F' is a closed, convex set and 7' : B — B is a continuous operator
such that 7B is relatively compact, then T has at least one fixed point in B.

An extension of Banach contraction principle is the following result. Let £ be a Banach
space and Ey = C([a,b],E) where [a,b] is any closed interval in R. Suppose that T is an
operator defined from Ej into E. We shall say ¢ € Ej is a fixed point of 7 if T¢p = ¢(c) for

some fixed ¢ € [a,b]. The operator 7 is said to be a contraction if

T —Tyle < o|p — wlg,

for all ¢,y € Ep and 0 < o < 1, where |¢|g, = max,<s<p |¢(s)|z. Now, we can state the
general fixed point result.

Theorem 1.4.4. Suppose that T : Ey — E and that T is a contraction. Then, given ¢y €
Ey, every sequence of iterates {¢,} satisfying T¢, = ¢,+1(c) fpr a given ¢ € [a,b] and
|§n+1— OnlEy = |@ur1(c) — du(c)|, converges to a fixed point ¢* of T'.

Let us now state the well-known Ascoli-Arzela criterion which is helpful in determining
the compactness of a set in C([to, 7], R").

Theorem 1.4.5. Let M C E = C([ty, T],R"), to > 0. Then M is relatively compact with

respect to uniform convergence on [fy, ] if and only if

(i) M is bounded in E, that is, there exists a N > 0 such that [x(¢)| < N, ¢ € [to, T], for each
xeM,
(if) M is equicontinuous, which means that for any € > 0, there exists a § = §(€) > 0 such

that for ¢,s € [to, T,
|x(¢) —x(s)| < €, for |t —s| < 6,
for every x € M.

One simple situation in which equicontinuity takes place is when all functions in M satisfy

the Lipschitz condition

|x(¢) —x(s)| < L|¢t —s| on [to, T,
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with the same constant L > 0. Sometimes, the supremum norm needs to be replaced by an
equivalent norm by introducing a weighted norm, namely, if g € C([to, T],R) is positive,
define

Ix|g = (sup I;Eg' e [to,T]) .

Proof of Theorem 1.4.4. Let ¢y € E¢ be given. By hypothesis 7'¢y € E. Suppose 7 ¢y =x.
Choose ¢ € Ey such that x; = ¢(c) and |¢1(c) — @o(c)|z = |¢1 — ¢o|g,. Defining ¢

inductively so that

Ty =xpy1= ¢n+l(c)

and

|¢n+1(c) _¢"(C)|E = |¢n+1 _¢H|an forn = 1323“'a

we claim the sequence {¢,} is Cauchy in Ey. First we observe

|¢n —¢n+1|E0 = |¢u(c) _¢n+1(c)|E =|T¢p1— T¢n| < ol _¢n|E0'

By induction one can easily verify

|0 — Ont1]E, < OG0 — 1], -

If m > n, by the triangle inequality, we get

|G — OnlEg < [Om — Gm—1[Eg + |Gt — Om—2|Eg + -+ | Gn1 — O
< " g0 — dulgy + 02 do — Bilg, + -+ |90 — Dl
= (" 0" o o) o — 0l
<o"(1—a)""|go— 1z,
Hence as m,n — oo, | ¢, — ¢u|g, — 0. This shows that {¢,} is a Cauchy sequence, and the

fact that E is complete implies that {¢, } converges to a limit ¢* in Ey. That is, there exists
¢* € Ey such that

lim ¢, = ¢*.

n—oo

Therefore
79" =7 (1lim 9,) = lim (T9,) = lim g-1(¢) = 9" (0).

The proofis complete.
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1.5 Preliminaries in a Banach Space

Let E be a linear space (vector space) over the field ¢ (of real numbers or complex numbers)
and let p be a function from E into R, the set of non-negative real numbers. Then p is a

normon £ if

(i) p(ax) = |ap(x)| forallx € E and a € ¢;

(i) plx+y) <p(x)+p(y) forallx,y € E;
(iii) p(x) =0 if and only if x = 0 where 0 is the null element of E.

In this case, we write p(-) = | - | and say that (E,|-|) is a normed linear space over ¢. It
is easily seen that p(x,y) = |x —y|, x,y € E, defines a metric on E and that a sequence
{xn} C E converges in this metric topology to x € E if and only if limy_... |x, —x| = 0. We
shall generally refer to this metric topology as the norm (uniform or strong) topology. A
normed linear space £ over the field of real numbers is said to be a real Banach space if
it is a complete metric space when equipped with the metric p(x,y). We shall be working
mostly with real Banach spaces.

A mapping f : E — R is said to be a linear functional on E if f(x +y) = f(x) + f(»)
and f(ax) = af(x) for all x,y € E and a € R, R being the field of real numbers. A linear
functional f on E is bounded if there is an M > 0, such that | f(x)| < M for all x € E with
|x| < 1. The dual space E* of E is defined to be a class of all continuous linear functionals

on E and for each x* € E*, we define
|x*| = sup{|x*(x)| :x € E, |x| < 1}.

It is easy to show that this is the norm on E* and with this norm, it is clear that £* is a
normed linear space. Also, since R is complete, it follows that E* is complete and thus is
a Banach space. Note that continuity and boundedness of a linear functional are equivalent
concepts, i.e., a linear functional /' € E* if and only if it is bounded on E.

One of the fundamental results in functional analysis is the following theorem due to Hahn-
Banach which assures that a linear functional on a linear subspace of a linear space that is
bounded by a seminorm can always be extended to the entire space in such a manner that
its seminorm boundedness is preserved. However, such an extension, in general, is not
unique.

Theorem 1.5.1. (Hahn-Banach) Suppose that E is a linear space over the field R and that
p: E — Ris such that p(Ax) = Ap(x), p(x+y) < p(x) + p(y) forall A >0 and x,y € E.

Assume that Q is a linear subspace of £ and f is a linear functional from € into R such that
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f(x) < p(x) for all x € Q. Then there is a linear functional g : £ — R such that g(x) = f{(x)
forallx € Qand g(x) < p(x) forallx € E.

If E is a normed linear space, we have the following version of Theorem 1.5.1.

Theorem 1.5.2. Let Q be a linear subspace of the normed linear space £ over R and let
y* € QF. Then there is an x* € E* such that |x*| = [y*| and x* (x) = y*(x) for all x € Q.
Some important consequences of Hahn-Banach theorem are as follows.

Corollary 1.5.1. If x € E and x # 0, then there is an x* € E* such that [x*| = 1 and
x*(x) = |x].

Corollary 1.5.2. Let Q be a subspace of E and x € E with d(x,Q) =d > 0, where d(x,Q) =
inf,cq [x —y|. Then there is anx* € E* with d|x*| = 1, x*(x) = 1 andx*(y) = 0 forall y € Q.

Now, let x € E, E a normed linear space, and define the mapping ¥ : E* — R by
F(x")=x"(x), x"€E™

Clearly % is linear and |¥(x*)| < |x*||x| for all x* € E*. Hence X is a bounded linear func-
tional on E* and X is a member of the dual space of E*, which is denoted by £** and
called the bidual or second dual of E. By Corollary 1.5.1, it follows that |X| = |x| and the
mapping 7 : E — E** defined by tx = ¥ is linear and norm preserving. This mapping 7 is
called the canonical embedding of £ into £**. A Banach space £ is said to be reflexive if
E** = {tx:x € E}. Note that any finite dimensional Banach space is reflexive.

In a reflexive Banach space, the following result concerning weak convergence is true.
Theorem 1.5.3. If E is a reflexive Banach space, any norm bounded sequence in £ has a
weakly convergent subsequence.

Ifx* € E* and {x}} is a sequence in E*, then {x};} is said to be weak™ convergent to x* if
limx) (x) =x*(x), forallx € E.

In this case, we say that {x} converges to x* in weak*-topology.

The next result concerning weak*-convergence is also valid.

Theorem 1.5.4. Let E be a Banach space and {x};} be a bounded sequence in E*. Then
{x:} has a weak*-convergent subsequence.

We list below the definitions of some useful concepts in terms of weak topology. Let E,,
denote the space E when endowed with weak topology generated by the continuous linear
functional on E.

Definition.

(i) A subset 4 of E,, is totally bounded if and only if for all x* € E* and € > 0, the set 4

can be covered by a finite number of x*-balls of radius ¢€;
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(ii) If {y,} is a sequence in E, then {y,} is weakly Cauchy if given € > 0, x* € E*, there
exists N = N(x*, €) such that n,m > N implies |x* (v, —ym)| < €

(i) E is weakly complete if every Cauchy sequence converges weakly to a point in E.

With these definitions, we can now state that a set 4 is compact in a weak topology (or
weakly compact) if and only if it is weakly complete and totally bounded.
Let x(¢) be a function mapping some interval / C R into E. The function x(¢) is said to be

strongly continuous at ty € [ if

lim |x(¢) — x(¢)| = 0,
t—ty

that is, the convergence of x(¢) to x(¢) is in the norm topology on E. If x:1 — E is
continuous at each point of / then we say that x is continuous on / and write x € C[[,E].
x'(t) is said to be the strong derivative of x(¢) if

lim

1 N
lim | [x(t +h) —x(0)] =2/ (1)| = 0.

The Riemann integral of x(¢) can be similarly defined. Some useful properties of the inte-
gral are given in the following lemmas.
Lemma 1.5.1. Let E be a Banach space and x(¢) be an integrable function from 7 into E.
Then
1 b
b _a/u x(s)ds € co({x/(s) : s € [a,b]})
for all a,b € I, with a < b, where co(4) is the closed convex hull of 4.
Lemma 1.5.2. If {x,}, n =1,2,..., is a sequence of continuous functions from / into £
such that lim,, .. x, (¢) = x(¢) uniformly for ¢ € I, then
r}im bx,,(s)ds = /bx(s)ds for all [a,b] C I.
—*Ja a
A useful form of the Ascoli-Arzela theorem for a family of functions from / into X is as
follows.
Theorem 1.5.5. Let F be an equicontinuous family of functions from 7 into X. Let {x,(¢)}
be a sequence in F such that, for each ¢ € I, the set {x,(¢) : n > 1} is relatively compact
in X, i.e., the closure of the set {x,(¢) : n > 1} is compact. Then there is a subsequence
{2, (#)} which converges uniformly on / to a continuous function x(z).
The following is a useful extension theorem due to Dugundji.
Theorem 1.5.6. Suppose that £ and E; are two Banach spaces, Q C £ and [ : Q — F)

is a continuous mapping. Then there is a continuous extension f : E; — E, of f such that

F(E) C co(f(Q)).
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The next result extends the mean value theorem to functions with values in a Banach space
in terms of both strong and weak topologies.

Theorem 1.5.7. Let u € C[J,X], where J is an interval and X is a real Banach space.
Suppose that a,b € J, a < b, and there is an at most countable subset I of [a, ] such that
u', (t) exists for all € [a,b] —T". Then the following relation holds:

u(b) —u(a) € (b—a)co({u/, (¢) : [a,b] = T}),

where co(4) is a closed convex hull of 4.
Theorem 1.5.8. (Krein-Smulian Theorem) Let (E,|-|) be a Banach space over ¢ and

suppose K C E* is convex. Then the following statements are equivalent:

(1) K is weak*-closed;

(ii) for each a > 0 the set K NaBj is weak*-closed, where B} = {x* € E* : |[x*| < 1}.

Theorem 1.5.9. (Eberlein-Smulian Theorem) Let (£, | -|) be a Banach space over ¢ and

suppose K C E is weakly closed in E. Then the following statements are equivalent:
(1) K is weakly compact;

(i) K is weakly sequentially compact.

1.6 Directional Derivatives

When we use |x| or |x|? as a measure in estimates later, we need to assume conditions in
terms of their one-sided directional derivatives. Here, we define and list several properties
of such derivatives.

Letx,y € E, E being a real Banach space with norm | - |. Define

el =, b+l = )

for any # € R. Then we have the following result.

Lemma 1.6.1.

(i) The limits limy,_,o+ [x,¥]; = [x,y]+ and lim;,_,o- [x,y]; = [x,y]— exist; and

(i) [x,y]+ is upper semicontinuous and [x,y]_ is lower semicontinuous.

Proof. Let us first show that [x,y];, is monotone nondecreasing in 4. Suppose 0 < Ay < hy
and let B € (0, 1) be such that #; = (1 — 8)A,. Since

x+hy=x+(1—B)hy=PBx+(1-8)x+hy),
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we have
ool = (bt bl =)= (B (1= B)x+-op)| = o}
1 1

1 X+ hoy| — |x
<y (Blal+ 1= )yl — ) = PRI g,

Similarly, one gets [x, |5, < [x,y]s, if iy <hy <0.Ifhy <0 < hy, we let h = min(—hy,hy)

and note that
2| = |x+hy+x—hy| < |x+hy| + |x — hy|.
This implies that [x,y]_; < [x,y]s, which in turn yields
beoyln < beyl—n < beyvln < 6yl
proving that [x,]; is monotone. If —1 < /; < A, < 1, the monotone property of [x,y] gives
beylor < Beylay < beyln, < oh

and hence the limits

X, = lim [x,y];,
[, y]+ }HOJ Y

and

yi-=1i )
[x,y] Jim e, vl

exist. To prove that [x,y], is upper semicontinuous; let {x,},{y,} be two sequences in £

such that lim,_.x, = x and lim, ...y, = y. Then for 4 > 0
vl < Lt Al — o} forall > 1.
Letting n — oo, we get
timsupla, - <, (v Ayl — ol }

n—oo

for all 4> 0. We now let 4 — 0, obtaining

limsup[x,, ynl+ < [, 3]+ (1.18)
n—oo
Since [x,y]_ = —[x, —y]+, by definition, lower semicontinuity of [x,y]_ follows from (1.18)

thus proving the lemma.
Some properties of [x,y]+ are listed in the following lemma.

Lemma 1.6.2. Let [x,y]+ be defined as in Lemma 1.6.1. Then,

M) oyl <[yl
) [,y < |yl;
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(i) [pr,yle = brzle] < ly—z;

() royle ===yl = =kl

V) [sx,7v]+ = r[x,y]s forr,s > 0;

Vi) [r,ox]+ =alx|, a€eR;

(vii) [r,y+z]+ < [x,p]+ + .24 and [x,y+2]- >

(viii) [tz > ol + [r.o)- and [y +2)- <

(ix) [x,y+ox]e =[x,y]++alx|, acR;

(x) if x: [a,b] — E such that x/, (¢) (the right and left derivatives of x(¢)) exists for some
t € (a,b) and m(t) = |x(¢)|, then m/, (¢) = [x(¢),x (¢)]+.

[x,y]

Y-+ ez
V-

1.7 Measure of Noncompactness

Let 4 be a bounded subset in a Banach space E. The diameter of A4 is defined by
dia(4) = sup{|x —y| : x,y € A}.
Clearly, 0 < dia(4) < e. Kuratowski’s measure of noncompactness of 4 is defined by
o(A4) =inf{d > 0: 4 is covered by a finite number of sets with diameter < d}.

In particular, given d > c/(4), there exists a finite number of sets Sy, 55, ..., S, C 4 such that
dia(S;) <dand U_;S; = 4. In other words, c¢(4) can be regarded as a measure of the extent
to which 4 is not compact. Note also that ot(4) < dia(4) and a(4) < 2d if sup, 4 |x| <d.
The various properties of  that will be useful later are listed in the following theorem.

Theorem 1.7.1. Let A, B be bounded subsets of E. Then

(1) a(4) =0 if and only if 4 is compact, where 4 denotes the closure of 4;
(i) o(4) = ee(4);

(v) o(4) < o(B) if 4 C B;
(vi) a(4+B) < a(4)+ o(B) where A+B = {x+y:x € 4 and y € B}; in particular, if
A ={x,}, B={y,} are two countable sets of points in £, then

a({xa}) —a({ya}) < a({xn —yn});
(vii) o is continuous with respect to the Hausdorff metric;
(viii) a(4) = a(co(A4)) where co(4) is the convex hull of 4;
(ix) if {4,} is a family of nonempty bounded subsets of E such that 4,1 C 4, for n =

1,2,...,and lim,_... 0(4,) = 0, then N;’_, 4, is nonempty and compact.
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Also, using the definitions of a(+), it is easy to show that o((4 x B) = max(c(4), o (B))
where 4 x B is the Cartesian product of two bounded subsets A, B of Banach spaces E, F'
respectively, with |(x,y)| = max(|x|,[v|), x € 4,y € B.

While considering bounded subsets of C(/, E), I being any compact subset of the real line,
it is convenient to use the following notation: for any set # C C[I,E], H(¢) and H(I) denote
the sets given by {¢(¢) : ¢ € H} and U {0 (¢) : ¢ € H} respectively. A useful property
of measure of noncompactness ¢ is in the following result, which, in some sense, also
provides a generalization of the theorem of Ascoli-Arzela.

Theorem 1.7.2. If H = {x;}, where x; € C[I, E], is any bounded equicontinuous family of
functions, then

supoa(H(t)) = a(H).

tel

The proof of Theorem 1.7.2, is an immediate consequence of

Lemma 1.7.1. If H C C[I,E] is a bounded, equicontinuous set, then

(a) a(H) = a(H());
(b) a(H (1)) = sup,e; o(H (1))

1.8 The Measure of Nonconvexity

As we have seen, the measure of noncompactness which was introduced by Kuratowski
has now become an important tool in nonlinear analysis. Following Kuratowski, we shall
introduce a measure of nonconvexity which has many properties in common with the mea-
sure of noncompactness and therefore we may now have convexity where we previously
had compactness in the statement of some results.
Let £ be a Banach space (with norm |- |) and A4 is a subset in E. Denote by co(4) the convex
hull of 4. We say that 4 is oi-measurable with measure o(4) if

o(d4)= sup inf|b—al < eo. (1.19)

beco(4)9€4

Alternatively, if H(X,Y) denotes the Hausdorff distance between two subsets X and Y,
o(4) =H(A4,co(A)). (1.20)

Clearly, a bounded set is oi-measurable.
From the definition, the following properties of & can be derived in a straightforward man-

ner.

0(4) = 0 iff A (the closure of A) is convex; (1.21)
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a(Ad) = |A|o(4) for A € R! (where A4 = {Aala € 4}); (1.22)
o(A+B) < a(4) + a(B); (1.23)

|a(4) — a(B)| < ex(4 — B); (1.24)

o(4) = a(A); (1.25)

0(4) < diam(4) (the diameter of 4); (1.26)

|o(4) — o(B)| <2H(4,B). (1.27)

Note that all of these properties are shared by the measure of noncompactness y. Recall
¥(4) = inf{d > 0|4 can be covered by a finite number of sets of diameter < d}. « is not
monotone in the sense that a(4) < o(B) if A C B. If it did, then every closed set would
be convex which is not true. Unfortunately ¢(4) measures only the nonconvexity of 4 and
not 4 itself if 4 is not closed.

As a consequence of (1.27) and a similar inequality for 7y, |y(4) — ¥(B)| < H(4,B), the
measures o and Yy are continuous with respect to the Hausdorff metric, that is,
Proposition 1.8.1. Let 4,, be a sequence of subsets of £ such that 4, approaches a subset
Ao in the Hausdorff metric. Then

(1) if 4, are oi-measurable,

lim a(4,) = 0(4-); (1.28)
(i) if 4, are bounded
lim y(4,) = Y(4e). (1.29)

Proposition 1.8.2. (Kuratowski) Let (X, p) be a complete metric space and let 49 D 4; D
... be a decreasing sequence of nonempty, closed subsets of E. Assume y(4,) — 0. Then
if we write 4o = Ny>04,, Ao 1S a nonempty compact set and 4, approaches 4., in the
Hausdorff metric.

Proposition 1.8.3. Let 49 D A; D ... be a decreasing sequence of closed bounded subsets
of E. Let 4w = Ny>0A,. Then A.. is nonempty, convex and compact and 4, converges to
Ao in the Hausdorff metric iff o(4,) — 0 and y(4,) — 0.

Proof. Suppose y(4,) — 0. It follows from Proposition 1.8.2 that 4,, converges to the
nonempty compact set A.. in the Hausdorff metric. If, in addition, ¢(4,) — 0 then in view
of (1.28), ot(A«) = 0. Since 4 is also closed, 4. is convex by (1.21).
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Suppose 4, — A in the Hausdorff metric and o/(4w) = ¥(4w) = 0. Then by (1.28) and
(1.29), a(4,) — 0 and (4,) — 0.

Proposition 1.8.4. Let A9 D 4| D ... be a decreasing sequence of closed, bounded subsets
of E such that &¢(4,) — 0 and y(4,) — 0. Suppose T is a continuous map of 49 — Ay such
that

Tx €A, ifxed,, n=0,1,... (1.30)
Then there exists an x € 4., = Ny>04, such that
Tx =x, (1.31)

Proof. The result is a corollary of the Schauder principle since, from Proposition 1.8.3, 4.,
is nonempty, convex and compact and 7 maps A.. into itself.

Closely associated with the notion of measure of noncompactness is the concept of .-
set-contraction. Let (X1,d;) and (X3,d>) be metric spaces and suppose T : X; — X; is a
continuous map. We say 7 is a k-set-contraction if given any bounded set 4 in X, T(4)
is bounded and 15 (T (4)) < k¥ (4) where ¥; denotes the measure of noncompactness in Xj,
i=1,2,...

Proposition 1.8.5. Let C be a closed, bounded, convex set and 7 : C — C a k-set-
contraction, k < 1. Then T has a fixed point, i.e., a point x satisfying (1.31).

The above generalization of the Schauder principle was further extended by introducing a

comparison function ¥ which has the following properties:

(i) v maps a conical segment of regular cone in a partially ordered space into itself;
(i1)  is monotone;
(iii) v is upper semi-continuous from the right;

(iv) w(x) =x iffx = 0 (the zero of the space).

Then Darbo’s condition y(7'(4)) < ky(A), k < 1, is replaced by the weaker condition
NT(4)) < y(r(4)). (1.32)

Definition 1.8.1. A function y : [0,0) — [0,00) is a comparison function if

(i) y(t) <tfort >0,
(ii) w(0) =0, y is upper semi-continuous from the right.

Proposition 1.8.6. Let y be a comparison map and let Sy, S, ... be a sequence of nonneg-
ative real numbers such that S, < y(S,_1), n — 1,2,... Then the sequence S, converges to

Z€ro.
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Proof. Since S, < w(S,_1) < S,_1, the sequence S, converges monotonically. Suppose
Seo > 0. Then yS.. < S < S, n=1,2,.... But this contradicts the upper semi-continuity
from the right.

Proposition 1.8.7. Let v : [0,a) — [0,a) be nonincreasing, upper semicontinuous from
the right, and y(¢) = ¢ iff # = 0. Then y has an extension to [0,0) which is a comparison
function.

Proof. Since the interval [0, 4] is a segment of the regular cone (of nonnegative real num-
bers) it follows that if # < y/(¢) then ¢ < ¢ty where ¢ is the maximal solution of y(¢) = t.
By assumption #y = 0. Thus ¢ < y(¢) iff t = 0. If we define ¢(¢) = w(a),t > athen ¢ isa
comparison function.

Definition 1.8.2. Let (X,|-|;) and (X2,]|-|2) be Banach spaces and suppose T : X; —
X, is a continuous map. We say that T is a y-set-contraction with respect to convexity
(compactness) if given any ¢ -measurable (bounded) set 4 in X, T(4) is op-measurable
(bounded) and

(T (4)) < y(ou(4)) (1.33)

(a(T(4)) < y(r(4))) (1.34)

where 0;(7;) denotes the measure of nonconvexity (noncompactness) in X;, i = 1,2. We
say that T is a contraction if |Tx — Ty|, < y(|x —y|;) for every x,y € X;. The following
result is a generalization of a similar result due to Darbo in regard to relating the notion of
k-contraction i.e. y-contraction with y(¢) = k¢, to the notion of k-set-contraction.
Proposition 1.8.8. Let (X7, |- |1) and (X3, ]-|2) be Banach spaces. Let T be a w-contraction,
then

(1) T is a y-set-contraction with respect to compactness;
(i) H(TA,TB) < w(H(A,B)) whenever H(4,B) < oo}
(iii) if for every oi-measurable set 4, co(TA) C T(co(A4)) (where co(X) denotes the convex

closure of X), then T is y-set-contraction with respect to convexity.
Proof.

(i) Let A be a bounded set in X; and suppose ¥;(4) = d. Then given € > 0, we can
write 4 = U7 S}, diam(S;) < d +e€. Thus T(4) = UL, T(S;) and since T is a y-
contraction, diam(7'(S;)) < y(d + €). Let & be a sequence of positive numbers con-
verging to zero such that y(d + ;) converges and let » = lim y/(d + ;). Then by upper

semi-continuity from the right, b < y(d). Hence »(T4) < w(d).
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(ii) Let A and B be sets such that H(4,B) =d < . Let b € B. Then inf{|Th — Tal,
a€ A} <inf{y(|b—al1), a € A} < yd, by the upper semi-continuity from the right
of the function . Similarly inf{|7a — Tb|,, b € B} < wd. Thus H(TA,TB) <d.

(iii) Let A be an o-measurable set in X;. Then from (i), o(T4) = H(TA4,co(TA))
< H(TA,T(co(A))) =H(TA,T(co(4))) < w(H(A,cod)) = wa(d).

Theorem 1.8.1. Let A4 be a closed subset of a Banach space and 7 a map from 4 onto
itself. If T is set contractive with respect to convexity (compactness) then 4 is convex
(compact). In particular, the set of fixed points of a set contractive, with respect to convexity
(compactness) map of a closed subset of a Banach space % into £ is convex (compact).
Proof. Set m = a(T(4)) = o(4) (m = y(T(4)) = y(4)). Then m < y(m). If m > 0 then
y(m) < m. But this is impossible. Clearly m = 0.

Theorem 1.8.2. Let C be a closed, bounded set and 7 : C — C a y/;-set-contraction with
respect to convexity and a y,-set-contraction with respect to compactness. The set of fixed
points of 7' is nonempty, convex, and compact.

Proof. Let Cy =C, and C,.y = T(C,). Then C,11 C C,. Lets, = y(Cy), t, = ot(Cy), then it
follows from Proposition 1.8.6 that s, — 0 and #, — 0. By Proposition 1.8.4, the set F'(T)

of fixed points of 7 is nonempty and, by Theorem 1.8.1, it is also convex and compact.

1.9 Notes and Comments

The material concerning causal operators detailed in Sec. 1.2 is taken from Corduneanu
[1] and [2]. See Karakostas [3] for topological dynamics generated by causal operators.
The comparison results listed in Sec. 1.3 are from Lakshmikantham and Leela [4]. For
the proofs of the fixed point theorems listed in Sec. 1.4, see Edwards [5], Tychonoff [6],
Deimling [7], Kantorovich and Arilov [8], Bernfeld, Lakshmikantham and Reddy [9]. The
contents of the remaining sections are adapted from Lakshmikantham and Leela [10] except
Sec. 1.8, which is taken from Eisenfeld and Lakshmikantham [11]. See Tonelli [12] and
Turinici [13].



Chapter 2

Basic Theory

2.1 Introduction

This chapter is devoted to the basic theory of causal differential equations (CDE) and there-
fore forms a basis for the remaining chapters. We begin Section 2.2 with causal differen-
tial inequalities and prove fundamental results involving strict and nonstrict functional and
causal differential inequalities, which are useful to prove existence of extremal solutions
and important comparison results. Section 2.3 deals with local existence results, includ-
ing the existence of maximal and minimal solution of CDEs, which are required for later
discussion. While proving the important comparison results in this section, we realize that
when imposing various conditions on the causal functions involved, it is enough to suppose
such conditions on a suitable subset of the function space, which is a definite advantage in
investigating the qualitative properties of solutions of CDEs.

In Section 2.4, we discuss global existence by utilizing two different approaches, one is
based on the use of Tychonoff’s fixed point theorem and the other on a direct approach
employing the comparison results. Section 2.5 starts with the simple existence and unique-
ness results under Lipschitz condition, then by using the general uniqueness conditions,
we prove the convergence of successive approximations that guarantees simultaneously
the existence and uniqueness. Section 2.6 employs Nagumo and Krasnoselskii-Krein type
conditions to achieve the convergence and successive approximations. In view of the sin-
gularity involved in this type of conditions, the proofs differ substantially. The continuous
dependence with respect to the initial data and parameters are studied in Section 2.7.

In Section 2.8, we investigate the existence of Euler solutions, first without demanding con-
tinuity on the functions involved and then show that the Euler solution is actually the usual
solution of CDE under continuity assumption. The flow invariance results are considered,

in Section 2.9 utilizing the concepts of nonsmooth analysis. In Section 2.10, we indicate

V. Lakshmikantham et al., Theory of Causal Differential Equations, Atlantis Studies in Mathematics 23
for Engineering and Science 5, DOI 10.2991/978-94-91216-25-1 2,
© 2009 Atlantis Press/World Scientific
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the extension of the scalar results on inequalities to systems of causal differential inequal-
ities employing the necessary notions. In Section 2.11, we present nonlinear variation of
parameters. Section 2.12, 2.13 deal with integral and differential equations of Sobolev type
which are new types of dynamic systems which are not yet well investigated. Finally, notes

and comments are given in Section 2.14.

2.2 Causal Functional and Differential Inequalities

Recall that an operator Q : E — E, E = C([to,T],R") is said to be causal (or non-
anticipatory) if, for any x,y € E such that x(s) = y(s), we have (Ox)(s) = (Qy)(s),

to <s < T. Let us consider the causal functional equation

x(t) = (Qx)(1),  x(to) = xo, 2.1

where the causal operator Q : E — E is continuous and x(¢y) = xo, fo > 0, denotes the initial
value for any x € E. A basic result in causal functional inequalities for the scalar case is
the following.

Theorem 2.2.1: Assume that Q : E — E is a continuous causal operator where £ =

C([to,T],R) and let v,w € E satisfy
v(t) < (Qv)(), wlt) = (Ow)(1), t<t<T. 2.2
Suppose that Q is semi-nondecreasing i.e.

x(t)=yt1), x(t)<y@t), to<t<tu<T

implies
(Ox)(11) = (Qy)(11) and (Ox) (1) < (Qy)(1) to<t<n <T.
Then,
v(t) <w(t), th<t<T (2.3)
whenever
v(to) < w(to) 2.4

provided one of the inequalities in (2.2) is strict.
Proof. Suppose that the claim (2.3) is false and w(¢) > (Ow)(¢). Then because of the

continuity of the functions involved and (2.4), there would exist a ¢; > ¢y such that

v(t) =wltr), v(t)<w(t), th<t<n. (2.5)
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Since Q is assumed to be semi-nondecreasing, we have

V() < (Qv)(0n) < (Qw)(nn) <w(nr).

This contradicts v(¢;) = w(t;) and therefore, proves the claim (2.3). The proofis complete.
Remark 2.2.1. We have utilized the semi-nondecreasing nature of the causal operator O in
Theorem 2.2.1. This is because the causal operators include ordinary differential equations
as well, where we do not require any monotone character. To incorporate this aspect, we
have coined a weaker notion of semi-nondecreasing.

The next result is for nonstrict inequalities which demands a one-sided Lipschitz condition.

Theorem 2.2.2. Suppose that the assumptions of Theorem 2.2.1 hold. Assume further that

(Q0)(1) = (Q)(r) < L max [x(s) —y(s)] (2.6)

whenever x(s) > y(s) forzg <s <tand 0 < L < 1. Then
v(to) < w(ty) implies v(¢) <w(t), fH <t<T. 2.7

Proof. Set we () = w(t) + €, € > 0 being arbitrary and small. Then we have

we(to) > wlty) +€ > v(tg) +€ > v(tp)
and

we(t) >w(t), to<t<T.
Now, utilizing the one-sided Lipschitz condition (2.6), we get
we(t) = (Ow) (1) + & = (Qwe)(1) — Le +& > (Ow) (1)

for 1) <t < T, because of the condition 0 < L < 1. Now, applying Theorem 2.2.1 to v(¢)
and we(¢), we find that

v(t) <we(t), to<t<T.
Since € > 0 is arbitrary, it follows by taking € — 0, that
v(t) <w(t), t<t<T,

proving the stated conclusion (2.7).
We shall now consider the fundamental result on causal differential inequalities. For this

purpose, consider the IVP for the causal differential equation

X(t) = (0x)(t), x(to) = xo, (2.8)

where Q : E — E is a continuous causal operator. Relative to (2.8) we can prove the

following basic inequalities result.
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Theorem 2.2.3. Suppose that v,w € C([to, T],R) and
V() < (0v)(1), W(t)>(0w)t), to<t<T. (2.9)
Then, v(ty) < w(ty) implies
v(t) <w(t), th<t<T, (2.10)
provided one of the inequalities in (2.9) is strict and the causal operator Q is semi-
nondecreasing.

Proof. Suppose that the conclusion (2.10) is false and w'(¢) > (Qw)(¢). Then, the continu-
ity of v, w and the fact v(zy) < w(to) yield that there exists a #; > o such that

v(t1) =w(t1), v(t) <w(t)onty <t<t. (2.11)

The semi-nondecreasing nature of QO and (2.11) give
(Ov) (1) < (Ow)(11). (2.12)
In view of (2.11), we get for small 4 > 0,
vt —h) —v(t)) <w(ty —h) —w(t)
and hence (2.9) and (2.12) show that
(Qv)(t) =V (1) = W (1) > (Qw)(01) = (Qv) (1)

This is a contradiction and therefore the claim (2.10) is valid. The proof is complete.
As before, for nonstrict differential inequalities, we require a one-sided Lipschitz condition.

Theorem 2.2.4. Under the assumptions of Theorem 2.2.3 and the one-sided Lipschitz
condition (2.6) of Theorem 2.2.2,

v(t) <w(t), th<t<T, (2.13)
provided v(¢y) < w(to).
Proof. We set we(¢) = w(t) + eexp(2L(¢t — ty)) for small € > 0 so that we have
we (t0) > w(ty) and we (£) > w(t).

Now use the one-sided Lipschitz condition

(Qwe)(r) = (Qw)(t) < L max (we(s) —w(s)) = Leexp(2L(t — to))
to obtain

wl(t) > W (f) + 2eLexp(2L(t — o))
Ow)(t) +2eLexp(2L(t — tp))

(
> (Owe)(t) — Leexp(2L(t —t9)) +2eLexp(2L(t — 1p))
(
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Applying Theorem 2.2.3 to v(¢) and we (¢), we have
v(t) <we(t), to<t<T

which yields as € — 0, v(¢) < w(t), o <t < T. The proofis complete.

As an application of Theorem 2.2.1, consider the example

() = (0x)() = h(t) + /to "K(t,5,x(s))ds,

where K € C([to, T) xR,R), h € C([ty, T),R). Assume K(¢,s,x) is monotone nondecreas-

ing in x for each (¢,s) and

() <)+ [ K(t.5.x(s))ds = (Qx)(0),

0= ho)+ [ K(t.5,3())ds = (Q)(0),

one of the inequalities being strict. Thenx(¢y) < y(¢) implies x(¢) < y(¢),¢ € [tp, T). If one

assumes further
|K(t,8,x) —K(t,s,y)| <L|x—y|, 0<L<I,
which leads to
()0 = (9)(0)| < L max |x(s) —»(5)

and then Theorem 2.2.2 is valid, which gives a result concerning non-strict inequalities.

2.3 Existence and Extremal Solutions

We shall consider the causal functional equation and causal differential equation respec-
tively given by
x(t) = (Ox)(¢), x(to) =xo (2.14)

and

X (t) = (0x)(t), x(t0) =xo (2.15)
where Q: E — E, E =C([ty, T],R"), xo € R". The problem (2.15) can be reduced to

x(t) =x0+ I(Qx)(s)ds. (2.16)

We shall discuss the existence problem for both (2.14) and (2.15). However, we will first
deal with the functional equation with causal operator (2.14) by proving the following

existence theorem.



28 Theory of Causal Differential Equations

Theorem 2.3.1. Assume that the causal operator O : E — E in equation (2.14) is continuous
and compact, as well as the property of the fixed initial value x(#y) = xo € R”. Then there
exists a solution of (2.14) on C([to, % + 6], R") forsome 6§ >0and 7+ 6 < T.

Proof. For any x € C([ty, T],R"), consider the initial value x(#p) = xo and the functional

equation

x(1) —x0 = (Qx)(t) —xo (2.17)
which is equivalent to (2.14). In view of the compactness assumption of Q, if we fix an

r > 0, one can write
[(Ox)(1) —x0| < B
for tp <t < ty+ & and for all x € C([tp, T],R") satisfying
(1) —xo| <7, £ € [t,T].

If r is fixed, then O depends on . We can assume without loss of generality that § < r.
Then (2.17) shows that

[(Ox)(1) —xo| <B <7,

for all x(¢) with |x(¢) —xo| <r, on [tg,4 + &]. This means that in the space £ = C({to,% +
0], R"), the ball of radius » with center x is taken into itself by Q. Since Q is assumed to
be continuous and compact, Schauder’s fixed point theorem applies in the Banach space
C([to,t0 + 0], R") and the ball |x(¢) —xo| < r is clearly convex and closed. Hence there
exists at least one solution x(¢) of (2.14) on the interval [t, %) + 6]. The proof is complete.
We shall next prove the existence result for IVP (2.15) which is equivalent to (2.16).
Theorem 2.3.2. Consider the causal differential equation (2.15) with the initial condition.
Suppose that Q is a causal operator on C([ty, T|,R"), continuous and takes bounded sets
into bounded sets. Then, there exists a solution x(¢) of (2.15) on [to,70 + 8], 70+ 0 < T.
Proof. Since the IVP (2.15) is equivalent to the functional equation (2.16), it is enough to

prove that the operator W given by
t

(Wx)(t) =xo+ | (Ox)(s)ds (2.18)

lo
satisfies the conditions of Theorem 2.3.1. The continuity and causality of the operator ¥ is

clear. Since the convergence in £ is uniform convergence, the continuity of QO implies the
continuity of . To prove the compactness of W in E, suppose that x € B C E where B is
a bounded set in £, with O bounded in E. In view of the assumption that O takes bounded

sets into bounded sets, for each x € B we have

(Ox)(1)| <K, t€[to,T].
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Therefore, for each x € B, one has
W (@)(0)] < Ixol +K(t = t0), 1€ to,T]
and
|(Wx)(t) — (Wx)(s)| < K|t —s|, t,s€]t,T]

These inequalities show that the subset of £ consisting of those functions that are of the
form (Wx)(t), x € B, satisfies the conditions of Ascoli-Arzela Theorem and hence W is
compact. Hence, by Theorem 2.3.1, there exists a solution x(¢) of (2.16) on [fo, 7 + 8] and
equivalently of (2.15). Hence the theorem is proved.
We shall now discuss the existence of extremal solutions for the IVP (2.15) i.e. maximal
and minimal solutions for (2.15). We will do this for the scalar case only.
Definition. Let »(z) be a solution of IVP (2.15) on [ty,T]. Then r(¢) is said to be the
maximal solution of (2.15) if for every solution x(¢) of (2.15) existing on [, T), we have
x(t) <r(t),to<t<T.
Similarly, if p(¢) is a solution of (2.15) and for every solution x(¢) of (2.15) existing on
[to,T), we have x(z) > p(t), to <t < T, then p(¢) is said to be the minimal solution of
(2.15).
Theorem 2.3.3. Let the assumptions of Theorem 2.3.2 hold and suppose further that Q is
semi-nondecreasing on [fy, T']. Then, there exists extremal solutions for IVP (2.15).
Proof. We shall indicate the proof of existence for maximal solution only. Consider, for
some arbitrary small € > 0, the IVP

X(t)=(0x)(t)+¢€, x(to)=x0+¢ (2.19)
so that we have the corresponding operator equation equivalent to (2.19)

t

Wx)(t)=xo+e+ | (Ox)(s)ds+€(t —t).

fo
By Theorem 2.3.2, there exists an i > 0 such that there is a solution x(¢,€) = x¢(¢) on
[to,to+ 7] for IVP (2.19). Let 0 < & < &) < €. Then,

x(to, &) < x(to,€1,)
X (t,&) < (Oxe,) (1) + &2,
X (t,€1) > (Oxe, ) (1) + &2
An application of Theorem 2.2.3 yields

x(t,&) <x(t,&), tElto,tlo+n]
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The family of functions {x(¢,€)} are equicontinuous and uniformly bounded on [ty, % + 1].
Arguing as in Theorem 2.3.2, it follows from Ascoli-Arzela Theorem that there exists a

decreasing sequence {&,}, & — 0 as n — oo, and the uniform limit

r(t) = lim x(¢,€&,)

n—so0
exists on [fy,fp + N]. It can be easily shown that 7(¢) is a solution of (2.15). To show that
r(t) is the desired maximal solution of (2.15) on [fy,%9 + 1], let x(¢) be any solution of (2.15)
defined on [fp,#) + 17]. Then by Theorem 2.2.3, it follows that for any € > 0,
x(t) <x(t,e), to<t<ty+n.

The uniqueness of the maximal solution shows that x(¢,€) tends uniformly to »(¢) on
[t0,%0 + 1] and therefore the proof is complete.
An immediate consequence of Theorem 2.3.3 is the following comparison theorem.
Theorem 2.3.4. Assume that the conditions of Theorem 2.3.3 hold and suppose that m €
C'([to, T], Ry ) satisfies

m'(t) < (Om)(t), m(ty) < xo.

Then, we have

m(t) <r(t), te€]t,T),

where 7(¢) is the maximal solution of (2.15) existing on [¢y, 7.

Proof. Let x(¢,€) = x¢(¢), for € > 0, be any solution of
X (t,€) = (Oxe)(t) +&, x(tg) =xo+e.
Then, by Theorem 2.2.3, we get
m(t) <x(t,€), t€]t,T]

from which it follows that m(¢) < r(¢) on [ty, T] and the proof is complete.
Another variant of comparison theorem is the following result.

Theorem 2.3.5. Consider the IVP (2.15) where the causal operator Q satisfies the inequal-
ity
1) < t telty, T
(0] < (1, max (o)) 1€ o)

where g € C([ty, T) x Ry, R, ) and g(¢,u) is monotone nondecreasing in u for each . Sup-

pose that (¢) is the maximal solution of the scalar initial value problem

u' =g(t,u), u(ty) =uo>0 (2.20)
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existing on [ty, 7). Then
e(2)| = |x(2,20,%0)| < 7(2) (2.21)

whenever |xo| < ug and r(¢,fy,up) = r(¢) is the maximal solution of the scalar IVP (2.20)
and x(¢) is any solution of the causal differential equation (2.15).
Proof. Let m(t) = |x(¢,%9,x0)|. Then,

D_m(t) = liminf , in(t + ) — (1)
< (0] = 1(0%)(0)
<g (t,tgréeslém(s)> .
To prove the stated inequality (2.21), it is enough to show that
m(t) <u(t,€) (2.22)
where u(z,€) is any solution of
() =glt,u)+e, ulty) =uo+e,

€ > 0 being sufficiently small, since limg_,ou(t,€) = r(¢).
If (2.22) is not true, there exists a #; > fy such that

m(t) = u(t1,€) and m(t) < u(t,€), on [ty, ).
This yields
D_m(t;) > u'(t;,€) = g(ty,u(t1,€)) + €. (2.23)
Since g(¢,u) > 0, u(¢,€) is nondecreasing in ¢ and this implies
max m(s) =u(t;,€) =m(t)

lo<s<t]

and we get the inequality

D_m(h)<g (tl, max m(s)) =g(t1,u(ty,€))

to<s<t|
which contradicts (2.23). Hence the theorem is proved.
Remark. We observe that in the proof of Theorem 2.3.5, we get the contradiction at #

where maxy,<s<;, m(s) = m(t;) and therefore, it is enough to assume that

(00 < (1. max, ) @.24)
holds only on

Q={xeC([to, T],R") : max |x(s)| = |x(¢)|},

to<s<t
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instead of requiring the inequality (2.24) for all x € C([ty, T],R"). Hereafter, we will em-
ploy this observation and modify the assumption (2.24) to hold only for x € Q, whenever
we refer to Theorem 2.3.5.
Let us apply existence result of theorem 2.3.1 to the Volterra integral equation
t
x(t)=f)+ | K(t,s,x(s))ds = (Ox)(), t€][t,T),
to

where f and K satisfy the following assumptions:

(i) feC([to, T.R");
(i) K € C([to, T] x [to, T] x R",R").

Then, there exists a § > 0 such that #o + 0 < T and the integral equation x(¢) = (Qx)(¢)
admits a solution in C([tg,% + 8], R™).

The proof'is a consequence of the fact that the operator Q satisfies the hypotheses of Theo-
rem 2.3.1. Only compactness of operator O needs a little explanation, since continuity and
causality are obvious.

Assume that x(¢) € B C C([ty,t9 + 6], R") = C, with set B being bounded in C. This means
that we can find M > 0 such that |x(¢)| < M, ¢ € [ty,T] and x € B. The setJ x J x B, where
J = [to, T], is compact, i.e. it is bounded and closed in R”*2. This implies boundedness of
K on that set, |[K(¢,s,x)| < A4 for some 4 > 0, as well as its uniform continuity. One can

derive for x € B,

[(0x)(0)| < sup|f(O)| +A(T —10), 1€ [to,T]

and

[(Qx)(t+h) — (Qx) ()| < [f(t+h) - f(2)]

t t+h
+ [ |K(t+h,s,x(s)) —K(t,s,x(s))|ds—|—/t |K(¢+h,s,x(s))|ds.

fo
the first inequality proves the uniform boundedness of the set {(Qx) : x € B}, while the
second leads to the conclusion that the set is uniformly equicontinuous on [#y, T]. Ascoli-

Arzela theorem can be applied to get compactness of the operator Q.

2.4 Global Existence

Consider the IVP for causal differential equation

X(t) = (0x)(t), x(to) = xo, (2.25)
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where O € E = C([tg,),R") is a continuous causal operator. We shall first employ Ty-
chonoff’s fixed point theorem to get global existence of solutions of (2.25).
Theorem 2.4.1. Let O € FE and satisfy the estimate

[(Ox)()] <g(t, [x(@)]), xeQ, (2.26)
where Q = {x € E : max;,<s< |x(s)| = |x(¢)|} and g € C([tp,>°) x Ry, R ), g(¢,u) is mono-
tone nondecreasing in u for each ¢ € [fp,>0). Assume that, for every ug > 0, the scalar
differential equation

u' = g(t7u)7 Z/l(l()) =up >0, (227)
has a solution u(¢) existing on [tp,0). Then for every xo such that |xg| < u, there exists a
solution x(z) of (2.25) on [y, ) satisfying
x(t)] <u(t), te]tg,o).

Proof. Consider the space E, the topology on E being that induced by the family of pseudo-

=

norms {p,(x)}>_,, where forx € E,

pn(x) = sup |x(1)].

ty<t<n
A fundamental system of neighborhoods is then given by {V},(x)};_, where
Vax) ={x€E:py(x) <1}
Under this topology, E becomes a complete, locally convex linear space. Now, define a
subset Ey, Ey C E as follows:
Ey={xeQ:x(t)| <u(t), t >1to}, (2.28)
where u(¢) is a solution of (2.27) existing on [fy,0). It is clear that, in the topology of E,

the set Ey is closed, convex and bounded. Consider the integral operator defined by
t
(Tx)(f) = x0 + / (0x)(s)ds, (2.29)
fo

whose fixed point corresponds to the solution of (2.25). This operator T is compact in the
topology of E and therefore closure of TEj is compact in view of the boundedness of Ej.
To prove the theorem, it remains to be shown that TEy C Ey. To this end, we observe that

for any x € Ey

()01 < ol + [ 1(0x)(s)ds
<+ [ ' g5, Ix(s))ds

< |xo|—|—/ltg(s7u(s))ds7 (2.30)
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because of (2.29), (2.26) and (2.28). Here, we have used the monotone nature of g(z,u),
the definition of set £y and the fact that u(¢) is a solution of (2.27) with |xp| < ug. It then
follows from (2.30) that

[(Tx) ()] < u(),

proving that TEy C Ey and the proof is complete.
A direct proof of global existence is given by the following result.
Theorem 2.4.2. Assume that Q € E and is smooth enough to guarantee local existence
of solutions of (2.25) for any (¢,xo) and satisfies the inequality (2.26) for x € Q, where
g€ C(R%,R,), g(t,u) is nondecreasing in u for each ¢ € [ty, ). Suppose further that the
maximal solution r(¢) of the scalar equation (2.27) exists on [¢, ). Then the largest inter-
val of existence of any solution x(¢) of (2.25) such that |xo| < ug is [f9,°).
Proof. Let x(¢) by any solution of (2.25) with |xo| < uo, which exists on [ty, 3), for #p <
B < e and such that the value of B cannot be increased. Define

m(t) = |x(t)], to<t<p. (2.31)

Then, using the assumption (2.26), we obtain
D m(t) < (1) = |(Qx)(1)] < g(t, Ix(1)])
i.e. we have the differential inequality
D m(t) < g(t,m(t)), m(ty) < up.
Hence, by Theorem 2.3.5, we have
m(t) < x(0)| <r(t), t0<t<p,

where r(t) is the maximal solution of (2.27). For any #,,2, such that fo < #; <1, < J3,

x(t1) =x(12)] =

5]
1

| @nds

5]

< [ gls,m(s))ds
3l
5]

< g(s,r(s))ds

3
=r(t) —r(t1). (2.32)
Here we used (2.26), (2.31) and the monotone character of g(¢,u). Since lim,_,g-r(t)
exists and is finite, taking limits as ¢,, — B~ and using Cauchy criterion for convergence,
it follows that lim,_,g- x(¢) exists. We define

X(B) = Jim x(1)
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and consider the IVP

X (1) = (00)(t)
with initial value x(f3). By assumed local existence, we find that x(¢) can be continued be-
yond f3, contradicting our assumption about its interval of existence. Hence, every solution
of (2.25) with |xg| < ug exists on [ty,0) and the proof is complete.
Corollary 2.4.1. Assume that the causal operator Q in [VP (2.15) satisfies

(@) <A(Ox(0)], x e, (2.33)

in place of (2.26), where A (¢) > 0 is continuous on [fy,), g(u) > 0 is continuous for u > 0,
g(0) =0, g(u) > 0 for u > 0 and g(u) is nondecreasing in u. If g(u) satisfies

= du
— oo 2.34
L, s (234)

for ug > 0, then for every xo € R”, there exists a solution of (2.25) for ¢ > #.
Proof. The result follows from Theorem 2.4.1 if we show that the scalar differential equa-
tion

W' =2A(t)g(u), ulty)=up>0 (2.35)
has a solution existing for ¢ > #. If we write

u du t
Gu) = / ot = | aas

it is easily seen that the function G(u) is strictly increasing in u and hence, its inverse exists.
In view of the assumptions concerning g, the domain of the inverse function is [0,) and

therefore, the solution u(¢) of (2.35) is defined for ¢ > ¢.

2.5 Existence and Uniqueness

Consider the IVP for causal differential equation

X (t) = (Ox)(1), x(t0) = xo, (2.36)

where Q € E = C(J,R"), Q: E — E and J = [ty, % + a]. This IVP is equivalent to
1
x(t)=xo+ [ (Ox)(s)ds, teJ. (2.37)
lo
We shall first discuss the uniqueness result for (2.36) under Lipschitz condition and apply
the contraction mapping theorem to get local existence and uniqueness.

Theorem 2.5.1. Suppose that O satisfies

[(0x) (1) = (Q)(1)] < Llx(t) =¥(1)], x.y€Q, L>0, (2.38)
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where

Q= {xy € E: max |x(s) —y(s)| = k(1) —»(0)]}.

to<s<t
Then, there exists a unique solution x(¢) of IVP (2.36) on J if a < i

Proof. Define the metric

x—=ylo=max I|x(s)—y(s)]

to<t<to+a
forall x,y € E. For any x € E, define operator 7 on J by the relation

t
Tx(0) =0+ [ (0%)(s)ds.
so that T'x € E. Using (2.38), we get for x,y € Q,
t
|Tx(1) = Ty(1)| < /t [(Ox)(s) — (Qy)(s)lds

t

<L [ max |x(s)—y(s)|ds

ty loss<t
< aLlxr—yly (2.39)
which implies
|Tx — Tylo < La|x — y|o. (2.40)

Then, if La < 1, T is a contraction and the contraction mapping principle assures that there
exists a unique fixed point of T, say x* which shows that x*(¢) is the unique solution of IVP
(2.36) on J. The proof is complete.

If, on the other hand, we use the weighted metric,

_ — _ —As
x =yl ) Slgggﬁlx(s) y(s)le ™, A >0,

and A to be chosen later suitably, we get from (2.39)
t t
|Tx(t) — Ty(t)| < L/ max |x(s) —y(s)|e *eMds < L|x —y|*/ Mds
t lo<s<t )

so that
—At Y ML
e M)~ Ty(o)| < Le =1, = 7 =,

and
1
Tx =Tyl < ) o=l
by choosing A = 2L. Now, the contraction mapping principle shows that there exists a
unique fixed point of 7, say x*, which is the unique solution of IVP (2.36). This approach
avoids restriction La < 1.
We shall next discuss the convergence of successive approximations for IVP (2.36) under

a condition more general than (2.38) and the proof is very instructive.

Theorem 2.5.2. Assume that the following hypotheses hold:
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(i) Q € E =C(Ry,R") where Ry = {(¢,x) : t € J, |x —xplo < b} and |(Ox)(¢)| < Mp on
Ro;
(ii) g € C(J x [0,2b],R4), 0 < g(t,u) < M; on J x [0,2b], g(¢,0) =0, g(¢,u) is nonde-

creasing in u for each ¢ and u(¢) = 0 is the unique solution of the scalar IVP
u' =g(tu), uty) =0, teJ; (2.41)
(ii1) whenever x,y € Q,

[(Ox)(t) = (Qp)(1)] < g2, |x(t) = y(1)]) on Ry. (242)
Then the successive approximations defined by

Xur1(8) =x0+ | (Oxn)(s)ds, n=0,1,2,.. (2.43)

1
to
on [ty,ty + o] where o = min(a,b/M), M = max{My,M;}, converge uniformly to the
unique solution x(¢) of IVP (2.36).

Proof. It is easy to see, by induction, that the successive approximations (2.43) are defined

and continuous on [to, %y + o] and
|xn(t) —x0| <b, n=0,1,2,...

We shall now define the successive approximations for IVP (2.41) as follows:

uy = M(l‘ — t())
, (2.44)
Un1(t) = Jy &(s,un(s))ds, t € [to,to+ 1]
An easy induction proves that the successive approximations (2.44) are well defined and

satisfy
0 <uyp1(t) <up(t), onlto,t+ .

Since |u),(¢)] < My, we conclude by Ascoli-Arzela Theorem and the monotonocity of the

sequence {u,(7)} that

lim u,(t) = u(t), t€ ty,to+ 0]

n—oo
uniformly. It is clear that u(¢) satisfies (2.41) and hence by (ii), u(¢) = 0 on [to,? + o] by
Lemma 1.3.4. Now,

t
1 (1) —xo] < /, (Ox0) (s)ds < M(t —15) = uo 1).
0
Assume that for some fixed integer £,

ek () = x4—1 ()] < g1 (2).
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Since
s () = ()| < | 1(0x)(5) — (@) (5)1ds,

using the nondecreasing nature of g(¢,u) in u and the assumption (iii), we get

11 (0 =350)| < [ a1 () = w0
in view of (2.44) and Theorem 2.3.5. Thus, by principle of induction, the inequality
X1 (8) = xn(0)] S (1), 1 € [t0,20+ 0 (2.45)
is true for all n. Also,
1 (8) =2, ()] < [(Qxa) (1) = (Oxu—1) (1)
< 8(t, (1) = xn1(1)])
< g(t,up—1(2)), (2.46)

because of (2.45) and the nondecreasing character of g(¢,u). Let n < m. Then one can

easily obtain using (2.46),
[ (£) = x5, ()] = [Ox—1(2) — (Qxm—1)(1))|
< N(Qxa) (1) = (Oxn—1) ()| 4 [(Qom) (1) — (O —1) (1))
+[(Oxn) () — () (1)
(

Since u,11(t) < uy(2), it follows that
D" () —xm ()] < g(t, Prn (1) = xm(0)]) + 28, 1 (1))
where D is the Dini derivative. An application of Theorem 1.4.1 in [4] gives
en (1) =xm(0)] < 7)1 € 10,00+ 0,
where r,(¢) is the maximal solution of
vy = g(t,va) +2g(t,un-1(2)),  va(to) =0,

for each n. Since g(¢,u,—1(¢)) — 0, as n — oo, uniformly on [to, 7y + ], it follows by Lemma
1.3.4 that r,,(¢) — 0 uniformly on [fo,% + o/]. This implies that x,(¢) converges uniformly
to x(¢) and it is now easy to show that x(¢) is a solution of (2.36) by standard arguments.
To show that the solution is unique, let y(¢) be another solution of IVP (2.36) existing on
[to,t0 + a]. Define m(¢) = |x(¢) — y(¢)| and note m(fy) = 0. Then,

D m(t) < ¥ (6) =/ () = (0x)(£) = (Q9) (1)]
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< g(t,x(2) = y(0)[) = g(t,m(1)),
whenever x,y € Q, using assumption (iii). Again, applying Theorem 2.3.5, we get

m(t) <r(t), te [t()J()-l-OC]7

where r(¢) is the maximal solution of IVP (2.41). But by assumption (ii), 7(¢) = 0 and
this proves that x(¢) = y(¢). Hence the limit of the successive approximations is the unique
solution of IVP (2.36) and the proof is complete.

Let us now obtain an error estimate between the solution and an approximate solutions of
IVP (2.36).

Definition. A function y,(t) = y(¢,€), € > 0, is said to be an approximate solution of IVP
(2.36) with y(to,€) = yo, if y(¢, €) satisfies the inequality

b (t,€) = (Qve)(t)| <€, th<t<ty+o.

We can prove the following result which provides the desired estimate.
Theorem 2.5.3. Assume that Q in (2.36) satisfies

[(0x) (1) — (Qve) (1) < g(t,]x(t) —¥(t,€)[)
where g € C([tg,to + o] x R4, R ). Then
(1) = y(t.€)] < r(t,to,uo,€), € [toto+ ],

where r(¢,ty,uo, €) is the maximal solution of (2.41) with ug = |x¢ — yo|.
Proof. As before let m(¢) = |x(¢) —y(¢,€)|. We obtain,

DW() X' (t) =y (t,€)|

X (1) = (Ox) ()] +[(Qre) (1) = ¥'(t, €)]|
+1(0x)(1) = (Qye) (1)]

< e+g(t, x(t) —y(t,€)])

=g(t,m(t))+e€, onlh,t+al

This yields, by Theorem 2.3.5, the estimate
x(#) —y(t,€)| < r(t,t0,1x0 —yol,€), 1 € [to,to+ ).
If g(¢,u) = Lu, then it is easy to get
(6) = (12)] < o — ol exp(Llt —10)) + 7 (¢HE) = 1)

since the RHS is the solution of &’ = Lu, uy = |xo — yo|.
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2.6 Nagumo-Type Conditions

We continue to consider IVP (2.36) and prove the convergence of successive approxima-
tions to the unique solution when Nagumo-type conditions are assumed for the causal op-
erator Q.

Theorem 2.6.1. Suppose that the hypothesis (i) and (ii) of Theorem 2.5.2 hold. Suppose
further that for x,y € Q,

[(0x) (1) — (Q)(1)] <

Then, the conclusion of Theorem 2.5.2 is true.

() =y(1)]

t #1o. 2.47
f—n # 1o (2.47)

Proof. It is easy to show that the sequence defined by (2.43) is uniformly bounded and
equi-continuous on [f,# + ¢] and hence, there exists uniformly convergent subsequences.

Suppose that
Xn(t) —xy—1(¢) — 0asn — oo,

then (2.43) implies that the limit of any such subsequence is the unique solution of (2.36).
It then follows that a selection of the subsequence is unnecessary and that the full sequence
{xx(#)} also converges uniformly on [ty, % + o] to the unique solution.
To prove the conclusion of the theorem, it is therefore sufficient to show that m(¢) = 0,
where

m(t) = limsup |x, (¢) — x,—1 (¢)]- (2.48)

n—oo

We shall first show that m(¢) is continuous for o < ¢ <#p+ a. Since we have |(Ox)(¢)| < My

on R, we see that

X (t1) —xp—1(t1)| < xn(t2) —xn—1(82)| +2Mo|t; — 12|

<m(ty) +2Molt —t2| + €
for large n, if € > 0. Hence, we have
m(t1) <m(tr) +2Mylty — 2| + €.
As t1,t; can be interchanged and € > 0 is arbitrary, we obtain
m(t1) —m(t2)| < 2Mo|t — 12},

which proves the continuity of m(¢). The assumption (2.47) together with the relation
(2.43) yields

n 1 (1) = xn(1)] < /mt |(Oxn) () — (Oxn—1)(s) ds
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< [ 5= ) bnls) — 15,

0
for ¢t # 1y, t € [to, % + ] and for those x,(¢) which belong to Q for a fixed ¢ in [t, %) + ],

there is a sequence of integers n; < ny < ... such that
1 () —xa(t)| — m(2)
as n = ny — oo and that

m*(s) = Hm |x,(s) —x,—1(s)]
exists uniformly on [ty, % + o]. Thus,
t
m(t) < / (s—10)""m* (s)ds. (2.49)
to
Since g is assumed to be monotone nondecreasing in u and m*(s) < m(s), we obtain from
(2.49) the inequality
t
m(t) < / (s—10) "m(s)ds, 1 +1. (2.50)
1
Now,
t . t
mit) = limsup [ |x,(s) —x,—1(s)|ds,
t— t() t— 1 n—ooo )
and therefore as t — ¢,

1 t
lim (m(t) ) = lim [ limsup [ |x,(s) —x,,_l(s)|ds}
t—ty | T — 1

t—ty t— t() n—oo

= limsup lim

1 t
n—soo =10 |:(Z‘_[O) /t() Ixn(S) _xn—l(S)|dSi|
= limSUp[I(an_l)(to) — (an_z)(to)l] — 0

n—oo

Setting y(¢) = :'1(2 and noting y(#y) = 0, it is enough to show that y(¢) = 0. If this is not

true, let
B= togr[n;?mw(t) =y(n).

Then we get from (2.50) that
B<n-0)" [

to S—t()

t t
) e~ i —10)"! [ w(s)ds
to

<B(t; —15)! " s = B.

to

This is a contradiction and hence the proof is complete.
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The next result is a generalization of Nagumo’s Theorem known as Krasnoselskii-Krein’s
Theorem.

Theorem 2.6.2. Assume that hypothesis (i) and (ii) of Theorem 2.5.2 hold. Assume also
that for x,y € Q,

(@0 - @] < Ik @.51)
and
(@90~ (@) <Ch()—¥(I*, 0<a<l, Ki-a)<l. (@3

Then the conclusion of Theorem 2.5.2 is valid.
Proof. Let x(¢),y(¢) be solutions of (2.36) and m(¢) = |x(¢) — y(¢)|. Then using (2.52), we

have
o) < [ Cixts)—x(s)1%ds = [ Clm(s))“as.
Set ' 0
R) = [ Clnls))as
so that '

R'(t) = C(m(2))* < C(R(t))".
It is easy to see that ¢ 4 (R'"™%(r)) <C(1 — &) < C and hence (R(¢))'~* < C(t —1o).
This shows that

m(t) <R(t) < Ci(t —ty) Ia for some Ci.

Setting

the following inequality
1-K(1-o)

0< yw(t) <Ci(t—to) e K =Ci(t—1p) -

is satisfied. Since K(1 — o) < 1, it follows that y(¢y) = 0. It is now enough to show that
y(t) = 0 to prove the theorem. If not,

_ _ _ m(t)
ﬁ - toSItnS%;grOtW(t) o W(tl) o (tl — l‘o)K
<l [

= (t —to) Kll/( )(s—to)< " ds

lo

< B(t; —to) KK/ 0K ds < B,
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using (2.51). This contradiction proves the uniqueness of solutions directly. In order to
show the convergence of successive approximations, we can proceed as in Theorem 2.6.1
with minor modifications and therefore we do not give the proof. Note that, in this case,
K > 1 where as in Nagumo’s Theorem, 0 < K < 1.

Consider the example

X(1) = f(t.0)+ [ K(t,5,x(s))ds = (0x)(1), } 253
x(t()) = Xo,
where f and K satisfy
) — e < VST,
’ ’ - 2 t—t() ’ ’
and

K0~ Kles)l <2097 2 vz,
A(t,s) being continuous. Then,
'K (t5,x(s)) — K (b, (s))\ds</t AS) o [x(s) = p(s)ds
A IR »S, Y = 0 (S—t()) to<s<t Y .

When x, y € Q, we have

t\{)ng); bx(s) —y(s)| = |x(t) = y(¢)]

and if f,g A(t,s) < ), then we get

(O0)(0) — (o)) < POy

t—1
which is the Nagumo condition for the causal operator Q. Theorem 2.6.1. can be applied
and the uniqueness of solutions of (2.53) follows.
One can, similarly arrive at Krasnoselskii-Krein type conditions by imposing suitable con-

ditions on f and K. We leave the details to the reader.

2.7 Continuous Dependence Relative to Initial Data

We shall consider the problem of continuity of solutions of the [IVP

X (t) = (Ox)(1), x(t0) = xo, (2.54)

with respect to the initial values #y,x¢. For this purpose, we need the following result.
Lemma 2.7.1. Let O : E — E = C([ty, T],R") and let

G(t,r)= max [(Ox)(?)].

x(t)—xo|<r
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Assume that r*(¢,1,0) is the maximal solution of
' =G(t,u), u(ty)=0.
Let x(¢) = x(¢,t9,x0) be any solution of (2.54). Then
|x(¢) — xo| <7 (£,8,0), ¢t € [to, T].
Proof. Define m(t) = |x(¢) — x¢|. Then,

Dm(t) < (1) = [(Qx)(1)| < max [(Ox)(1)] < G(t,m(1)).

x(#)—xo]

This implies by Theorem 1.3.2 that
|x(¢) —xo| < 7*(¢,20,0) on [to, T]

proving the lemma.

Theorem 2.7.1. Let O : E — E and satisfy

[(0x) (1) = (V) ()] < g(t, [x(1) =y()]), %y e, (2.55)

where g € C([to, T] x Ry, R). Assume that u(¢) = 0 is the unique solution of the scalar

differential equation

/

u =g(t,u), ulty)=uo, (2.56)

with ug = 0. Then, if the solutions u(¢,#y, ug) of (2.56) through (#y,uo) are continuous with
respect to (¢, u), then the solutions x(¢,%y,x) of (2.54) are unique and continuous with
respect to the initial values (¢o,x).

Proof. Since the uniqueness follows from Theorem 2.5.2, we have to prove the continuity
part only. To this end, let x(¢) = x(¢,49,x0), ¥(t) = ¥(¢,%,y0) be the solutions of (2.54)
through (fy,x¢), (t0,y0) respectively. Defining m(¢) = |x(¢) — y(¢)|, we obtain from (2.55),

D m(t) < g(t,m(t))
and by comparison Theorem 1.3.2, we have
m(t)ér(tat()alxo_yOI)v te [t()vT]a

where r(2,y,uo), with ug = |xo — o/, is the maximal solution of (2.56). Since the solutions
u(t,to,up) of (2.56) are assumed to be continuous with respect to initial values, it follows

that

lim 7(¢,, |xo — yo|) = r(t,1,0),
0

X0
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and by hypothesis, r(z,#,0) = 0. This, in view of definition of m(¢), shows that

lim x(¢,%,%0) = y(¢,t0,30)
X0—Y0

and the continuity of solutions relative to x¢ follows.

We shall next prove the continuity with respect to 9. If x(¢,%0,x0), y(¢,21,%0), t1 > to, are
any two solutions of (2.54) through (¢9,x0), (#1,x0) respectively, then as before, we obtain
the inequality

D m(t) < g(t,m(t))

where m(t) = |x(¢,t0,x0) —y(¢,t1,%0)|. Also m(t1) = |x(t1,29,x0) — xo|. Hence, by Lemma
271,

m(t1) < r*(t1,t9,0)
and as a result
m(t) <F(t), t>n,
where
F(t) =r(t,t1,r"(t1,2,0))

is the maximal solution of (2.56) through (1, 7*(¢1,1,0)). Since *(¢9,p,0) = 0, we have

tlin} Pt 0, (t1,10,0)) = F(¢,4,0)

10
and by hypothesis, 7(¢,%,0) = 0. This proves desired continuity of solutions relative to #)
and the proofis complete.
We shall now prove the continuous dependence of solutions of (2.54) with respect to a
parameter.

Theorem 2.7.2. Suppose that Q : E* — E, where E* is an open set in £ = E x R that
contains the parameter y and for g = o, let xo(¢) = x(¢, 4y, x0, o) be the solution of

X(t) = (0x,u)(1),  x(to) = xo, (2.57)
existing on [fy, T']. Assume that
Jim (O, 1) (1) = (Ox, o) (¢) (2.58)
uniformly in (¢,x(¢)) and

[(Ox, 1) (2) = (Qy, ) ()] < (2, |x(2) = (1)), (2.59)
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for x,y € Q, where g € C([ty, T] x R4+,R4). Suppose that u(¢) = 0 is the unique solution

0
of (2.56) with u(f)) = 0. Then, given € > 0, there exists a 6(€) > 0 such that, whenever
|1 — ol < 8(¢), the IVP

X (1) = (Ox,u)(t),  x(to) =xo (2.60)
admits a unique solution x(¢) = x(¢,#y,xo, it ) satisfying
() —xo0)l <2, 1€, T].

Proof. The uniqueness of solutions is obvious from Theorem 2.5.2. From the assumption
that u(¢) = 0 is the only solution of (2.56), it follows by Lemma 1.3.3 that given any com-
pact interval [fo, 7 +a] C [to, T] and any € > 0, there exists a positive number n =n(g) >0

such that the maximal solution r(¢,#y,0,7) of

/

u =g(t,u)+n
exists on [fg, 7] and satisfies
r(tat0707n)<87 te[t()aT]‘

Also, because of (2.58), given 11 > 0, there exists a 0 = (1) > 0 such that, whenever
|t — 1ol < 8, we have

(Ox, 1) (2) — (O, o) (1) < .
Now let € > 0 be given and define
m(t) = [x(t) =xo(1)],

where x(¢), xo(¢) are the solutions of (2.57), (2.60) respectively. Then, using assumption
(2.59), we get

D m(t) <g(t,m(t))+n
and by comparison Theorem 1.3.2,
m(t) < r(t,t9,0,1).
Hence, whenever |1 — to| < 8,we have
|x(2) —xo(t)| <&, ¢t€lto,T].

Clearly, 6 depends on € since 1 does. The proof is complete.
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2.8 Existence of Euler Solutions

We consider the IVP for causal differential equation

X (1) = (0x)(t), x(to) =xo, (2.61)
where O : E — E, E = C([tp, T],R"). Let
7T={t0,t1,...7tN=T} (2.62)
be a partition of [fp, | and consider the interval [¢y,]. Note that the right side of the causal
differential equation
X(t) = (Ox0)(to), x(to) = xo
is a constant on [fy,#;] and hence, the IVP (2.61) clearly has a unique solution x(z) =
x(t,t9,x0) on [tg,t1]. We define the node x; = x(#;) and iterate next by considering on
[tl 7t2], the IVP
X(t)= (1) (), x(t)=x.
The next node is x; = x(t2) = x(t2,¢1,x1) and proceed this way till the entire arc xz = x.(¢)
has been defined on [fy, T]. We employ the notation x to emphasize the role played by the
particular partition 7 in finding the arc x; which is the Euler polygonal arc corresponding
to the partition 7. The diameter u, of the partition 7 is given by
Ur =max[t;i—t;1 : 1 <i<N]. (2.63)

Definition 2.8.1. By an Euler solution of (2.61), we mean any arc x = x(¢) which is the
uniform limit of Euler polygonal arcs xz, corresponding to some sequence 7; such that
m; — 0 i.e. as the diameter Uy, — 0 as j — oo.

Clearly, the corresponding number N; of the position points in 7; and the nodes also go to
oo, Also, the Euler arc satisfies the initial condition x(y) = xo.

We can now prove the following result on the existence of Euler solution for IVP (2.61).
Theorem 2.8.1. Assume that

(i) forx € Q= {x € E : maxy <s<7 |x(s)| =x(¢)} and € [to,T],

[(Ox) (1) = g(t, [x(2)]),
where g € C([ty, T] x R+, R4 ), g(¢,u) is nondecreasing in (¢, u);

(ii) the maximal solution r(¢) = r(¢,fy,uq) of the scalar differential equation
u' =g(t,u), u(to)=uo, (2.64)

exists on [to, T']. Then
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(a) there exists at least one Euler solution x(¢) = x(¢,4p,xo) of the IVP (2.61) which
satisfies the Lipschitz condition;

(b) any Euler solution x(¢) of (2.61) satisfies the relation
x(#) —xo| < 7(t,t0,u0) —uo, 1 € [to,T], (2.65)
where 1 = |x¢].

Proof. Let 7 be the partition of [t, T] defined by (2.62) and let x; = x-(z) denote the
corresponding arc with nodes of x, represented by xg,x1,...,xy. Let us set x; = x;(¢) on
i <t<ty1,i=0,1,...,N—1and observe that x;(#;) = x;, i = 0,1,2,...,N. On the interval
(ti,t:+1), we have

()] = [(0x:) ()] < g(ts, xi).- (2.66)

On [to, 1], we obtain
t t
() 30l = o+ [ (©x0)(t0)ds 0] < [ [(@x0)(t0)lds
to to

¢ ¢

< [ et lxolds < [ glo.r(s))ds
0 )

= I’(t,to, |x0|) - |x0|

< r(T,tp, |x0|) — |xo| = M, say.

Here we have employed the properties of the norm and the integral, monotone character

of g(t,u) in u and the fact that r(¢,#y,u9) > 0 is nondecreasing in ¢. Similarly, we get, on

t1,6],

a(e) =0l = bt + [ (@31)(a)ds )
= |xO—I—[tl(QXO)(to)dS+[t(Qxl)(ll)dS—xOl
</ " (0v0) t0)lds + / '(Om) (en)lds

< t:l g(s,r(s))ds+/tltg(s,r(s))ds
= tg(sm(s))ds <r(T,t,|x0|) — |xo0| = M.

to
Proceeding in this way, we obtain on [#;, 1],
|xi(2) —x0| < r(T,t0,|x0]) — |x0| = M.
Hence, it follows that

|xz(¢) —x0| <M, on[ty,T].
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Also, from (2.66), we have
2 ()| < g(T,r(T)) = r'(T.t0,Ix0|) = K, (say).

Consequently, using similar arguments, we can find forfy <s <t < T,

n(t) —xa(s)] < / ' (Qxe) (2)dz - / " |(Qxa) (2)ldz

< tg(z,r(z))dz— xg(z’;»(z))dz

lo lo

- / t g(z,r(z))dz = r(t) — r(s)

=/(0)|t—s| <K(t—s)

for some o, s < 0 <t¢, proving x(¢) satisfies Lipschitz condition with constant X on [to, 7.
Now, let 7r; be a sequence of partitions of £y, T'| such that ; — 0, i.e., fiz ; — 0 and therefore

Nj — eo. Then, the corresponding polygonal arcs x on [ty, '] all satisfy
xXz;(to) = X0,  |xr;(t) —xo| <M and \x;rj (1) <K.

Hence the family {x,} is equicontinuous and uniformly bounded, and as a consequence,
Ascoli-Arzela Theorem guarantees the existence of a subsequence which converges uni-
formly to a continuous function x(¢) on [tp, 7] and that is also absolutely continuous on
[to, T]. Thus, by definition, x(¢) is an Euler solution of the IVP (2.61) on [t, T] and the
claim of the theorem follows. The inequality (2.65) in part (b) is inherited by x(¢) from
the sequence of polygonal arcs generating it when we identify 7 with ¢. Hence the proof'is
complete.

If (Ox) in (2.61) is assumed continuous, then one can show that x(¢) actually satisfies (2.61).
Theorem 2.8.2. Under the assumptions of Theorem 2.8.1, if we also suppose that O is
continuous, then x(¢) is a solution of IVP (2.61).

Proof. Let x;; denote a sequence of polygonal arcs for IVP (2.61) converging uniformly
to an Euler solution x(¢) on [t, T]. Clearly, the arcs xz,(¢) all lie in B(xo,M) = {x € E :
|x —x0| < M} and satisfy Lipschitz condition with some constant K. Since a continuous
function is uniformly continuous on compact sets, for any given € > 0, one canfinda é >0

such that
|x—x*| <8, |t—1t"| <& implies |(Qx)(t) — (Ox*)(t¥)| < &

for ¢,t* € [t, T], x,x* € {xz,;}. Let j be sufficiently large so that the particular diameter
Hr; satisfies Uz, < 6 and K Uz, < o for any ¢ which is not one of the infinitely many points
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at which x; is a node, we have x;tj (t) = (Qxz;)(7) for some 7 within yz; < & of ¢. Since

|x7rj (t) _xﬂj(f” S K.unj < 57 we get

i, (8) — (O, ) (1) = [(Qxmy ) (7) — (O ) (1)] < €.

It follows for any ¢ € [ty, T|, we obtain

e, (1) =32, 10) = | (O ()ds

t
0

(1) + ’x;rj (s)ds —xx, (t9) — / ' (Orn)(5)ds

fo fo

/t:x;rj(s)ds — /[:(Qxﬂj)(s)ds

< [ 1ty (5) = (@m0 b

< S(t—to) < S(T—to).
Letting j — oo, we have from this inequality,

< E(T—to).

(1) —x0— /m ' (0%)(s)ds

Since € > 0 is arbitrary, it follows that

t

x(t) =xo+ | (Ox)(s)ds, t€[t,T],
which implies that x(¢) is continuously differentiable and therefore,
(1) = (0x)(t), x(to) =x0, 1€ to, .

The proof'is complete.

Remark 2.8.1. One can extend the notion of Euler solution of (2.61) from the interval
[to, T] to [to, o), if we define Q and g on [y, <) instead of [ty, T'] and assume that the maximal
solution 7(¢) exists on [fy,e). Then we can show that an Euler solution exists on every

compact interval [tg, T], 1o < T < eo.
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2.9 Flow Invariance

Consider the IVP

X(t) = (0x)(t), x(to)=x0€F (2.67)

where F is a closed set in R” and O : £ — E = C([tg, ), R").

Definition. The set F is said to be flow invariant with respect to Q if every solution x(¢) of
(2.67) on [tg,=°) is such that x(¢) € F forty < ¢ < oo

A set B is called a distance set if for each x € R”, there corresponds a point y € B such that
d(x,B) =|x—y|.

A functiong e C [Ri, R, ] is said to be a uniqueness function if the following holds:

If m € C[R4,R.] is such that m(y) < 0and D*m(t) < g(¢,m(t)) whenever m(t) > 0, then
m(t) <0 forty <t < oo

We shall first prove a result on flow invariance for set F'.

Theorem 2.9.1. Let /' C R” be closed and distance set. Suppose further that, for each ¢,

(i) limy_o ,d(x+h(Qx)(t),F) =0, t>tandx € JF;

(i) [(9x)(1) = (Qy) (1) <g(t, [x(£) =y(1)]), x,y € Q, x €R" —F, y € IF and t > 1y, g being
the uniqueness function.

Then F is flow invariant with respect to Q.

Proof. Let x(¢) be a solution of (2.67) for t > #,. Assume thatx(¢) € F forty <t <ty+a <
oo, [to,%p + a) is the maximal interval of existence i.e. x(¢) leaves the set F' at t = #y + a for
the first time. Let x(¢)) € F, t; € (fo+ a,°°) and let yy € JF be such that

d(x(tn),F) = |x(t1) = yol-

Set for ¢ € [tg, o), m(t) = d(x(¢),F) and v(¢) = |x(¢) — yo|. For h > 0 sufficiently small, we

have, letting x = x(t1),

m(ty +h) < |x(t; +h) —yo—h(Qyo)(t1)| +d(vo+h(Qyo)(t1),F)
< |x+h(0x)(t1) —yo — h(Qyo)(t1)| +d(vo+ h(Oyo) (1), F)
+x(t1 +h) —x —h(0x)(t1)]

< [x—yol +hg(tr, |x = yol) + o(h).
Setting m(t;) = v(t;) > 0, we obtain

D+m(t1) <gty,m(t)).
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This implies, in view of the fact that g is a uniqueness function and m(fy) = 0, that m(¢) <0,
to <t < oo, This contradicts d(x(#1),F) = m(t;) > 0. The proof is complete.

Next we consider weak flow invariance of Q. The system (F, Q), where F' C R” is closed, is
said to be weakly flow invariant provided that for all xy € F, there exists an Euler solution
x(t) of (2.67) on [fy,e) such that xo = x(fy) and x(¢) € F, ¢ > p. In order to prove weak
invariance, we have to employ the notion of proximal normal.

Let F C R” be a closed set. Assume that for any x € R” such that x and F are disjoint and
for any s € F, there exists a z € R” such that x = s+ z. Then x — s is called the Hukuhara
difference. Suppose now that for any x € R”, there is an element s € /" whose distance to x

i1s minimal, i.e.,
_ sl = inf lx—
|x —s] sélé |x —so],

then s is called a projection of x onto F'. The set of all such elements is denoted by Projz(x).
The element x — s will be called the proximal normal direction to F* at s. Any nonnegative
multiple & =¢(x—s), ¢ > 0, is called the proximal normal to F at s. The set of all & obtained
in this way is said to be the proximal normal cone to F at s and it is denoted by N%(s).

We can now prove the following result which offers sufficient conditions for the weak
invariance of the system (F, Q) in terms of proximal normal.

Theorem 2.9.2. Let O satisfy the assumptions of Theorem 2.8.1. Let 4 be an open set
containing x(¢) for all ¢ € [fy,T]. Suppose that for any (¢,z) € (fp,T) X 4, the proximal

aiming condition is satisfied i.e., there exists s € Proj,(z) such that
((Q2)(1),2—5) <0,
where (-, ) is the inner product. Then we have
d(x(t),F) <d(x(to),F), t€[to,T].

Proof. Let x; be one polygonal arc in the sequence converging uniformly to x, as per
definition of the Euler solution. As usual, denote its node at ¢; by x;, i =0,1,...,N and
xo = x(tp). We may suppose that x(¢) lies in set 4 for all 7 € [fy, T]. Accordingly, there

exists for each i, a point s; € Proj 4(x;) such that

((Oxi)(t:),xi —si) < 0.
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Letting K be the apriori bound on |x/;|, we calculate
dz(xl,F) < |)C1—S()|27 (since xp € F)
= |x1 —xo|” + xo — so[* +2 (x1 —x0,%0 — 50)

1
< Kz(tl —t())z +d2(xo7F) -‘1-2/ <x’,r(t),XQ —s0>ds
to

= Kz(tl —10)2 —‘rdz(X(),F) +2 ttl <(Qx0)(to),x0 —S()> ds

< K (t1 —t9)* + d*(x0, F),

since the inner product in the integral term is < 0. The same estimates apply at any node x;

and hence
dz(xiaF)Sdz(xi—h )+K2( ti—ti— 1) .

Repeating this recursively, we get

i
d*(xi,F) < d*(xo,F 2 t—t1-1)

< d*(xo,F) + K’z Z(U —1-1)
=1

< d*(x0,F) + K> un(T — t9).

Consider now the sequence xr; of polygonal arcs converging to x. Since the above estimate
holds at every node and since [z, — 0, same K applying to each xr;, we can deduce that in

the limit,
d(x(t),F) <d(x(to),F), t€to,T]

as claimed. The proof is complete.

2.10 Systems of Causal Differential Inequalities

As we have seen in earlier sections, most of the results relative to causal differential equa-
tions which depend on causal differential inequalities are proved only for the scalar case.
This includes the existence of extremal solutions as well. If we wish to extend such results
to systems of causal differential equations, we need to first prove the corresponding results
for systems of causal differential inequalities. For this purpose, we shall make use of vec-

torial inequalities freely, with the understanding that the inequalities are component-wise,
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i.e., the vectorial inequality x < y, x,y € R” implies that x; < y; holds for each i, 1 <i <wn.
We need the following notion of quasi-semi monotonicity relative to the causal operator.
The operator Q : E — E = C([tp, T],IR") is said to be quasi-semi monotone nondecreasing,

if for any x,y € E, x <y and x; = y;, and for any fixed i, | <i < n, we have

(Ox)(t) < (Qw)(t), foreach i. (2.68)

and Q; is semi-nondecreasing for each i.

This concept is to be imposed on O when we deal with systems of causal differential in-
equalities and existence of extremal solutions. As an extension to the case of systems, we
shall indicate the proof of one result corresponding to Theorem 2.2.3.

Theorem 2.10.1. Suppose that v,w € C'([ty, T],R"), Q € C([to, T],R") and

V() <(Ov)(t), W(t)=>(Ow)(t), tE€lt,T], (2.69)
where the inequalities are component-wise. Assume further that Q is quasi-semi monotone
nondecreasing in x. Then v(fy) < w(ty) implies

v(t) <wl(t), tE€ln,T], (2.70)

provided one of the inequalities in (2.69) is strict.
Proof. If (2.70) is not true, then the initial condition v(¢y) < w(t), together with continuity
of v, w yields that there exists an index i, | <i<nanda# >t such that

vi(t) =wi(th), vi(t) <w;(n), i#j, 1<j<n 2.71)

and v;(t) <w;(t), 1<j<n, fH<t<h .
Suppose that the second inequality in (2.69) is strict. Using (2.71), it follows that for index
I,
vi(t) > wilt) (2.72)

and therefore,

(Ow)(1n) = vi(t) > wi(t1) > (Qw) (1) = (@)t
using (2.69), (2.71), (2.72) and the quasi-semimonotone nondecreasing character of Q.
This is a contradiction and hence the conclusion (2.70) is true for ¢ € [fy, T]. The proof is
complete.
For nonstrict inequalities, we state the following result.
Theorem 2.10.2. Suppose that the conditions of Theorem 2.10.1 hold. Assume further that

for each i,

(Q)(6) = (Q) (1) < Li max [xi(s) —yils)], 0 <Li<l.
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Then v(#y) < w(ty) implies v(¢) < w(t), 1o <t < T.
For the proof, we follow the proof of Theorem 2.2.2 with w;.(¢) = w;(¢) + &, for each i,

& > 0 and proceed with suitable modifications to get the strict inequality
Wie(t) > (Qiwie) (1), to <t <T.
Now, using the arguments of Theorem 2.10.1, we can prove
v(t) <we(t), te€lty,T]
and since € = (gy,...,&,) > 0 is arbitrary, we get for z € [ty, T

v(t) <w(t), telt,T].

2.11 Nonlinear Variation of Parameters

We shall develop, in this section, the nonlinear variation of parameters formula and for this
purpose, we need to prove the differentiability of solutions of causal differential system

relative to the initial values. Let us consider the causal differential system

W' (1) = (Qu)(t), ulto) =uo,

where Q is smooth enough to guarantee existence, uniqueness and continuous dependence
with respect to the initial values and parameters. Before we proceed, we state the following
integral mean value theorem which is needed.

Theorem 2.11.1. Let the Frechet derivative O, of O exist and be continuous. Then for

uy, up € J = [ty,to +nJ, we have

(Qu)(0) - (Qu)(6) = [ QA + (1~ A, () — ) ()

We begin with the following theorem, which establishes the continuity and differentiability

of the solutions with respect to initial values.

For convenience, we rewrite the causal differential system in the form
{ (1) = Q) (1) @)

u(ty) = ug

where O, € C[E, E] denotes a causal operator.

Theorem 2.11.2. Let u(¢,y,uo) be the unique solution of (2.73) existing on some interval

Jo = [to,to +n]. Assume that the Frechet derivative (Qyu) () = L(t,ty,uo) exists and is

continuous on E. Then,
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(a) o(t,t0,u0) = au(gtu‘)o’“°> exists and is a solution of

Z(¢) = L(t,ty,uo)(z) such that ¢ (to,t0,u) =1, (2.74)

where L(¢,ty,uo) is a linear operator and / is the identity matrix;

(b) y(t,to,u0) = au(i;’[t‘())’"‘)) exists and is a solution of
V() = L{t,t0,u0) (v) — (Qrou) (1),
y(to) = —(Qu)(t0) (2.75)

where (0, )(¢) is the term in (Qu)(¢) that depends on the initial time 7o;
(c) the functions ¢(¢,fy,up) and y(z,ty,up) satisfy the relation
t A
v (t,10,u0) + @ (2,20, u0) (O ) (t0) = ) R(t,s310,u0) (O 1) (s)ds, (2.76)
0
where R(z,s;1y,up) is the solution of the IVP
dR(t,s;t0,u)
ds
R(t,t;t0,u0) =1, 1o < s <t and R(t,t9;0,u0) = ¢(¢,%0,uo).

—|—L(t,t(),u())(R(t,S;t(),u())) =0, 2.77)

Proof. Under the assumptions on Q, it is clear that solutions u(z,y,up) of (2.73) exist,
are unique and continuous in #,#y and uo on some interval. Consequently, the operator
L(t,t,up) is continuous in ¢,7y, and uy on that interval. Therefore, the solutions of the
linear initial-value problems (2.74) and (2.75) exist and are unique over the same interval.
To prove (a), let ex = (e}, e2,...,e') be the vector such that e,]( =0ifj#kand &k = 1.
Then for some , @(¢,h) = u(t,ty,up + exh) is defined on Jy and limy,_o (¢, 1) = u(t,to,up)
uniformly on Jy. Let u(¢) = u(t,to,uo) and u(¢,h) = ii(¢t,h) — u(¢). Then differentiating
u(t,h) with respect to ¢ and using Theorem 2.11.1, it follows that

d ~ /
dtu(t’h) =4 (t,h)—u'(¢)

= (Qtoﬁ_Qt()u)(t)

1
= [ 100+ (1 = 2ulu(e)aA e, )~ u(e)
= L(tat()vu()vh)(ﬁ(t—"_h) - u(t))

Dividing by A, h # 0,

and since

u(toJ’l) u(to,to,u0+€kh) —u(l‘o,to,u())
ho h —
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it is clear that ”(2}0 is a solution of the following initial-value problem

{z’(t) = L(t,t0,u0,h)z, 27%)
z(to) = ex,

where L(t,ty,uo,h) = fol (01 (Aii+ (1 — A)u)],(t)dA. Since limy,_,g (¢, h) = u(t) uniformly
on Jy, continuity of (Qy,u), implies that limy,_,o L(¢,%,u0, 1) = L(t,t,uo) uniformly on Jy.
Also observe that L(¢,#y,ug,4) is linear and hence we conclude that (2.78) admits a unique
solution, which is continuous with respect to /4 for fixed #, ¢y, ug.

Next, consider the family of initial value problems defined by (2.78), with a small pa-
rameter A, for k = 1,2,...,n. Since the solutions corresponding to this family of ini-
tial value problems are all continuous functions of 4 for fixed ¢,7y,uq, it follows that
limy,_,¢ “(th’h) = aauou(to,uo), which is a solution of (2.74) with aiou(to,to,uo) = 1. Also,
in view of assumptions on L(,¢,uo), it is clear that aio u(t,to,up) is also continuous with
respect to its arguments.

To prove (b), define (¢, h) = u(t,to + h,up). Then, differentiating with respect to ¢ we have
u(t,h) =a(t,h) —u(t)
' (t,h) = (Oryn) (1) — (o) (2)
= (Qunit) () = (Qrosnt) (1) — (Qrou) (10 + 1)
-/ (O n(Ri+ (1 = A)lul)A (e, h) — u(t)) — (Ot + )
= L(t,t0,0,h) (@(t,h) — u(2)) — (D) ().
It is clear that "(Ih"h) is solution of the following initial value problem

{y’(f) = L(t,t0,u0,1)(z) — (Orp¥)(¢)

y(to+h) = Wo;hvh) =] ;Oo+h(Q,0u)(s)ds

where L(t,10,u0,h) = [y [Q+n(Ai+ (1= A)u)](t)dA.
Noting that limy,_ /11 (Oru)(8)ds = (Oyyu)(to) and using an argument similar to the argu-

(2.79)

ment in the proof of (a), we see that 8‘30 u(t,to,up) exists, is continuous in its arguments,
and is a solution of (2.75).

The result in (c) follows from the fact that ¢ (¢, 7y, uo) and w(¢,%,ug) are solutions of (2.74)
and (2.75), respectively, and the fact that R(z,s;1y0,uo) is the solution of the IVP (2.77),
which is a linear equation. observe that (2.74) is the homogeneous linear equation corre-
sponding to (2.75).

Having established the continuity and differentiability of the solutions of (2.73) with re-

spect to initial values, we now proceed to obtain the nonlinear variation of parameters
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formula for the solutions r(¢,2,uq) of the perturbed system

{ (1) = (Qr)(0) + (Byr)(t) (2.80)

r(to) = Uy,

where B, € C[E,E].
Theorem 2.11.3. Suppose the hypotheses of Theorem 2.11.2 hold. Let r(z,1y,uo) be any

solution of (2.80) existing on Jy. Then r(¢,#y,u) satisfies the integral equation
t ot .
r(t,t0,up) = u(t7t07u0)+/ / R(s,t;t0,u0)(Qsu)(0)dods
th Js
t
+ / 0(1,5,7(5)) (Pyr) (s)ds 2.81)
fo

where R(s,t;ty,up) is the solution of the IVP (2.77).

Proof. Setting p(s) = u(t,s,r(s)) where r(s) = r(s,ty,up), we have

p/(s) — au(tg;or(s)) + au(té‘j;:(s))r/(s)
= W(t,5,7(5)) + O (t,5,7(5))[(Qiyr)(5) + (Byr) (5)]-

Integrating from ¢y to ¢, we have

PO = plt) = [ [(t.5.(5) + 0(0.5.r))(Qyr)(9)ds
+ [ 9lesro))Byr) s
_ /to ’ S’R(t,s;to,uo)(qu)(o)dods
+ [ 0lesr) o) ()
Thus, using the fact that

u(t,t,r(t)) = r(t,to,up) and u(t,ty,r(to)) = u(t,to,uo),

we have
¢t .
r(t,to,ug) = u(t,to,up) + R(s,t;t0,u0)(Qsu)(0)dods

o Js

+ m’¢<r7s7r<s>><eor><s>ds7

completing the proof.
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2.12 Integral Equations of Sobolev Type

We have so far investigated causal functional and differential equations utilizing the general
concept of causal operator that includes several popularly known dynamic equations and
we shall continue to study the same in the entire monograph. However, we shall discuss
in the next two sections what is known as Sobolev type Volterra integral and differential
equations in a special form since these special cases themselves are very new types of
dynamic systems which are not yet known and popular. Moreover, using the causal operator
framework creates more confusion and the results would not be clearer.

In this section we shall consider Volterra type Sobolev integral equations and the next
section contains differential equations. We shall indicate how one could employ the causal
operator for these equations that we plan to consider so that it can pave the way for further

work in this area. For example,
u(t,x) = (Qu)(t,x),

M/(tax) = (Qu)(tvx)a M(IOVX) = uo(t()JC), jt =

where
u(t,x) = (Qu)(t,x) =uo(t,x)+ | K(t,x,s,u(s,x),u(x,s))ds

to

and

W' (t,x) = (Qu)(t,x) = f(t,x,u(t,x),u(x,t)), u(ty,x) = up(ty,x).
Consider the following system of integral equations:
t
u(t,x) = up(t,x) +/ K(t,x,s,u(s,x),u(x,s))ds, (2.82)
to

where uy(¢,x) € ClJ xJ,Q], K € ClJ xJ xJ x Qx Q,Q],J = [ty,to +a] C R and Q is an

open subset of R”. For convenience, we list these needed assumptions:

(A1) |K(t,x,s,u,v)| <M forall (¢,x,5,u,v) €J xJxJx QxQ;
(A2) zlligzlz [sup{ [, |K(t1,x1,8,u(s,x1),u(x1,s)) —  K(t2,x2,u(s,x2),u(x2,s))|ds
X1 —X2
u(s,x),u(x,s) € C[J x J,B]}] = 0 for every set B C Q and for every interval  C J.
We also use B (u(,x0)) to denote the ball in R” of radius € centered at u(f,xo).
We now prove the following existence result.
Theorem 2.12.1. Let K € C[J x J xJ x Q x Q,Q], up(¢,x) € C[J x J,Q], and suppose the
conditions (A1) and (A2) are satisfied. Then there exists a solution u(¢,x) for the problem

(2.82) on Jy x Jy where Jy = [tg,t + ¥] for some ¥ > 0.
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Proof. Set n = sup{u € B¢ (uo(to,x0)) C Q: € > 0}. Since uy(¢,x) is uniformly continuous
onJ x J, there exists a 6; > 0 such that

|uo(t,x) —uo(t9,x0)] < 1/2 whenever |t —#| < &; and |x —xp| < 1. (2.83)
Let y = min{a, 8;,n/2M?}, and let Jy = [fy,p + 7]. Define 4 C C[Jy x Jo, 2] by

A= {(P(tax) € C[JO XJOaQ] - Sup I(P(tax) _MO(IVX)‘ < 77/2}

t.xeJy
We note that ¢ (x,#) also satisfies |¢ (x,7) —uo(x,¢)| < /2. In other words, 4 can be defined

as

e {¢ € o x 0,2+ sup [9(¢6,2) — uo(t,)| < 1/2, sup [9(x,1) — uo(x.1)| < n/z}.

txeJy txeJy
Clearly 4 is closed, bounded, and convex.

For any ¢ in A4 define the function 7¢ by the relation
1
(T9)(t,x) =uo(t,x)+ | K(t,x,5,¢(s,x),0(x,5))ds. (2.84)
fo

We now apply the Schauder fixed-point theorem to assert the existence of a fixed point of
TinA.If ¢ € 4, then

[(T9)(t,x) —uo(t,x)] < /t: K (,%,5,9(5,x), 0 (x,5))|ds <M(t—19) <n/2.

Thus 74 C A.
We now prove 74 is uniformly bounded and equicontinuous.

For any ¢ € 4, we have, for (¢,x) € Jy X Jo,

[(T9)(t,x) — uo(to,x0)| < [(T$)(#,x) — uo(t,x) +uo(t,x) — uo(to,xo)| <M

by (2.83) and (2.84), which shows that 74 is uniformly bounded.
Forty,ty,x1,x3 € Jy, 11 >t and ¢ € 4, we get

[(T¢)(t1,x1) — (T9)(t2,x2)| < [uo(t1,x1) —uo(t2,x2)]

+/tt1 IK(tlvxlvsv(P(val)a(p(xl75)) —K(IQ,XQ,S,(Z)(S,XQ),(Z)()Q,S))lds

11
+ |K(t1,X1,S,¢(S,X1),¢(X1,S))‘ds :Il +[2 +[3a say.
5]

Since uo(t,x) is uniformly continuous on Jy x Jy by a proper choice of § (say d;), /; can
be made less than £/3. I can be made less than £/3 by the assumption 4, and by a proper

choice of 65; 5 can be made less than £/3 by assumption 4; and by a proper choice of 5.
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Consequently, if max(|t; — &, |x; —x2|) < min(8;", 65,07 ), then

[(T9)(t1,x1) — (T9)(t2,x2)| < &.

This implies that the set 74 is an equicontinuous family and therefore the closure of {74}
is compact.
Let {u,(t,x)} C A4 be a sequence converging to u(z,x). It is easy to see that u,(x,?) is also

a sequence converging to u(x,¢). Since K is continuous, we have
K(t,x,8,u,(t,x),u,(x,t)) — K(t,x,s,u(t,x),u(x,1)).

Using the bounded convergence theorem, it then follows that

ttK(t,x,s,u(s,x),u(x,s))ds = ng}o ttK(t,x,s,un(s,x),un(x,s))ds.
0 0

Hence Tu,, — Tu, which shows T is continuous. By the Schauder fixed-point theorem, T
has a fixed point in 4. Hence the proof is complete.

We shall next develop the theory of integral inequalities.

Theorem 2.12.2. Assume that K € C[J x J x J x R" x R",R"]; u,v € C[J x J,R"];
K(t,x,s,u,v) is monotone nondecreasing in u,v for each (¢,x,s) € J xJ x J; and for

(t,x) € I x J,
t
u(t,x) <up(t,x)+ | K(¢,x,s,u(s,x),u(x,s))ds (2.85)
fo
t
v(t,x) > uo(t,x)+ | K(t,x,s,v(s,x),v(x,s))ds. (2.86)
lo
Then u(fy,x) < v(ty,x) implies u(¢,x) < v(¢,x) for (¢,x) € J x J, provided that one of the
inequalities (2.85) and (2.86) is strict.
Proof. Suppose that one of the inequalities (2.85) and (2.86) is strict. Then if the conclusion

is not true, the set
Z=UL{(t,x) € I xJ:u;(t,x) > vi(t,x)oru;(x,t) > vi(x,t)}

is nonempty. Let Z; be the projection of Z on the ¢-axis, and let 1| = infZ;. Clearly #; > .
It follows that there is an index j, 1 < j < n, such that

ui(s,x) < vi(s,x) fortg <s <ty, to <x<ty+a, (2.87)

ui(x,s) <vi(x,s) fortg <x<ty+a, th <s<t, (2.88)
fori=1,2,...,n, and either

UJ‘(H,.X) < Vj(tl,X)7
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or
uj(x,t1) <vj(x,t),

for all x € J. Consequently, there is an x; € J such that either u;(t;,x;1) = v;(¢1,x1) or
uj(xr,01) = vj(x,0).

Consider the case u;(t,x1) = v;(t1,x1). Using now (2.85), (2.86), the fact that K is nonde-
creasing, and the relations (2.87), (2.88), we get

1
uj(tlaxl) < ujo(tlaxl)—’_ Kj(tlaxlasau(saxl)au(xlas))ds
to
1
<uj,(tr,x1)+ [ Ki(tr,x1,8,v(s,x1),v(x1,s))ds
lo

< V/(tlaxl)a

which leads to a contradiction.
To consider the other situation, we first observe that the inequalities (2.85) and (2.86) can

also be written in the form

u(x,t) <ug(x,2)+ ' K(x,t,s,u(s,t),u(t,s))ds, (2.89)

X0=lo

X
v(x,t) > vo(x,) + K(x,t,s,v(s,t),v(t,s))ds. (2.90)
xo=ty

As before, using (2.89), (2.90) together with (2.87), (2.88) and the monotonicity of K, we

obtain
X
uj(xi,t) < uo‘/.(xl,tl)—&— Kj(xi,t1,8,u(s,t1),u(ty,s))ds
X0
X1
< ug; (x1,01) + Kji(x1,t1,8,v(s,t1),v(t1,8))ds < vj(x1,t1).
X0
This contradicts the case u;(x1,#1) = v;(x1,#1). Consequently Z is empty and the proof is
complete.
If one of the inequalities (2.85), (2.86) is not assumed strict, the conclusion of Theorem
2.12.2 fails to hold. However, if K satisfies a one-sided Lipschitz condition, we get the
following result.

Theorem 2.12.3. Let the assumption (i) of Theorem 2.12.2 hold. Suppose further that
K(t,x,s,u1,vi) — K(t,x,5,u2,v2) < A[(u) —u2) + (vi —2)] (2.91)

whenever w1 > up, vi > v,, where 4 is an n X n matrix such that a;; > 0, i # j. Then

u(to,x) < v(ty,x) for x € J implies u(t,x) < v(¢,x) onJ X J.
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Proof. Let #(r,x) = v(t,x) + £e*4+%) where £ > 0 is a sufficiently small vector. Then by
(2.87),

1
5(t,x) > uo(t,x)+ | K(t,x,5,v(s,x),v(x,5))ds + g4+,
fo

Because of the condition on the matrix 4, it is clear that 240 *¥) > 0. Consequently, we

have

v(t,x) > up(t,x)+ tK(t,x7s717(s7x),\7(x7s))ds. (2.92)

fo

By Theorem 2.12.2, we now get
u(t,x) < ¥(t,x) = v(t,x) + >4+ on J x J.

Taking the limit as € — 0, we conclude that u(¢,x) < v(¢,x) on J x J, which proves the
stated result.
We only prove the existence of maximal solution for (2.82). The existence of minimal
solution can be proved similarly.
Theorem 2.12.4. Let K and uy be as in Theorem 2.12.1 and suppose K(¢,x,s,u,v) is
monotone nondecreasing in u and v for each (¢,x,s) € J x J x J. Then there exists a y > 0
so that the maximal solution to (2.82) exists on [to, % + V] X [fo,Z0 + 7]-
Proof. Let 1 and 0; be as in Theorem 2.12.1. Choose 6 = min{a, d;,1/4M}. As before,
set

A:{¢mwecthny sup mmm—wmm<nm},

(t.x)€joxJo

where Jy = [to,% + Y]. We define T, as T,¢ = T¢ + €/n, forn=1,2,..., where € >0
is arbitrarily small vector and T is the same map defined in (2.84). The continuity of 7,

follows from the continuity of 7. Further,
!

€
(T) (%) —uo(t,x)| =+ t K(t,x,5,0(s,x), 9 (x,s))ds
0
€ n o on_n
< — < < .
7M+M(¢ W)=, +4%,

Thus 7,, C A4 for each n.
As in Theorem 2.12.1, it can be shown that 7,4 is equicontinuous at each (¢,x) € Jy X Jp.

Thus 7, has a fixed point ¢,. Let m > n. Consider
£ !
Ou(t,x) = up(t,x)+  + | K(t,x,8, 0n(s,x), 9 (x,s5))ds

n to

t
> uolt) + b [ K(55,90(5,9), 60 (5,9)ds,

fo

O (£,x) = up(t,x) + :1 + [K(Lx,s, O (5,X), O (x,5))ds.
to



64 Theory of Causal Differential Equations

Also ¢, (t9,x) = ug(to,x) + €/n > uo(ty,x) + €/m = @ (to,x). Thus by Theorem 2.12.2,

On(t,x) > @ (2,x) for (¢,x) € Jo x Jy which shows that {¢, } is monotone in 7.

Now consider {¢,(¢,x)}. Since

|9n(,%) —uo(t0,%0)| = |Tu@n(2,X) — 1o (t0,%0)|
= |(T9n)
= |(T¢n)
+luo(2,x) — uo(to,x0)| + €/n]

<n/2+n/4+n/d=n.

(¢,x) +€&/n—up(to,x0)|
(

t,x) —up(t,x)|

This proves {¢,} is uniformly bounded. Also,

19n(t1,31) = $u(t2,32)| = |(Tu@n) (11,1) = (Tn ) (12, %2
= [(T¢n)(t1,x1) = (T9n) (22,%2)]-

This shows that {¢, } is equicontinuous at each (¢,x) € Jy x Jy. Hence by Ascoli’s theorem
there exists a uniformly convergent subsequence {@,, } of {¢,}. The monotonicity of the
sequence now implies that the whole sequence {¢,} converges uniformly to y. Conse-
quently as n — oo, the bounded convergence theorem gives
! t
K(t,%,8,0n(s,X), §n(x,5))ds — [ K(t,x,5,9(s,x), y(x,s))ds,
to fo

and this shows y is a fixed point of T'.
If u(¢,x) is any other fixed point of 7, then

t
u(t,x) = ug(t,x)+ [ K(t,x,5,u(s,x),u(x,s))ds,
lo

O (t,x) = up(t,x) + i + [K(Lx,s, O (s,x), On(x,s))ds
to

> up(t,x) + /IK(t,)@s7 On(8,%), On(x,s))ds,

and u(ty,x) = up(to,x) < uo(to,x) + €/n = ¢y(to,x). Thus by Theorem 2.12.2, u(¢,x) <
@ (2,x) for (¢,x) € Jy x Jp. This implies that u(z,x) < lim,_.. §,(¢,x) = w(¢,x) for (¢,x) €
Jo x Jy. Thus y is the maximal solution to (1.1) on Jy X Jy.

Finally, we give a comparison theorem.

Theorem 2.12.5. Let m € C|J X J,Q], K € C[J xJ x J x Q x Q,Q], and K(¢,x,s,u,v) be
monotone nondecreasing in u, v for each (¢,x,s) € J x J x J and for (¢,x) € J x J. Let

1
m(t,x) <ug(t,x)+ [ K(t,x,s,m(s,x),m(x,s))ds.
to



Basic Theory 65

Let r(z,x) be the maximal solution of the equation (2.82) on j x J. Then m(¢,x) < r(¢,x)
onJ xJ.

Proof. Let u(z,x,€) be any solution of the integral equation

t
u(t,x,€) =up(t,x)+e+ | K(t,x,s,u(s,x,€),u(x,s,€))ds
to
for sufficiently small € > 0. Then by Theorem 2.12.2 we have
m(t,x) < u(t,x,€) onJxJ.

Since limg_ou(t,x,€) = r(t,x), where r(¢,x) is the maximal solution of (2.82), the stated

result follows.

2.13 Differential Equations of Sobolev Type

In an embedding method for solving linear Fredholm integral equations introduced by
Sobolev [14], the solution of the following differential equation with initial value for the

resolvent kernel is involved

Ki(t,y,x) = K(t,%,x)K (x,,%),

K(t’y’o):¢(t’y)7 OSt7y’x§a'

This differential equation is unusual and this is the basis for the study of integral and dif-
ferential equations of Sobolev type in a similar form. As pointed out in Section 2.12, we
shall concentrate to discuss the IVPs for different equations of Sobolev type.

We consider equations of the form

Vi) = fexale ), uon) =w@, (=4 ). @9

where ug € C[J,R"],J = [to,t0 +a] and f € C[J xJ x R" x R" x R"]. We need the following

assumptions:
(A1)
|f(#,x,u,v)| <M forall (¢,x,u,v) € J xJxR" xR";
(A2)

lim (sgp{ J176501,005,50),0(51,5)) — £(5,32,0(5,32), 0 e,)) s

X1 —X2

o ec[JxJ,R"]}> =0;
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(A3)

X1 —X2

i (sup (sup { 175001005000, w01.0)) S5 0552, Wl s
¢ v U

¢,1/feC[J><J,R"]}>) —o.
(A4)
|/ (t,x,u,v) = f(t,5,u,v)| < Llu—ul.
We now prove the following existence result.
Theorem 2.13.1. Suppose that ug € C[J,R"], f € C[Jx,J x R" x R" R"] satisfying the
assumptions (A1) and (A2). Then a solution to (2.93) exists on [ty, 7y + o] for some o > 0.

Proof. Since ug is continuous on J, uo(J) is bounded and uniformly continuous. Thus
3N > 0 such that

|uo(x) —uo(x)| < N for every x,x € J.
Let o = min{a,N/M} and let Jo, = [t9, % + a]. Define 4 C C[Jy x Jy, R"] by

A={¢p € ClJg x Jo,R"] : sup |¢(¢,x) —up(x)| < N}.

tx€Jy
Clearly 4 is closed, bounded and convex.

For any ¢ € A4, define the function 7¢ by
(T)(1,x) = uo(x) +/t: [f(5,x,0(s,%), 0 (x,5)) ds.

Then

[(T)(2,%) —uo(x)| < /tot [f(5,%,0(s5,%),0(x,5))|ds < aM < N.
Thus T4 C 4. Also [(T'¢)(¢,x)| < sup,e, [to(x)| +N. Thus T4 is uniformly bounded.
We show that T'4 is equicontinuous. Let € > 0 be given, and let ¢, x;,%,x; € Jo. Then

[(Te)(t1,x1) — (T9)(t2,x2)|
< Juo(x1) —uo(x2)] +/tlt2 (552, 0(s5,%2), @ (x2,5))|ds

4l
[ 1200532, 0 (x2,5)) = f 5,01, 0(531), 0(1.) s
to
=hL+hL+15
Since ug(x) is uniformly continuous, we can choose 0; so that |x; —x;| < 6; = I} < €/3.
Also I, < (t, —t1)M; thus if |t — 11| < €/3M = &, I, < €/3. Now using (A2) we choose
03 so that |x1 —x2| <B=h< 8/3.
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Thus if max{|t; — 2], |x1 —x2|} < min{d;, 8,8} =0,

(T9)(t1,x1) — (T9)(t2,x2)| < &.

Thus T4 is equicontinuous and 74 is compact.

Now let {¢,,} € 4 be a sequence converging to . Since f is continuous,

t

/ S(8,%,0n(8,%),0n(x,8))ds — | f(s,x,¥(s,x), y(x,s))ds.

to
Thus T'¢, — Ty, and therefore T is continuous. Now applying the Schauder fixed point
theorem, the proof is complete.
Our next result provides conditions for the extension of solutions to (2.93).
Theorem 2.13.2. Let ug € C[J,R"] and f € C|J xJ x R" x R*,R"], and suppose that
assumptions (Al), (A3) and (A4) hold. Then any solution u of (2.93) which exists on
Jo % Jo can be extended to Jg x Jg, where B = min(2a, o).
Proof. Let u be a solution of (2.93). Let y = min(a/2, o). Restrict u to Jy x Jy.

Consider the equation

U'(t.x) = F(t.x,Ut,x),U(x,1)), Ulto,x) = Up(x), (2.94)
where
Uo(x) = (u(to+7,x), uo(x+ 7)),
and
F(t,x,UW)=(ft+7.x,u1,w2), f(t,x+y,w1,u2)),
where

U= (uy,up), W= (wi,wyp)withu;w; € R" fori=1,2.
It is clear that Uy € C[J,,R?"] and that F € C[J, x J, x R*" x R*" R?"], and it is easy to
verify that

|Uo(x) — Up(x)| < V10N and |F(¢,x,V,W)| < V2M

for ¢,x,x € Jy. Thus there exists a solution U (#,x) = (u (¢,x),u2(t,x)) to (2.94) on Jg x Jg,
where 8 = min(y,v/5N/M) =
Note that o] (¢,x) = f(t + v,x,u1(t,x),uz(x,1)), ub(t,x) = f(t,x+7Y), uz(x,t),u;(x,t) and
uy(xo,8) = u(xo+7,s).
Now let m(t) = |ua(¢,x0) — u(t,x0+ ¥)|- Then m(0) = 0, and by assumption (A4)

m/(t) S |f(t,X()—|—'}/,1/l2(t,X()),M1(Xo,t)) —f(l,xO—|—’}/,M(I,XO+')/)7U(X()+')/,1))I S Lm(t)
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Thus m(¢) = 0, and so u; (¢,x0) = u(t,xo + 7).

Now consider the equation
a,(t7x) :f(t,x,ﬁ(t,x),ﬁ(x,t)), a(t()ax) :u2(t0+7/7x)a (295)

where £ is defined by f(¢,x,u,w) = f(t +7v,x+ y,u,w). Using Theorem 2.13.1, we con-
clude that there exists a solution i(z,x) to (2.95) on Jy x Jy, and using (A4), as above we
find that %(¢,x0) = u1(¢,x0 + 7).

Now define the function u(z,x) on Jg x Jg as follows:

u(t,x), t,x €Jy,

ur(t—vx), t€fo+rto+plxely,
w(t,x—y), x€lo+vto+pBltedy,
it —y,x—7),t,x € [to+ 7,20+ B].

u(t,x) =

We need only establish that u is an extension of u. We verify one case: suppose that

t € [to+v,to+ B], x € Jy; then

ull (tvx) = ull (t - ’}/7)6) :f(tvxaul(t_ %x)a”Z(xat_ V)) :f(tvxau(tax)vu(xat))'

The other cases are similar. Thus u extends the solution u to Jg x Jg.

Remark. The above theorem can be used to extend solution of (2.93) to J x J as long as
a < +oo. One can easily see that if o > a/2, then the value of 8 in Theorem 2.13.2 is a. For
values of o < a/2 one needs only to repeat the above argument a finite number of times to
extend u to J x J.

Corollary 2.13.1. Let ug and f be as in Theorem 2.13.2. Then solutions to (2.93) can be
extended to [to, 7 + a] X [to,to + a] as long as a is finite.

We shall next develop the theory of differential inequalities. Consider the following system

of differential inequalities:

D_u(t,x) < f(t,x,u(t,x),u(x,t)), (2.96)

D_v(t,x) > f(t,x,v(t,x),v(x,t)), (2.97)

where
t+h,x)—v(t
D_v(t,x) = liminf Vit +hyx) = v(e,x)
h—0- h
Definition 2.13.1. A function f(¢,x,u,v) € C|J xJ x R" x R",R"] is said to be quasimono-
tone nondecreasing where u,v € C|J x J,R"] whenever f;(¢,x,u,v) < fi(t,x,u,v), where

u; <wu;andu; =u; foreveryi,j=1,2,...,n.
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Theorem 2.13.3. Let f be (i) quasimonotone nondecreasing in u(¢,x) and nondecreasing in
u(x,t) onJ x J. Then if further if one of the inequalities above is strict and u(#y,x) < v(t9,x),
then u(¢,x) < v(t,x) onJ X J.

Proof. If the conclusion is not true, consider the set Z(¢,x) = {(¢,x)|u(t,x) > v(t,x),u(x,t >
v(x,2))}, which is nonempty. Let Z, be the projection of Z on the ¢ axis. Let ¢; = infZ,.
Certainly #; > t;. It follows that there is an index j, 1 < j <n, such thatfori=1,2,...,n

ui(S,X) < v,-(s,x) fors,x € [t()atl] X [toat0+a]7

u;i(x,s) < vi(x,s) forx,s € [to,to + a] x [to,t1],
and either
uj(ty,x) <vj(t,x)
or
uj(x,t1) <v;(x,t)
Vx € J. Consequently there is an x; € J such that either
uj(ty,x1) = j;(t,x1) (2.98)
or
wj(xi,t) = jjlx,0). (2.99)

Let x| be the minimum value of x for which (2.98) or (2.99) happens. Certainly x| > fg.
If (2.98) happens, then

D_uj(ty,x1) =1iminfuj( 1+ hxr) —ui(t,x)
h

—0—

< fiming (1) Hx) = vi(t,x)

=D_v(t .
h—0— h VJ( hxl)

But by hypothesis

D_uj(t1,x1) < fj(tr,x1,u(ty,x1),u(x1,t))

Sﬁ([l,X],V(t17X1)7V(x17t1)) <D—vj(t17xl)7
which leads to a contradiction.
If (2.99) happens, we have u;(x1,t1) = v;(x1,t1). Letx; =7, t) =%, i.e., u;(f,%) = v;(7,X)
and u;(7+h,X) <v;(f+h,x) for h <0, by definition of x; and #;. Therefore

. i+ hE) —u (X
D_u](t’)z)zl},lm(l)r_lfuj( + x})l uj( x)
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. Vi(fH+hE) —v(T,X)
>1}lgé[1fj 5 / =D_v(t;,x1).
But by hypothesis

D_u;(T.%) < f;( ul@. %), u(z,7))

< fi({,%v(7,%),v(x,1)) < D_v,(f,%),

whence a contradiction, and the theorem is complete.

If one of the inequalities (2.96), (2.97) is not assumed strict, the conclusion of theorem
2.13.3 fails to hold. However, if f satisfies a one-sided Lipschitz condition, we get the
following result.

Theorem 2.13.4. Let the assumption (i) of Theorem 2.13.3 hold. Suppose further that
St x,vi,w) — f(t,x,v2,w2) < L[(vi —v2) + (W —w»)]. (2.100)

Whenever v; > vy, wi > wy. Then u(ty,x) < v(ty,x) for x € J implies u(¢,x) < v(t,x) on
JIxJ.

Proof. Let #(¢,x) = v(t,x) + £e3:(+Y) where £ > 0 is a sufficiently small vector in R”. then
V(t,x) =V (t,x) + 3eLe LU+ That is,

¥ (t,x) = f(t,2,0(t,%), v(x,1)) + 3eLe )

> f(t,x,5(t,x),5(x,1)) 4+ eLe> ),
Consequently, we have
V(t,x) > f(t,x,9(t,x),9(x,1)). (2.101)

We now get u(¢,x) < ¥(¢,x) onJ x J. Taking the limit as € — 0. we conclude u(¢,x) < v(z,x)

on J x J, which provides the stated result.

2.14 Notes and Comments

The basic results presented in this chapter are new in the general setup of causal differen-
tial equations and causal functional equations. For special cases of Sec. 2.2, see Caljuk
[15], Gripenberg, Londen and Staffans [16], Lakshmikantham and Mohana Rao [17],
Lakshmikantham and Leela [4], Lakshmikantham, Leela and Martynyuk [18], Mamedov,
Asherov and Atdaev [19], MeNabb and Weir [20], Nohel [21], Sumin [22, 23], Volterra
[24] and Zhukovskii [25].
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For existence results, see Corduneanu [2]. See also Corduneanu [26]-[1]. For existence
results for functional differential equations and integro-differential equations, see Driver
[27], Azbelev [28]-[29], Azbelev et al [30]-[31], Brandi and Ceppitelli [32], Burton [33,
34], Hale [35], Miller [36], Hara and Miyazaki [37], Kolmanovskii Myshkis [38], Kwapisz
[39]-[40], Lakshmikantham and Mahana Rao [17], Li [41]-[42], Meehan and ORegan [43],
Oguztorelli [44], oRegan [45], Staffans [46] and Zhivotovskii [47]. Euler solutions and flow
invariance are based on the corresponding results of Clarke, Ledyaev, Stern and Wolenski
[48] for ordinary differential equations. For the results related to nonlinear variations of
parameters, see Drici, McRae and Vasundhara Devi [49]. The results related to Sobolev
integral and differential equations see Vatsala and Vaughn [50], Lakshmikantham, Vatsala
and Vaughn [51]. See also Lakshmikantham and Lord [52]. See also Lakshmikantham and
Mahana Rao [17] for special cases.

For allied results, see Azbelev et al [53]-[31] and Corduneanu [54]-[55]. See also Buhgeim
[56], Christyakov and Simonov [57], Ceppitelli and Faina [58], Corduneanu and Li [59],
Corduneanu and Mahdavi [60], Gao et al [61], Kurbatov [62], Mahdavi [63]-[64], Li and
Mahdavi [65], Myshkis [66], Neustadt [67], Marcelli and Salvadori [68], Rugh [69], Sand-
berg [70]-[71] and Schetzen [72].



Chapter 3

Theoretical Approximation Methods

3.1 Introduction

This chapter introduces the theoretical methods that are constructive. We first prove in
Section 3.2, an existence result in a special closed set generated by the lower and upper
solutions. Next in Section 3.3, we describe a constructive technique that offers mono-
tone sequences which converge to the extremal solutions. This technique is very important
because the iterates are solutions of a certain causal differential equation which can be com-
puted explicitly and the method can be applied to many nonlinear problems. In Section 3.4,
the monotone iterative technique is extended to causal differential equations where the right
hand side is the sum of the two functions, one of which is monotone nondecreasing and the
other is monotone nonincreasing. The results obtained include several special cases and
hence, very valuable.

Section 3.5 deals with periodic boundary value problems (PBVP) for causal differential
equations. Since these problems do not follow the techniques of IVP, we need to develop
the required technology appropriately. Therefore the necessary causal differential inequal-
ities theorem for PBVP is proved and then deduce the corresponding linear causal differ-
ential inequality result that is employed in the process of developing monotone iterative
technique for PBVP.

Section 3.6 is devoted to the development of the method of quasilinearization, which not
only offers monotone sequences that converge uniformly to the solution of IVP for causal
differential equations but also shows that the convergence is quadratic. The advantage of
this method is familiar to those analysts who employ numerical methods for real world
problems. Section 3.7 develops the extensions of generalized quasilinearization method
and considers various results in the set up. In Section 3.8, we consider Newton’s method

for causal equations and explore its connection to the method of quasilinearization. We

V. Lakshmikantham et al., Theory of Causal Differential Equations, Atlantis Studies in Mathematics 73
for Engineering and Science 5, DOI 10.2991/978-94-91216-25-1 3,
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compare and contrast Newton versus quasilinearization methods.

Finally, Section 3.9 gives notes and comments.

3.2 Method of Lower and Upper Solutions

Consider the IVP for causal differential equation

X(1) = (0x)(1), x(t0)=x0 to>0, (3.1
where the causal operator Q : E — E is continuous, £ = C(J,R), J = [t, T].
Definition. Let v,w € C(J,R). v,w are lower and upper solution of (3.1) if they satisfy the

inequalities

(o)1), v(to) <xo, } (3.2)

< ;
w(t) = (Ow)(1), wlto) = xo
respectively, for ¢ € J.
When we know the existence of lower and upper solutions of (3.1) such that v(¢) < w(z),
t € J, then we can prove the existence of a solution of the IVP (3.1) in the closed set
Q={xcE:vt)<x(t) <w(t), teJ}.
Theorem 3.2.1. Let v,w € C(J,R) be lower and upper solutions of IVP (3.1) satisfying
v(t) < w(t), t € J. Suppose also that the operator Q is bounded on Q. Then, there exists a
solution x(¢) of (3.1) in the closed set Q, i.e. v(¢) < x(t) < w(¢),t € J.
Proof. Let P € C(J,R) be defined by
(Px)(¢) = max[v(¢), min(x(¢), w(z))].

Then (QPx)(¢) defines a continuous extension of Q on E which is also bounded since Q is

assumed to be bounded on Q. Hence there exists a solution of IVP

X(t)=(QPx)(1), x(to) =xo
onJ. For any € > 0, consider
we(t) = w(t) +e(1+ )7}
ve(r) = v(t) —e(1+12).
We then have ve (f9) < xo < we(to), since v(fp) < xo < w(fp). We wish to show that
ve(r) <x(1) <welt), onJ. (3.3)
If this is not true, then there exists a #; € (fy, 7] at which x(#;) = we(#1) and ve(¢) < x(¢) <
we(t), tg <t < t. Then

x(t1) > w(ty) and (Px)(t1) = w(ty).
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Moreover,
v(ty) < (Px)(t1) < wl(t).

Hence,

w(t1) = (OPx)(1) =x'(11).

Since w,(f1) > w/(t1), we have wi,(¢;) > x'(t;). However, with x(t;) = we(#1) and x(¢) <
we(t), to <t < t1, we have w,(f;) < x'(#;), which is a contradiction to w},(f;) > x(¢;).
Hence for all # € J, x(¢) < we(¢) and consequently (3.3) holds on J. Letting € — 0 we get
v(t) < x(t) < w(t) onJ. The proof is complete.

Next we shall present a simple result giving conditions that guarantee the existence of lower
and upper solutions.

Theorem 3.2.2. Suppose that (QOx)(¢) is nonincreasing in x € C(J,R). Then there exists
lower and upper solutions vy, wy for the IVP (3.1) such that vo(¢) < wo(¢) on J.

Proof. Let y(¢) be the solution of

Y(£) = (Q0)(r),  ¥(0) =yo.

Define vo(t) = —Ro +y(¢) and wy(¢) = Ro +y(¢). Choose Ry > 0 sufficiently large so that

vo(t) <0 <wy(?) onJ. Since Q is nonincreasing, this implies that

wo(t) = (t) = (Q0)(r) = (Owo)(7)

and

vh(t) =3 () = (00)(1) < (Ow) (1), 1 €.

The functions vy(¢), wo(¢) are desired lower and upper solutions of (3.1).
Remark. If O is assumed to be bounded on the sector {x € £ : vo(t) < x(z) <wy(t), t €
J}, then by Theorem 3.2.1 there exists a solution x(¢) of (3.1) lying in the sector. The

uniqueness of x(¢) is a consequence of nonincreasing nature of Q.

3.3 Monotone Iterative Technique

The results of Section 3.2 offer theoretical existence results in a sector, or a closed set. We
shall now describe a constructive method that yields monotone sequences that converge
to solutions of (3.1). Since each member of these sequences happens to be the solution
of a certain linear differential equation which can be explicitly computed, the advantage

and importance of the technique needs no special emphasis. Moreover, these ideas and
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methods can successfully be employed to generate two-sided bounds on solutions of IVP
from which qualitative and quantitative behavior can also be investigated. Furthermore,
one can apply these techniques to a variety of problems generalizing the ideas involved.
Let us first prove a simple result to bring out the ideas clearly.

Theorem 3.3.1. Let O: E — E, E = C([0,T],R), v, wo € E be lower and upper solutions
of IVP (3.1) such that vo(z) < wo(¢) onJ = [0, T]. Suppose that (Ox)(¢) + Mx(t), M > 0 be

nondecreasing function inx € E, i.e., for any x, y € E, we have

(Ox)(1) +Mx(1) = (Qy)(1) + My (1), (3.4)
whenever, x,y € Q where
Q={ry€E: max (x(s) —y(s)) =x(t) —y(0), x(t) 2 y(0)} (3.5

Then, there exists monotone sequences {v,}, {wy} such that v,(¢) — v(t), w,(t) — w(¢)
uniformly on J and v, w are minimal and maximal solutions of IVP (3.1) on the sector Q,

where
Q={x€E:v(t) <x(t) <wo(t), t €J},
with
vo <y <y < Sy Swy s Swp <wyp <wg, on J.
Proof. For any 1 € E such that v (¢) < 1n(¢) < wy(¢) on J, consider the linear differential

equation

¥(1) = (0)(e) ~ Mx(t) ~ 1 (1)] } (3.6)

x(0) =x0, vp(0) <xp <wp(0).

It is clear that for every such 1, there exists a unique solution for IVP (3.6). Define a
mapping 4 by An = x. This mapping will be used to define the sequences {v, }, {w,}. Let

us now prove that

(@) vo < Avg, wo > Awp;

(b) A is a monotone operator on the sector
[vo,wo] ={x € E :vo(t) <x(t) <wo(t), t €J}.

To prove (a), set Avg = vi, where vy is the unique solution of (3.6) with n = vy. Setting

p =v1 — v, we see that p(0) > 0 and

Pl =vi—vp > (Owo) (1) — M(vi —vo) — (Qwo)(1) = —Mp.



Theoretical Approximation Methods 77

This shows that p(¢) > p(0)e~™ > 0 and hence vy < v on J or equivalently, vy < Avy. In
a similar way, we can prove that wy > Awy.

To prove (b), let 1, M2 € [vo,wo] such that 11y < 1, and (3.4) is satisfied. Suppose that
x1 =AM, x; = AN and set p = x; —x1, so that p(0) = 0 and

P =(0m)(t) = Mlxa(t) = ma(6)] = (Qm) (1) + M, () — m (1))

2 _M(nz—rll)—M(xz—nz)—i—M(xl —1’]1) = —Mp

Here in using the monotone character of (Qx)(¢) + Mx(t), we have utilized 11,1, € Q. As
before, the foregoing inequality implies x, > x, which in turn yields A1, > ANy, proving
(b).

We now define the sequences {vy}, {w,} by

Vn =Avp_1, Wy =Aw,

and conclude from the previous arguments that on J,

Since it is easy to show that the sequences {v,}, {w, } are uniformly bounded and equicon-
tinuous, the fact that they are also monotone leads to the fact that the entire sequence {v, },
{wn} converge uniformly and monotonically on J to v,w respectively. It is easy to show

that v, w are solutions of (3.1) in view of the fact that v,,, w, satisfy forz € J,

V(1) = (Qva1)(t) = M(va(t) = Va1 (¢)),  va(0) =xo,

Wy (1) = (Owa—1)(£) = M(wa(t) = wa—1(£)),  wa(0) =xo.

To prove that v and w are extremal solutions of (3.1), we have to show that if x(¢) is any

solution of (3.1) such that vo(¢) <x(¢) <wy(t), t € J, then
vo(t) Sv(t) <x(r) <w(t) <wo, tE€J.
Suppose that for some n, v, <x < w, onJ and set p =x — v, so that p(0) = 0 and

P =(0x)(t) = (Qva) (1) + M(viy1 = va)

> —Mx—vy) + My —vn) = —Mp.

Here, we have used the monotone character of (QOx)(¢) + Mx(¢) with the condition x, v, € Q.
This implies as before v, 1 < x onJ. Similarly, x < w1 onJ and hence v, 11 <x < w1

onJ.
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Since vg < x < wy on J, this proves by induction that on J, v, <x < w, for all n. Taking
the limit as n — oo, we conclude that v < x < w, proving that v, w are extremal solutions of
(3.1). The proof is complete.

We observe that the special case when (Qx) is monotone nondecreasing is covered by The-
orem 3.3.1. To see this, it is enough to take M = 0 in (3.4). However, the other case,
when (QOx) is monotone nonincreasing is not covered by Theorem 3.3.1 and is of particular
interest. We shall next discuss this important special case. We find that under somewhat
special conditions, we shall show that when (Qx) is nonincreasing, a single iteration pro-
cedure yields an alternating sequence which forms two monotone sequences bounding the

solution from above and below. The iteration scheme in this case is simply either

Vi1 (1) = (Qva)(1), vns1(0) = xo, (3.7)

or
W1 () = (Qwa)(t). wns1(0) =xo. (3.8)
Theorem 3.3.2. Suppose that (Qx) is nonincreasing in x, then either
(i) the iterates v,(¢) given by (3.7) and the unique solution x(¢) of (3.1) satisfy forz € J,
vo Sy <o gy Sx(t) Svppp <o <vy <y (3.9)

provided v,(¢) > vo(¢) on J. Furthermore, the alternating sequences {vz,},{vant1}
converge uniformly and monotonically to p(¢),r(¢) respectively and p(z) < x(¢) < r(¢)
onJ; or

(ii) the iterates wy(¢) given by (3.8) and the unique solution x(¢) of (3.1) satisfy for ¢ € J,
wi <wy < Swgpg () Sy <o <wp <w (3.10)

provided wy(z) < wy(¢) on J. Moreover, the alternating sequences {wa, 1}, {wau}
converge uniformly and monotonically to p*(¢),7*(¢) respectively and p*(¢) < x(¢) <
r*(t) on J.

In fact, since the extremal solutions of (3.1) are unique, p*(¢) = p(¢t) and r*(¢) = r(2), t € J.
Proof. By Theorem 3.2.2, there exists lower and upper solutions vy, wy and a unique so-
lution x(¢) of (3.1) such that vy < x < wp onJ. We shall only prove the case (i) since the
proof of (ii) follows similar arguments.

Assuming that vo < v, on J, we shall first show that

vo(t) <vp(t) <x(t) <ws3(t) <vi(¢) onJ. (3.11)
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Setting p = v| — vy, we find that

pl=Vi=vp = (Qvo)(t) — (Qvo) (1) =0, p(0) >0

and therefore, p(¢) > p(0) > 0 i.e., vi > vy onJ. Now letting p = x — v, we get
P = — v, = (0x)(1) — (Ow)(r) < 0 and p(0) =0.
This implies x(¢) < v (¢) on J. By using similar arguments, we can show successively
va(t) <x(t), wv3(t) <wvi(t), and x(¢) <wvs3(t), teJ.

Consequently, we have proved that (3.11) holds forz € J.
To prove (3.9), we use the induction principle, i.e. assume that (3.9) is true for some # and
show that it holds for (n+ 1). Consider p = vy,42 — v2,+1. Then by using (3.7) and the

monotone character of O, we have

P = Voo = Va1 = (Ovans1) (1) = (Qvaa)(1) <0
and p(0) = 0. This shows p(¢) < 0 and hence vy,42(t) < v2,41(¢). By repeating similar

arguments we can get
VoSV < Svon S Vo SX S Vo3 SV S-SV Sy

on J. Since (3.9) is true for n = 1, it follows by induction that (3.9) is true for all n. It is
easy to conclude that the sequences {v2, },{v2n+1} converge uniformly and monotonically
to p(t),r(¢) respectively and that p(¢) < x(¢) < r(¢) on J. This proves (i) and the proof of
Theorem 3.3.2 is complete.

Corollary 3.3.1. In addition to the assumptions of Theorem 3.3.2, suppose that

(Qu1)(1) = (Qua)(t) = —M(u1(2) — ua(t))
wherever u) (t) > ua(t), i.e. u1,uy € Q. Then p(¢) = r(¢) =x(t) on J.
We note that in the proof of Theorem 3.3.2, p and r are indeed quasi solutions since p’(¢) =

(Or)(1), (1) = (Op)(r) on J.

3.4 Generalized Monotone Iterative Technique

We shall devote this section to proving general results relative to monotone iterative tech-
nique which contain as special case, several important results of interest. We need the
following definition which characterizes lower and upper solutions of various types. We

consider

X(t) = (Px)(t) +(0x)(¢), x(0) =xo (3.12)
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where P,Q:E — E =C(J,R),J=[0,T].
Definition. Relative to the IVP for causal differential equation (3.12), the functions o, 3 €
C'(J,R) are said to be

(a) natural lower and upper solutions of (3.12) if
{ o/ (1) < (Pa)(t) +(Qax) (1), &(0) < xo
B'(t) = (PB)(1) +(OB)(1), B(0) = xo;
(b) coupled lower and upper solutions of type I for (3.12) if
{ o/ (1) < (Po) (1) +(QB)(1), (0) < xo
B'(t) = (PB)(1) + (Qa)(1), B(0) = xo;
(¢) coupled lower and upper solutions of type II for (3.12) if

{ o' (1) < (PB)(1) + (Qax) (1), ex(0) < xo

(3.13)
(3.14)

(3.15)
B'(t) > (Par)(t) + (OB)(2), B(0) > xo;

(d) coupled lower and upper solutions of type III for (3.12) if
{ ol (1) < (PB) (1) + (0B) (1), (0) < xo
B'(t) = (Pa)(t) + (Qax)(t), B(0) = xo.

Whenever o(¢) < (), t € J and the operators P,Q are monotone in the sense that (Px)

(3.16)

is nondecreasing and (Qx) is nonincreasing, then the lower and upper solutions defined in
(3.13) and (3.16) also satisfy (3.15). Hence it is enough to consider only the cases (3.14)
and (3.15). We are now in a position to prove the first main result.

Theorem 3.4.1. Assume that the following hypotheses hold:

(i) oo,Bo € C'(J,R) are the coupled lower and upper solutions of type I for IVP (3.12)
with o (¢) < Bo(¢) on J;
(ii) the operators P,Q in (3.12) are such that P,Q : E — E, (Px) is nondecreasing in x and

(Ox) is nonincreasing in x.
Then there exists monotone sequences { ¢, (¢) }, {B,(¢)} such that
0 (t) = plt),  Bult) — r(t)

uniformly on J and p, r are coupled minimal and maximal solutions of IVP (3.12), i.e., p,r

satisfy

p(t)=(Pp)(t) +(On)(t), a(0) < p(0) < Bo(0),

r(t) = (Pr)(t)+(0p)(t), 00(0) <r(0) < Bo(0).
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Proof. Consider the following linear causal differential equations

ar/H—l(t) = (Pan)(t) + (QBn)(t)v an+1(0) = X0, (3‘17)

r/l—H(t) = (PBn)(t) + (Q0w)(t), Bu+1(0) = xo. (3.18)

Clearly, there exists unique solutions o, (¢) and B, (¢) on J, for the IVPs (3.17) and

(3.18) respectively. Now we wish to prove that
<o < <0 <P <P < <P <P (3.19)
onJ. Setting n =0 in (3.17) and taking p = o — o, we obtain
p'=0g—ap < (Poo)(t) +(OBo) (1) — (Pao)(t) — (QPo)(£) =0

and p(0) < 0. This implies that p(¢#) < 0 on J, which gives o (¢) < o (¢) onJ. Similarly it
can be shown that f3; < By on J.
Now set p = o — 1. Then, by using (3.17), we have

P =01 =By = (Pao)(t) + (OPo)(1) — (PPo) (t) — (Qo)(t) < 0

using the monotone nature of the operators P,Q and the fact oy < By onJ. Thus, we have
P'(¢) <0, p(0) <0 which yields p(¢) <0, i.e., a;(¢) < Bi(¢) onJ. Now assume that for

some integer k > 1

01 < 0y < P < Py onJ.
We shall show that

0 < 01 < Bryr < P, onJ.

Consider p = o — a1 on J. Then, by (3.17) and the monotone nature of P and O, we

obtain

P =0y —og = (Pog_1)(t)+ (OBr—1)(1) — (Pow)(r) — (OB) (1)

< (Pog) (1) + (OBi) (1) — (Po) (1) — (OP) (1) < 0.

Since p(0) = 0, this implies p(z) < 0 or equivalently, o < 04,1 on J. Similarly, we can
show that B < B; on J, using (3.18) and the monotone properties of P,Q. To prove
i1 < Brs1, set p = 01 — By to see that p(0) = 0 and

P =g — By = (Pow) (1) + (OB (1) — (PP (t) — (Qau) (1)

< (PB)(1) + (Qou) (t) — (PBi) (t) — (Qoy) (1) <0,
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since o < Bi. That yields p(¢) <0 i.e., 0411 < Brr1. Now, by induction principle, we
have (3.19) for all n.
Clearly, the constructed sequences {0y, }, {8, } are uniformly bounded and equicontinuous.
Since they are monotone sequences, we find that not only some subsequences but the entire
sequences {0, }, { By} converge uniformly and monotonically to p,r on J respectively. It is
easy to see that from (3.17) and (3.18) that p, r are coupled solutions.
To show that p, r are coupled minimal and maximal solutions of IVP (3.12), let x(¢) be any
solution of (3.12) such that oy < x < By onJ. Suppose that for some k, oy < x < B on J.
Setting p = 0441 — x, we obtain p(0) = 0 and

p'= g —x' = (Poy)(t) + (OB) (1) — (Px)(1) — (Ox)(1) 0,
using the monotone nature of P,Q and the assumption oy < x < B; on J. That implies
p(t) <0, proving that o) < x on J. Similarly, it can be shown that x < ;1 on J and
hence, by principle of induction, ¢, < x < 8, holds for all n. Taking limit as n — o, we

have p < x <r, completing the proof that p,r are coupled minimal and maximal solutions
of (3.12) since, from (3.17), (3.18) we get

P(t)=(Pp)()+(On)(t), p(0)=xo,
(1) = (Pr)(t) +(Qp)(1),  7(0) =xo

respectively on J.
Corollary 3.4.1. If in addition to the assumptions of Theorem 3.4.1, we suppose that for

up > up, uy,up € Q, we have

(Pur)(t) = (Pup) () < Ni (w1 (1) —ua(?)), N1 >0,

(Qui)(t) = (Qu2) (1) = =Na (1 (1) —ua(1)), N2 >0,

then p(¢) = x(¢) = r(¢) on J.
Proof. Since p <rondJ, itis enough to show that » < p. Considery = r— p. Then, y(0) =0

and
V' =r'—=p" = (Pr)t)+(Op)(t) — (Pp)(t) — (Or)(t)
< Ni(r—p)+MN(r—p)
= (M +M)y.

Hence y(¢) < 0 on J, proving that » < p onJ. hence » = x = p on J, completing the proof.
Remark 3.4.1. Following the proof of theorem 3.4.1, there are several interesting remarks

to be made which indicate many ramifications and provide useful special cases:
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(1

2

3)

“)

(6))

In Theorem 3.4.1, suppose that (Qx) = 0. Then oy, By are natural lower and upper
solutions of (3.12) and with (Px) nondecreasing, we get the monotone sequences
{on},{Bn} converging to minimal and maximal solutions of (3.12) respectively, ly-
ing in the sector [y, Bo].

However if (Px) is not nondecreasing and (Qx) = 0, we can assume that (Px) + Mx is
nondecreasing in x for some M > 0 and still come to the same conclusion as above,
since the [VP

X (1) = (Px)(1), x(t0) = xo
satisfies the conditions of Theorem 3.3.1.

Also, when (Px) is not nondecreasing, we consider the IVP
X (1) = (Px)(t) = Mx(), x(t9) =xo, (3.20)

where (Px) = (Px) 4+ Mx, M > 0 is nondecreasing. (3.20) is same as (3.12) with (Qx) =
0. We see that it can also be seen as (3.12) with (Px) replaced by (Px) and (Qx)
replaced by —Mx. Hence we get the same conclusions as of Theorem 3.4.1, since (Px)
is nondecreasing and —Mx is nonincreasing in x.

If (Px) = 0 in Theorem 3.4.1, we obtain the result for nonincreasing (Qx) and o, By
are coupled lower and upper solutions of the IVP x/(¢) = (QOx)(¢) with nonincreasing
(Ox). In this case, the monotone iterates { ¢, }, { B, } converge to p, r respectively which

satisfy

P)=(0n)@), r(t)=(0p)t), rlt)=x0=plto).
If in (3) above, we suppose that QOx is not nonincreasing and there exists a N > 0 such

that (Ox) = (Qx) — Nx is nonincreasing we can consider the [VP

X (1) = (0x)(1) = (Ox)(t) + Nx(t),  x(to) =0
which is the same as IVP (3.12) with (Px) replaced by Nx which is nondecreasing
and (Qx) replaced by (Ox) which is nonincreasing. Hence the case then reduces to
Theorem 3.4.1 and the conclusion of Theorem 3.4.1 remains valid.

Suppose (Px) is nondecreasing but (Qx) is not nonincreasing. Then consider the [VP

(1) = (Px)(t) + (00)(1),  x(t0) =0, (3.21)
where (Px) = (Px) 4+ Nx, N > 0 is nondecreasing and (Ox) = (Qx) — Nx, N > 0, is
nonincreasing. This results in Theorem 3.4.1 with (Px), (Ox) replaced by (Px), (Ox)

respectively and the conclusion of Theorem 3.4.1 holds. Note that (Px)(¢) 4 (Ox)(t) =
(Px)(¢) + (Ox)(¢) and hence, (3.21) is the same as (3.12).
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(6) If (Px) is not nondecreasing but (Qx) is nonincreasing, then consider the IVP

(1) = (Px) (1) + (0x)(t), x(to) =0, (3.22)

where (Px) = (Px) + Mx, M > 0 is nondecreasing and (Qx) = (Qx) — Mx, M > 0 is
nonincreasing. This results in Theorem 3.4.1 and so, the conclusion of Theorem 3.4.1
is valid. Again note that IVP (3.22) is the same as (3.12) since (Px)(t) + (Ox)(z) =
(P)(6) + (0%)().

(7) If (Px) is not nondecreasing and (Qx) is not nonincreasing, then for M > 0, N > 0, such
that (Px) = (Px) + Mx is nondecreasing and (Ox) = (Qx) — Nx is nonincreasing, we
get the context of Theorem 3.4.1 with (Px), (Ox) replaced by (Px), (Ox) respectively

and hence the conclusion of Theorem 3.4.1 remains valid.

Next, we shall consider the case of the coupled lower and upper solutions of type II for IVP
(3.12). Here, we need not assume the existence of coupled lower and upper solutions, since
it can be established with the given assumptions.

Theorem 3.4.2. Assume that the hypothesis (ii) of Theorem 3.4.1 holds. Then, for any

solution x(¢) of (3.12) with ay < x < By on J, we have the iterates o, 3, satisfying, for
ted,

O <0< <0 <X< 0pt1 <o <03 <0y, (3.23)

Bi<Bs < <Pony1 <x<Po < < Bo <, ‘
provided oy < o and fB; < By onJ, where the iterates are given by

011 (1) = (PO + (00)(0), 011(0) < 0, } o)

n+1( ) = (Pan)( )+(Qﬁn)(t)7 ﬁn+1(0) >Xxo, t €J.

Moreover, the monotone sequences {0, }, {0nt1},{Bont, {Ban+1} converge uniformly to

.11, px respectively and they satisty
r(t) = (Pr) () +(Qp)(1),
P'(t)=(Pp")(t) +(On)(1),
r(t) = (Pr)(t) + (Op") (1),
P (1) = (Pp)(1) +(0r")(1),

forteJand p <x<r, p* <x<r*teJ,r0)=p(0)=p*(0) =r(0) = x.
Proof. In view of hypothesis (ii), it is easy to construct coupled lower and upper solutions

of (3.12) following the method of Theorem 3.2.2. Hence, we proceed further assuming
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such coupled lower and upper solutions o, By exist. Assume that oy < o and B, < By, on
J. We show that

aOSOCszSO@SOCla } (325)

Bi < B3 <x< By < Py, onJ.

Set p = x — o, so that by (3.24) and (3.12)

P/ =~ af = (Px)(¢) + (0x)(1) — (Po) (1) — Q) (¢) <.

Here we have used the fact op < x < By on J, x being any solution of (3.12) and the
monotone nature of the operators P, Q. Also, p(0) = 0. Hence p(¢) <0onJ, ie., x < o
onJ.

We shall next show that o3 < o, B; < x and o < x, by considering the differences p =
o3 — 0oy, p= P —xand p = o — x respectively and showing in each case p'(t) <0, € J.
In fact, for p = o3 — oy, we have p(0) = 0 and using (3.23),

P(t) = a5(t) — eq (1) = (PB2) (1) + Q) (t) — (PPo) (1) — (Qow)(r) < 0

because of the assumptions o < o, 2 < By and the monotone nature of P,Q. Hence,
p(t) <0, €Jandthus o3 (¢) < o (¢). Similarly, the difference p = ; —x leads to p(0) =0,

and

p(t)=PBi(t) —x'(t) = (Poo)(t) + (QBo) (t) — (Px)(t) — (Qx)(t) < 0
because of the fact that oy < x < By (3.24) and monotone character of P,Q, thus proving
p(t) <0,teJ,ie., Bi(t) <x(¢).
The difference p = o — x leads to p(0) = 0 and

Pt) = og(t) = (1) = (PB1) (1) + (Qou ) (1) — (Px)(t) — (Ox) (1) <0
since B; <x < oy, (Px) is nondecreasing and (Qx) is nonincreasing. Using similar argu-
ments we can show that for each of the following 3 — x, x — B, and B; — 35 has their
derivatives less than 0, ¢ € J thus proving 3 < x, x < 3, and 8; < 83. Combining all these
arguments, we now have the desired relation (3.25).

Now, assume for n > 2, the following inequalities hold:

Op—4 < 0p—2 <X < 00—1 < 0943 (3.26)
ted.

Bon—3 < Pon—1 <x < Bon—2 < Pon—4,

By employing arguments similar to our earlier discussion, it can be shown that forz € J,

(3.27)

0p—2 < 00y <X < 0pq1 < Oy
Ban—1 < Bont1 <x < PBon < Bon—a-
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In fact, using the differences 04,2 — 0, Bon — Ban—2, Cont1 — 01 and By 1 — Bonst
successively to show that each of these is negative for ¢ € J, since in each case we get
p(0)=0and p'(¢) <0, in view of the relations in (3.26), (3.24) and the monotone character
of P,Q.

To prove 0y, < x and x < f35,,, consider the relations

P'(t) = 0, (t) =X (t) = (PBru—1) (1) + (Qor2n—1)(t) — (Px)(t) — (Ox)(£) < 0

and

Pl(t) =x(t) = B3, = (Px) (1) + (Qx) (1) = (Porn-1)(t) — (QPon-1)(t) <0

together with p(0) = 0 in each case, where the monotonicity of P,Q and the inequalities
x < Op_1, Pon—1 < x of (3.26) are used. Hence, as before, we can conclude that (3.27)
holds whenever we assume (3.26) to be true.

Now, with the principle of induction, the two chains of inequalities in (3.23) are established

for ¢ € J and all n. By employing reasoning similar to that of Theorem 3.4.1, we arrive at

lim Oy = p, lim Cptr1 =1,
n—oo n—o0

. . »
lim Bo,01 = p*, lim B, =7*, onJ.
n—o0 n—o0

Thus,

lim [(Pa,) (1) + (Qo2a) (1)] = (Pr*) (1) + (Op) (0),

n—o0

1im [(PB2n+1)(2) + (Q02n41) (1)] = (PP7)(2) + (Or)(0),
Jim [(Pon, ) (1) + (OB2a) (1)] = (Pp) (1) + (Or") (1),

lim [(Pot,11) () 4+ (QBan+1)(1)] = (Pr) (1) + (Qp") (1),

n—oo

on J. It is now easy to obtain the relations satisfied by r,p,r*, and p* as stated in the
conclusion of Theorem 3.4.2. The proof is complete.

Theorem 3.4.2 also contains several special cases as in Theorem 3.4.1. But to avoid
monotony of ideas, we have not stated all those special cases. It is easy for the reader

to recognize the various special cases.
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3.5 Monotone Technique for PBVPs

We have seen that the monotone iterative technique is an effective and flexible mechanism
to provide constructive existence results in a closed set, generated by the lower and upper
solutions for the IVP of causal differential equations. In this section, we shall extend the
technique for periodic boundary value problems. We need the following lemma before we
proceed further.

Lemma 3.5.1. Let m € C'[J,R] be such that

m'(t) < —Mm(t) — (Lm)(t), m(0) <m(2m), teJ=10,2x], (3.28)

where M > 0 and L € C[E, E] is a positive linear operator, that is, Lm > 0 wherever m > 0.
Then, m(t) <0, ¢ € J provided one of the following conditions hold:

(@) 2me*MT(Le™™)(2m) < 1;
(b) 27(M+ (L1)(27)) < 1.

Proof. Suppose (a) holds. Set v(¢) = m(t)e so that inequality (3.28) reduces to
V() < =M (Live™))(1). (3.29)

It is enough to prove v(¢) < 0 for¢ € J.

If this is not true, then we have the following cases:

(A) v(t) > 0for¢ €Jand v(t) #£0;
(B) there exists #1,# € J such that v(z;) > 0 and v(#2) < 0.

In case (A) we have v(0) < v(27) and from (3.29) we also have that v/(#) < 0 on J. Since
v(0) < v(2m) and v(¢) is nonincreasing on J, v(t) = C > 0. Hence, m(t) = Ce ™!, which
implies m(0) > m(27). In view 0f(3.28), we conclude that C = 0, and we get a contradiction
to (A).

In case (B), we have two situations:

(i) v(2m) > 0 and
(il) v(2m) <.

When v(2r) > 0, it is clear that v(0) < v(2m). Suppose that v(r;) = —A where
ming<;<2xv(t) = —A, A > 0. Then, #, € [0,27), and using the mean-value theorem on
[t2,27], we get

_v@2r)+A A

!
V(to) = e oan (3.30)



88 Theory of Causal Differential Equations

for some ) € (#,2m). On the other hand, since v(s) > —A for s € [0,2x] we have from
(3.29) and condition (a):
V(o) < —eM(L(ve™))(t0)
< eM0(L(Ae™))(10)
A

< A (L(e M) 2m) <
This is a contradiction to (3.30). When v(27) < 0, we also have v(0) < 0 and there
exists a t* € (0,27) such that v(#*) = 0 and v(r) < 0 for ¢ € (¢*,2x]. It is clear that
ming<,<+v(t) < 0. Let —A = ming<,<+v(t) = v(f2), where £, € [0,¢*) and A > 0. We
can repeat the argument employed above in the interval [f,,7*] and obtain a contradiction.
This completes the proof of the lemma when condition (a) holds.
If (b) holds, we proceed starting directly from (3.28). Again we have the two cases (A) and
(B) relative to m(¢). When (A) holds, since m(0) < m(2r), it is clear that

m(ty) = Ogg”m(t) > 0 with # € (0,27].

Therefore, in view of (3.28)
0= m/(t()) < —Mm(ty) — (Lm)(ty) < —Mm(ty) <0,

which is a contradiction.

When case (B) holds, we argue exactly as before and find that condition (B) leads to a
contradiction. The proof of the lemma is complete.

Let us begin with the definition of the upper and lower solutions for the PBVP involving

causal operators,
W' (t) = (Qu)(t),
u(0) = u(2n), (3.31)
where Q € C[E,E], E = C|[J,R].
Definition 3.5.1. o, B € C'[J,R] are said to be lower and upper solutions of (3.31) respec-
tively, if
o (1) < (Qa)(t),  a(0) < a(2m),

and

B'(t) = (0B)(1),  B(0) = B(2m).
Now, we are in a position to develop the monotone iterative technique (MIT) for (3.31) and
we proceed to do so in the following theorem.
Theorem 3.5.1. Let O € C[E, E]. Assume that forz € J,
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(i) o,B € C'[J,R] are lower and upper solutions of (3.31) respectively;
(i) whenever ar(t) < v(r) < u(t) < B(2), (Qu)(r) — (Qv)(1) = —M(u(r) —v(t)) — (L(u —

v))(¢), where M > 0 is a positive constant and L € C[E,E] is a positive linear operator
such that e*7|L| < M, where |L| = sup),,_ {'ﬁﬁ'] :

Then, there exists monotone sequences {o, (£)},{B,(¢)} with o9 = , By = B such that
limy,—eo 0 () = p(¢), lim, e B (¢) = r(¢) where p,r are minimal and maximal solutions of
the PBVP (3.31), respectively, satisfying ca(¢) < p(¢t) < r(¢t) < B(¢) onJ.

Proof. For any n € C[J,R], oc(¢t) < n(¢) < B(¢), t €J, consider the linear PBVP

u'(¢)+Mu(t) = —(Lu)(t) + on(t), u(0)=u(2r), (3.32)

where 0y (1) = (ON)(t) + M () + (Ln)(0).
Now,

)= n [ Tons)— s+ [ fonts) ~ L o) as

= (Su)(¢).
To show S is a contraction, consider

(Su)6) = ()0} = |7 62M71r -1 /OZE(L(” —v))(s)eMds

oM /O (L)) (s)esds

=yl sz /27: Ms
L ’d
= pomn € IL| , & #

62M T

< L ju—].
M

Thus from our hypothesis, we have that S is a contraction, and hence has a unique fixed
point. Therefore, the linear PBVP (3.32) has a unique solution.

Next, we need to show that any solution u(¢) of (3.32) satisfies u(¢) € [a(¢),B(¢)], ¢t € J.
We have

o (t) < —Mo(t) — (La)(t) + og(t)
and
u'(t) = —Mu(t) — (Lu)(t) + on(t) > —Mu(t) — (Lu)(t) + 0a(t).

Setting p = & — u, we have

p(t) < —Mp(t) — (Lp)(¢)
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and p(0) < p(2m). Now, Lemma 3.5.1 gives p(¢) < 0 and hence o(¢)
larly, we can show that u(z) < B(¢), t € J. Hence, we have o () < u(z)

u(t), t € J. Simi-

<
<B(t),ted.

Next we want to show that
<o << <0 <P < <Pp<Bi<P tel,
where

o, + Moy = —(Loty) + (Qty—1) + Maty—1 + (Loy,—1),

ﬂé +Mﬁn = _(Lﬁn) + (Qﬁnfl) ""_Mﬂnfl + (Lﬂnfl)

First we show that oy = o < ;. Now

o < (Qap) and oc{ +May = —(Loy) +May + (Log).
Let p= 09— oy. Then p’ = o) — of = —Mp— (Lp). and p(0) < p(2x). Hence, by Lemma
3.5.L, 0(t) < oyft), t €J.
Assume oy (1) < ai(t), t €J. Let p = oy — 0o4+1. Using hypothesis (ii) and simplifying,
we obtain
P =0 -0

= Moy + (Q0y—1) + Moy_y + (Lag—1) — (Loy)

+Moyy1 — (Qoy) — (Moy) — (Loyer1) + (LOl+1)
—Moy +Moy_1 — (Log,) — (Loy) + Moy, — Moy,

IN

—(Loy) + (Loger1) +M(0y — og—1) + (L0 — 0%—1))
=-Mp—(Lp)

and p(0) = p(2x). Again, using Lemma 3.5.1, we get o4 (¢) < 0411(¢), t € J. Thus, by

induction, we have

oat)=o(t) <oy(t) < og(t), ted.
Similarly, we can show that

Br <Bu1 < <B<Bi <Po=P.

We next show that o, (¢) < B,(¢), t € J. Letting p = oy, — 3, and proceeding as before we

arrive at
p' < —Mp—(Lp) and p(0) = p(27),
which yields o, < B, €J,n=1,2,..., from Lemma 3.5.1. Hence, we have

< << <0 <B << <P <Py, teJ
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It then follows, using standard arguments, that lim, ... &, (¢) = p(¢) and lim,, .. B,,(¢) = r(¢)
uniformly on J, and p(¢) and r(¢) are solutions of the PBVP (3.31).
To show that p(¢) and r(¢) are extremal solutions of (3.31), let u(¢) be any solution of (3.31)
such that u(¢) € [a(¢), B(¢)], and suppose for some k > 0, oy (¢) < u(t) < Br_1(2), ¢t € J.
Let p = o — u. Then

P =op—u = Moy +(Q0y1) + Moy + (Log—1) — (Log) — (Qu).
Since o1 < u, we have from the hypothesis (ii) of the theorem that

(Qu) = (Qy—1) = —M(u— 04—1) + (L(u — 0—1)).

Substituting the above inequality in p’ (1) we get,

p'<—Mp—(Lp).
Also p(0) = p(27). Now applying Lemma 3.5.1 we get

oy(2) <u(t).
Similarly, u(¢) < i (¢). Thus, from the induction principle, it follows that
oy <u< By, foralln,teJ.

Now taking limits as n — eo, we obtain

p(e) < ult) <r(0).
Hence p(¢) and r(¢) are extremal solutions of the PBVP (3.31).
Remark 3.5.1. Theorem 3.5.1 and Lemma 3.5.1 hold for any linear operator L and a

constant M > 0 such that M < 21n and e?M*|L| < M. But, it should be observed that even if
M > 21” the Theorem 3.5.1 holds if L satisfies the condition (a) in Lemma 3.5.1.

3.6 The Method of Quasilinearization (MQL)

If we utilize the technique of lower and upper solutions coupled with the method of quasi-
linearization and employ the idea of Newton-Fourier, it is possible to construct concurrently
upper and lower bounding monotone sequences whose elements are the solutions of linear
initial value problems. Compared to monotone iterative technique, the method of quasi-
linearization has the advantage that the sequences converge quadratically to the unique
solution.

We consider the IVP for causal differential equation

¥(t)=(0x)(t), x(0)=x0, teJ=][0,T], (3.33)
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where Q : E — E is a continuous operator, £ = C(J,R). We shall prove the following
simple result to bring out the ideas involved.

Theorem 3.6.1. Assume that
(1) o, Po € C(J,R) satisfy the inequalities
og (1) < (Qan)(t), Bo(t) > (OBo)(1), o0 <Po, 1€,

(ii) the second Frechet derivative of Q exists and satisfies O, (x) > 0 and Q,(x)y is semi-

nondecreasing in y for each x.

Then, there exists monotone sequences {4, (¢)}, {B,(¢)} which converge uniquely and
quadratically to the unique solution x(¢) of (3.33) on J.
Proof. In view of assumption (ii), we obtain for x > y, x,y € C(J,R),

(Ox)(t) = (Qy)(1) + Ox (V) (x =) (1) (3.34)
and for x,y € Q,
(Ox)(2) = (Qy)(t) < L(x(t) = y(1)), teJ, L>0. (3.35)

Since Q satisfies one-sided Lipschitz condition, it follows that (3.33) possesses the unique

solution x(z) on J. Define the iterates { o, (¢)},{B.(¢)} as follows:

01 () = (000 () + (Ox ) (01 — ) (2), 01 (0) = xo, (3.36)
1 (1) = (OB) (1) + (OcBa) (Bus1 — Bu) (1), But1(0) = xo, (3.37)
with 00(0) < xo < Bo(0), £ € J. We shall show that
<o <0< <0 << <P < Pi < o, onJ. (3.38)
Let us first prove that
op < oy < Py < Py, onJ. (3.39)

Set p = 0 — o so that p(0) < 0 and by (3.36)

P < (Qoo)(t) — [(Qow)(t) + (Oxon) (01 — 00) (t)] < (Ox0) p-

By Theorem 2.2.1, it follows that p(¢) < 0 onJ which implies o (¢) < o (¢) onJ. Similarly,
)

it can be shown that §; < By on J. Now set p = a; — ; so that p(0) = 0 and by (3.34),

(3.36), and (3.37),
P =1(Q0n) + (Ox00)(0n — o) ()] — [(OBo) + (OuBo) (B1 — Bo) ()]

< (Ox()) (a0 — Bo) + Ox(00) [0 — 0] — Ox(Bo) [B1 — Po
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which in view of hypothesis (ii) regarding Q. (x)y seminondecreasing in y for each x, yields

P < Ox(o)p.
This shows that by Theorem 2.2.1, p(¢) < 0 which gives oy < 1 on J. This establishes
(3.39). Assuming, that for some integer %, the relation
o1 < oy < B < By
is true, we can prove, by arguments similar to those in getting (3.39) that
o < 0yt < Brir < P

and thus, by the principle of induction, (3.38) is true for all n.

Therefore, the iteration scheme described by (3.36) and (3.37) yield the monotone se-
quences {0y}, {B} satisfying (3.38). Employing standard arguments, it is now easy to
prove that the entire sequences {a, },{f,} converge uniformly and monotonically to the
unique solution x(¢) of (3.33) on J.

We shall next show that the convergence is quadratic. For this purpose, consider
Pl =X =01 >0, gpy1 = Bup1—x>0, 0nJ
and note that p,11(0) = g,4+1(0) =0, n > 1. Now,
Pyt =¥ (1) = 051 (6) = (0) (1) = [(Q0) (1) + (Ox0) (1 — ) (1)]

= Ox(M)pn — Ox(0) (Pn — Pn+1)

< [Ox(x) = Ox(00) | pn + Ox(0) P11

= 0u(0)p5 + 0x(0) Pt
where o, <M <xand o, < 0 < fB,. Thus we get

Puit <Mpusi +Np;, onJ,

where | Oy (x)| < M, |Qx(x)| < N on J. Consequently, applying Gronwall inequality, treat-

ing Np? as forcing term, it follows that
t
0 < x(t) - O1(f) <N / en(s) — 0 ()] 2™ dis,
0
which yields the desired estimate
N
max |x(#) — o1 (£)] < MeMT max (1) — o (£) ]2
In a similar way, one can obtain, after some computation, the estimate

max By —x(1)] < T max By () ()4 ) M max x(e) — (o)

2
The proofis complete.
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3.7 Extension of Quasilinearization

We have seen in Section 3.6 that when the operator Q in (3.33) is convex, one can obtain
lower and upper bounds simultaneously, that converge quadratically to the unique solution
of (3.33). We have a similar conclusion in case of Q being concave. The question remains
whether we can obtain corresponding results when O admits a decomposition into a differ-
ence of two convex or concave functions or equivalently, Q admits a splitting into convex
and concave parts. The answer is affirmative and we shall consider such a question in this

section.
Let o, Bo € C'(J,R), J = [0, T] and define the sector

S={(t,x) e JXE 1 0(t) <x(t) < Po(t)}
where E = C(J,R). We shall consider the IVP
X (t) = (P)(t) + (Ox)(1),  x(0) =xo, (3.40)
where P,Q : E — E are continuous. Let us consider the case when the lower and upper
solutions of (3.40) are natural.
Theorem 3.7.1. Assume the following hypotheses:
(H1) ag,Bo € C'(J,R), ag(t) < Bo(t) and fort € J,
o (t) < (Pow)(t) + (Qao) (1),

Bo(t) = (PBo) () + (QBo) (1),

with o (0) < xp < Bo(0);
(H2) P,Q € C(J,R) and for (¢,x) € S, the Frechet derivatives Py, Oy, P, and Oy, exist, are

continuous and satisfy
Pxx(x) >0, Qxx(x) <0.
Then there exists monotone sequences {c;, },{B,} which converge uniformly to the unique

solution of (3.40) and the convergence is quadratic.

Proof. We note that hypothesis (H2) yields the following inequalities:
(Px)(1) = (Py)(1) + (Py) (x —»)(1), (3.41)

(0x)(2) = (Q) (1) + (Oxx) (x =¥) (1), (3.42)
for x > y. It is also clear that P, Q satisfy, for any u;,u; such that o (¢) < up(¢) <wuy(t) <
ﬁO(t)’ ted,

—L(ur (1) —ua(2)) < (Pur) (1) — (Puz)(2) < L(w (£) — ua (1)), (3.43)
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—L(u1 () —uz(t)) < (Qu1)(t) — (Qua) (1) < L(ur (1) —ua(2)), (3.44)
for some L > 0.
Consider the IVPs
u'(t) = F(t, 00, Bosu) (3.45)

= (Pow)(t) + (Puoo) (u — ) () + (Qato) (¢) + (QuPo) (u — 00) (),
and
V(t) = G(t, o0, Bo;v) (3.46)
= (PPo)(t) + (Pucto) (v = Po) (1) + (OBo) (1) + (QuPo) (v — Bo) (1),

with 0 (0) < ug, vo < Bo(0), where u(0) = ug, v(0) = vy. The inequalities (3.41), (3.42)
together with hypothesis (H1) imply

oy (1) < (Pow)(t) + (Qow)(1) = F(t, a, Bo; o)
Bo(2) > (PBo) (1) + (OBo)(1)
> (Pog)(t) + (Pucto)(Bo — 00) (t) + (Qaxo) (2) + (QuPo) (Bo — ) (2)

F(t, 00, Bo; Bo)-

Hence, by Theorem 3.2.1 and the fact that (3.45) is a linear IVP, it follows that there exists
a unique solution oy (¢) of (3.45) such that o (¢) < o (¢) < Bo(¢) on J. Similarly using
(3.41), (3.42) and (H1), we obtain

o < (Pao)(t) + (Qa) (1)
< (PPo) (1) + (Pucto) (00 — Po)(¢) + (OPo) () + (QuPo) (00 — Po) ()
= G(t, a0, Bo; ),

Bo > (PPo)(t) + (OPo)(t) = G(t, 0%, Bo3 Bo),

and therefore, as before, there exists a unique solution f;(¢) of (3.46) such that o (¢) <

Bi(t) < Po(t) onJ.
Since o (t) = F(t, 09, Bo; 011 ), we get by using (3.45),

o = (Pao)(t) + (Puoto) (01 — 00)(t) + (Q0n) (1) + (Qufo) (01 — %) (7)
< (Pou)(t) + (Qau ) (1) + (Quon ) (00 — ou) (t) + (QuPo) (01 — 0to) (1)
< (Pay)(t) + (Qau )(1) + [QuPo — Quen (0 — 0) (1)
< (Pay)(1) + (Qau)(1)
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because of the fact O, (u) is nonincreasing and oy () < Bo(¢). Similarly, using (3.46), since
Bi = G(t, 0, Bo; B1), we obtain

Bi = (PPo)(t) + (Puco) (Br — Bo)(2) + (OBo) (1) + (QuBo) (B1 — Bo)(¢)
= (PB1) (1) + (OB1) (1) + (PuB1)(Bo — Bi) (1) + (Pucto) (B1 — Po) (1)
= (PB1)(1) + (OB1)(t) + [Pucto — PuPr](B1 — Bo) (¢)
> (PP1)(1) +(OB1)(1)

because P, (u) is nondecreasing and o4 (¢) < B1(¢) < Bo(¢). It then follows from Theorem
3.2.1,(3.43) and (3.44) that o (¢) < B;(¢) on J. As a result, we get

oo(t) < on(t) < Pi(t) < Polt) onJ. (3.47)
Next we consider the IVPs

W' (1) = F(t,00,Br;u), u(0)=ug (3.48)

V(6) = Glt,00,B1v),  v(0) =vo. (3.49)

We observe that

o (t) < (Pou)(t) + (Qou)(t) = F(t, 00, Bis0n),
Bi(z) = (PB1) (1) + (OB1) (1)
> (Pou)(t) + (Puon )(Br — o) (1) + (Qou ) (2) + (Quon ) (Br — o) ()

(P,
F(t,Br,0u;B1),

in view of (3.41) and (3.42). Consequently, by Theorem 3.2.1 and the fact that (3.48),

(3.49) are linear, we obtain, as before, a unique solution o, (¢) of (3.48) such that

o (t) < o (t) < B (¢) < Po(t) on .

Similarly, since

o1 (t) < (Pou)(t) +(Qou)(t)
< (PB)(2) + (Puon ) (o — B1)(2) + (OB1) (1) + (Quon ) (ou — Bi)(1)
=Gt o1, Bi;00),

Bi(2) > (PB1)(2) + (OB1)(t) = G(t, 04,15 01),

we find that there exists a unique solution 3,(¢) of (3.49) satisfying

oy (t) < Bo(t) < Bi(t) < PBo(t) onJ.
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In view of the fact
05 (t) = F(t,00,B1;00),
B3 (1) = G(t, 0, B3 Ba),
we have, as before, using (3.41) and (3.42),
0o < (Pon)(t) + (Qon)(t),
Bz = (PB2)(t) + (OB)(2),
which yields by Theorem 3.2.1, (3.43) and (3.44)
o (t) < Ba(t) on J.
It therefore follows that
o (t) < 01 (0) < 0a(6) < Palt) < By (1) < Bolt) onJ
because of (3.47). This process can be continued successively to arrive at
o(t) Sou(r) < < op(t) < Bult) < - < Bi(t) < Polr) onJ,
where the elements of the monotone sequences { o, (¢)},{B.(¢)} are the unique solutions
of the linear IVPs

a;/1+1(t):F(taanaﬁn;an+l)7 an+1(0):u()7

B (t) = G(t, 0, Bus Bus1),  But1(0) = vo.
Employing the standard arguments, it is easy to conclude that the sequences
{06:(2)},{Bn(t)} converge uniformly to the unique solution of (3.40) on J.
We shall now show that the convergence of the sequences {a,(¢)},{B:(¢)} to the unique

solution of (3.40) is indeed quadratic. To do this, consider
pa(t) =u(t) = 0u(t) 20,  gn=Pult) —u(t) 20
and note that p,(0) = ¢,(0) = 0.
Using the definitions of o, (¢), B,(¢) and the mean value theorem together with hypothesis

(H2), we obtain successively,
Pu(t) = (Pu)(t) + (Qu)(t) + [(Poy-1) (t) + (Pultn—1)(0n — 0ty—1)(7)

+(Qau—-1)(t) + (QuPn—1) (0 — 0t—1)(1)]

[(Pu&) = (Puotn—1) + (Qu0) — (QuBn—1)]pn—1(7)

[(Putu—1) + (QuBn—1)]Pa(?)

< [(Pat) = (Puttn—1) + (Qutt) = (QuBn—1)]pn-1(¢)
H[(Putty—1) + (QuBn—1)]pn(t)

= (Pu)pp_1(t) = (Quu01) (Bu—1 — Oty—1)Pu1(t)
+[(Puotn—1) + (QuBn—1)lpa (1)
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where o, 1 < &,0<u, 0,1 < & <uand 0,1 < 01 < f,_1. But,

_Quu(o-l)[ﬂnfl - O‘nfl]pnfl(t)
< N2 [anl(t) ""_pnfl(t)]pnfl(t)
< N2[pﬁ—l(t) +pn71(t)Qn71(t)]
< N0+ SN ()
Thus,

3 1
D) < Mpale)+ (N + S N2) P2y (0)+ Moy (1),
where

|Pua(@)] < N1y | Qua(u)| < Noy - [Pulu)| < My,

|0y (u)| < Mp and M = M, + M,.
Now, Gronwall inequality implies

! 3
0<pule) < [ MW+ oo 1(5)+

1
N Nogy 1 (s)]ds

2
which yields, for ¢t € J,

eMT
ma u(t) — (1) < KN1 + 3N2) max u(t) — o1 (1) + ;sz?x|ﬁn_1(t) _ u(t)|2] .

M 2
Similarly, we get with some computation, an estimate relative to ¢, given by
B0 —ul < (2380 ) max By 1 (6) () + Ny max (1) — ()
m; — m —1(t) — m —1(6) — .
JaX n u = u D) 1 2 jlx n—1 u ) 1 jlx n—1 u

These estimates on p,(¢) and g,(¢) establish the quadratic convergence of the iterates
{06:(2)},{Bn(t)} to the unique solution of TVP (3.40).

By choosing lower and upper solutions differently with suitable linear problems, one can
show that the same conclusion as in Theorem 3.7.1 is valid. Moreover, Theorem 3.7.1
includes several special cases. For example, Q is not convex but (Q +S) is a convex causal

operator, is one special case. In this case, we write

' (£) = ((Qu) + (Su) — (Su))(r) = [(Qu) + (—Su)) (z)
where (Qu) = [(Qu) + (Su)] is convex and —Su is concave. Also, another special case is

when (Qu) is not concave but (Qu + Su) is concave with (Su) being concave, so that

u () = [(=Su) + (Qu)) (1),
where Qu = (Qu + Su) and Pu = —Su. Theorem 3.7.1 is applicable in all such cases and

we get quadratic convergence of iterates.
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3.8 Newton’s Method Versus Quasilinearization

In this section we compare and contrast Newton’s method and the method of quasilin-
earization. Some of the several possible situations are explored providing a preliminary
discussion.

Let us consider the problem of finding a root of scalar causal functional equation

0= (0)() (3.50)

where Q: E — E, E = C([0,T],R) which means that we are seeking functions x(¢) or

constant valued functions x(¢) that makes (Qx)(¢) = 0. For example, if
1
(Ox)(1) = [ k(t,5,x(s))ds,

fo
then the above problem (3.50) reduces to finding x(¢) which will make the integral to be
zero. It is possible for x(¢) to be just a constant function or a nonconstant function. Thus,
it follows that finding the zeroes of (Qx)(¢) implies finding a function x*(¢), constant or
otherwise such that (QOx*)(¢) = 0 and in the example considered above, ftf) k(t,s,x*(s))ds =
0.

On the other hand, let us also consider the IVP for causal differential equation

X(t) = (00)(t), x(t0) =x0, 20 >0, (3.51)

on the interval J = [0, 7], where Q: E — E, E =C([0,T],R). If we are looking for constants
functions as solutions of this IVP, then the problem is identical to finding roots of the causal
equation (3.50), that are constant valued functions.

As is well known, Newton’s method is the best known procedure for finding the solution
of functional equation (3.50). Although, it may not be the best method for the given prob-
lem, its simplicity and rapid convergence of the iterates often motivate one to employ this

method for solving (3.50). The iteration formula of Newton’s method is

X1 —Xn = —(0%n) /(Qu¥Xn), n=0. (3.52)

For (3.52) to hold, one needs to assume that O is continuously Fréchet differentiable and
(Oxx) # 0, in a neighborhood of an isolated zero of (3.50), namely in the sector [0, Bo] =

{x€E:0p<x<Po}
There are three possibilities:

(@) (Oxx) > 0;
(b) (Qxx <0);
(©) (Oxx #0);
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or equivalently, (Qx) is monotone increasing or (Qx) is monotone decreasing or (Qx) is
not monotone on [0, Bo]. In Newton’s method, we require only (Qyx # 0) and the iterative
scheme need not produce a sequence of monotone iterates. However, when (Qx) is mono-
tone, it is possible to develop monotone iterative technique for IVP (3.51) when suitable
lower and upper solutions are assumed to exist.

Let us consider the following two situations for (3.50):

(1) (Oxx) <0,0< (Qag), 0> (OPo), 00 < Bo and (Oxxx) < 05
(2) (Oxx) >0,0< (0P0), 0> (Q0y), ap < Po and (Qxex) > 0.

Comparing this to IVP (3.51), we have the following two cases:

(1%) (Qxx)(1) <0, 0y(1)
(2%) (Qxx)(1) = 0, 0y(1)

(Qao)(t), By = (OBo) (1), o (1) < Po(t), (Quxx)(t) < 0 0n J;
(QBo)(1), By (1) = (Qan)(1), o (1) < o), (Quex)(¢) = 0 0n J.

<
<

For IVP (3.51), the cases (1*) and (2*) lead us to the method of generalized quasilineariza-

tion and we require the conditions in (1*), (2*) to hold only in the closed set
(o0, Bo] = {x € E: ao(t) <x(t) < Polt), t € J}.

One of the tools in order to obtain monotone sequences from the iteration schemes in the
method of quasilinearization is the appropriate comparison result. In case of IVP (3.51),

one needs the simple linear differential inequality

P)<(@m)p(t), p0)<0,re] (3.53)

where 1 = 1(¢) is such that o (¢) < n(¢) < Po(z), which implies that p(z) < 0 on J.
This conclusion does not require (Qx7) to be either only positive or only negative. On the

other hand, the corresponding comparison result for (3.50) would lead to

0 < (Qn)p, (3.54)

where 0p < 1 < . In order to conclude p < 0 or p > 0, we certainly require to assume that
(Oxn) < 0or (Oxn) > 0. We therefore see that there is a similarity between generalized

quasilinearization method and Newton’s method, when we write (3.52) in the form

0 = (Oxn) + (Oxxn) (Xp1 —Xn) (3.55)
and the corresponding iterative scheme for (3.51) which is given by

Xy (6) = (0%0) (£) + (Oxxn) (st — %) (£) }

3.56
Xu+1(0) = xo. (3.56)
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Thus the procedure in the proofs for both the methods would hold good, with appropriate
modifications. In both cases, we obtain quadratic convergence of the monotone sequences
to the unique solution of each problem.

The discussion described above generates a variety of results, some are known and some
unknown. We shall attempt to consider possible solutions with a view to compare and
contrast both of these important methods.

We shall begin by considering the case of natural lower and upper solutions and a result
relative to (3.50) under the assumption (1).

Theorem 3.8.1. Suppose that the conditions listed in (1) hold. Then there exist monotone
sequences {0, }, { B, } satisfying

O <oy <0< <0 <r<f,<--<B<Bi<Po, (3.57)

which are generated by the iteration scheme

0= (Q0:) +(QsP) (0011 — 00) }
= (QBn) + (QxBn)(BrH—l - Bn)

where r is the isolated zero of (3.50). Moreover, the sequences converge to the unique

(3.58)

solution  of (3.50) quadratically.
Proof. We have

0 < (Qog) — [(Qao) + (OxPo) (o1 — )] = —(OxPo) (01 — ),

which implies the relation o < o1, because of the assumption (O ffy) < 0. Similarly, we
can get B; < fBy. Next, we shall show that o < r < B;.

Since we have successively

= (0r) — [(Qao) + (OPo) (1 — )]
= (Q—x0)(r—ao) — (OxPo) (01 — )
> (OxPo) (r— o — 01 + o)
= (OxPo

where 0 < 6 < By and the decreasing nature of (Q,x) is used.

)
)

—~

r—otl),

We arrive at o < r. A similar argument shows that » < f3;. Thus, we have
o <oy <r< Py <Py (3.59)

Repeating the above proof inductively, we can show that (3.57) holds. Then, the bounded-
ness of monotone sequences {, },{B,} show that they converge to é&, 8 respectively and
it is easy to see that (Q&) = 0 and (Of) = 0. Since r is the unique solution in [cty, Bo], it
follows that & = r = [;
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To show that the sequences {0, },{B,} converge quadratically to », using the standard

computation, we arrive at
M;
0 <r— 0t <Mi[(By—r)(r—0u)] < [(Bu—r)*+ (r—0u)’),

where |(Qx0)/(QxwBr)| < M. A similar estimate holds for 3,11 — r and hence, combining

the two estimates, we get
= Ot | + | Bast — 1| < M[(r— 0)* + (By — )]

for some constant M > 0. The proof'is therefore complete.

The next result is relative to IVP (3.51) corresponding to the case (1*) except that we do
not need the condition (Qyx) < 0.

Theorem 3.8.2. Assume that the conditions listed in (1*) hold without (Q,x) < 0. Then

there exist monotone sequences {a, },{f,} defined by the scheme

041 (6) = (Q0) (1) + (QfBn) (@1 — ) (1), @ 11(0) =0, }
1 () = (OB) () + (OxBn) (Bui1 = Bu) (1), Bus1(0) =xo

Which converge uniformly to the unique solution of (3.51) and the convergence is

quadratic.

We can prove a result similar to that of Theorem 3.8.2 in case of (1*), provided we replace

the condition (Qyx) < 0 by (Qyx) > 0. This is stated below.

Theorem 3.8.3. Assume that (1*) holds with (Qxx) < 0 replaced by (QOxx) > 0 and

without (Qyx) < 0. Then the same conclusion of Theorem 3.8.2 is true.

In this case, the iterative scheme is

a:,H»l = (Qan)(t) + (Qxan)(an+l - O‘n)(t)v an—H(O) = X0,

BrlH—l = (OB)(t) + (Ox0) (Bus1— Bu)(t),  But1(0) = xo.

We do not offer the proofs of Theorem 3.8.2 and 3.8.3 since they are special cases of
results of earlier sections. The cases of coupled lower and upper solutions (2), (2*) maybe

considered similarly.

3.9 Notes and Comments

The method of lower and upper solutions coupled with monotone iterative technique and
quasilinearization, including generalizations and extensions are theoretical approximation
results that are very useful in applications and are popular in several disciplines. Therefore,

this entire chapter is dedicated to such results.
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The contents of Sec. 3.5 are taken from Drici, McRae and Vasundhara Devi [73] and the
rest of the results are new in the present general framework and are adapted from Laksh-
mikantham and Koksal [74], Lakshmikantham and Vatsala [75], Ladde, Lakshmikantham
and Vatsala [76], Lakshmikantham and Zhang [77], Vasundhara Devi and Vatsala [78].



Chapter 4

Stability Theory

4.1 Introduction

This chapter is devoted essentially to the theory of stability and boundedness of Causal
differential equations, using Lyapunov’s method. The concepts of Lyapunov stability have
given rise to several notions that are important in applications. For example, other than
usual stability concepts originated by Lyapunov, we have partial stability, conditional sta-
bility, perfect stability and eventual stability of asymptotically invariant sets, to name a
few. Corresponding to these, notions of boundedness have been formulated and sufficient
conditions are provided. In order to unify a variety of known concepts of stability and
boundedness, it is found beneficial to employ two different measures and obtain criteria in
terms of two measures.

In Section 4.2, we prove necessary comparison results in terms of Lyapunov functions and
other relevant theorems. Section 4.3 offers various stability and boundedness concepts in
terms of two measures and show these definitions unify various known stability concepts.
In Section, 4.5, stability criteria in terms of a Lyapunov function are given. Here it becomes
necessary to choose minimal classes of functions relative to which the generalized deriva-
tive of Lyapunov functions has to satisfy certain conditions. Section 4.6 uses Lyapunov
functionals to offer stability criteria.

In Section 4.7, we present Lyapunov functions on product spaces unifying the results of
stability theory. The stability criteria in terms of two different measures are given in Section
4.8, while in Section 4.9, the method of vector Lyapunov functions is employed. In order,
not to duplicate the results in each of these situations, we have only presented some typical
results which cover a variety of known results. Finally, in Section 4.10, we give notes and

comments.

V. Lakshmikantham et al., Theory of Causal Differential Equations, Atlantis Studies in Mathematics 105
for Engineering and Science 5, DOI 10.2991/978-94-91216-25-1 4,
© 2009 Atlantis Press/World Scientific
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4.2 Comparison Theorems via Lyapunov Functions

In order to investigate the theory of stability for causal differential equations, we need
comparison results in terms of Lyapunov-like functions.

Consider the causal differential system
X(t) = (0x)(1),  x(to) =x010 >0, 4.1)

where O : E — E = C([tp,°),R"). We assume the existence and uniqueness of solutions
x(¢) of (4.1). When we utilize Lyapunov-like functions, it is necessary to select some
classes of functions relative to which the generalized derivative of Lyapunov function has

to satisfy suitable conditions. We define the following sets:
Ey={x€E :V(s,x(s)A(s) < V(t,x(¢))A(¢), to <5 <t},
Ey ={x€E :V(s,x(s)) <V(t,x(t)), to <s<t},

where

(i) A(¢) > 0 is continuously differentiable on R and A4(#) = 1;
(i) ¥V € C(Ry+ xR",Ry) is a Lyapunov function.

We now prove the following comparison results.

Theorem 4.2.1. Suppose that the following hypotheses hold;
(1) V e C(Ry xR"R,), V(t,x) is locally Lipschitzian in x;
(i1) fort >ty andx € E,
DV (t.x(1)) < g(t,V(t.x(1))),
where

DV (t,x(t)) = lihmzlip }ll V(t+h,x(t)+h(Ox)(t)) —V(¢t,x(2))]

and g € C(R1,R,);

(iii) r(¢) = r(t,to,up) is the maximal solution of the scalar differential equation
u' =g(t,u), ulty)=uo>0, 4.2)
existing on [fy, ).

Then, if x(¢) = x(¢,%,x0) is any solution of IVP (4.1) existing on [fy,c°), V (¢o,X0) < ug

implies

V(t,x(t)) <r(), t>t.
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Proof. Let x(¢) = x(¢,%,x0) be any solution of IVP (4.1) for z > #;. Define

m(t) =V (t,x(t))

so that m(ty) = V (¢o,x0) < ug. For some sufficiently small € > 0, consider the differential

equation
u =g(t,u)+e, u(ty) =uo+e, 4.3)

whose solutions u(z, &) = u(t,,uo, €) exist as far as r(¢) exists. To prove the conclusion of

Theorem 4.2.1, it is enough to show that
m(t) =V(t,x(t)) <u(t,e), t>t.
Suppose this is not true. Then, there exists a #; > ¢y such that
m(t) <u(t,e), to<t<h
and
m(t;) =u(ty,€).
It then follows that
Dm(t)) > u'(t,€) = g(t1,u(t1,€)) +&. (4.4)
From the assumptions on g, the solutions u(¢,€) are nondecreasing in ¢. Since m(t) =
V(t,x(¢)), we get
V(s,x(s)) <u(t1,€), forty <s <.
Consequently, x(¢) € E1. Using the fact that V' (¢,x) is assumed to be Lipschitzian in x, the
standard computation yields
m(t+h)—m(t) =V(t+hx(t+h)—V(tx(t))
SV(t+hx(t+h)—V(t+hx(t)+h(0x)(t))
+V (¢t +h,x(t)+h(Ox)(t)) —V(t,x(t))
< Llx(t+h) —x(2) = h(Qx)(1)]
+V (¢t +h,x(t)+h(Ox)(t)) = V(t,x(2)).
This shows that

D m(t) = li;n?)lip ]11 [V(t+h,x(t)+h(0x)(2)) —V(t,x(2))]

< gt V(t,x(1))) = glt,m(1), to <t <t <ee.
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hence at t =1, we get
D m(t)) < g(t1,m(t))) < g(t1,u(ty,€)) +¢
which contradicts (4.4). Hence m(¢) < u(t,€), which as € — 0 yields the desired estimate
m(t) =V (t,x(t)) <r(t), t>t,

and the proofis complete.
Corollary 4.2.1. Let V satisfy the conditions of Theorem 4.2.1 with g(¢,u) =0 and x(¢) €
El. Then

V<t7x(t)) < V(l(),.X()), t> 1o,
where x(¢) is any solution of IVP (4.1) or equivalently,
Vi,x(t)) <V(t,x(t1), to<ti <t <oo.

Theorem 4.2.2. Suppose that the hypothesis of theorem 4.2.1 hold except that the inequal-
ity in (ii) is replaced by

A@DTV (t,x(2)) +V (t,x(0))A' (1) < g(t,V (t,x(1))A()),
fort >ty and x € E4. Then, A(ty)V (t,x0) < ug implies
Vit,x(1)A(t) <r(t), t>t.

Proof. Define L(¢,x(¢)) =V (¢,x(t))A(t). Lett >ty and x(¢) € E4. Then it is easy to see
that

DYL(t,x(t)) < A@)DTV (t,x(t)) + V(t,x(¢))A(¢)
< g(t,L(t,x(1)))-
Then, by Theorem 4.2.1, it follows that
V(t,x(2)A(t) =L(t,x(t)) <r(t), t>1.

To prove a general comparison theorem, we need the following result.
Lemma 4.2.1. Let g, g € C(R?,R) be such that

go(t,u) <g(t,u). (4.5)
Then, the left maximal solution 7 (¢, 7y, vo) of the IVP
Vi=go(t,v), v(10) =, (4.6)

and the right maximal solution »(¢) = r(¢,#y,uo) of IVP (4.3) satisfy the relation

l”(t,t(),uo) < T](I,TQ,VQ), te [to,T()], “4.7)
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where r(719,20,u) < vo.
Proof. It is known that limg_qu(t,€) = r(¢,t,up) and limg_ov(¢,€) = N (¢, 0, v0), where
u(t,€) is any solution of
u =gt,u)+e, ulty) =ug+e
existing for ¢ > ¢y and v(¢, €) is any solution of
/

Vi=golt,v)+e, v(tg)=w

existing to the left of 7p and € > 0 is sufficiently small. Note that (4.7) follows if we first
prove the inequality u(¢,€) < v(¢,€), to <t < Tp. Since go < g and r(7y,%,up) < vp, it is

easy to see that, for sufficiently small § > 0, we have

u(t,e) <v(t,e), 1H—0<t<1,
and in particular,

u(t—96,€) <v(1—0,¢€).

We claim that

u(t,e) <v(t,e), thH<t<t—20.
If this is not true, there exists a ¢* € [fy, ) — 0) such that

u(t*,e) =v(t*,e), u(t,e) <v(te), t'<t<t1-34.
This leads to the contradiction
gt u(t e))+e=u(t"e) <V(t*, &) = go(t",v(t",e)) +e.

Hence, u(t,€) < v(t,€), to <t < 79 — 0 and the proof of the lemma is complete.

We are now in position to prove the following comparison result, which plays an important
role in the study of causal differential inequalities.

Theorem 4.2.3. Letm € C(R,R;), 0: E — E = C(R4,R) and satisfies

Drm(t) < (Om)(t) +g(t,m(t)), 1€, (4.8)
where
Io=A{t>1to:m(s) <nis,t,m(t)), to<s<t},
N (¢, 7o, vo) being the left maximal solution of (4.6) existing on [fy, Tp]. Assume that

g()(tvu) < (Qu)(t) +g(t7u) (49)
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and r(¢) is the maximal solution of I[VP
W' (t) = (Qu)(1) +g(t,u(t)), ulto) = uo, (4.10)
existing on [fy,<). Then
m(ty) < ug implies m(t) <r(t), t>1t. (4.11)
Proof. Since it is known that lim,_gu(z,€) = r(¢t) where u(¢, €) is any solution of
' (t) = (Qu) (1) +g(tu(t)) +&, ulty) =uo+e,

for € > 0 being sufficiently small, on any compact interval [fy, 7] C [fo, ), it is enough to

prove that
m(t) <u(t,e), tH<t<T1.
If this is not true, then there exists a * € (fy, 7] such that
m(t*) =u(t*,e), m(s) <u(s,e), fH<s<t".
Thus implies that
D m(t*) > u(t*,€) = (Qu)(t*) + g(t*,u(t*,€)) + €. (4.12)
Consider now the left maximal solution 7 (s,*,m(t*)), tp < s < t*, of
u =go(t,u), u(t*)=mt").
By Lemma 4.2.1,
r(s,to,up) < N(s,t*,m@E*)), to<s<t*.
Since
r(t*to,u0) = limu(t®,€) = m(r") = (", 1", m(1"))
and m(s) < u(s,€), to <s <t*, it follows that
m(s) <r(s,to,up) < N(s,t*,m(t)), to<s<t".
This inequality implies that t* € Iy and as a result (4.8) yields
D m(t") < (Om)(¢") +g(t",m(1"))

which contradicts (4.12). Thus, m(z) < r(t), t >ty and the proof is complete.
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4.3 Definitions of Stability and Boundedness

Let x(¢,19,x0) be any solution of the causal differential system
X(t) = (0x)(t), x(to) =x0, 1o =0, (4.13)
where Q € C(E,R"), E = C([ty,°),R"). Let
Sp={xeR": x| <p}. (4.14)

Assume that (4.13) admits the trivial solution x(¢) = 0 through (#,0). We now list a few
definitions concerning the stability of the trivial solution.
Definition 4.3.1. The trivial solution x = 0 of (4.13) is

(S1) equistable, if for each € >0, #p € J = [fy, ), there exists a positive function § = d(¢y, €)

that is continuous in ¢y for each € such that the inequality |xo| < 6 implies
|x(t,t0,%0)| <€, t>tg;

(S2) uniformly stable if 6 in (S1) is independent of fy;
(S3) quasi-equi asymptotically stable if, for each € > 0, ty € J, there exists positive numbers
80 = 0o(t9) and T = T (¢y, €) such that, for t >ty + T and |xg| < &

\x(t7t07x0)| < E;

(S4) quasi uniformly asymptotically stable if the numbers & and T in (S3) are independent
of #y;

(S5) equi-asymptotically stable if (S1) and (S3) hold simultaneously;

(S6) uniformly asymptotically stable if (S2) and (S4) hold together;

(S7) quasi-equi asymptotically stable if, for each € > 0, o« > 0, and # € J, there exists a

positive number 7 = T (¢, €, &) such that |xo| < o implies
|x(¢,00,%0)| <€, t>to+T;

(S8) quasi uniformly asymptotically stable if the 7" in (S7) is independent of fy;
(S89) completely stable if (S1) holds and (S7) is verified for all &, 0 < o < oo
(S10) uniformly completely stable if (S2) holds and (S8) is verified for all ¢, 0 < ot < oo.

Remark 4.3.1. Sometimes the notion of quasi-asymptotic stability may be relaxed some-
what as in (S7) and (S8). Clearly the &, o given in the preceding definitions must be less
than p of (4.14), and therefore the concepts (S1)-(S8) are of local nature. If, on the other
hand, p = o, so that S, = R", the corresponding concept of stability would be of global
character. These considerations lead to (S9) and (S10). We note further that the definitions



112 Theory of Causal Differential Equations

(S7) and (S8) may hold even when Q(0) # 0. In other words, the assumption about the
existence of the trivial solution is not necessary.

In characterizing Lyapunov functions, it is convenient to introduce certain classes of mono-
tone functions.

Definition 4.3.2.

(i) A function ¢(r) is said to belong to the class %" if ¢ € C([0,p),R), $(0) =0, and
¢(r) is strictly monotone increasing in r;
(ii) a function o(¢) is said to belong to the class . if 6 € C(J,R.), o(¢) is monotone
decreasing in ¢, and o (¢) — 0 as t — oo}
(iil) a function ¢ (¢,r) is said to belong to the class # % if ¢ € C(J x [0,p),Ry), ¢ € #
for each ¢ € J, and ¢ is monotone increasing in ¢ for each > 0 and ¢(¢,7) — oo as

t — oo for each » > 0.
Definition 4.3.3.

(1) A function V' (¢,x) with V(¢£,0) = 0 is said to be positive definite (negative definite) if

there exists a function ¢ € % such that the relation

V(t,x) = o(x]), (< —o(lx])

is satisfied for (z,x) € J x Sp;

(ii) a function ¥ (¢,x) > 0 is said to be decrescent if a function ¢ € % exists such that
Vit,x) <o(|x]), (t,x) €Jxsp.

To use the method of Lyapunov, which attempts to make statements about the stability prop-

erties directly by using suitable functions, we need to study the scalar differential equation
W' =g(t,u), u(tg)=ug>0, 1 >0, (4.15)

where g € C(J x R,R). We suppose that g(¢,0) = 0 so that u = 0 is a solution of
(4.15) through (#9,0). Furthermore, this assumption also implies that the solutions u(¢) =
u(t,to,up) of (4.15) are nonnegative for ¢ > ¢ so as to assure that g(¢,u(¢)) is defined.
Corresponding to the stability definitions (S1)-(S8), we designate by (S1*)-(S8%*) the con-
cepts concerning the stability of the solution u = 0 of (4.15).

Definition 4.3.4. The trivial solution u = 0 of (4.15) is said to be (S1*) equistable if, for
each € > 0, #y € J, there exists a positive function & = d(ty, €) that is continuous in ¢y for

each € such that

u<t7t0au0) <g, t > 1o,
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provided
uy < 0.

The definitions (S2*)-(S8*) may be formulated similarly.

To the different types of stability, there correspond different types of boundedness. Some
important types are defined in the following:

Definition 4.3.5. The differential system (4.13) is said to be

(B1) equibounded if, for each or > 0, £y € J, there exists a positive function 8 = (¢, o),

which is continuous in #y for each &, such that the inequality
‘XO‘ <o
implies
x(t,20,%0)| < B, 1=10;

(B2) uniform bounded if the § in (B1) is independent of #y;
(B3) quasi-equi-ultimately bounded if, for each &z > 0 and ¢y € J, there exist positive num-
bers N and T = T (¢, &) such that the inequality

[xo| < &
implies
|x(¢,%0,%0)| <N, t>t+T;
(B4) quasi-uniform-ultimately bounded if the 7 in (B3) is independent of 7y;
(BS) equi-ultimately bounded if (B1) and (B3) hold at the same time;
(B6) uniform-ultimately bounded if (B2) and (B4) hold simultaneously;

(B7) equi-Lagrange stable if (B1) and (S7) hold simultaneously;
(B8) uniform-Lagrange stable if (B2) and (S8) hold simultaneously;

Proposition 4.3.1. If f(¢,0) =0, ¢ € J, and 8 occurring in (B1) and (B2) has the prop-
erty that  — 0 as oo — 0, then the definitions (B1), (B2) imply the definitions (S1), (S2)
respectively.

The proof of the statement is obvious.

Proposition 4.3.2. Quasi-equi-ultimate boundedness implies equi-boundedness if

[(0x) ()] < gz, |x(2)]) (4.16)

where g € C(J x Ry, Ry).
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Proof. Consider the function m(¢) = |x(¢,%y,x0)|, where x(¢, ,#9,Xo) is any solution of (4.13).
Then,

Dm(t) < [ (t,t0,x0)| = | /(2,x(t t0,%0))| < g(t,m(1)),

using assumption (4.16). By comparison Theorem 1.3.2, we have

lx(2,20,x0)| < r(t,00,00), ¢ =10, (4.17)
whenever |xg| < a, where r(¢,t, o) is the maximal solution of

' =g(tu), u(tp)=a. (4.18)
By the quasi-equi-ultimate boundedness, given & > 0 and ¢y € J, there exist two positive
numbers N and T = T (¢, o¢) such that the inequality |xo| < o implies
|x(¢,20,%0)| <N, t>to+T.

Since g(¢,u) > 0, the solution r(¢,%y, o) of (4.18) is monotonic nondecreasing in ¢, and
therefore we have, from (4.17), that

|x(t,20,x0)| < r(to+ T,to, ), € [ty b0+ T).
It then follows that
|x(¢,20,x0)| < max[N,r(to+ T,to, )], t> 1,

and this proves (B1).

Analogous to the group of definitions (B1)-(BS8), we can define the concepts of bound-
edness and Lagrange stability with respect to the scalar differential equation (4.15) and
designate them (B1*) — (B8*).

4.4 Definitions Relative to Two Measures

The concepts of Lyapunov stability have given rise to several new notions that are important
in applications. For example, partial stability, conditional stability, eventual stability and
boundedness to name a few. In order to unify a variety of known concepts of stability and
boundedness, it is beneficial to employ two different measures and obtain criteria in terms
of two measures.

Consider the differential system (4.13) where the operator O is smooth enough to guarantee
existence, uniqueness and continuous dependence of solutions x(¢) = x(¢,#y,x0) of (4.13).

Let us first define the following classes of functions for future use:

G ={acC[R:,R,]:alt,s) € # foreacht},
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I'={heC[Ry xR"Ry]: infh(t,x) =0},

(%)
Tp={heT: iglfh(t,x) =0 foreacht e R, }.
We shall now define various stability concepts for the system (4.13) in terms of two mea-
sures hg, h € T.
Definition 4.4.1. The differential system (4.13) is said to be

(S1) (ho,h)-equi-stable if, for each € > 0, £y € R, there exists a positive function § =
6(t, €) that is continuous in o for each € such that Ay (¢, xo) < & implies A(¢,x(t)) < €,
t > ty, where x(¢) = x(t,1y,x0) is any solution of system (4.13);

(S2) (hg,h)-uniformly stable if the d in (S1) is independent of #y;

(S3) (ho,h)-equi-attractive, if for each € > 0 and #) € R, there exist positive constants
0 = 0(tp) and T = T (¢p€) such that hy(to,xo) < & implies a(z,x(¢)) < &,t >th+T;

(S4) (ho,h)-uniformly attractive, if (S3) holds with & and T being independent of #y;

(S5) (ho,h)-equi-asymptotically stable if (S1) and (S3) hold simultaneously;

(S6) (ho,h)-uniformly asymptotically stable if (S2) and (S4) hold together;

(S7) (ho,h)-equi-attractive in the large if for each € > 0, o > 0 and #y € R, there exists
a positive number T = T (fy, €, &) such that s (ty,xo) < o implies that h(¢,x(¢)) < €,
t>t+ T,

(S8) (ho,h)-uniformly attractive in the large if the constant 7 in (S7) is independent of 7.

Remark 4.4.1. Sometimes the notion of attractivity may be relaxed somewhat as in (S7)
and (S8) and the corresponding concepts of stability would be of global character.

A few choices of the two measures (/g,%) given below will demonstrate the generality of
the Definition 4.4.1. Furthermore, the concepts in terms of two measures (%, /%) enable
us to unify a variety of stability notions found in the literature, which would otherwise be

treated separately. It is easy to see that Definition 4.4.1 reduces to

(1) the well known stability of the trivial solution x(¢) = 0 of (4.13) or equivalently, of the
invariant set {0}, if 4(¢,x) = ho(t,x) = |x];

(2) the stability of the prescribed motion xo(¢) of (4.13) if h(t,x) = ho(t,x) = |x —x0(¢)];

(3) the partial stability of the trivial solution of (4.13) if A(¢,x) = |x|s, 1 <s < n and
holt, ) = I

(4) the stability of asymptotically invariant set {0}, if 4(¢,x) = ho(¢,x) = |x| + o(¢), where
occY;

(5) the stability of the invariant set 4 C R” if h(¢,x) = ho(¢,x) = d(x,4), where d(x,4) is

the distance of x from the set 4;
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(6) the stability of conditionally invariant set B with respect to A, where 4 C B C R”, if
h(t,x) =d(x,B), ho(t,x) = d(x,4);

(7) the conditional stability of the trivial solution of (4.13) if Ao (¢,x) = |x|+ d(x, M), where
M is the k-dimensional manifold containing the origin;

(8) the orbital stability of periodic solution of (4.13) if 4(¢,x) = ho(¢,x) = d(x,C), where

C is the closed orbit in the phase space.

We recall that the set {0} is said to be asymptotically invariant relative to (4.13) if given
€ > 0, there exists a 7(g) > 0 such that xo = 0 implies |x(z,29,0)| < € for t > #, > 7(¢€).
Recall also that x = 0 is said to be conditionally stable if given € > 0 and ¢) € R there
exists a & = 8(fy, €) > 0 such that

xo € {x:|x| < 6} NM implies x(¢) € {x: |x| < €}, t > t.

We remark that when we wish to discuss the notion indicated in (4), we need to restrict
the initial time £ to a suitable subset of R so that it is possible to have A (¢,x0) < 0.
Similarly, when we intend to consider the concept defined in (7), we choose the initial
data x¢ to be in the manifold M in order that Ay (f,xo) < & implies xo € S(ho,d) N M,
where S(ho,6) = {x € R" : hy = |x| +d(x,M) < §}. We note further that several other
combinations of choices are possible for /¢, /4 is addition to those given in (1) to (8). The
following definition will be useful in the sequel

Definition 4.4.2. Let /1y, s € T'. Then we say that

(i) ho is finer than 4 if there exists a p > 0 and a function @ € €% such that hy(¢,x) < p
implies A(¢,x) < (¢, ho(t,x));
(i1) Ao is uniformly finer than /4 if in (i) ¢ is independent of #;
(iii) Ao is asymptotically finer than / if there exists a p > 0 and a function ¢ € JZ.Z such
that Ao (z,x) < p implies h(t,x) < @(ho(t,x),t).

4.5 Stability Criteria-Lyapunov Functions

In order to discuss the stability properties of IVP (4.13), let us assume that the solutions
x(t) =x(t,19,x0) of (4.13) exist and are unique for ¢ > 7. We shall give sufficient conditions
for the stability of the zero solution of (4.13) in terms of Lyapunov functions and we assume
that (4.13) admits a trivial solution. Let us start first proving a simple result.

Theorem 4.5.1. Assume that

(1) Ve C(Ry xS(p),R4) and V' (¢,x) is locally Lipschitzian in x;
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(ii) fort >ty,x € E\, DTV (t,x) <0;
(iii) a,b € ¢ are such that on Ry x S(p), V' (¢,x) satisfies
b(|x[) <V (2,x) < a(lx]),

i.e. V is positive definite and decrescent.

Then the trivial solution of (4.13) is stable.

Proof. Let € > 0 and 7 > 0 be given. Choose § = (€) > 0 such that a(6) < b(¢g). Then,
we claim that with this 9, stability of the trivial solution of (4.13) follows. If it is not true,
there would exist a solution x(¢) of (4.13) and #, > #; > 1y satisfying

|x(t1)| =0, |x(t2)|=€and 0 < |x(¢)| <&, t) <t < 1. (4.19)

Then, we get from (ii) and Corollary 4.2.1, the estimate
Vin,x(12)) <V (0,x(t))
and therefore, (4.19) and assumption (ii), together with the choice of & yield
b(e) = b(|x(12)]) <V (12,x(t2)) < V(t1,x(11)) < a(lx(tr)]) = a(8) < b(e).

This contradiction proves stability of the trivial solution of (4.13), completing the proof.
The next result gives simple criterion for asymptotic stability of the trivial solution of
(4.13).
Theorem 4.5.2. Let the assumptions of Theorem 4.5.1 hold except that condition (ii) is
replaced by

(ii*) DTV (¢,x)A(t)+V (¢,x)4'(t) <0 fort > ty, x € E4, where A(t) is continuously differ-
entiable for ¢ > #y with A(t9) = 1, 4(¢) > 1 and A(¢) — oo as t — eo.

Then the trivial solution of (4.13) is asymptotically stable.
Proof. By Theorem 4.2.2, we get

Vi(t,x(t)A(r) < V(to,x0), t=1to, (4.20)
and therefore, we have the stability of the trivial solution of (4.13). We only have to prove
quasi-asymptotic stability. For this purpose, let £ = p so that &y = (¢, p). Choose |xg| <
0o. Then, in view of (ii*), (iii) and (4.20) it follows that given any £ > 0 and ¢y > 0, there
existsa T = T (t,€) > 0 satisfying

b(lx(1)]) < V(1.x(t) <V (to,x0)4™ " (1) < allxo] )4~ (1) < a(8o)4~' (1) <&

1
A()

quasi-asymptotically stable, thus establishing the asymptotic stability of the trivial solution
of (4.13).

for t >ty + T, where A~ (1) = — 0 as t — . Hence, the zero solution of (4.13) is
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Consider the example

¥ (t) = —ax(t) + tk(t,s)x(s)ds, a>0 (4.21)

0]

where k € C(R?, R, ). Take
L(t,x) =A@)V (t,x) = %%, 8> 0.

Then, the set E4 = {x € C(R;,R) : x>(s)e% < x?(t)e% ¢ > ty}. Hence, for x € Ey4,

x(s) < x(t)exp ( 2(t6—5))

and
DYL(t,x(1)) = 8% % (¢) + 2x(t)e® [—ax(t) + k(t,s)x(s)ds] <0,
when we assume that the kernel k(¢,s) in (4.21) satisfies the condition

"k(t.5) exp (‘; (t —s)) ds < 2"2_ o (4.22)

lo
Now, applying Theorem 4.5.2, it follows that the zero solution of (4.21) is exponentially

asymptotically stable. Since 0 is arbitrary, on letting 6 — 0, the condition (4.22) reduces
to

!
k(t,s)ds < a,
lo

which is a sufficient condition for uniform stability of the zero solution of (4.21).

4.6 Stability Criteria-Lyapunov Functionals

As in differential equations with delay, one can utilize Lyapunov functions and Lyapunov
functionals in the study of stability theory of causal differential equations. In this section,
we employ Lyapunov functionals for discussing stability theory in the context of causal
differential equations, given by IVP (4.13).
LetV € C(R4+ x E,R ) be any Lyapunov functional. We define its generalized derivative
DV (t,x(t)) = lilfnzlip }ll V(t+hx(t+h,t,x)) = V(t,x)], (4.23)
where x(t + h,t,x) is the solution of IVP (4.13) through (¢,x). Thus, the generalized deriva-
tive of a Lyapunov functional is defined along the solutions x(#,7,x¢) of (4.13). We shall
provide a result parallel to the original Lyapunov’s second theorem on uniform asymptotic
stability, in this set up.
Theorem 4.6.1. Assume that
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(i) V € C(Ry x E,R,) and D'V (t,x(1)) < —C(]x(¢)]), C e 4
(D) b(x(0)]) <V(t,x(t)) <a(lx(@®)]), abex.

then the trivial solution x = 0 of (4.13) is uniformly asymptotically stable.
Proof. Let € > 0 and #y > 0 be given. Choose a & = §(¢&) > 0 such that
a(8) < b(e). (4.24)

With this 8, €, uniform stability of the trivial solution of (4.13) is valid. If not, there would

exist a #; > fy and a solution x(¢,#y,xo) of (4.13) satisfying
|x(t1,t0,x0)| = &, |x(t,t0,x0)| <€, 1o <t<ty. (4.25)
From the condition (i), it follows that
V(t,x(t,t0,x0)) < V(to,x0), to<t<t. (4.26)
Now, using (4.24), (4.25), (4.26) and condition (ii), we get
b(e) = b(|x(t1,t0,x0)|) <V (t1,x(t1,t0,%0)) < V(t0,x0) < a(|xo]) < a(d) < b(€)

which is a contradiction. Hence uniform stability follows.

To prove uniform asymptotic stability, set € = p and designate §y = 0 (p) so that
|xo| < & implies |x(z,20,x0)| < p, ¢ > to.

In view of uniform stability, it is enough to show that there exists a t*, 1ty <t* <ty + T,
where T =1+ ac(éo)) and |xo| < & and |x(¢*,9,x0)| < 8(€). Here 6 = 8(€) corresponds to
€ > 0 for uniform stability. If not, let & < |x(¢,%0,%0)|, ¢ € [fo,t0 + T]. Then, by condition

(i), we have

t
V(t,x(t,t0,x0)) < V(to,x0) — | C(|x(s,%0,%0)|)ds,

fo
for ¢ € [ty,t0 + T]. As aresult,
0 < V(to+T,x(to+ T,t0,%0))
to+T
< V(IQ,XO)—/t C(|x(s,t0,x0)|)ds
0

< a(&)—C(8)T <0,

by the definition of 7. This contradiction shows that there exists a ¢t* > fy such that
|x(¢*,%0,x0)| < 8. This implies, by stability, that

|xo| < O and |x(¢,80,x0)| < €, t >t + T,

and the proof'is complete.
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4.7 Lyapunov Functions on Product Spaces

If we examine the literature where the Lyapunov functionals constructed for all the exam-
ples, relative to differential equations with delay and integro-differential equations, we find
that we have inadvertently employed a combination of a Lyapunov function and a func-
tional in such a way that the corresponding derivative of the Lyapunov function can be
estimated suitably without demanding a minimal class of functions or prior knowledge of
solutions. This observation leads us to consider the method of Lyapunov functions on prod-
uct spaces to investigate stability properties of solutions of causal differential equations.
Consider the causal differential system (4.13) and let x(¢) = x(¢,%,xo) be any solution of
IVP (4.13) existing on J = [fy,o0). We wish to utilize Lyapunov functions on the product
space R” x E and develop the stability theory for (4.13). In order to preserve clarity, we
shall use the notation x; to denote the Volterra operator which represents x(¢) from ¢ to ¢.
IfV € C(Ry x R" x E R, ), then we define

DV (1.x(0).) = limsup }11 7t + ,x(2) -+ B(O%) (£), X 1(1:))

—V(t,x,x(¢,x))]. (4.27)
Also, if we assume that 7 is locally Lipschitzian in x and x(¢) = x(¢,4,x¢) is a solution of
(4.13), then (4.27) is equivalent to

1

DV (t,x(0), ) = Timsup | V(1 -+ hx(t ) i n(t0,%0)) = V(2.x(6) ).
h—0F

We shall now give sufficient conditions guaranteeing uniform asymptotic stability for zero

solution of (4.13).
Theorem 4.7.1. Assume there exists function V' (¢,x(¢),x;) such that
(i) V € C(R, x R" x E, R, ) with
DV (t,x(t),x;) <0;

(i) b)) < V(t,x(0),%) < allx()]), a,b € .
Then the zero solution of (4.13) is uniformly stable.
Proof. Let 0 < € < p and #) > 0 be given. Choose § = d(¢g) > 0 such that

a(8) < b(e). (4.28)
Let x(¢,1p,x0) = x(¢) be a solution of (4.13) with initial values (¢,x) existing for all > ¢.

We claim that the zero solution of (4.13) is uniformly stable with this 6 > 0. If this is not

true, then there exists a #; > f( such that

|xo| < & and \x(tl,to,x0)| = €. (4.29)
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It then follows from (i) that
V(t,x(t),x) <V (to,xo)- (4.30)
Hence the condition (ii), relations (4.29) and (4.30) lead to
b(e) < b(|x(11)]) < V(t1,x(t1),x,) <V (t0,%0)
< a(lxol) < a(d) <b(e),

which is a contradiction and this completes the proof.
Theorem 4.7.2. Suppose that the function V' (¢,x(¢),x,) of Theorem 4.7.1 satisfies (ii) and
in place of (i), the inequality

DTV (t,x(t),x;) < —c(]x(t)]), ce€X. 4.31)

Then the zero solution of (4.13) is uniformly asymptotically stable.
Proof. By Theorem 4.7.1, the zero solution is uniformly stable. Thus, taking € = p, there
exists a 6y = Op(p) such that

|xo| < Op implies |x(¢)| < p, ¢ > 1.

From assumption (4.31), we have

t

P (tx(0)3) < Vlto,vo,0) — [ e(ix(s) s

fo

Now, let0<n <pand7T(n)= C?é?%))) + 1, where 6(11) > 0 corresponds to 71 in uniform
stability. We claim that with |xo| < &9, there exists a#; € [t,# + T] such that

x(r)| < 6(m), n €lto,to+T]
and hence it follows from uniform stability of the zero solution of (4.13) that
|x(#)|<n, t>1.
Suppose that it is not true. Then we get
|x(¢)| > 8(n), forallz € [ty,t0+ T].
Therefore, at t; =ty + T, it follows that
0<b(n) < b(lx(@)]) <V (t,x(t1),x,)

< Vltora0)— [ ells))ds

to

< a(8) —c(6(n))T <0,
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in view of the choice of 7. This contradiction proves that there exists az* € [ty,# + 7] such
that

x(t") <é(n)and x(1)| <m, t>0+T

whenever |xg| < 8. This implies uniform asymptotic stability and the proof is complete.

Consider the example
t
u'(t) = Oc(t)u+/ a(t,s)u(s)ds, t>0, (4.32)
0

where we assume that o : Ry — R is continuous and the integral [~ |a(z,t)|dz is defined

and finite for all # > 0. Assume also that there is a real number 3 such that

/0[ |a(¢,s)\ds+/°° la(z,0)|dz+2]a(r)] < —B- (4.33)

Then the zero solution of (4.32) is stable if a/(¢) < 0.
Suppose that ¢(¢) < 0 and consider the Lyapunov functional on the product space R x C
given by

V(t,uu(-) = u? +/O[ [, \a(z,s)|dzu? (s)ds.
Then the time derivative of V" along the solutions of (4.32) is given by
V' (t,uu()) = 200(t)u? —&—2/(: la(t,s)||u(s)||u|ds
+/tm|a(z,t)|dzu2—/0[\a(t,s)\uz(s)ds.
Since 2|u(s)||u| < u?(s) +u?, it follows that
V(¢ u,u(-)) < 200(1)u + /Ot la(t,s)|[u? (s) 4+ u*]ds
+[° |a(z7t)\dzu2—/(:|a(t7s)|u2(s)ds
= {Za(t) + /(: la(t,s)|ds + /(: |a(z,t)dz] u?.
Thus, in view of (4.33), we get
V' (t,u,u()) < —Bu.

Since V is positive definite and V' (¢,u,u(-)) < 0, it follows that the zero solution of (4.32)

is stable.
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4.8 Stability in Terms of two Measures

In this section, we shall consider a more general case and develop the basic Lyapunov
theory in terms of two different measures introduced in Section 4.4.

Theorem 4.8.1. Assume that
(i) V e C[Ry xR"R], h € T, V(t,x) is locally Lipschitzian in x and A-positive definite;
(i) DTV (t,x) <0, (t,x) € S(h,p), where S(h,p) = {(t,x) e Ry xR", h(t,x<p, p >0)}
and x € E.
Then
(A) if, in addition, Ay € T, hy is finer than & and V' (¢,x) is ho-weakly decrescent, then the
system (4.13) is (ho, h)-equistable;
(B) if, in addition, Ay € T, h¢ is uniformly finer than 4, and V' (¢,x) is ho—decrescent, then
the system (4.13) is (4o, /)-uniformly stable.
Proof. Let us first prove (A). Since V' (¢,x) is ho-weakly decrescent, then for 4, € Ry,
xo € R", there exist constant 6y = 8 (¢p) > 0 and function a € € ¢ such that
V(t0,x0) < alto, ho(to,xo)), provided ho(10,x0) < . (4.34)
The fact that V' (z,x) is h-positive definite implies that there exist constant py € (0,p) and
function b € # such that
b(h(t,x)) < V(t,x), whenever h(t,x) < po. (4.35)
Also, by the assumption that /4 is finer than A, there exist constant 6; = &;(fp) > 0 and
function ¢ € €% such that

h(to,x0) < @(to, ho(to,x0)), if ho(to,x0) < 61, (4.36)
where 6; is chosen so that ¢ (¢, 61) < po.
Lete € (0,pg) and ¢y € R be given. By the assumption on a, there exists a & = & (¢, &) >

0 that is continuous in fy such that
a(ty, &) < b(e). (4.37)
Choose 0(ty) = min{dy, 01,0, }. Then hy(fy,x0) < O implies, by (4.34)-(4.37), that
b(h(t9,x0)) < V(to,x0) < a(to, ho(to,x0)) < b(€),

which in turn yields that %(ty,xp) < €. We now claim that for every solution x(¢) =
x(t,to,xo) of (4.13) with /’lo(toﬁo) <4,

ht,x(t)) <e, t>1. (4.38)
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If this is not true, then there would exist a #; > fy such that

h(t1,x(t1)) = € and h(t,x(¢)) < €&, t € [to,11), (4.39)
for some solution x(¢) = x(¢,#,x¢) of (4.13). Set m(¢) = V(¢,x(¢)) for ¢t € [to,#1]. Since
V' (¢,x) is locally Lipschitzian in x, it follows from Corollary 4.2.1 that m(¢) is nonincreasing
in [t9,#]. Thus it follows from (4.34)-(4.37) that

b(e) =b(h(t1,x(t1))) <V (t1,x(t1)) <V (ty,x0) < b(€),

which is a contradiction. Hence (4.38) is true and the system (4.13) is (%g, h)-equistable.
To prove (B), note that if V' (¢,x) is ho-decrescent and /¢ is uniformly finer than A, then
the functions a and ¢ in (4.34) and (4.36) are independent of . Consequently, it is easily
seen that the constant § can be chosen to be independent of #. Hence the system (4.13) is
(ho,h)-uniformly stable.
We next prove a result on (A, #)-uniform asymptotic stability.
Theorem 4.8.2. Assume that

(i) ho,h € T and Ay is uniformly finer than #;
(ii) V € C[Ry x R" Ry], V(¢,x) is locally Lipschitzian in x, A-positive definite, hg-
decrescent and

DV (t,x) < —Clho(t,x)), (t,x) € S(h,p), C € K .

Then the system (4.13) is (hg, #)-uniformly asymptotically stable.
Proof. Since V' (¢,x) is h-positive definite and Ap-decrescent, there exist constants 0 < pg <
p, 0 < & and functions a,b € J# such that

b(h(t,x)) <V(t,x), (t,x)€S(h,po) (4.40)
and

V(t,x) <a(ho(t,x)), if ho(t,x) < . (4.41)
It follows from Theorem 4.8.1 that the system (4.13) is (g, /)-uniformly stable. If we let
€ = po, then there exists §; = 6;(p) > 0 such that

ho(to,x0) < & implies A(¢,x(¢)) < po, t > 1o,

where x(¢) = x(¢,49,x9) is any solution of (4.13).
Let 0 < &€ < pg and 8 = &(¢) be the same § as in the definition for (g, #)-uniform stability.
Assume that hg(fo,x0) < 6* = min{,8;}. Set T =T (e) = “®) 1 1. To prove (hg,h)-

C(s)
uniform asymptotic stability, it is enough to show that there exists a ¢* € [ty,% + T], such

that
ho(t*,x(t*)) < o
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. If this is not true, then there exists a solution x(¢) = x(¢,19,x0) of (4.13) with kg (¢,x0) < 0*
such that

ho(t,x(¢)) > 8, t€to,to+T). (4.42)
Letm(t) = V(z,x(¢)). Then it follows from condition (ii) that
D m(t) < —C(ho(t,x(2))), t>1t
which implies by (4.41) that

to+T
/t Clho(s,x(s)))ds < m(to) < a(8%).

0
On the other hand, from (4.42), we obtain

fo+T
/ Clho(s,x(s)))ds > C(8)T > a(8"),

lo
which is a contradiction. Thus the proof of the theorem is complete.

4.9 Vector Lyapunov Functions

In 1960, Bellman and Matrosov independently introduced the concept of vector (or sev-
eral) Lyapunov functions and developed the method of vector Lyapunov functions to study
stability theory. This method has more flexibility compared to utilizing a single Lyapunov
function. For example, each of the components of the vector Lyapunov function need
not be positive definite and decrescent and this offers more flexibility in constructing and
discovering Lyapunov functions for a given problem. Since the introduction of this new
method, it has been applied to a variety of problems. In particular, its application for the
study of large scale dynamic systems has become very effective and profitable, since sev-
eral Lyapunov functions appear naturally in dealing with a large scale system and its many
subsystems. We shall extend in this section, the method of vector Lyapunov functions to

the causal differential system
X (t) = (0x)(t), x(t0) =x0, 2 >0, (4.43)

utilizing the vector Lyapunov function on a product spacei.e. ¥ € C(Ry x R" X E| Rﬁ) of
course, we need to first prove the following comparison result in terms of several Lyapunov
functions.

Theorem 4.9.1. Assume that the vector Lyapunov function V" is locally Lipschitzian in x

and satisfies the vectorial inequality

DYV (t,x(t),x) < g(t,V(t,x(t),x;)) (4.44)
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where g € C(Ry x RY,RY) and DV (¢,x(t),x,) is given by (4.27). Suppose further that
g(t,u) is quasi-monotone nondecreasing in u and r(¢) = r(t,4y,uo) is the maximal solution

of the system

/

u' =gl(t,u), ulty)=uo>0, (4.45)
existing on [fy,<). Then V' (#,x0) < up implies
V(t,x(t),x) <r(t,t0,u0), =10, (4.46)

where x(¢) = x(¢,29,x0) is any solution of the causal differential system (4.43) and vectorial
inequalities and to be understood component-wise.
Proof. Set m(¢) =V (¢,x(¢),x)t) with m(ty) = up. It is easy to get the following differential

inequality
D m(r) <g(t,m(t)), t=>to,

utilizing the condition (4.44). By Theorem 2.10.1, with v(¢) = m(t), w(¢) = u(t,€), where

u(t,€) is any solution of
W =glt,u)+e, ulto) =uo+e,
for small, arbitrary € > 0, we get

m(t) <u(t,e), t>to,

which yields, as € — 0, the desired estimate (4.46) and the proof is complete.
We shall now give a result that gives the sufficient conditions for the stability properties of
the trivial solution of (4.43) in terms of vector Lyapunov functions.

Theorem 4.9.2. Assume that

(i) g€ C(Ry x RY,RV), g(¢,0) = 0 and g(¢,u) is quasi-monotone decreasing in u;
(ii) ¥ € C(Ry xRN x E,R"), V is locally Lipschitzian and

b(lx[) < Vo(t,x(t),x) <a(lx]), a,be i,

where

(iil) DYV (¢,x(t),x;) < g(t,V (t,x(t),x)).



Stability Theory 127

Then, the stability properties of the trivial solution of (4.45) imply the corresponding sta-
bility properties of the trivial solution of (4.43).
Proof. We shall prove only equi-asymptotic stability of the trivial solution of (4.43). For
this purpose, let us first prove equistability. Let 0 < € < p and #) > 0 be given. Assume
that the trivial solution of (4.45) is equiasymptotically stable. Then, it is equistable. Hence,
given b(€) > 0 and 7y > 0, there exists a 8§ = 6;(fy, €) such that

iuoi < &) implies iui(t,to,uo) < b(e), (4.47)

i=1 i=1
for ¢ > ty, where u(¢,#y,up) is any solution of (4.45). Choose uy =V (¢y,x0,%p) and a 6 =

O(ty,€) > 0 satisfying
a(d) < 4. (4.48)
Let |xg| < 8. Then, we claim that |x(¢)| < €, # > #. If this is not true, there exists a solution
x(t) of (4.43) and a t; > 1) such that
[x(#1)]=¢€and |x(t)| <e<p, th<t<t. (4.49)
Hence, we have by Theorem 4.9.1,
V(t,x(t,x)) <r(t,to,ug), to<t<t, (4.50)
where r(t) = r(t,1p,uo) is the maximal solution of (4.45). Since
Vo(to,x0,x0) < a(|xo]) < a(d) < 4y,
the relations (4.47)-(4.49) yield
b(e) < Vo(tr,x(t1),xy,) < ro(ts,t0,u0) < b(€)

where
N

ro(t,to,uo) = Y, ri(t,to, ug).
i=1
This contradiction proves equistability.

Suppose next that the trivial solution of (4.45) is quasi-equi asymptotically stable. Set
€ = p and designate by &) = S(to,p). Let 0 <1 < p. Then, given b(n) and #, > 0, there

exists a 0; = 51 (to,m) >0and T = T (fp,n) > 0 satisfying

N N

Y uj, < 8; implies Y, u;(t,t0,u0) < b(€), (4.51)

i=1 i=1
fort >ty+T.
Choosing ug = V (to,x0,x0) as before, we find §; > 0 such that a(§;) < 6;. Let § =
min(6;,d; ) and |xo| < 8. This implies |x(¢)| < p, ¢ > o and therefore the estimate (4.50)
holds for ¢ > ). Suppose now that there is a sequence {#;}, t > 19+ T, ty — 0 as k — oo
and n < |x(#)| with |xo| < . In view of (4.51) this leads to a contradiction

b(n) < Vo(ti,x(t), %y, ) < 7o(tk,t0,10) < b(1M).

Hence the trivial solution of (4.43) is equiasymptotically and the proof is complete.
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4.10 Cone-valued Lyapunov Functions

The method of vector Lyapunov functions, though flexible and effective, has an unpleasant
requirement of quasi-monotonicity of the comparison system. In the case of compari-
son systems being linear, this quasi-monotonicity requirement reduces to requiring all off-
diagonal elements of the comparison matrix involved in the linear differential system to be
non-negative. However, in applications, one encounters comparison systems which satisfy
stability conditions without being quasi-monotone. Hence, the application potential of this
useful and effective method of vector Lyapunov functionsis diminished. It was observed
later in 1974, that this difficulty is due to the choice of the cone relative to the comparison
system, namely, RIX , the cone of non-negative elements in R" and a possible approach to
overcome this limitation is to choose an appropriate cone other than ]RZX to work in a given
situation depending on the problem at hand. This observation gave rise to the development
of differential inequalities through arbitrary cones and the method of cone valued Lyapunov
functions.

In order to consider differential inequalities in a Banach space X in general, we need to
introduce the concept of a cone which induces a partial ordering in X.

A proper subset K of X is said to be a cone if K is closed, convex with K+ K C K, AK C K,
A >0and KN{—K} = 0, where 0 denotes the null element of the Banach space X. Let
K, K° denote the closure and interior of K respectively. Assume K° to be nonempty. The

cone induces the order relations in X defined by

x<yifandonlyify—x €K,

x <yifandonlyify—x € K°,

forx,y € X. Let K* be the set of all continuous linear functionals ¢ on X such that ¢ (u(¢)) >
0 forall u(t) € K, t € J = [ty, T) and let K be the set of all continuous linear functionals
on X such that ¢ (u(¢)) > 0 forall u(¢) € K°.

Let us consider the causal differential system
X(t)=(0x)(1), x(to)=x0, >0, (4.52)

where Q € C(Ry x E,R"), E = C([to,T),R") and assume that the operator Q is smooth
enough to guarantee the existence and uniqueness of solutions x(¢,y,x¢) = x(¢), t > ty, for
IVP (4.52). We say that O : E — FE is nondecreasing if

u < vimplies (Qu)(t) < (Qv)(¢), t €J =[to, T),



Stability Theory 129

where u < v means u(t) < v(t), foru,ve E,t € J.
To prove a basic result on differential inequalities in a cone, we need the following result.

Lemma 4.10.1. Let K be a cone set with nonempty interior K°. Then,

(i) x € K is equivalent to ¢ (x) = (¢,x) > 0 for all ¢ € K*;
(ii) x € dK implies that there exists a ¢ € K;; such that ¢(x) = 0.

We can now state the basic inequalities result in cone K.

Theorem 4.10.1. Let K be a cone in £ with nonempty interior K°. Assume that

() u,v € C'(J,E), Q € C(B,E) with B = Blug,b] = {u € E : |u—uo| < b} and Q is non-
decreasing;

(i) w'(1) = (Qu)(1) <V (1) = (Qv)(1), 1 € (10, T).

Then u(ty) < v(to) implies that u(z) < v(¢), t € J.
Proof. Suppose that the assertion of the theorem is false. Then, there exists a #; > #( such

that
v(t1) —u(t)) € dK and v(t) —u(t) € K°, t € [to,11).
By Lemma 4.10.1 , there exists a ¢ € K such that
¢(v(t1) —u(nr)) =0.
Setting m(¢) = ¢ (v(¢) — u(t)), we see that
m(t1) =0and m(¢) > 0 forzy <t <.

Consequently, m'(#;) < 0. Further, at ¢ = ¢|, we have u(t;) = v(¢1) and u(t) < v(t), to <t <
t1. Thus u(z) < v(¢) on [f,#].
Using the nondecreasing nature of O, we have

(Qu)(t) < (Ov)(t), to<t<n <T.

Hence, from (ii), we get

m' () = ¢(/ (1) —u'(t1)) > 6((Qv)(11) — (Qu)(11)) > 0.

This contradiction proves the theorem.
Using Theorem 4.10.2, w can prove the existence of the maximal solution of (4.52) relative
to the cone K (see Section 5.5).

Relative to the system (4.52), we require the comparison differential system

w =g(t,w), w(ty) =wy >0, (4.53)
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where g € C(R; x K,RY), K C R¥ is a cone. We need the following notion to define the
concepts of stability relative to the solutions of (4.53) in terms of suitable two measures
Hy,H € Z, where

Y={H e C(K,Ry):H(0) =0 and H(w) is increasing relative to cone K }.

Definition 4.10.1. Let Hy,H € £. Then, we say that the comparison system (4.53)
is (Hy,H)-equistable, if given € > 0 and #) € R, there exists a positive function § =

0(tp,€) > 0 that is continuous in ¢ for each € such that
Hy(wp) < & implies H(w(t)) <€, t>1,

where w(t) = w(t,tp, wp) is any solution of (4.53).

Other definitions of (Hy, H)-stability can be formulated, based on the Definition 4.10.1 and
the corresponding (%o, /)-stability definitions in Section 4.4.

Let us now introduce the cone-valued Lyapunov-like functions. The following comparison
theorem plays an important role when we employ cone-valued Lyapunov-like functions.
Theorem 4.10.2. Assume that

(1) V € C(Ry+ xR" x ¢,K), V is locally Lipschitzian relative to the cone K and
DTV (t,x(t),x;) < g(t,V(t,x(t)x,)),

where DTV (¢,x(t),x;) is as defined in Section 4.7;

(i) g € C(R; x K,RV) and g(¢,w) is quasi-monotone nondecreasing in w relative to K
for eacht € Ry, thatis, if u < v and ¢ (u) = ¢(v) for some ¢ € Kjj, then ¢(g(t,u)) <
o(gt,v),t Ry, u,vek.

If r(t) = r(¢,t9,wp) is the maximal solution of (4.53) relative to cone K and x(¢) = x(¢,4,x0)
is any solution of (4.52) such that ¥ (fy,x0,x9) < wy, then on the common interval of exis-

tence, we have
V(t,x(t),x;) < r(t,to,wp.)

Corollary 4.10.1. In Theorem 4.10.2, the function g(¢,w) = 0 is admissible to yield
V(t,x(t),x:) < V(to,x0,%0)-

The proof of Theorem 4.10.2 follows from Theorem 5.5.5 (see Section 5.5 for inequalities
in cones and existence of extremal solutions relative to cones). This is because, we can

immediately obtain, defining m(¢) = V' (¢,x(¢),x; ), the differential inequality

Dm(t) < g(t,m(1))
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from which the stated result follows, using Theorem 5.5.5.

We are now in a position to prove (g, /)-stability results for the system (4.52), utilizing
the corresponding (Hy, H)-stability notions relative to the comparison system (4.53). First
we give two simple results, parallel to original Lyapunov theory, in terms of cone valued
Lyapunov functions.

Theorem 4.10.3. Assume that the following hypotheses hold:

(i) ho,h € T and h(t,x) < ¢(ho(t,x)) if ho(t,x) < po for some py > 0, where ¢ € 7;
(il) Ho,H € X and H(w) < w(Hp(w)) if Hy(w) < A for some A > 0, where y € ¢;
(iii) ¥V € C(R4 x R" x E,K) and V is locally Lipschitzian with respect to come K;
(iv) there exists a p > 0 such that ¢(pg) < p satisfying

b(h(t,x(2))) <HV (t,x(t),x,)) if h(t,x(t)) < p,

HO(V(tvx(t)vxt)) < a(tvh()(tax(t))) ith(tax(t)) < po,

where b€ # anda € C# = {a € C(R%,R,) :a(t,w) € # fort e R, };
() DV (t,x(t),x) <0in S(h,p) = {(t,x(t)) : h(t,x(t)) < p}-

Then, the causal differential system (4.52) is (%9, 4)-equistable. If in addition, a in (iv) is
such that a € ¥ i.e. a(¢,w) is independent of ¢, then (4.52) is (hg, #)-uniformly stable.
Proof. Let 0 < & < min(p,A) and ) € Ry be given. Let wy = V(fy,x0,X9). Choose
0 = 0(tg, &) < min(pg,Ag) with a(ty, o) < A and

v(a(ty,8)) < b(e). (4.54)

Let ho(t,x0) < 0 and note that

b(h(to,x0)) < H(V (t0,%0,%0)) < w(Ho(V (t0,X0,%0)))
< y(alto,ho(to,x0))) < y(a(to,))
< b(e), (4.55)
which implies that A(f,x¢) < €. We claim that with this &, the system (4.52) is (ho,h)-
equistable. If this is not true, because of (4.55), there exists a ¢#; > ¢y and a solution x(¢) =
x(¢,t9,x0) of (4.52) with hg(t,x0) < O such that

h(t;,x(t;)) =€ and h(t,x(t)) <&, to<t<t. (4.56)
Hence, condition (iv) yields, by Corollary 4.10.1, the estimate

V(t,x(t),x) <V(tg,x0,x0), to<t<t. (4.57)
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Consequently, using (iv), (4.54), (4.56) and (4.57), we get
b(e) = b(h(11,x(t1))) < H(V (11,x(t1),x1,))
< y(Ho(V (t0,x0,%0))) < w(alto, ho(t0,x0)))
< y(a(t,6)) < b(e),

which is a contradiction. Hence, (h,%)-equistability of (4.52) follows. If @« € . in con-
dition (iv), then it is easy to see that Ay and consequently &, are independent of z). As a
result, (hg,h)-uniform stability of (4.52) follows. The proof'is complete.

The next result provides criteria for (A, #)-uniform asymptotic stability.

Theorem 4.10.4. Let the hypotheses (i)-(iv) of Theorem 4.10.3 hold with a € 2. Suppose
further that

D+V(tax(t)axl) < _C(hO(tax(t)))a (458)

for (¢,x(¢)) € S(h,p), where C € C(R,,K) and C(¢) is increasing in ¢ relative to K with
C(0) = 0. Then, the system (4.52) is (hg, h)-uniformly asymptotically stable.
Proof. Since C € .7, it follows that

DV (t,x(t),x) <0

in S(h,p) and this implies by Theorem 4.10.3, that the system (4.52) is (hg, k)-uniformly
stable. Let € = &y = min(p,A) and designate by 6y = (&) so that we have

ho(to,x0) < & implies A(t,x(¢)) < &, t> to. (4.59)
Now, let kg (to,x0) < 8 and for any € < &, choose a T = T'(g) > 0 such that
H(C(8)T) > w(a(&)), (4.60)

where 8 = 0(¢) corresponds to € in (A9, 4)-uniform stability.
To prove (hy, h)-uniform asymptotic stability, it is sufficient to show that there exists a t* €
[to,to + T with ho(t*,x(¢*)) < &, where x(¢) is any solution of (4.52) with % (,x0) < .

If this is not true, then we have
ho(t,x(t)) > 8, t€[to,to+T). (4.61)
Setting

m(t) = V(t.x(0).x) + [ Clo(s,x(s)))ds,

fo

we obtain, from (4.59), the estimate

m(t) < m(ty) =V (t,%0,%0) (4.62)
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fort € [ty,to+ T]. Hence, using the assumptions (ii), (iv) and the relations (4.61) and (4.62),
it follows that

H(C(8)T) = H (6(5) /m m”ds)
< ([ ctntsxtnas)

0

< H(m(to+T)) < H(V (t0,%0,%0))

< w(Ho(V (10,%0,x0)))

< yla(ho(to,%0))) < y(a(d)).
This is a contradiction and therefore, we have (hg, /)-uniform asymptotic stability of (4.52),
and the proofis complete.
Let us next discuss (4, #)-equi asymptotic stability which is in spirit of Marachkov’s The-

orem.

Theorem 4.10.5. Let the assumptions (i)-(iv) of Theorem 4.10.3 hold. Suppose further that
DV (t,x(t),x) < —C(h(t,x(t))) (4.63)

for (¢,x) € S(h,p), where C is the same function defined in Theorem 4.10.4. Assume also
that 4(¢,x) is locally Lipschitzian in x and D" A(¢,x) is bounded above or below in S(4,p)
and H(w) — oo as |[w| — oo. Then, the system (4.52) is (hg, h)-equiasymptotically stable.

Proof. As in Theorem 4.10.4, since a € C.¢, we arrive at

ho(to,x0) < 8 = (o, &) implies h(z,x(2)) < &, t>t,

where x() = x(¢,t9,x0) is any solution of (4.52). To prove the claim of the theorem, it is
enough to show that (#,x(¢)) — 0 as ¢ — co. We shall first note that lim;_... infk(z,x(¢)) = 0.
If not, there exists a 7 > fo and an 11 > 0 such that

h(t,x())>mn, t>T.

Hence, (4.63) yields, as before

HC) (- 1)) < # ([ Chisuxt)as) < wlafd)

which, in view of the assumption on H, leads to a contradiction.
Suppose that limsup, .., #(#,x(¢)) # 0. Then, for any 1 > 0 there exist divergent sequences
{t.},{t;} suchthatt; <¢f <t,11,i=1,2,..., and

h(tix(1) = 5, h(5} x(57)) =1, and, }

0 (4.64)
5 <h(t,x(t)) <n,te(tt).
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Indeed, one could also have, instead of (4.64),

h(ti,x(6)) =, h(t7,x(5}))

7 and
0 . (4.65)
2 < h(tax(t)) <n,te (tiati )

Suppose that DT A(¢,x) < M. Then, using (4.64), we get

ZLI.*—Z‘,‘> L

— >0
a7

In view of (4.63), it then follows, for large n,

H(C())m) < wlad)).

Since H(w) — oo as |w| — oo, this leads to a contradiction as n — . Thus, A(¢,x(¢)) — 0
ast — oo,
the case DV h(¢,x) bounded below can be proved similarly using (4.65). Hence the proof'is
complete.

Remark. The assumption (4.63) of Theorem 4.10.5 can be generalized to
DYV (t,x(t),x) < —C(w(t,x(¢))),

in S(h, p), where w(¢,x) is h-positive definite and w satisfies similar conditions as 4. Then,
the conclusion of Theorem 4.10.5 remains true.

Employing the comparison Theorem 4.10.2, we shall now consider a general set of criteria
for (hg,h)-stability properties which unify several stability concepts in a single set up.
Theorem 4.10.6. Assume that:

(A0) hg,h €T and hy is uniformly finer than #;

(Al) Ve C(Ry x R" x E,K) and V is locally Lipschitzian relative to K;
(A2) Hy,H € X and H is finer than H;

(A3) g€ C(Ry x K,R") and for (¢,x) € S(h,p),

D+V(f,x(f),xt) < g(ta V(tax(t)axl))

where g(z,w) is quasi-monotone nondecreasing in w relative to K for eachr € Ry;
(Ad) b(A(1,x(1))) < H(V (1,5(1),%)) i h(t,x(1)) < p and

Ho(V(t,x(1),x:)) < a(ho(t,x(¢))) if ho(2,x(2)) < po

where a,b € .
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Then, the (Hy,H)-stability properties of the comparison system (4.53) imply the corre-
sponding (g, 4)-stability properties of the system (4.52).

Proof. We shall prove only (hg,%)-equistability, since based on this proof, one can con-
struct proofs of other (hg, h)-stability properties.

Since Hy is finer than H, there existsa A > 0 and a y € % such that

H(w) < w(Ho(w)) if Ho(w) < A. (4.66)

Let 0 < € <min(p,A) and tp € R be given. Suppose that the comparison system (4.53) is
(Hy, H)-equistable. Then, given b(g) > 0 and ¢y € R, there exist a § = 0;(f,€) > 0 with
81 < min(A,y~'(b(g))) such that for t > £

Hy(wg) < 8 implies H(w(t)) < b(e), (4.67)

where w(t) = w(t,t,wp) is any solution of the system (4.53). Also, &g is finer than A
implies that there exists a ¢ € . such that

h(t,x) < ¢o(ho(t,x)) if ho(2,x) < po, (4.68)
with ¢(pg) < p. Choose wy = V (9, x0,x0) and & < min(pg, A9 ), where a(Ay) < A such that
a(8) < &. (4.69)
Now, let g (to,x0) < 6 and note that
b(h(to,x0)) < H(V (t0,x0,%0)) < w(Ho(V (to,%0,%0)))

<
< y(alho(to,x0))) < y(a(8))
< y(&) <b(e),

so that
h(to,x0) < €. (4.70)
We claim that with this 8, it follows that
ho(to,x0) < & implies A(t,x(t)) <€, t > 1

where x(¢) = x(¢,%0,x0) is any solution of (4.52). If this is not true, because of (4.70), there
exists a t; > ¢y and a solution x(¢) = x(¢,49,x0) of (4.52) with %y (#y,x9) < & such that

h(t;,x(t1)) =€ and h(t,x(t)) <&, to<t<t, 4.71)
which shows that (¢,x(¢)) € S(h,p) for ty <t <t,. Hence by Theorem 4.10.2, we get

Vi(t,x(t),x;) <r(t,to,wo), to<t<t (4.72)
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where r(¢,%,wy) is the maximal solution of (4.53) relative to cone K. Since H(w) is non-

decreasing in w with respect to K, we obtain using (A4), (4.71) and (4.72),
b(e) =b(h(t1,x(t1))) <HWV (t1,x(t1),x,)) < H(r(t1,t0,w0)). (4.73)
But
Ho(wo) = Ho(V (t,%0,%0)) < a(ho(to,x0)) < a(8) < &y,
and hence, by using (4.67),
H(r(t1,t0,wo)) < b(e),

which contradicts (4.73). It therefore follows that the system (4.52) is (hg,/)-equistable.

The proofis complete.

4.11 Notes and Comments

Usually the norm is employed to estimate the functions that are involved in the evolution
process to obtain qualitative properties such as global existence and bounds on solutions.
This, however, is not conducive to provide best possible sufficient conditions, since the
estimated functions are always nonnegative. For example, in Section 2.4, we have assumed
|(Ox)(t)] < g(t,max;y<s< |x(¢)|) and g(¢,u) > 0 and thus the solutions of the comparison
equation are non-decreasing. In order to avoid this problem, directional derivatives given

in Section 1.6 can be utilized to give sufficient conditions as

(x, (Ox))+ < g(t,]x])

Or equivalently,

<x,(0x) ><g(t,[x])

Where < - > is the inner product. In these estimates, the function g need not be posi-
tive. These are all special cases of Lyapunov functions because we can take V' (¢,x) = |x|
or V(t,x) = |x| that result in the directional derivatives. Hence, employing Lyapunovlike
functions is very useful not only to develop stability theory but to investigate other qualita-
tive and quantitative properties of solutions via comparison principle.

All the results of this chapter are new in the given setup and are adapted from Lakshmikan-
tham and Leela [4], Lakshmikantham et al [18]-[79], [80]-[81]. For special cases, see also
Driver [27], Hale [35], Corduneanu [2], Corduneanu and Lakshmikantham [82], Drici et

al. [83] where Lyapunov functions and functionals are used.



Chapter 5

Miscellaneous Topics in Causal Systems

5.1 Introduction

This chapter deals with extensions and generalizations of causal differential equations to
other important areas of nonlinear analysis. We begin with the set differential equations
with causal operators naming them as causal set differential equations (CSDE). Set differ-
ential equations in a metric space has gained much attention recently due to its applicability
to multivalued differential inclusions and fuzzy differential equations and its inclusion of
ordinary differential systems as a special case. The generalization of this dynamic system
to include causal differential equations would cover a wider variety of situations and there-
fore, it would initiate an interesting and useful branch of nonlinear analysis that requires
further investigation.

The first two sections, 5.2 and 5.3, cover the basic results including stability results in terms
of Lyapunov functions. Necessary preliminaries are provided in these two sections. Sec-
tions 5.4 and 5.5 contain the extension of causal differential equations to a Banach space
setting so that it covers extensions of CDEs to special Banach spaces. Some fundamen-
tal results are investigated including global existence, showing possible differences under
different sets of conditions. Section 5.6 deals with the extension to fractional causal differ-
ential equations. Since the theory of ordinary fractional differential equations is very new,
this generalization should create a great interest for young researchers to obtain further
fruitful results in this hybrid dynamic system.

Section 5.7 is dedicated to causal differential equations with memory. We provide some
basic simple results covering this generalization. The next two sections deal with causal
differential equations with retardation (memory) and anticipation. This area of investi-
gation is also very new and important because there are several possible approaches to

follow and several ways of formulating the problem. It is a very fruitful area of investiga-

V. Lakshmikantham et al., Theory of Causal Differential Equations, Atlantis Studies in Mathematics 137
for Engineering and Science 5, DOI 10.2991/978-94-91216-25-1 5,
© 2009 Atlantis Press/World Scientific
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tion because of its applicability to decision theory, chaotic epidemics and wavelet theory.
Section 5.10 contains neutral differential equations with causal operators on a semi axis.

Finally, Section 5.11 deals with notes and comments.

5.2 Causal Set Differential Equations

The study of set differential equations (SDE) in a metric space is interesting due to its
applicability to multivalued differential inclusions and fuzzy differential equations and its
inclusion of ordinary differential systems as a special case [84].

A combination of these two concepts leads to a set differential equation with causal opera-
tors. In this section, using this setup, we obtain some basic results on existence, uniqueness,
and continuous dependence of solutions with respect to initial values.

Let K. (R") denote the collection of all nonempty compact and convex subsets of R”. Define
the Hausdorff metric

)

DI[A, B] = max [supd(x,A),supd(y,B)
XEB yeAd

where 4, B are bounded sets in R” and d(x,4) = infld (x,y) : y € A]. We observe that K. (R")
is a complete metric space.

Suppose that the space K..(R") is equipped with the natural algebraic operations of addition
and nonnegative scalar multiplication. Then, K.(R") becomes a semilinear metric space,
which can be embedded as a complete cone into a corresponding Banach space.

We note that the Hausdorff metric satisfies the following properties:
D[4+ C,B+C]=DI|A,B] D[A,B] = D[B, 4]

D[AA,AB] = ADI|A,B] DI|A4,B] < D|4,C] + DI|C, B]
forall4,B,C € K.(R") and A € R,.
Given any two sets 4, B € K.(R") if there exists set C € K.(R") satisfying A = B+ C, then
A — B is defined as the Hukuhara difference of the sets 4 and B.
The mapping F : I — K.(R") has a Hukuhara derivative Dy F () at a point ¢ € 1, if
F —F F —F(t)—
L o +h) = F(to)  lim (to) —F(to—h)
h—0+ h h—0+ h
exists in the topology of K.(R”") and are equal to Dy F(ty). Here [ is any interval in R.

Now we can consider the set differential equation
DyU=F(,U), Ulty) =Uy € K(R"), 1 >0, (5.1)

where F' € C[R. x K.(R"),K.(R")].
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Definition 5.2.1. The mapping U € C'[J,K.(R")], J = [to, o +a], is said to be a solution of
(5.1) on J if it satisfies (5.1) on J.
Since U(t) is continuously differentiable, we have
t
U(t)=Uo+ | DrU(s)ds, teJ.
fo
Hence, we can associate with the IVP (5.1). The Hukuhara integral
!
Uit)=Uy+ | F(s,U(s))ds, telJ.
lo
The following properties are useful tools in proving theorems in the SDE setup. If F :
[to, T] — K.(R") is integrable, we have
)

1 %)
Flydi= [ Ft)de+ / Fo)di, tn<tn<n<T,
3l

fo lo

T T
AF(t)dt=A4 | F(t)dt, AeR..

N 1o
Also, if F,G : [ty, T] — K.(R") are integrable, then D[F(-),G(-)] : [to, T] — R is integrable
and

D[ tF(s)ds, tG(s)ds}S tD[F(s),G(s)]ds.

to to to
We observe that
D[4,0] = |4| = sup|d|
aed
for 4 € K.(R"), where 0 is the zero element of R”, which is regarded as a one-point set.
We shall now extend certain basic results to SDEs with causal or nonanticipative maps
of Volterra type, since such equations provide a unified treatment of the basic theory of
SDEs, SDEs with delay and set integrodifferential equations which in turn include ordinary
dynamic systems of the corresponding types.
Let £ = C[[to, T],K.(R")] with norm
Dy[U,0] = sup D[U(¢),0].
10<t<T
Definition 5.2.2. Suppose that Q € C[E, E], then Q is said to be a causal map or a nonan-
ticipative map if U(s) =V (s), to <s <t < T, where U,V € E, then (QU)(s) = (QV)(s),
tHh <s<t.
We define the IVP for an SDE with causal map or CSDE using the Hukuhara derivative as

follows:

DyU(1) = (QU)(1),  Ulty) = Up € Ke(R"). (5.2)
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Before we proceed to prove an existence and uniqueness result for (5.2), we need the fol-
lowing comparison result.
Theorem 5.2.1. Assume that m € C[J,R.], g € C[J x R4, Ry ] and fort € J = [t, T,
D_m(1) <g(t,|mlo(7)),
where |m|o(#) = sup,, <,<, |m(s)|. Suppose that 7(¢) = r(t,t, wo) is the maximal solution of
the scalar differential equation
w =g(t,w), w(ty) =wy >0, (5.3)

existing on J. Then, m(ty) < wy implies m(¢) <r(t),t € J.
Next we obtain an estimate of the distance between any two solutions of (5.2) in terms of
the maximal solution of (5.3) utilizing Theorem 5.2.1.
We define Do[U, V|(t) = max,y<s<, D[U(s), V (s)].
Theorem 5.2.2. Let Q € C[E, E] be a causal map such that forz € J,
D(QU)(1),(QV)(1)] < g(t,DolU, V](1)), (5.4)

where g € C[J x Ry, Ry]. Suppose further that the maximal solution r(z,7,wp) of the
differential equation (5.3) exists on J. Then, if U(¢), V' (¢) are any two solutions of (5.2)
satisfying U (tp) = Uy, V (to) = Vo, Up, Vo € K:(R") on J, respectively,
D[U(I)VV(I)]Sr(tat()vWO)v IGJ,
provided that D[Uy, Vo] < wy.
Proof. Set m(¢) = D[U(t),V(¢)]. Then m(ty) = D[Up, Vo] < wo. Now for small &> 0, ¢ € J,
consider m(t +h) = D[U(t + h),V (¢ + h)]. Using the property of the Hausdorff metric D,
we successively get the following relations:
m(t+h) < DU+ h),U(t) +h(QU)(t)|+D[U(¢) + h(QU)(¢),V(t + h)]
< DU+ 1), U(0) + h(QU)(0)] + DU () + h(OU) 1), V1) + h(OV) 1)
LDV (1) + h(OV) (), V (¢ + )
< D[U(t+h),U(1) +h(QU)(1)] + DU (1), U (1) + h(QV) (1)]
+D[U (&) +h(QV)(2),V (t) + H(QV)(1)] + DV (t) + h(QV)(1), V (1 + ).
Next, using the property of the Hausdorff metric D and the fact that Hukuhara differences

U(t+h)—U(t) and V(t + h) — V(¢) exist for small 4 > 0, we arrive at

m(t+h) < DU(1) + Z(1,h),U(t) +h(QU)(1)] + D[R(QU ) (¢), h(QV)(¢)]

+D[U(t),V ()| + DV (t)+h(QV)(t),V(t)+Y(t,h)],
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where U(t+h)=U(t)+Z(t,h) and V(¢ +h) =V (¢)+ Y (¢,h). Again the property of Haus-

dorff metric Dgives

m(t+h) < D[Z(t,h),h(QU)(t)] + DIA(QU)(t), h(QV ) (1)]

+D[U(¢),V ()] +D[r(QV)(¢t),Y (¢, h)].

Since the Hukuhara differences exist, we can replace Z(¢,h)and¥ (¢t,h) with U (¢ +h) — U (¢)
and V(¢ + h) — V(¢), respectively. This gives, on subtracting m(¢) and dividing both sides
with 2 > 0,

m(t+h)—m(t)

Ut+h)-U(t)
h SD[ h ’

(QU)(t)} +D{QU) (), (V) ()]

V(;+h)—V(t)} |

+0|ionm.”

Now taking limit supremum as & — 0T and using the fact that U(¢) and V' (¢) are solutions

of (5.2) along with the assumption (5.4) we obtain

Dm(t) < D[(QU)(t),(QV)(t)] < g(t,DolU, V](¢)) = g(t,|mlo(t)), t€J.

Theorem 5.2.1 now guarantees the stated conclusion and the proof is complete.
Corollary 5.2.1. Let Q € C[E, E] be a causal map such that

D[(QU)(1),6] < g(t,Do[U, 6](1)),

where g € C|J x Ry,R]. Also, suppose that r(z,%,wp) is the maximal solution of the
scalar differential equation (5.3). Then, if U(t,%,U) is any solution of (5.2) through
(t0,Up) with Up € K.(R"),D[Uy, 0] < wy implies D[U(2),0] < r(t,t9,wp), t € J.

We begin by providing a local existence result using successive approximations.

Theorem 5.2.3. Assume that

(a) Q € C[B,E] is a causal map, where B = B(Uy,b) = {U € E : Dy[U,Up] < b} and
Do[(QU), 9](t) < M, on B;
(b) g€ ClJx[0,2b],R.], g(¢t,w) < M, onJ x [0,2b], g(¢,0) = 0, g(¢,w) is nondecreasing

in w for each ¢ € J and w(¢) = 0 is the only solution of

/

w =g(t,w), w(to)=0onJ; (5.5

() DI(QU)(1),(QV)(t)] < g(t,Do[U,V](2)) on B.
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Then, the successive approximations defined by
t
Uy (t) =U0+/ (OU,)(s)ds, n—=0,1,2,..., (5.6)
lo

exists on Jy = [tg, %o + 1N ), where 1) = min[7 — ty,b/M] and M = max (M, , M, ), and converge
uniformly to the unique solution U(¢) of (5.2).
Proof. For ¢t € Jy, we have, by induction, using properties of the Hausdorff metric D, and

the integral,
DUy (1),Uh] = D [Uo+ to’(QUn><s>ds7Uo} D [ [ Z(QUn)(S)d&@}

< [ Dl(oUL)(s). 01ds,

lo
t
< | Do[QUy, 0](t)ds < My (t —t9) < M(t —1t9) <b,
lo
which shows the successive approximations are well defined on Jy.
Next, we define successive approximations for the problem (5.5) as follows:

wo(t) = M(t —to),

Wye1(t) = /ttg(s,wn(s))ds, tedy,n=0,1,2,....
Then, 0
wi(t) = /to o5, w0(5))ds < Ma(t —t0) < Mt —to) = wo(t).
Assume, for some k > 1, ¢ € J, that
wi(t) < w1 (7).
Then, using monotonicity of g, we get
w1 (£) = /t(:g(&wk(s))ds < /totg(&wk_l(s))ds =wi ().

Hence, the sequence {wy(¢)} is monotone decreasing.
Since w (1) = g(t,wy_1(t)) < Ma, t € Jp, we conclude by Ascoli-Arzela theorem and the

monotonicity of the sequence {wy(¢)} that
tlim wn (1) = w(t)

uniformly on Jy. Since w(¢) satisfies (5.5), we get from condition (b) that w(¢) = 0 on Jj.
Observing that for each z € Jy, 1y <5 <t,

DIU().Uh] = D [Uo+ [ S(Qonf:)dé,Uo} D [ [ S(Qoné)dae}

< [ DIQUI(E). 614 < Dal(QU0). 615 1)
< Do[(QU()),e](t —t()) < M (l—to) < M(l —t()) = W()(t),
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which implies that Dy[U;, Up](¢) < wo(¢). We assume, for some k > 1,
Do[Up, Up1](t) S wi—1(t),  t € Jo.
Consider, for any t € Jy, tp < s <,

DlUier(5). Uks)] < | DIQUIE), (QU)(@)1dE < | (8. DolUk Ui (6)d
< [ eEomr(@)E < [ &1 =il

lo

which further gives
Do[Ups1, Ul () < wi(t), 1 €.
Thus, we consider that
Do[Up1,Un(t) < walt), (5.7

fort € Jyand foralln=0,1,2,....
We claim that {U,(¢)} is a Cauchy sequence. To show this, let n < m. Setting v(¢) =
D[Uy(t),Uy(¢)] and using (5.6), we get
Dv(t) < D[DyUp(t), DrUn(1)](t) = D[(QUy—1)(2), (QUnn-1)(1)]
< D[(QUn-1)(1), (QUa) ()] + DI(QUa) (1), (QUn ) (1)]
D[(QUn) (1), (QUn—1)(t)] < g(t, Do[Up—1,Un(t)) +g(t, Do[Un, Un (t))
+8(t,Do[Un—1,Un] (1)) < g(t,wa—1(2)) +g(t, [v|o(t)) +g(t, wa—1())

= g(t, [v]o(1)) +2g(t, w1 (1))

The above inequalities yield, on using Theorem 5.2.1, the estimate
v(t) <ralt), 1€,

where r,(¢) is the maximal solution of

ry=g(t,rn) +2g(t,w—1(1),  ralto) =0,

for each n. Since as n — oo, 2g(¢,w,_1(t)) — 0 uniformly on J, it follows by Lemma 1.3.3
that r,(¢) — 0, as n — oo uniformly on Jy. This implies from (5.7) that U, (¢) converges
uniformly to U(¢) on Jy and clearly U(¢) is a solution of (5.2).

To prove uniqueness, let ¥ (¢) be another solution of (5.2) on Jy. Set m(¢) = D[U(¢),V (¢)].
Then, m(ty) = 0 and

D m(t) < glt,Imlo(t)), ¢ € Jo.
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Since m(ty) = 0, it follows from Theorem 5.2.1 that
m(t) <r(t,t,0), t€Jp,

where r(¢,1,0) is the maximal solution of (5.5). The assumption (b) now shows that U (¢) =
V(t),t € Jy, proving uniqueness.

Assuming local existence, we next discuss a global existence result.

Theorem 5.2.4. Let Q € C[E, E] be a causal map such that

D[(QU)(1),6] < g(t,Do[U, 6](1)),

where g € C [Ri,]&r}, g(t,w) is nondecreasing in w for each # € Ry and the maximal
solution (z) = r(¢, 4, wp) of (5.3) exists on [ty, o). Suppose further that Q is smooth enough
to guarantee the local existence of solutions of (5.2) for any (¢, Up) € Ry x K.(R"). Then,
the largest interval of existence of any solution U(¢,%,Up) of (5.2) is [tg,°), whenever
DI[Uy, 0] < wy.

Proof. Suppose that U(¢) = U(t,#,Up) is any solution of (5.2) existing on [fy, 8), o < B <
o with D[Up, 8] < wy, and the value of  cannot be increased. Define m(¢t) = D[U(¢), 6]
and note that m(#y) < wy. Then, it follows that

D m(t) < D[DyU(t),0] < D[(QU)(t),0] < g(t,Do[U, 0](1)).
Using Theorem 5.2.1, we obtain
m(t) <r(t), to<t<p.

For any #,,# such that ¢y < #; <, < 3, using the assumptions and properties of Hausdorff

metric D,
1y 5]
0

D[Um),U(tz)]:D[ [ evisas. [ (QU)(S)dS]

< ["pitus),olds < [~ (s, Dol 6]))as

3 1

Employing the estimate above and the monotonicity of g(¢,w), we find

DIV, U(e)) < [ el rls))ds = i) =r(n).

Since lim,_,g- r(t,29,wo) exists, taking the limit as #;,, — B, we get that {U(t,)} is a
Cauchy sequence and therefore lim, _,5- U (t,20,Up) = Up exists. We then consider the [VP

DpU(1) = (QU)(1), U(B)=Up.
As we have assumed the local existence, we note that U(¢,#y,Up) can be continued be-

yond 3, contradicting our assumption that  cannot be increased. Thus, every solution
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U(t,t0,Up) of (5.2) such that D[Up, 0] < wy exists globally on [fy,e) and hence the proof
is complete.

Next, we discuss the continuous dependence of solutions with respect to initial values.
Lemma 5.2.1. Let O € C[E, E] be a causal map and let

G(t,k(t)) = sup[D[(QU) (1), 6] : DIU (), U] < k(1))-

Assume that 7*(¢,,0) is the maximal solution of

w =G(t,w), w(ty) =0, onJ.
Let U(¢) = U(t,t9,0) be the solution of (5.2). Then,

D[U(¢),Uy] < 7*(t,1,0), t€J.
Proof. Set m(t) = D[U(¢),Up], t € J. Then,

m(t+h) —m(t) = D{U(t +h), U] — D[U(t), Up)
=D[U(t+h),U(t)+h(QU)®)]+D[U(t) +h(QU)(2),U(?)].

Hence,

m(t+h)—m(t)

b U(t+h})l ~U()

,(QU)(1)| +D[(QU)(1), 6],

D m(t) < D[(QU)(t),6] < sup[D[(QU)(1), 6] : D[U(t),Up] < m(1)] < G(t,m(1)).
This implies by Theorem 1.3.2 that
DIU(t),Up] <r*(t,t,0), teJ.
Theorem 5.2.5. Assume that

(a) assumptions (a), (b), and (c) of Theorem 5.2.3 hold;
(b) the solutions w(t,y,wq) of (5.3) through every point (¢, wy) are continuous with re-

spect to (fp, wp).-

Then, the solution U(¢) = U(¢,t,Up) of (5.2) is continuous with respect to (¢, Up).
Proof. Let U(¢) = U(¢,t0,Up), V() = V(t,0,V), U, Vo € K.(R") be two solutions of
(5.2). Then, defining m(¢) = D[U(¢),V ()], we get from Theorem 5.2.3 the estimate

DU),V ()] <r(t,t0,D[Un, Vo]), tE€J.

Since limy,—y, 7(t,t0,D[Us, Vo]) = r(t,ty,0) uniformly on J and by hypothesis r(z,1y,0) =
0, consequently limy, .y, U(t,%,Up) =V (t,t, Vo) uniformly and hence U(z,19,Up) is con-

tinuous with respect to Uj.
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To prove continuity with respect to £y, we let U(¢) = U(¢,tp,Up), V =V (¢,79,Up) be two
solutions of (5.2) with 7y > 5. Again, setting m(¢) = D[U(¢),V (¢)] and noting that m(1p) =
D[U(1p),Up], using Lemma 5.2.1, we get

m(1) < r*(10,%,0p)-
Hence, using Theorem 5.2.2, we obtain

m(t) =), =1,
where 7(z, 19,7*(To,%9,0)) is the maximal solution of (5.2) through (19, 7*(79,%,0)). Since
r*(t,1p,0) = 0, we have

lim r(t 0,7 (T()J(),O)) Zf(t,to,()),
To—1o

uniformly on J. By hypothesis, 7(¢,#,0) = 0 which proves the continuity of U(z,y,Up)

relative to f.

5.3 Comparison Results and Stability Theory

In this section, we first prove some basic comparison results, which are used subsequently
to establish stability properties of CSDEs, that is causal set differential equations. We begin
with some definitions. Let E = C[[tg, ), K. (R")] with norm
wp P06
1€ty o) h(t )
where 0 is the zero element of R”, which is regarded as a point set and 4 : [tg, o) — Ry is
a continuous map. E equipped with such a norm is a Banach space.
Definition 5.3.1. Let Q € C[E,E]. Q is said to be a causal map or nonanticipative map if
U(s) =V(s),tg <s <t <eo,and U,V € E then (QU)(s) = (QV)(s), 10 < s <t < co.
Consider the initial value problem (IVP) for CSDEs defined using the Hukuhara derivative:
DpU(1) = (QU)(1), Ulto) =Up € K(R"). (5.8)

In order to use the method of Lyapunov function (MLF), it is necessary to select mini-
mal subsets of £ over which the derivative of the Lyapunov function can be conveniently
estimated. For that purpose, let L € C[R; x B,R.], where B = B(0,b) = {U € K.(R") :
DI[U, 0] < b}. Define the following sets:

Eq = {U € Kc(R") : L(s,U(s))ee(s) < L(1,U(1))x(t), 1o < s <t},

Er = {U € K(R") : L{s,U(s)) < L(L,U (1)), 1o

Ey ={U e K(R"): L(s,U(s)) < f(L(t,U (1)), h <s <t, 11 2o},

where
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(1) o(¢) > 0 is a continuous function on R,

(if) f(r) is a continuous on R4, nondecreasing in » and f(r) > r for » > 0.

We now prove the comparison results,
Theorem 5.3.1. Let L € C[Ry x B,R.] and let L(z,U) be locally Lipschitzian in U, i.e.,
forU,V € B,t €Ry,and K >0, |L(t,U) —L(t,V)| < KD(U, V).

(i) Assume that for¢t > fyand U € E|,

D_L(t,U(t)) < g(t,L(t,U(t))) (5.9)
where D_L(t,U(t)) = liminf,_- , [L(t+h,U(¢) + h(QU)(t)) — L(t,U(t))], and g €
C[R+ X R+7R+].

(ii) Let r(¢) = r(t,ty,wp) be the maximal solution of

w =g(t,w), wl(to) =wo>0, (5.10)
existing on fg < ¢ < oo,

Let U(t,1y,Uy) be any solution of (5.8) such that U(¢,2y,Uy) € B for t € [f,t1] and let
L(ty,Up) < wp. Then L(¢,U(t,t9,Up)) < r(z) forall ¢ € [t,4].
Proof. Let U(z,t),Up) be any solution of (5.8) such that U(¢,4,Up) € B for ¢ € [to,#].
Define m(t) = L(¢,U(¢)), ¢ € [to,t1]. For sufficiently small € > 0, consider the differential
equation

W =g(t,w)+e=ge(t,w), w(ty) =wo+e,
whose solutions w(t, &) = w(t,1,wo, €) exist as far as r(z) exists to the right of #y. Since
the continuity of w(¢) implies that limg_.ow(¢, €) = r(¢), it is sufficient to show that

m(t) <w(t,€), tE]t,t]. (5.11)

Suppose that (5.11) is not true. then there exists #; € (f,#) such that
(a) m(t) <wlt,e),to <t <t),and

(b) m(t2) = w(tz,e).

It then follows from (a) and (b) that

D_m(ts) > liming "2 F €)= w(t2,€)

imin t =D_w(tr,e) =g(tr,w(tr,€))+e.  (5.12)

From the assumption on g, the solutions w(¢, €) are increasing functions of z. Since, m(t) =
L(¢,U(¢)) and using (a) and (b), we have

L(s,U(s)) <L(ty,U(tr)), to<s<t.
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Consequently, U(¢,ty,Up) € Ej, ty <t < t,. Since L(¢,U) is Lipschitzian in U and satisfies
condition (i), we have
m(t+h)—m(t) =L{t+hU(t+h))—L(t,U(1))
=L(t+hU(t+h))—L(t+h,U(t)+h(QU)(1))
FL(t+h,U(t) +h(QU)(1)) — L(t,U(t))
= —KD[U(t+h),U(1) +H(QU)(1)]
+L(t+h,U(t) +h(QU)(t)) — L(¢,U(2)),
which, upon taking the liminfas # — 0~ and using the fact that Dy U (¢) exists and is equal
to (QU)(¢) yields
D_m(t) <D_L(t,U(r)) <g(t,L(t,U(1))) = g(t,m(1))-
Therefore, it follows, for ¢ = t,, that
D_m(ty) < g(t2,m(t2)) = g(t2, w2, €)),
which is a contradiction to (5.12). Hence the proof of the theorem is complete.
Corollary 5.3.1. Let L € C[R; x B,R,] and let L(¢,U) be locally Lipschitzian in U. As-
sume that
D_L(t,U(t)) <0fort >ty and U € Ey.
Let U(t) = U(t,t,Up) be any solution of (5.8), then L(¢,U(¢t)) < L(to,Up), t > 1.
Proof. Proceeding as in the previous theorem with g(¢,w) = 0, we have
L(s,U(s)) <L(t,U(t2)),12 € (t0,11), 12 € (to,11), to <5< 12.
Since L(t;,U(t2)) = w(ta,€) = L(to,Up) + €(t2 —to) + € > 0, we have L(s,U(s)) <
f(L(t2,U(tp))) for tg < s < tp. The rest of the proof is similar to that of Theorem 5.3.1.
Theorem 5.3.2. Assume the hypotheses of Theorem 5.3.1 hold, except for inequality (5.9),
which is replaced by
o()D_L(t,U(t)) + L(t,U@))D—cx(t) <w(t,L(t,U(¥))o(2)), (5.13)
for t > ty, U € E4, where oft) > 0 is continuous on R; and D_oa(t) =
liminfy, o *“=%0  Then o(to)L(to, Up) < wo implies that oc(r)L(1,U()) < r(t), > to.
Proof. Let P(¢,U(t)) = L(t,U(t))cx(¢). Let ¢t >ty and using U € E. For sufficiently small
h > 0, we have

P(t+h,U(1) +h(QU)(1)) = P(1,U(1))
= Lt +hU(@)+h(QU)(@))a(t+h) - L(t,U (1)) oe(t)
=Lt +hU () +h(QU) @) (a(t+h) — a(1))
FLE+mU@) +h(QU)(@)) = L(1,U(2))]e(2),
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from which it follows,

D_P(t,U(t)) = L(t,U(t))D_a(t) + ae(t)D_L(t, U t))

Sw(t, L(t, U(n)a(t)) = w(t, P(t,U (1)),
fort € (t,4] and U € E}, where E1, in this case, is to be defined with P(¢,U(¢)) replacing
L(¢,U(¢)) in the definition of set E;. Since P(¢,U) is locally Lipschitzian in U, then all the
assumptions of Theorem 5.3.2 are satisfied with P(¢,U(¢)) replacing L(¢,U(¢)). Hence, the
conclusion of the theorem follows from the proof of Theorem 5.3.1.
To prove a general comparison result in terms of Lyapunov-like functions, we need the

following known result.
Lemma 5.3.1. Let g, g € C[R2,R] be such that

go(t,w) <g(t,w), (t,w) €RL. (5.14)
Then the right maximal solution r(¢,7p,wp) of (5.10) and the left maximal solution
n(¢,To,vo) of
Vi=go(t,v), (L) =vo, (5.15)
satisfy the relation
r(t,to,wo) <N (t,To,v0), t € [to,Tol,
whenever r(Tp, o, wy) < vp.

Theorem 5.3.3. Assume that

(i) L € C[R4 x B,R] and L(t,u) is locally Lipschitzian in U,

(i) go,g € C[R%,R] are such that go(t,w) < g(t,w), t,w € R2, and n(¢, Ty, vo) is the left
maximal solution of (5.15) existing on #y < ¢ < Ty and r(¢,#,wp) the right maximal
solution of (5.10) existing on [fy,°);

(i) D_L(t,U(¢t)) < g(t,L(t,U(¢t))) on Q, where

Q={UE€E:L(s,U(s)) <N(s,t,L(t,U(2))), to <s <t}
Then we have
L(t,U(t,t0,Up)) < r(t,t0,w0), t =1, (5.16)

whenever L(t,Up) < wy.
Proof. Set m(t) = L(¢t,U(¢,t9,Up)), t > to, so that m(ty) = L(tp,Up) < wp. Let w(t,€) be
any solution of

w =g(t,w)+e, wltg)=wy+e,
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for sufficiently small € > 0. Then since r(¢,#,wg) = lim,_,q+ w(¢,€), it is enough to prove
that m(¢) < w(t,€) for t > y. If this is not true, there exists a #; > fy such that m(t;) =
w(t1,€) and m(t) < w(t,€) forty <t < t. This implies that

D_m(t)) > W (t,e) =g(t;,m(t;)) +&. (5.17)

Now consider the left maximal solution 1 (s,¢;,m(¢1)) of (5.15) with v(¢;) = m(¢;) on the
interval #p <t < t;. By Lemma 5.3.1, we have

r(s,t0,wo) < N(s,t1,m(t1)), s€ [to,h]-
Since
r(t1,to,wo) = slir(r)1+ w(t,e) =m(t)) =n(t,t,m(f))
and m(s) < w(s,€) forty < s <1, it follows that
m(s) < r(s,to,wo) < N(s,t1,m(tr)), s € to,4].
This inequality implies that hypothesis (iii) holds for U(s,#y,Up) on #y < s < ¢; and hence,
standard computation yields

D_m(t) < g(t1,m(1)),

which contradicts (5.17). Thus m(t) < r(¢,t,wq), t > to, and the proof is complete.

In order to discuss the stability properties of (5.8), let is assume that the solutions of (5.8)
exist and are unique for all # > #. In addition, in order to match the behavior of solutions
of (5.8) with those of the corresponding ordinary differential equation with causal map, we
assume that Uy = ¥ + Wy, so the Hukuhara difference Uy — V) = W) exists. Consequently,
in what follows, we consider the solutions U(¢) = U(t,t,Uy — Vo) = U((¢,t0, Wp). This we

have the initial value problem
DyU(t) = (QU)(1), Ulto) = Wo. (5.18)
To illustrate the idea mentioned above, we present a simple example in K. (R"). Consider
DuU(1) = — /O "Uls)ds, U(0) = Up € Ko(R").
Then using interval methods, we get

1
Uy = —/ uy(s)ds,
0
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where U(t) = [u;(¢),u2(¢)] and Uy = [u10,u20]. Clearly, this yields

u<14) =uy, ui1(0)=upo,

u§4) =uy, u2(0)=uyo,

whose solutions are given by

w (1) = (uloguzo) (et +2€t) n (ulo;uzo)cos(t)
0= (5 (5 ) (05t

That is, for¢t > 0,

1 1 e +et
Ult,to,Up) = |:_2(”20_u10)a2(”20_7410):| ( ) )

1
(u10 +u20)] cos(t) t>0.

1 o o)
2”10 u2072

Then choosing

1 1
Vo= {—2(1«!20 —u10), 2(uzo - ulo)] ,

we obtain

1 1
U(t,to,Wy) = { (110 + 120), (UIO‘FUZO)} cos(t), t>0,

2 2
which implies the stability of the trivial solution of the initial value problem.
Next, we give an example which illustrates that one can get asymptotic stability as well in

SDE with causal maps. Consider the following differential equation

1
DuU(t) = —aU—b / Us)ds, U(0)=Up € K.(R"), (5.19)
0
a,b > 0. As before we take U(¢) = [u;(¢),u2(¢)] and Up = [u10,u20]. Then equation (5.19)
reduces to
1
Uy = —auy — b/ uy(s)ds,
0
1
wh = —auy — b/ uy(s)ds,
0
and

u(14) = a*ull 4+ 2abuy + bPuy, 11 (0) = uyo,

u§4) = a*uly 4+ 2abuy + b*uy,  u2(0) = uyp,
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from which, by choosing @ = 1 and b = 2, we obtain

1 -~ 1
ul(t) = 6(”10-”20)6 "+ 3(u10—uzo)€2t
B 7 1 7 \]
—&-e—if 2(u10+u20)cos (é t) — 2\/7(u10+u20)sin (é t) ,
1 _ 1 _ 2t
u(t) = 6(”20 ujp)e ' + 3(uzo ujp)e

[ V7 1 NN
.y B )
+e 2(u10+uzo)cos< 5 t) 2\/7(u10+u20)sm< 5 t) )

Thus, it follows that

1 1 _ 11
Ul(t,to,Up) = (u20 — u10) {_6’6} e+ (uz0 — urp) [—3, 3} e

11 1 7
+(u20 + u10) {272} e 2! cos (é t>

1 1 | V7
—(upo+u , e 2'sin t],t>0.
( 20 10) |:2\/7 2\/7:| ( 2 )

Now, choosing u1g = uyg, we eliminate the undesirable terms and, therefore we get asymp-

totic stability of the zero solution of (5.19).

We are now in a position to give sufficient conditions for the stability, and the asymptotic
and uniform asymptotic stability of the zero solution of (5.18).

Theorem 5.3.4. Assume that there exists functions L(¢,U(¢)) and g(¢,w) satisfying the

following conditions
(i) g€ C[Ry x Ry, R, ] and g(1,0) = 0;
(ii) L € C[Ry x B,R4] where B=B(0,p) ={U € K.(R") : D[U,0] <p},L(¢,0) =0, and
L(¢,U) is positive definite and locally Lipschitzian in U;
(iii) forz >tyand U € E\, D_L(¢,U(¢)) < g(t,L(¢,U(2))).
Then the stability of the zero solution of (5.10) implies the stability of the zero solution of
(5.18).
Proof. Let 0 < &€ < p and #) € R, be given. Since L(¢,U) is positive definite, it follows
that there exists a function b € % such that
b(D[U,0]) < L(t,U) for (t,U) € Ry x B. (5.20)
Suppose that the zero solution is stable. Then given b(g) > 0, £y € R, there exists a

0 = 6(t,€) > 0 such that whenever wy < §, we have

w(t) <b(e), t>1, (5.21)



Miscellaneous Topics in Causal Systems 153

where w(t,ty,wp) is any solution of (5.10). Choose wy = L(to,Wy). Since L(t,U(t)) is
continuous and L(¢,0) = 0, there exists a positive function 8 = &;(fo,€) > 0 such that
D[Wy, 0] < & and L(y,Wy) < 8 hold simultaneously.

We claim that if D[y, 0] < &y, then D[U(t),0] < € for all # > ¢;. Suppose this not true.
Then there exists a solution U(¢) = U(¢,%, W) satisfying the properties D[U(12),6] = €
and D[U(t),0] < g forty < t < ta, t € (t9,t1). Together with (5.20), this implies that

L(t2,U(12)) = b(e). (5.22)
Furthermore, U(¢) € B for ¢ € [ty,t;]. Hence, the choice of wy = L(fy, W) and condition
(iii) give, as a consequence of Theorem 5.3.1, the estimate
L(t,U(1)) <r(t), 1€ to,n2],
where r(t) = r(t,t,wp) is the maximal solution of the comparison problem. Now from
equations (5.20), (5.22), we have
b(e) < L(12,U(12)) < r(r2) < b(e),

which is a contradiction. Therefore the proof of the theorem is complete.
The following theorem provides sufficient conditions for asymptotic stability:
Theorem 5.3.5. Assume that

(i) there exist functions L(¢,U), g(¢,w) satisfying the conditions of Theorem 4.3;
(ii) there exists a function ¢(¢) such that c(¢) > 0 is continuous for € R, and o/(¢) — oo

ast — oo,

Further, assume that relation (5.13) holds for ¢ > ¢y, U € E,. Then, if the zero solution of
(5.3) is stable, then the zero solution of (5.18) is asymptotically stable.

Proof. Let ),e < p and o € R be given. Set ot = minycr, (t), then g > 0 follows
from assumption (ii). Since L(¢,U) is positive definite, there exists a b € £ such that
(5.20) holds. Define

&1 = opb(e). (5.23)

Then, the stability of the zero solution of (5.10) implies that, given € > 0 and a ) € R,
there exists a 0 = 6(¢j, %) such that wy < & implies that

w(t,to,wo) < &1, t>1, (5.24)

where w(t,ty, wy) is any solution of (5.10). Choose wy = L(fy, ). Then proceeding as in
the proof of Theorem with €, instead of 5(&), we can prove that the zero solution of (5.18)

is stable.
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Let U(¢,t, W) be any solution of (5.18) such that D[y, 6] < &, where & = 6(#,1/2p).
Since the zero solution of (5.18) is stable, it follows that D[U(¢),0] < 1/2p,t > . Since

0/(t) — oo as t — oo, there exists a number T = T (#y,€) > 0 such that
be)a(t) > e, t>t+T. (5.25)
Now from Theorem 5.3.4 and relation (5.20), we get
o()b(D[U(¢),0]) < o(t)L(t,U(2)) < r(t), t>t, (5.26)

where U(t) = U(¢,t, Wp) is any solution of (5.18) such that D[y, 6] < &.

If the zero solution of (5.18) is not asymptotically stable, then there exists a sequence {#},
tx > to+ T and t; — oo as k — oo such that D[U (#), 8] > € for some solution U (¢) satisfying
D[W,,0] < &. The relations (5.24) and (5.26) yield that b(g)a(#) > €, a contradiction to
(5.25). Thus, the zero solution of (5.18) is asymptotically stable.

The next theorem gives sufficient conditions for the uniform asymptotic stability of (5.18).

Theorem 5.3.6. Assume there exists a function L(¢,U) satisfying the following properties:

(i) L € C[Ry x B,Ry], where B = B(6,p) = {U € K.(R") : D[U, 6] < p}, L(¢,U) is
positive definite, decrescent and locally Lipschitzian in U,
(i) D_L(¢,U(¢)) < —c(D[U(¢),6]) fort > tp,U € Eyand c € ¥

Then the zero solution of (5.18) is uniformly asymptotically stable.

Proof. Since L(¢,U) is positive definite and decrescent, there exist a,b € % such that
b(D[U,8]) < L(t,U) < a(D|U,0]) (5.27)
for (1,U) €e Ry x B. Let 0 < € < p and #p € R, be given. Choose 8 = 6(&) > 0 such that
a(8) < b(e). (5.28)

We claim that if D[W,,0] < 8, D[U(¢),0] < € for all t > ty, where U(t) = U(¢,t, W) is
any solution of (5.18). Suppose this is not true. Then there exists a solution U(¢) of (5.18)
with D[W;, 0] < & and t, > £y, such that D[U (2,29, W), 0] = € and D[U (¢,t,Wp),0] < €
for ¢ € [ty,t;]. Thus, in view of (5.27), we have

L(t2,U(t2)) = b(e). (5.29)

It is clear that, since € < p, U(¢) € B. By our choice of wy = L(¢y, W) and by the condition
that D_L(¢,U(t)) <0 fort > ty, U € Ey, and by Corollary 5.3.1, we have the estimate

L(t,U(t)) < L(to, W), t€ [to,ta]- (5.30)
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Now the relations (5.27) to (5.30) leads to the contradiction b(g) < L(t,,U(fr)) <
a(D[W,,0]) < a(d) < b(5).

This proves uniform stability. Now let U(¢) = U(¢,ty, Wp) be any solution of (5.18) such
that D[}, 0] < &, where & = 0(p/2), 6 being the same as before. It then follows from
uniform stability that D[U(¢), 0] < p/2 for t > ty, and hence U(z) € B for all ¢ > y. Let
0 < 1n < & be given. Clearly, we have (1) < a(8). In view of the assumptions of f(r),
there exists a B = (1) > 0 such that

f(r)>r+Bifb(n) <r<a(d). (5.31)
Furthermore, there exists a positive integer N = N(1) such that
b(M)+NB > a(). (5.32)

If we have, for some ¢ > #y, L(¢,U(t)) > b(n), it follows from (5.27) that there exists a
6, = 8(n) > 0, such that D[U(¢), 0] > &,. This in turn implies that

c(D[U(t),8]) > c(&) = 6, (5.33)

where 8; = 03(1n). We construct N + 1 numbers # = #(fy,n) such that #y(¢y,n) = to and

ti+1(t0,M) = 15(t0,m) + B/ 83. By letting T'(n) = NB /&3, we have t(t0,1) = to+ T'(1).
Now to prove uniform asymptotic stability, we still have to prove D[U(¢), 6] for all ¢ >
to+ T(n). It is therefore sufficient to show that

L, U@®)<b(n)+(N=k)B, t>t4, k=0,1,2,...,N. (5.34)

Now we prove (5.34) by induction. For £k =0, ¢ > £y, we have, using (5.27),
L(t,U(1)) < L(to, Up) < a(8) < b(n) +Np. (5.35)
Suppose we have, for some £k,
L(s,U(s)) <b(M)+(N—k)B, s>,
and, if possible, assume that for 7 € [t;, 8 + 1],
L(1,U(1)) = b(n)+ (N—k—1)B.
It then follows that
a(o) = a(D[U(s),0]) = L(s,U(s)) = b(n) +NB — (k+1)B = b(n).

Therefore from (5.31), we conclude that

J(L(s,U(s))) = L(s,U(s)) + B > b(n) + (N —k)B > L(s,U(s))
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fortp <s <t,t € [tg,t;11]. In turn, this implies that U(¢) € Eq for t; < s <t € [tg,tx11)-

Hence, we obtain from assumption (ii) and (5.35) that
Li1.U1)) < L0 UG) = [ DU (), B))ds

<BM)+ N —k)B = &(trr1 — 1)

<b(n)+N—-k)B.
This contradiction shows that there exists t* € [t,#+1] such that

L U@") <b(m)+(N—k—1)B. (5.36)
Now we show that (5.36) implies that
L, U@®) <b(n)+(N—k—1)B, t>1¢".

If not trues, then there exists #; > ¢* such that L(t;,U(t;)) =b(n) + (N —k— 1) or for some
small 1 >0, L(t; + h,U(t; + h)) < b(n) + (N — k— 1) B, which implies that

D_L(t;,U(t;)) > 0. (5.37)
As we did before, we can show that U(¢) € B, for t* <s <t;,and D_L(#;,U(t;)) — 63 < 0.
This contradicts (5.37), and hence

Lit,U@®) <bM)+(N—k—-1)B, >t

This completes the proof of the theorem.
Our final stability result is a general result, which offers various stability criteria in a single
set-up. The proof of this theorem, which can be obtained by using the comparison result
Theorem 5.3.3 is omitted.
Theorem 5.3.7. Assume that there exists a function L(¢,U) satisfying properties (i), (ii),
and (iii) of Theorem 5.3.3. Then the stability properties of the zero solution of (5.10) imply
the corresponding properties of the zero solution of (5.18).
We now show that this theorem unifies the various stability results discussed earlier. To

that end, consider the following special cases:

(a) Suppose go(¢t,w) =0. Then n(s, Ty, vy) = vo, and hence Q reduces to E.

(b) Suppose go(t,w) = —[a/(¢)/a(t)]w, where o(¢) > 0 is continuously differentiable on
R4 and o(f) — e as t — oo. Let g(t,w) = go(t,w) + [1/a(t)]g1(¢, a(t)w) with g| €
CIRy x Ry, Ry ], then n (s, Tp,vo) = vo[et(Tp)/oc(s)]. Thus Q = E,.

(c) Let go =g= —c(w), c € #. Then it is easy to show that 1(s, Ty,vo) = ¢ ' [d(vo) —
(s —To)], to < s < Ty where ¢ (w) = ¢(wo) + [1) Cds and ¢! is the inverse function of
¢. Since 1 (s, Tp,vp) is increasing in s to the left of Ty, on choosing a fixed so < Tj and
defining f(r) = 1 (so, T}, vo), it is clear that f(r) > r for » > 0. Thus f(r) is continuous

and increasing in . Hence, Q = E,.
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5.4 Causal Differential Equations in a Banach Space

Let X be a Banach space with the norm |- |, J = [t,T], E = C(J,X) and B = Blug,b] =
[u€E:|u—uplp <b]. We define |u— v|g(t) = max,y<s< [u(s) — v(s)|. In this section we
shall extend the basic results such as existence, uniqueness, global existence, to causal dif-
ferential equations in a Banach space. Then introducing the causal differential inequalities
in cones, we study the existence of extremal solutions.

Consider the Cauchy problem

{ u' (1) = (Qu)(t), (5.38)

u(to) = uop,
where O: B — E.
Let us begin by proving a local existence result using successive approximations.

Theorem 5.4.1. Assume that

(a) O € C[B,E] is a causal map where B = B(ug,b) = {u € E : |u —ugplo(t) < b} and
|Qulo(¢) < My, on B;
(b) g€ ClJx[0,2b],R.], g(¢t,w) < M, onJ x [0,2b], g(¢,0) = 0, g(¢,w) is nondecreasing

in w for each ¢ € J and w(¢) = 0 is the only solution of
w =g(t,w), w(t)=0onJ; (5.39)
(©) [(Qu)(t) = (Qv)(1)] < g(t,|u—V]o(t)), on B.
Then, the successive approximations defined by
1 (1) :uo—&-/tot(Qu,,)(s)ds, n=0,1,2,... (5.40)

exist on Jy = [to,% + 1), where 1 = min{7 —#y,b/M} and M = max{M;,M,}, and con-
verge uniformly to the unique solution u(¢) of (5.38).

Proof. For ¢t € Jy we have, by induction

|tn1() —uo| =

/ () (s)ds
< /totl(Qun)(S)ldS
< /t[ |Ounlo (£)ds
< Mi(t—to)
< M(1—1to)

<b
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which shows the successive approximations are well defined on Jy.

Next, we define the successive approximations for problem (5.39) as follows:

wo(t) = M(t —to)

Wyl = /ttg(s,w,,(s))ds7 n=0,1,2,...
Then, 0

wi(t) = /, o5, wo(5))ds < Ma(t —10) < Mt —to) = wo(t).
Assume for some k£ > 1, toe Jo, that
wi(t) < wi—1 (2).
Then, using the monotonicity of g, we get
e ()= [ glome(o)ds < [ glovmecr () = ()

Hence, the sequence {wy(¢)} is monotone decreasing.
Since w, (1) = g(t,wy_1(t)) < Ma, t € Jy, we conclude by the Ascoli-Arzela theorem and

the monotonicity of the sequence {wy(¢)} that

klim wi(t) = w(t)
uniformly on Jy. Since w(¢) satisfies (5.39), we get from condition (b), that w(¢) = 0 on J.
Observing that for each z € Jy, 1 < s <1,

/ S(Quo)(C)dC’
< / (uo)(§)[dg

< |Quolo(s —to) < |Quolo(t —to)

<Mi(t—to) < M(t—t9) =wo(t),

|1 (s) —uo| =

which implies that |u; — ug|o(z) < wo(z). We assume for some k > 1,
lug — up—1lo(t) < wr1 (1), t€Jo.
Consider, for any t € Jy, tp < s <,

1 (5) ~ )] < [ 1(Qu(©) ~ (Que-1) (©)1d
< [ £~ wmalo(©))ag
< [ sComr(enac
< [ eCom (@) =),
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which further gives

g1 —uilo(t) < wi(t), t€Jo.

Thus, we conclude that

s — walole) < wi(t) (5.41)
fort € Jy and for all n = 0,1,2,.... We claim that u,(¢) is a Cauchy sequence. To show
this, let n < m. Setting v(¢) = |u,(¢) — un(¢)| and using (5.40), we get

DFv(t) < uy () — 1, (0)]
= [(Qun—1)(t) = (Qum—1) (1)
< [(Qua—1)(t) — (Qun)(t)l +1(Qun) (1) = (Quin) (1))
+1(Qunm) (1) = (Qutm—1)(1)]

< g(t,|un—1— unlo(t)) +8(t, |un —umlo(t))
+8(t, [tm—1 = tm|o(?))
< gt wa1(0)) +8(t, [vlo(2) + g, w1 (1))
= g(t,[vlo(2)) +28(t, wa1(1))-
The above inequalities yield, on using Theorem 5.2.1, the estimate
v(t) <ralt), 1€,

where the maximal solution of

r;:g(t,rn)+2g(t,wn_1(t)), I"n(to):O
for each n. Since as n — oo, 2g(¢,w,_1(¢)) — 0 uniformly on Jj, it follows by Lemma 1.3.3
that r,(¢) — 0, as n — oo uniformly on Jy. This implies from (5.41) that u,(¢) converges
uniformly to u(¢) is a solution of (5.38).
To prove uniqueness, let v(¢) be another solution of (5.38) on Jy. Set m(¢) = |u(t) — v(¢)].
Then m(ty) = 0 and

Dm(t) < g(t,|ml|o(t)), t€Jo.

Since m(fy) = 0, it follows from Theorem 5.2.1 that

m(t) < r(t,t,0), t€E,

where r(¢,4,0) is the maximal solution of (5.39). The assumption (b) now shows that

u(t) =v(t), t € Jo, proving uniqueness.
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Having discussed the situation relative to the method of successive approximations, we
now proceed to investigate another type of approximate solution for the problem (5.38).
Since the existence and uniqueness of solutions of (5.38) is guaranteed when Q satisfies
a local Lipschitzian condition, one can utilize this fact to construct a type of approximate
solution if it is possible to approximate a continuous function Q by a sequence of locally
Lipschitzian functions. The following result exploits this idea.

Theorem 5.4.2. Assume that Q € C[B,E], |Qu| <M onBand 1 =min{T —ty,b/(M+1)}.
Let {&,} be a sequence such that 0 < g, < 1, lim,_... &, = 0. Then, for each positive integer

n, the Cauchy problem (3.1) has an e-approximate solution u,(¢) on [ty, %) + 1] satisfying

(i) un(2) is continuously differentiable on [¢y,# + 1] and
(i) |ul, — (Qun)(t)| < & fortg <t <ty+mn.

To prove this theorem, we first need the following known result which shows that a contin-
uous function F'(x) can be approximated by locally Lipschitzian functions.

Lemma 5.4.1. Let F € C[Q, X], where Q C X is open. Then, for each € > 0, there exists a
locally Lipschitzian function F¢ (x) : Q — X such that |F(x) — F¢(x)| < € on Q.

Let us now prove Theorem 5.4.2.

Proof. By Dugundji’s extension theorem, Theorem 1.5.8, O has a continuous extension
Q : E — E such that |Qu|E < M on E. Also, there exists, for every 0 < g, < 1, a function
O, : E — E which is locally Lipschitizian in u satisfying

|Q£n”_ Q”|E < &.

In particular, we have |Qe,u — Qu|r < &, and |Qe,u|r < M+ 1 on B. Let u,(¢) be the unique

solution of
(1) = (O, u)(t),  ulto) = uo,
which exists on [to,t0 + 1], N = min[T —19,b/(m+1)].
Hence, we have
13, (2) = (Qn) (1)] = | (D 1) (1) — (Quin) (1)] < &

for ty <t <ty+ n. The theorem is proved.
Next we prove a local existence result using a compactness condition.

Theorem 5.4.3. Assume that

(i) |Qulg <MonBandn =min{T —ty,b/(M+1)},
(i) (a) a((Q4)(t)) < g(t,sup, <s< 0(A(s))) for every bounded set A(s) C B,
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(b) Q is uniformly continuous on B,
(iii) g € C[[to,T] x [0,2b],R], g(¢,0) = 0, and w(z) = 0 is the unique solution of (5.39).

Then the Cauchy problem (5.40) has a solution on [to, 7 + 1].
Proof. By Theorem 5.4.2, we have approximate solutions {u,(¢)} on [to,# -+ 1] such that

u;(t) = (Qua)(t) +yu(t), un(to) = uo,

and |y, ()| < &,, where g, — 0 as n — . Since {u,(¢)} is equicontinuous and uniformly
bounded, it is enough to show, to use Ascoli-Arzela’s theorem, that the set {u,(¢)} =
{un(t) : n > 1} is relatively compact, that is, ar({u,(¢)}) = 0 on [to, %0 + 1]

Let m(t) = ot({un(t) : n > k}), and note that m(ty) = oc({un(to) : n > k}) = a({ug}) = 0.
First we show m(¢) is continuous as follows. By property (vi) on Theorem 1.7.1, we have,

forty <s <t <ty+m,

() = m(s)| = le({un(t) : n > }) — o({un(s) : n > &)
<l () (5 2 )
\ ({ Qmﬁ@)+yACDdC:n2k}>7

and setting 4 = {x,(¢t) : n > k}, where x,(t) = ['((Qua)(§) + yu())dE, we have
sup, 4 lxnlg < (M+1)|t —s| and a(4) <2(M+1)[t — s|. Hence,

m(t) —m(s)] <2(m+1)|t—s],

which implies m(¢) is continuous.

Next, we show that D_m(¢t) < g(t,m(¢)) on |[t,tp0 + 1],  where
D_m(t) = liminf,_q+ 1/A[m(t) — m(¢t — h)].

By property (vi) of Theorem 1.7.1, we obtain

1

(@) —m(t—h)] = :l[a({un(t) n > k}) = o({un(t —h):n>k})]

< o(un(t) ~ (e — ) :n > D)L

By the Mean-Value Theorem 1.5.5 and properties (ii) and (vii) of Theorem 1.7.1, we have,
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with J, = [t — h,¢],

1
(0 = m(e— )

IA

Llatheo({u,() € € [t~ hl}) s> RY)]
(i (§) L € 1= hdlin > ))
Q{u(§) :n =k g €~ hal))
:a(UhMQw>H)

Cedy

o (U {(Qun) (@) +yu(t) in > k}>

tedy

a{((Qun)(Jn) +yn(J) : n > k)}
< o({(Qun)(Jn) +28& :n > k}),

where (Quy)(Jn) = Ugey, (Qua)(§) and y,(Jn) = Uge, yn(6)-
Then it follows that

IA

A

D_m(t) < l}lm(i)llfoc({(Qun)(Jh) +2¢&:n>k}).
The equicontinuity of {u,(¢)} and the uniform continuity of Q imply that

(Qun)(Jn) = (Qua)(t) for n > k,

with respect to the Hausdorff metric. Also, in view of assumption (ii), we have

lim
h—07F

to<t<t

liminf(a{ (Qun)(Js) :n 2 k}) = a({Qua(t) :n 2 k}) < g (t, sup or({un(s) :n > k})) :

Therefore,

D_m(t)<g (t, sup o({un(s):n> k})> +2¢g;.

to<s<t

Then by the basic comparison Theorem 1.3.2,
m(t) = a({un(t) :n>k}) <rp(t,1,0), t€[to,to+n],
where r;(¢,19,0) is the maximal solution of

u'(t) = g(t,u) +2&
u(t()) =0.
By Lemma 1.3.3 and condition (iii), we have

Jim re(t,19,0) = r(t,4,0),

where r(2,p,0) = 0 is the maximal solution of (5.39) on [to,7 + n]. Thus o{u,(¢) :n >

k} =0 on [to,% + n], proving the theorem.
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5.5 Global Existence and Inequalities in Cones

We shall continue to consider the IVP for causal differential equation (5.38). We shall begin
by proving a global existence theorem in a direct way and then through a Lyapunov func-
tion. We explain the different approaches. Then we discuss causal differential inequalities
in cones and utilizing these results prove existence of extremal solutions.

Theorem 5.5.1. Let Q € C[E, E] be a causal map such that

[(Qu)(0)] < g(z,ulo(2)), (5.42)

where g € C[R2,R. ], g(t,w) is nondecreasing in w for each # € R and the maximal solution
r(t) = r(t,fp,wo) of (5.39) exists on [tg,). Suppose further that Q is smooth enough
to guarantee the local existence of solutions of (5.38) for any (fy,uo) € Ry x X. Then,
the largest interval of existence of any solution u(z,7y,ug) of (5.38) is [fy,o°), whenever
luo| < wo.

Proof. Suppose that u(¢) = u(t,#y, uo) is any solution of (5.38) existing on [ty, ), 7o < 8 <
oo with |up| < wy, and the value of B cannot be increased. Define m(¢) = |u(¢)| and note
that m(zp) < wp. Then it follows that,

D m(t) < [ (1) = [(Qu)(t)] < g(t, lulo(t)).
Using Theorem 1.3.2, we obtain
m(t) <r(t), to<t<p. (5.43)

For any #1,#, such thatzg <, <t, < 3,

u(tr) —u(n2)] <

4 5]
0

| uis)as— / (Ou)(s)ds
< * (0u)(s)lds
[ st lulos)s.

1

<
Employing the estimate (5.43) and the monotonicity of g(¢,w), we find
) —ule)] < [t r(s))ds = r(e) = (1),
Since lim,_,g_7(t,2,wo) exists, taking the limits as ¢, — B, we get that {u(z,)} is a

Cauchy sequence and therefore lim,_, - u(¢,ty,u9) = upg exists. We then consider the IVP

(1) = (Qu)(t), u(B)=up.
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As we have assumed the local existence, we note that u(z,y,uo) can be continued beyond
B, contradicting our assumption that 3 cannot be increased. Thus every solution u(¢, fo, 1)
of (5.38) such that |ug| < wy exists globally on [fy,e<) and hence the proof.

Remark. Clearly, QO is bounded on bounded sets, if QO satisfies condition (5.42), which

need not be true if we relax (5.42) to

((Ox),x) < g(t, |x])|x]. (5.44)
This is also the case when one relaxes (5.42) to a more general condition by means of Lya-
punov like function. If we need only global existence we could also remove the restriction
of monotony on g(¢,u). This is the motivation for the next result.
Theorem 5.5.2. Assume that

(i) Q € C[R; x E,E], Q is bounded on bounded sets and for any (¢,x9) € R4 x E there

exists a local solution for the problem (5.38).

(i) ¥V € C[Ry x E,Ry], V is locally Lipschitzian in x, ¥ (¢,x) — oo as |x| — oo uniformly
for [0, T] for every T > 0 and for (¢,x) e Ry X E

1
DV () = fim V(04 hox+h(Qx)) ~ V(t,)] < g(t,V(1,x),

where g € C[R; x Ry, R];

(iii) the maximal solution r(¢) = r(¢,%y,uq) of (5.39) exists on [fg, ) and is positive if ug >
0.

Then for every xo € E such that V' (fy,x¢) < ug, the problem (5.38) has a solution x(¢) on
[f0, o) which satisfies the estimate

Vitx(t) <rt), t=>t. (5.43)

Proof. Let S denote the set of all functions x defined on I = [fy,cx) with values in E
such that x(¢) is a solution of (5.38) on I, and V (¢,x(¢)) < r(t), t € I,. We define a partial
order < on S as follows: the relation x < y implies . C [, and y(¢) = x(t) on I,. We
shall first show that S is nonempty. By (i), there exists a solution x(¢) of (5.38) defined
on Iy = [to,cy). Setting m(t) = V(¢,x(¢)) for t € I, and using assumption (ii), it is easy to
obtain the differential inequality

Dm(t) < g(t,m(t)). te€l.
Now, by Theorem it follows that
Vitx(t) <r(t), tel, (5.46)

where r(t) is the maximal solution of (5.39). This shows that x € S and so S is nonempty.
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If (xg)p is a chain (S, <), then there is a uniquely defined map y on I, = [fo, supg cx, ) that
coincides with xg on /. Clearly y € S and hence y is an upper bound of (xg) in (S,<).
Then Zorn’s lemma assures the existence of a maximal element z in (S, <). The proof of
the theorem is complete if we show that ¢, = o=. Suppose that it is not true, so that ¢, < oo.
Since r(¢) is assumed to exist on [fg, ), 7(¢) is bounded on I,. Since V' (¢,x) — oo as |x| — oo
uniformly in ¢ on [fy, ¢.], the relation V' (z,z(¢)) < r(¢) on I; implies that |z(¢)| is bounded on
L. By (i), this shows that there is an M > 0 such that
(Q2)(1) <M, teL.
We then have, for all ¢, € L, t; < 1,
5]
|z(2) —z(11)] < / [(Qz2)(s)|ds < M(t2 —11),
3|
which shows that z is Lipschitzian on /; and consequently has a continuous extension zy on
[t0, cz]. By continuity, we get
C
zo(cz) = x0+ | ((Qzp)s)ds.
0
This implies that zy(z) is a solution of (5.38) on [tg,c.| and, clearly, V' (¢,20(¢)) < r(2),
t € [ty,cz]. Consider the problem
x'=(0x)(1), x(co) =2z0(c2)-
By the assumed local existence there exists a solution xo(¢) on [c;,c; + 6], > 0. Define
. zo(t) forty <t <e;
z =
xo(t) fore; <t <c.+6.
Clearly z; (¢) is a solution of (5.38) on [fy, c; + 0) and, by repeating the arguments that were
used to obtain (5.46), we get
V(t,z1(t)) <r(t), t€lto,cz+0).

This contradicts the maximality of z and hence ¢, = oo. The proofis complete.

In order to develop the theory of differential inequalities in a Banach space X, we need to
introduce the concept of a cone which induces a partial ordering in X.

A proper subset K of X is said to be a cone if AK C K, A >0, K+ K C K, K=K and
KN{—K} = 6, where 0 denotes the null element of the Banach space X, and K denotes
the closure of K. Let K° denote the interior of K and assume that K° is nonempty. The

cone induces the order relations in X defined by
x<yiffy—xeKk,
x<yiffy—xe€K®, xyeX.



166 Theory of Causal Differential Equations

Let K* be the set of all continuous linear functionals ¢ on X such that c¢(u(z)) > 0 for all
u(t) € Kand ¢t € J, and let K;j be the set of all continuous linear functionals on X such that
c(u(t)) >0forall u(t) € K°. Wesayu <vonkE ifu(t) <v(t) foru,v€ E, t € J. A function
O from F into E is said to be nondecreasing if u < v implies Qu < Qv.

To prove a basic result, on differential inequalities, we need the following lemma.

Lemma 5.5.1. Let K be a cone with nonempty interior K°. Then

(i) x € K is equivalent to cx > 0 for all ¢ € K*;
(ii) x € JK implies that there exists a ¢ € K;j such that cx = 0.

Theorem 5.5.3. Let K be a cone in X with nonempty interior K°. Assume that

(i) u,v € C'J,X], Q € C[B,E], B= B(uo,b) and Q is nondecreasing;
(i) o'(£) = (Qu) (1) <V(6) = (QV)(1), 1€ (t0,T).

Then, u(ty) < v(fo) implies that u(z) < v(¢), t € J.
Proof. Suppose that the assertion of the theorem is false. Then, there exists a #; > #( such
that

v(ty) —u(t)) € oK and v(t) —u(t) € K°, ¢ € [to,t1).
Thus, by Lemma 5.4.2, there exists a ¢ € K;j such that c(v(t;) —u(t;)) = 0.
Setting m(t) = c(v(¢) — u(t)), we see that m(z) > 0 for tp <t < ¢; and m(¢;) = 0. Conse-
quently, m'(z;) < 0. Further, at ¢ = #;, we have u(¢;) = v(f;) and u(t) < v(t), to <t < 1.
Thus, u(t) < v(t), 1 <t <.
Using the nondecreasing nature of O, we have (Qu)(¢) < (Qv)(¢), to <t <t; < T. Hence

from (ii), we get

m' (1) = c(vV'(t1) =1/ (1)) > e((Qv)(11) — (Qu) (1)) > 0.
This contradiction proves the theorem.
Using Theorem 5.4.3, we can prove the existence of the maximal solution of (5.38) relative
to the cone K.

Theorem 5.5.4. Let K be a cone in X with nonempty interior K°. Suppose that

(i) Q € C[B,E] and Q is nondecreasing;
(ii) Q is uniformly continuous on B (and hence, we may assume that |Qu|z < M on B);
(iii) g € C[J x R4, R] with g(z,0) = 0, and the only solution of the scalar differential equa-
tion (5.39) is the trivial solution;
(iv) a((Q4)(t)) < g(t,supy<s<, ((4)(S))), t €J, where A(s) is bounded subsets of B and

a is the measure of noncompactness.
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Then, there exists a maximal solution of (5.38) relative to K on [fy,7) + 1] where 1 =
min{7 —#,b/(M+1))}.
Proof. Let yy € K° with |yg| = 1. Consider the system

{ ! (1) = (Qu)(6) + Lo, 54
u(ty) = uo + ,ﬁyo, ‘
for each integer n.

Consider

1

1 1
<l@uOl+ ol <|Qulp+ <M+

(©)©)+ 70

Applying Theorem 5.4.3, we conclude that there exists a solution u,(¢) of (5.47) for each n

and a solution u(z) of (5.38) on [fy,y + N]. The above inequality implies the equicontinuity
of the family {u,(¢)}. Noting that a({u)n(%)}) = oc({uo+ (1/n)y9}) = 0, by property
(iv) of Theorem 1.7.1, we conclude, as in Theorem 5.4.3, that the set {u,(¢)} is relatively
compact for each J € [t,# + 1n]. We then apply Ascoli-Arzela’s theorem to obtain a subse-
quence of {u,(¢)} which converges uniformly to a continuous function r(¢) on [fy,# + 1],
using Theorem 5.4.5, the comparison theorem on cones, the sequence {u,(¢)} is monotone
and hence () is a solution of (5.38) on [to, % + 1].

Now let u(¢) be any solution of (5.38) on [f, %+ N]. Thenu/'(z) — (Qu)(t) =0 < (1/n)yo =
Uy, (1) — (Qun)(t) and u(ty) = uo < ug+ (1/n)yo = un(to).

Then, by Theorem 5.4.5, we get u(t) < u,(¢) fort € [ty, 4 + 1.

Therefore,

u(t) < limu,(¢) =r(t), t€]to,to+mn]
n—oo
This shows that #(¢) is the desired maximal solution and the proof is complete.
Theorem 5.5.5. Suppose that the assumptions of Theorem 5.4.6 are satisfied. Let m €

C'{[to,to +n],X] and
m'(t) < (Om)(t), 1€ [to,to+m].
If m(ty) < ug, then m(t) <r(t), t € [to,to+ N, where r(¢) is the maximal solution of (5.38).
Proof. Let u,(¢) be a solution of
{ (1) = (Qu)(6) + 0.
u(ty) = uo + ,ﬁyo,
for each positive integer n, where yy € K° with |yg| = 1.
Note that u(ty) = ug < ug+ (1/n)yo = u,(to) and v/}, (t) — (Quy ) (¢) = (1/n)yo > 6 > m'(t) —
(Om)(t), for t € [ty,to + n]. By Theorem 5.4.5, m(t) < u,(¢), for each n and ¢ € [to, 10 + n].
Hence, m(t) < limy_etn(t) = (), t € [to,20 + N]-
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Corollary 5.5.1. Let the hypothesis of Theorem 5.5.4 hold and let (00)(0) = 0. Then the
maximal solution #(¢) of (1) such that 7(fy) = up € K remains in K for ¢ € [ty + 1]
Proof. The proof follows by choosing m(z) = 0 in Theorem 5.4.7.

Let E be a real Banach space and let | - | denote the normin E. Welet B={x € E : |x| < b}
denote the ball of radius b and let Ry = [f9,%p + a] x B where tp > 0, a > t.

Consider the causal differential equation

X (1) = (0x)(1), x(t0) = xo, (5.48)

where Q : E — E. There are several known results which guarantee the existence of solu-
tions to (5.48). We mention in particular those given in [6]. One of the conditions given

there is:
(D) f is uniformly continuous in Ry.

Another is a compactness condition which is similar to the convexity condition II stated
below.

For any subset 4 C B and for small 4 > 0 set
An(Q) = {yly =x+h(Qx) :x € 4}.
We introduce a (comparison) scalar equation
u =g(t,u), u(ty)=0 (5.49)

where g € C[[to, % +a] x R*,R]. Assume that u = 0 is the unique solution of (5.49). then

the convexity condition on Q is

(D) liminfy, o+ {h~"[e(44)(Q) — a(A)]} < g(t, 0x(4))

for any subset 4 C B.

We also require the following condition on a set 4 C B:
(TIT) The set of solutions x(z,x¢), xo € A of (5.48) exists and is equicontinuous.

Condition III is satisfied when A4 is pre-compact.
Theorem 5.5.6. Let 4 C B have convex closure and let condition I, II, and III be satisfied
for (5.38). Then the set

x(t7t07A) = {x(t,t07x0)|xo EA}

has convex closure for 7 € [t, % + a].
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Proof. Set m(t) = a(x(t,4)) where o is the measure of nonconvexity and x(z,4) =
x(t,t9,A4). Our claim is then m(¢) = 0. Now m(t +h) —m(t) = a(x(t +h,4)) — a(x(t,4)) =
[o(x(¢t+1),4) — a(4,(0))]+ [a(4r(Q)) — ax(x(¢,4))]. If we know that

1}13(1)1+1fh*1[a(x(t+h,14))—a(Ah(Q))] <0 (5.50)
then it follows from condition I that D m(¢) < g(¢,m(¢)) where D denotes a Dini deriva-
tive. It follows further from the theory of differential inequalities that m(¢) = 0. Thus it
remains to verify (5.50).

By properties
W o(x(t +h,4)) = o (44(Q))] < afh ™! (x(e + b, 4) = 44(Q))]

<2 sup [~ [x(t -+ h,x0) — x(t,%0)] — (Ox) (1))

xo€A
Hence it suffices to show that

B (x(t + hyxo) — x(2,x0)) — (Ox)(¢)

uniformly in x9. Now

[ (x(t + h,x0) — x(t,%0)) — (Ox) (¢)]
< / (0x)(t +5) — (0x)(1)|ds.

By the uniform continuity of Q and by the equicontinuity of x(¢,xo) this last expression can
be made arbitrarily small, independent of x¢, by taking /4 sufficiently small. This concludes

the argument.

5.6 Fractional Causal Differential Equations

We begin with some definitions. Let#y > 0 and T > ¢, be arbitrary and let £ = C[[to, 7], R"]
be a function space. The map Q : E — E is said to be a causal or a nonanticipative map
if x,y € E have the property that if x(s) = y(s), o < s <t, then (Ox)(s) = (Qy)(s), to <
s <t, t <T. Next, we give the definition of and relation between the Riemann-Liouville
and Caputo fractional differential equations. The Riemann-Liouville fractional differential
equation is given by

Dix = (0x) (1), x(to) =x° =x(t)(t —t9)' ¢ li=tg, 0o <t < T, (5.51)
where 0 < ¢ < 1 and I'(g) is the standard gamma function. The corresponding Volterra

fractional integral equation is given by

w0 =20+ o [ 0=97 (000 ds
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X0 (1—19)1~
I(g)
condition of the corresponding initial-value problem has the same form as that of ordinary

1 . . . . ..
where x°(¢) = . The Caputo derivative has the main advantage that the initial
differential equations, and also the derivative of a constant is zero. Hence, it is convenient
to use the Caputo fractional derivative.

The fractional differential equation of Caputo type is given by

“Dix = (0x)(s) } (5.52)
x(to) = xo

where 0 < g < 1. If x € C([to, % + a],R") satisfies (5.52), it also satisfies the Volterra

fractional integral
1 !
X0 =0t /m (t — )1 (0x)(s) ds, (5.53)

and vice versa.

The relation between the two types of fractional derivatives is given by
“Dix(t) = D(x(¢) — x(t9))-

Next, we state some results that are needed to prove our main theorems. These results
are stated for fractional differential equations of Riemann-Liouville type, but they can be
readily extended to those of Caputo type. Let p =1—¢ and Cp([to,T],R) = {u:u €
C((t,T],R) and (¢t — #9)?u(t) € C([to, T],R)}. Consider the initial-value problem (IVP)

Dix = f(t,x), x(to) =x°=x(t) (t —15)' 9 it (5.54)
where f € C(Ro,R"), Ry = {(t,x): to <t <to+aand |x—x°(¢)|< b}, and x°(t) =
X0 (t—1y)7!

Lq) -

Lemma 5.6.1. Let m € C,([to, T],R) be locally Holder continuous with exponent 4 > g,
and for any # € (%, T],
m(t;) =0and m(¢) <0 forsy <t <.
Then,
Dim(ty) >0 (5.55)

Lemma 5.6.2. Let {xc(¢)} be a family of continuous functions on [ty, 7], for € > 0, such
that
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and | f(¢,x¢(¢)) |[< M for tg < ¢ < T. Then the family {x.(¢)} is equicontinuous on [ty, T].
Theorem 5.6.1. Assume that m € C,([ty, T], R4) is locally ¢ontinuous, g € C([ty, T| x
R4,R) and
Dim(t) < g(t,m(t)), to <t <T.

Let (¢) be the maximal solution of the IVP

Du(t) = g(t,u(t)), u(t)(t —t0)" ™ |imy= u® >0, (5.56)
existing on [y, T], such that m® < u°, where m® = m(t)(t —t9)' ¢ |;—;,. Then, we have

m(t) <r(t), th<t<T.

Lemma 5.6.3. Assume that f € C[Q,R], where Q is an open set in R?, (#,x°) € Q, with
x0 =x(t)(t —1t0)' 7 |;—;,. Suppose that [ty,?y + a) is the largest interval of existence of the
maximal solution (¢) of the fractional differential equation (5.56). Assume that [¢y, ] is
a compact interval of [fy,%) + a). Then, there is an & > 0 such that, for 0 < € < g, the

maximal solution r(¢,€) of
Dix = f(t,x) + € with initial value x° + ¢, (5.57)

where x0 = x(¢)(t —9)' =9 |,—,, exists on [tg,#1], and 1i1‘I(l)l”(t, €) =r(t), uniformly on [tg,].
E—

We begin with the theory of fractional differential inequalities.

Theorem 5.6.2. Let o, 3 € C9(J,R] be éontinuous with exponent A > ¢, such that

‘Dla(t) < (Qa)(t), (5.58)
DIB(r) > (OB)(0), (5.59)
with one of the inequalities (5.58) or (5.59) being strict and o(#y) < B (). Then a(z) <

B(), ted.
Proof.  Suppose the conclusion does not hold. Then there exists a #; > 7 such that

oft;) =B(t) and a(t) < B(¢t), to <t < t;. Now set m(t) = o(t) — B(¢). Then m(¢;) =0
and m(t) <0, ty <t < t;. Now, observe that “D9m(t) = D[m(t) —m(ty)], where DIm(t) is
the Riemann-Liouville fractional derivative and also that m(f) < 0 implies —D%m(ty) > 0.
Thus, by Lemma 5.6.3, we have “D?m(t;) > D?m(t;) > 0. This yields

(Qa)(n) = “Da(tr) = “DIB(nn) > (OB) (1),
a contradiction. Here, we have used (5.59) with a strict inequality. The contradiction
validates the conclusion and the proof is complete.
Having proved the basic result for strict differential inequalities, we are now in a position

to prove it for nonstrict inequalities.
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Theorem 5.6.3. Assume that the hypothesis of Theorem 5.6.2 holds with nonstrict in-

equalities. Further, assume that

(06)(1) = (Q)(1) < L max |x(s) ~»(s)] forx>y.

Then, oa(¢) < B(¢) on J, provided oc(y) < B(t9)-
Proof. Set B:(t) = B(t) +€E4(2L(t —19)?). Then, Be(to) = B(to) +€ > a(to).
Further,
‘DiBe(t) = “DIB(t)+2LeE,(2L(t — 19)?)
> (OB)(1) +2LeEy(2L(1 — 10)7)
> (OB)e)(t) +LeEy (2L(t — 1)),

which gives

DIBe(t) > (OPe) (). (5.60)
Now, applying Theorem 5.6.1 to (5.58) and (5.60), we obtain that ct(¢) < B¢(¢). Taking the

limit as € — 0, we arrive at o/(¢) < (¢), and the conclusion holds.
Next, we shall prove a general uniqueness theorem using successive approximations.

Theorem 5.6.4. Assume that

(1) Q € C|B,E] is a causal map where B = B(xy,b) = {x € E : max | x(¢) —x0 |< b},
J=1to,T] and | (Ox) |< My on B;
(2) g€ C(Jx[0,2b],R), g(t,u) < M, onJ x [0,2b], g(¢,0) = 0, g(¢,u) is nondecreasing

in u for each ¢t € J, and u(¢) = 0 is the only solution of
‘Diu = g(t,u), u(ty) =0onJ; (5.61)

and
() [(0x)(t) = (Qy)(1) < g(t,[x—ylo () on B, where |x—y o (1) = max [x(r) —y(t) |.

to<s<t

Then, the successive approximations defined by
t

/(r — )TN (Ox,)(s)ds, n=0,1,2,.... (5.62)

lo

xn“(t) =Xx0+

1
I'(q)

1
exist and are continuous on Iy = [f,%y + o], with o« = min(7 — ¢, (br(;;q) )¢) and M =

max{ My, M, }, and converge uniformly to the unique solution x(z) of (5.52).

Proof. By our choice of ¢, we have, for ¢ € [,
t

010 =50 < ) [ =97 | S(550) | ds.
< M(t—19)4

Mod
= T(g+1) < <b.

I'(1+q)
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Hence, using induction, one can show that the successive approximations are continuous

and satisfy
| xn(t) —x0 |<b,n=0,1,2,.... (5.63)
Next, we shall define the successive approximations for the IVP (5.60) as follows:
w(t) =
17 . (5.64)
wit 1) = gy [ 9 gl (5)ds on o

fo
Since g(¢,u) is assumed to be nondecreasing in u for each ¢, using induction we can show

that the successive approximations (5.64) are well defined and satisfy
0 <upi1(t) <uy(t) only.

Moreover, | Du,11(¢) |= g(¢,un—1(t)) <M, and equicontinuity follows from Lemma 5.6.3.
Thus, using Ascoli-Arzela theorem and the monotonicity of the sequence {u,(¢)}, we ob-
tain hj{l, u,(t) = u(t), uniformly on . Clearly, u(¢) satisfies (5.60). Hence, by assumption
(B, u(t) = 0 on [to,t0+ ] = .

We first note that | x; (£) —xo |< Mg(;{gﬂj) = uo(t), which gives | x; —xo) |o (£) < uo(t).
Then, assuming | x; —x;_1 |o (¢) < uy_1(¢) for some k, we have
t

[ =5(0)] < / (=9 | (On)(s) ~ (@xe-1(5) | .

Using condition (¢) and the monotone character of g(¢,u) in u, we get

‘
1 _
) =) | < [0 gl =i lo)ds
I'(q)
to

= uk(t).
Hence, | xg+1 — Xk |o (¢) <ug(t). Thus, by induction, the inequality | x,+1 —x, |0 (¢) < us(¢)
on [ holds for all n. Also,

| “Dxp1(t) = “Dixa(t) | = [ (Qxn) (1) = (Oxn-1)(2)
< g(t, | xn —xn-1 o (1)) < g(t,un(t)).
Let n < m. Then,
D | xn(t) =xm(1) | < | Dxn(t) = Dixm(1) |
< g(tun1(2)) + gt um—1(1)) +8(8, [ X0 = xm [0 (1))-

Since u,11(t) < uy(¢) for all n, it follows that

D xn(t) —xm(t) | < g(t,|xn—2xm o (£)) +2(g(t,un-1(¢))),
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where D% is the Caputo Dini derivative corresponding to D*. An application of Theorem
5.6.1 (adjusted to the case of Caputo derivative) gives | x, —xn |o (¢) < %:(¢), on Iy, where
() is the maximal solution of the IVP

Div=g(t,v)+2g(t,un—1(t)), v(to) = 0 for each n.
Since, as n — oo, g(¢,u,_1(¢)) — 0 uniformly on Iy, using Lemma 5.6.3, we can conclude
that %,(¢) — 0, uniformly on Iy. This implies that {x,(¢)} converges uniformly to x(¢). Now,
using the Volterra fractional integral equation (5.53), we can conclude that x(¢) is a solution
of the TVP (5.52).
To show that the solution x(¢) is unique, suppose y(¢) is another solution of the IVP (5.52)
on Iy. Define m(¢) =| x(¢t) —y(¢) | . Then, m(#y) = 0 and, by condition (c),

‘DMm(t) <| Dix(t) — Dim(t) | <[ (Qx)(t) = (O)(0)| < glt,|m]o (¢)).
Again, by Theorem 5.5.3, m(t) < r(t,t,0) on Iy, where r(¢) is the maximal solution of
(5.61). But by assumption (c), (¢) = 0. Hence, uniqueness follows and the proof'is done.
Next, assuming local existence, we prove a global existence result.

Theorem 5.6.5. Let O € C[E, E] be a causal map such that

| (Ox)(2) |< g, | x o (1)), (5.65)
where g € C[R2,R,], g(t,u) is nondecreasing in u for each ¢ € R, and the maximal
solution r(¢) = r(t,to,up) of the IVP

‘Diu=g(t,u), u(ty) =uo >0 (5.66)
exists on [fy, ). Suppose Q is such that the local existence of solutions of (5.61) is guar-
anteed for any (#y,x9) € Ry x B. Then, the largest interval of existence of any solution
x(t,t9,x0) of (5.52) is [tp, =), whenever | xo |< ug.

Proof. Suppose that x(¢) = x(¢,%9,xo) is any solution of (5.52) existing on [f,8), o < B <
oo, with | xo |< ug, and that the value of B cannot be increased. Define m(¢) =| x(¢) | . Then,
it follows that

Dim (1) < [*Dix(t)| = [(Ox) ()| < g (¢, |xlo (1)) = g (¢, m], (1)),
and,using Theorem 5.6.4,we can conclude that m(¢) < r(t), to <t <p.

Also we have
Dx(r) =

(0x) (1))
(t,[xlo(2))
(¢, mlo(2)
(t,r(1))

, h<t<pB,

VAN VAN VAN VAN
0Q 09 09

<
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since g(¢,u) > 0 and r(z,y,uo) is non decreasing. Now, for any #;,# such that fy < f; <
ty < B, we have

| 5]

) 1 )
/ (=97 (@) w)ds — / (12 — )97 (0x) (5)ds

fo lo

30 =x(e) | = |

IA

1 _ -
rg /1O =@ (@0 | ds

i [0 1©@06) 1ds

I(q)
1
3] n %)
M —1 —1 -1
< (t1 =) ds— [(h—9)""ds+ [ (t—s)T'ds
I'(q)
fo to 151
_ 2M(6—n)!
- T(1+9q)
Letting #1,#, — B~ and using Cauchy criterion, we have that li%n x(t,t0,x0) exists. Set
t—p~

x(B,to,x0) = lil’él x(t,t9,x0),
t—p—
and consider the IVP

Dix = (0x)(t), x(B)=x(B,t0,%0).

The solution x(z,f,xp) can be continued beyond B because of our assumption of local

existence. Hence, the claim is true and the proof is complete.

5.7 Causal Differential Equations with Memory

This and the following two sections, we shall devote to extend the theory of causal differen-
tial equations with memory. As we shall see, this extension is natural and with appropriate
modification, one can generalize almost all the results that we have discussed for the causal
differential equations so far. However, we shall be content with providing some typical
results and then investigate causal differential equations adding anticipation in addition to
memory. Since the theory of functional differential equations is well studied subject, we
begin from there so that similar framework can be utilized to discuss the causal differential
equations with retardation and anticipation.

For causal operators, we can also utilize a notion identical to that encountered in the general

functional differential equation of the type

x,(t) :f(t7xl‘)a Xty = ¢07 (567)
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where ¢y € % is the initial function, 6y = C[[—7,0],R"] and f € C[[to, T] x 6o, R"]. The
symbol x; in (5.52) may be defined in two ways. For example, ifx € C[[ty — 7,T), R"], T >
0, then for each € [t,T)

(i) x; is the graph of x on [t — 7,¢] shifted to the interval [—7,0];
(ii) x; is the graph of x on [ty — 7,¢].

The IVP (5.67) relates to the case (i) and the corresponding IVPs for functional differential
equations is well studied area. Such equations are also called differential equations with
delay or with retardation. In case (ii), the functional is known as Volterra operator, which is
determined by ¢ and the values of x(s) on 7y — T < s < ¢. Consider, for example, Q(x)(t) =
O(t,x;), where for each ¢ € [tp,T), QO takes values in R”, whereas, the family O(¢,x;) of
functionals for ¢ € [tg, T], defines the operator from % into itself. As an example, consider

the operator given by the formula

0)(1) = f(1) + jK(z,s,x<s>>ds,

then  O(t.x) = f(6) + [K(t,5,x(s))ds.
One should note that Q(tot?xto) =xo = f(t) is the initial value in this setup. This framework
can also be employed to include the delay or the past history into the causal operators so
that one can extend the study of differential equations involving causal operators with delay
or past history. This leads to the IVP for such systems
In this framework, we have the IVP for such systems

X (1) = 0lt.x(0).%) 5.65)

X = P € 60

where Q takes values in R” for each ¢ € (f,7T) and the family of functionals {Q; =
O(t,x(t),xt) }1ejsy,r defines the operator from E = C([to — 7,T],R") into itself. The in-
vestigation of the IVP (5.68) includes naturally not only IVPs with causal operators with-
out delay but also several corresponding IVPs with delay. The examples may include the

special cases

Q(t’x(t)’xl) = f(tvxt)v
or = f(t,x(t),x),
or = ITK(t,s,x(s))ds7
or = f(t,x(t),x)+ fl K(t,s,x(s))ds,

fh—7T

or = f(t,x(t),xt), I[ K(t,s,x(s))ds).

fh—7T
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All of these, of course, need an initial function ¢y € Cy. Moreover, the symbol x; is now

Volterra type, that is case (ii). Of course, instead of case (i), one can also utilize case (i) for

the symbol x;, in which case, we need to replace f K(t,s,x(s))ds by f K(t,s,x(s))ds in
fh—7T t—7
the special cases. We prefer to use case (i) because we are interested in the investigation of

IVPs involving Volterra or causal operators. Once we have the results in the framework of
causal operators with delay, parallel results can be obtained similarly employing suitable
modification relative to the case (i). We should also note that, once the initial function ¢ is
fixed for the IVP (5.67), all the elements of the space E will have the same ¢y on their tail
end, namely, on [ty — T,%].

In this section, we shall consider the basic differential inequalities involving causal opera-
tors with memory or delay.

Theorem 5.7.1. Assume that

(A;) for each t € (#,T), Q takes values in R and the family of causal operators Q;, =
O(t,x(t),x;), for t € [ty,T) defines the map from E = C[[tp — 7,T),R] into itself;
O(t,x(¢),x;) is semi nondecreasing in x;, that is, if x(¢) = y(¢) and x(s) < y(s), tr— 1<
s<tfortety,T),then O(t,x(t),x;) < Ot y(t),»);

(Az) vwwelC([to—1,T),R), vV,w existfor ¢ € [ty, T) and v/ (¢) < O(¢,v(¢),v,),

w(t) > O(@t,w(t),w), tE€lty,T);
(A3) O, x(t),x) = O(t,(1),y) < At) max_[x(s) —y(s)],

ty—T<s<t
whenever x; > y; and A(¢) > 0 is continuous forzp <7 < T.
Then we have
v(t) <w(t), t € [t,T) (5.69)

provided that v, < ¢, on [to — T,1)].
Proof. Let us first consider the result for strict inequalities supposing any one of the
inequalities in (42) is strict. Suppose that the corresponding conclusion v(¢) < w(¢), t €

[to, T) is false. Then there would exist a #; such that 7y < #; < T satisfying
v(t) =w(t), v(s) <w(s), to—T<s<t, (5.70)

because of the corresponding assumption v;, < wy, on [fp — T,%). Using (5.70) we get, for

small 2 < 0,
v(t +h) —v(t)) <w(ti +h) —w(t),
and therefore, it follows that

V() >w (). (5.71)
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In view of (A;), because of semimonotone property of Q, relations (5.70) and (5.71) we
arrive at
O(t1,v(t1),vy) =V (1) 2w (1) > Ot wltr), wey) = Ot wltr), vy ),
which is a contradiction. Hence, v(t) < w(t), tp <t < T is valid. Note that we have utilized
only strict inequality for w in (A;)
To prove the claim of Theorem 5.7.1, we let fortp — 7 <ty <t < T,
¢(0) = 9(1) + e,
1
where L(t) = [A(s)ds and L(¢) = 1 on [ty — T,%)] and € > 0 is small enough. Clearly
fo
Vip < Wy, < Wy, and using (4,),
W (1) = w (1) +2eA(0)e* ) > O(t,w(t), w,) + 2eA (1) ).
We shall next use (43), observing that w, > w,, because of the fact
Wy = wy + ee2lt and 2l < 2L
W (t) > O(t,w(t),W,) +2€A(2)e* 1) — e (£)e*H D) > O(t,w(t), ;).
Now from the proof of the first part, it follows that v(¢) < w(¢),% <t < T and letting € — 0,
we have the result v(z) < w(t), 1o <t < T.
Remark 5.7.1. We note that instead of demanding the existence of v/,w', we could only
require D v(t), D w(t) in (A;) for the inequalities to hold. The proof requires only this.
Here D v(t) = liminf, o~ ; [v(t+h) —v(?)].
The following lemma is needed before we proceed further.

Lemma 5.7.1. Letm € [[to — 7, T],R], and satisfy the inequality

D m(t) <gl(t = 5.72
m(t) < g(t,lmlo), Imilo = _max _ [m(s)] (5.72)
where g € C([to, T) x Ry, R ). Assume that the maximal solution r(¢) = r(¢,2,uo) of the

scalar differential equation
u' = g(t,u), u(ty) = uo >0, (5.73)
exists on [ty, T'). Then, if |, |o < ug, we have
m(t) <r(t), t €to,T). (5.74)
To prove (5.74), it is enough to prove that
m(t) < u(t,ty,up,€), t € [to,T), (5.75)
where u(z,ty,uo, €) is any solution of

u' =g(t,u)+e, u(ty) =ug+e,
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€ > 0 being an arbitrary small quantity, since

lim u(t,ty,ug,€) = r(t,to,uo).
£—0t

Since |my, o < ug+ €, if (5.75) is not true, there would exist a #1, #p < #; < T, such that
m(ty) = u(ty,to,uo,€), m(t) < u(ty,to,uo,€), to <t <t.
Hence,
D m(ty) > u'(t1,t0,u0,€) = g(t1,u(t1,t,uo,€)) +&. (5.76)

Since g(¢,u) > 0, u(ty,ty,up,€) is nondecreasing in ¢ and this implies from the preceding

considerations, that
|my, |o = u(t1,to,ug,€) = m(ty).

Thus we are led to the inequality

D m(tl) Sg(tl7|n1f1|0) :g(tlﬂu(tlat()au()vg))a

which is incompatible with (5.76). Thus the lemma follows.
Consider the IVP

X (1) = O(t,x(t),x), xt = 9o, (5.77)
where ¢g € C([to — 7,%],R"). The operator Q takes values in R” for each ¢ € [ty,% + a],
and the family of causal operators {Q; = O(¢,x(¢),x;)} for ¢ € [to,?) + a] defines the map
from E = C([ty — 7,4 + a],R") into itself. Let us define y € C([tp — 7,# + a],R") such that

¢0(t)7 fo— T <t <ty
y(t) =

do(to), to <t <ty+a,
and forx € E, |x|o = max |x(s)|.

ty—T<s<t
The following local existence result will now be proved.
Theorem 5.7.2. Let the map Q be as defined above. Suppose that Q is continuous and
|O(#,x(t),x )| <M on Ry = [[to,fo + a] and |x; — y¢|o < b]. Then there exists a solution
x(t,t0,90) of (5.77) ontg — T < t < o+ &, where o = min (a, AZ) .
Proof. Let B be the Banach space C([fo — 7,7 + o], R") with norm as defined earlier. Let
S C B be defined by
x€B: (i) x(s) =o(s), to— 7 <5 <tp;
(i) |x(t1) —x(t)| < M‘tl —tzl, t,h € [l(),to + O(]

Since the members of S are uniformly bounded and equicontinuous on [ty — T,% + o], the
compactness of S follows. A straight forward computation shows that S is convex. Let us

now define a mapping on S as follows. For any element x € S, we let
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(1) T(xt()) = ¢0;
(i) T(x(t)) = go(to) + [ O(s,x(s),x5)ds, to <t < tg+ cx.

For every x € S and ¢ € [ty + @,
x(£) — do(to)| < Mt —to] < Mo < b,

and this yields that |x; — y;|o < b. It therefore follows that

t
IT((0)) ~ dolto)| < [ 10(s.(s).35)ds < M(t 1) < Mat <y
to
which implies 7 is well defined on S, T maps S into itself and T is continuous. An ap-
plication of Schauder’s fixed point theorem shows the existence of at least one x € S such
that

() T(xq) =45
(i) T(x(2)) =x(t),00 <t <tfp+a,
which implies that
(1) Xty = ¢07
t
(i) x(¢) = do(t0) + J O(s,x(s),x5)ds, to <t <to+ .

Since x € S, it follows that this x € S is also a solution of
X () = Ot,x(t),x,), to <t <ty + oL

The proofis complete.

We shall next prove a global existence result.

Theorem 5.7.3. Let, for each ¢ € (¢,0), O takes values in R” and the family of causal
operators {Q; = O((¢,x(¢),x;)}, for t € [ty, =) defines the map from £ = C([ty — 7,0), R")
into itself. Suppose further that

|0, x(t),x:)| < g(¢, |xt]o) (5.78)
where g € C[[fy, ) x Ry, R ] and g(z,u) is nondecreasing in u for each € [fy, ). Assume
that the maximal solutions (¢) = r(¢,%y,u) of the scalar differential equation

/

u' =g(t,u), u(ty) =up >0,

exist on [fg,eo]. Then the largest interval of existence of any solution x(¢,zy, ¢) of (5.77) is

[10700).
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Proof. Let x(z,7y,¢9) be any solution of (5.77) existing on some interval [ty — 7,8),
where fop < B < co. Assume that the value of B cannot be increased. Define, for
t€lto—1,B), m(t) = |x(¢,t0,¢0)| so that m; = |x;(to, ¢o)|. Using the assumption (5.78), it

is easy to obtain the inequality
D m(t) < g(t,|mo).
Choosing |my, o = |¢oo < up, we obtain from Lemma 5.6.3,
x(t,t0, 90| < r(t,t0,u0), to <t <P. (5.79)
Since g(t,u) > 0, r(¢,t0,up) is nondecreasing in ¢ and therefore, it follows from (5.79) that
|x: (0, 90)|o < r(t,t0,u0), to <t<p. (5.80)

For any #1,#, such that 7y < t; < t, < 8, we get
5]
(02,10, 90) — (1,10, 00] < [ s 5,10, o)),
3l

which, in view of (5.80) and the monotonicity of g(¢,u) in u, implies
5]

[x(t2,t0, 90) — x(t1,0,00)| < /g(S,’”(S,lmuo))dS =r(ta,t0,u0) — r(t1,to, uo).
t

Letting ¢1,, — [, the foregoing relation shows that tlimix(t,to,qbo) exists, because of
Cauchy’s criterion for convergence. We now define x(f3, t;lzbo) = lliglﬁx(t, fo, o) and yp =
xg (%, o) as the new initial function at # = 3. An application ofTocal existence theorem
shows that there exists a solution x(¢,%y, yp) of (5.77) on [B,B + ], a > 0. This means
that the solution x(¢,%,¢) can be continued to the right of 8, which is contrary to the

assumption that the value of 8 cannot be increased. Hence, the stated result follows.

5.8 Causal Differential Systems with Retardation and Anticipation

We investigate, in this section, the existence theory for functional differential equations
with both retardation and anticipation as a first step by splitting the problem into two parts
and using existing theory of functional differential equations with delay and the contraction
mapping theorem for operators with PPF (past, present, and future) dependence.

The modeling of such equations serve to describe an organizational process. Anticipation
represents future potential, not yet realized values of the states of the system, known at the
present time. Hence the current evolution process of such systems takes into account past,

present and future (PPF) states of dependence.
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The investigation of the type of general functional differential systems with PPF depen-
dence, has its own challenges and there may be several approaches to follow and several
ways of posing the problem. However, recent practical applications in decision theory,
chaotic epidemics and wavelet theory, to name a few, suggest the need for the development
of some general theory, at least as a first step. With this motivation, we attempt to initiate
the existence theory of systems with PPF dependence.

Let us now formulate the problem concerning the causal differential system involving both

retardation and anticipation. Suppose that we are given

X/(t):Q(taxlaxt)vte[t()’T]’ t0207 } (581)

Xty = ¢Oa xT = lVOa(pO € Cla Yo € C27
where C; = C([—hl,O],Rn), G = C([O,hz],Rn), hi,h, >0, 0¢€ C([IQ,T] x C1 x C3,R"),

and
x(s) =x(t+s),—h <s<0, x(6)=x(T+05),0<0<h.

The function ¢y is commonly known as delay or retardation or the past information. One
may consider @ (s) defined on #) — & < s < #y as the past, @¢(%) as the present and yy is
the potential future that one wishes to reach. From this point of view, we may consider
(5.81) as the functional differential system with PPF (past, present and future) dependence.
In fact, there exists a contraction mapping theorem where the contractive operator is of PPF
dependence Theorem 1.4.4 and we shall be utilizing such a result.

We do not know how to prove directly an existence theorem for the posed problem (5.81).
We plan to utilize the known theory of functional differential systems with retardation to
build the theory for (5.81) by splitting suitably into two parts, since it is natural to employ,
more often than not, existing information for dealing with totally new problems. For this
purpose, we find that whenever a desired anticipation is involved, rarely one sits planning
nothing and expects that future event happens by itself. Normally, one makes appropriate
decisions to realize the desired future event. The decisions made continuously from the
present, using past memory, hopefully, will show their effects in the future, but it is not
guaranteed that the desired results occur. The desired future event depends, of course,
on the past, the present, the dynamics, the desired future and the decisions one makes
continuously. But the past and the present cannot be changed, since they have happened
already, other factors should help to relate in some form to yield the desired outcome.

In order to solve the existence problem (5.81), we therefore choose a decision function

z € C([to, T],R") such that z(ty) = ¢o(#) (although this is not essential) and z(T) = o (T),
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thatis, 2/ = z(t + 0), 0 < 6 < hy is defined for ¢ € [tg, T] with z/ = ), as the tail end. With
this decision function chosen, the system (5.81) becomes
"(t) = O(t,x;,2') = F(t,
X () = Ot #) = F(t.x) 582
xl‘() = ¢Oa

which is a functional differential system with only retardation. Because of the choice of
z(t), the system (5.82) employs the future information from [fy, 7]. We state the following
known existence and uniqueness result suitably modified for our problem (5.82).

Theorem 5.8.1. Suppose that the functional f in (5.82) satisfies

IQ(ta(plaZ,) _Q(ta¢27zt)‘ SL‘¢1 _¢2|07

where [¢1 — ¢2|o =max_j, <s<0 |91 (s) — @a2(s)], for 1, ¢ € Crand t € [1p, T]. If 0 < @ < 21“
then there exists a unique solution x(¢y, @) (¢) on fo < ¢ <ty + «, for every z(¢) chosen.
We shall next state a local existence result for (5.82) analogous to Theorem 6.1.1 in Volume
I of [4].

Theorem 5.8.2. Let F € C([tg, T] x Cp,R") where C, = [¢ € Cy : |¢|o < p]. Then for every
given initial function ¢g € C, at ¢ = £y, there exists an 1 > 0 such that there is a solution
x(t0, ¢0) (1) of (5.82) existing on [ty, %) +N].

We therefore have by Theorem 5.8.2, local existence for a chosen z(z). We shall next
consider global existence of solutions of (5.82) on [fy, T'] by utilizing Theorems 1.3.3 and
1.3.4 and Theorem 6.1.2 in Volume II of [4].

Theorem 5.8.3. Assume that the solutions of (5.82) exist locally for any choice of z(¢)
satisfying

2o <R(t), t€to,T], (5.83)
where R(¢) = R(t,ty,up) is the maximal solution of
u' =g(tyuu), u(ty) =uy >0, (5.84)

existing on [t9, 7], g € C([to, T] x R%,R) and g(¢,u,v) is nondecreasing in (u,v) for ¢ €
[t0, T]. Suppose also that f in (5.82) has the estimate,

for ¢ € C; such that |@|o = |¢(0)|, and for any z satisfying (5.83). Let r(¢) = r(¢,%,uo) be

the maximal solution of

u' = g(t,u,R(t)), u(to) =uo>0 (5.86)
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existing on [fy, T']. Then the largest interval of existence of any solution x(zy, ¢) (¢) of (5.82)
is [t0, T].

Proof. Let |Z'|g < R(¢) on [ty, T] and x(fo,do)(¢) be any solution of (5.82) existing on
some interval [fo,?), #; < T. Suppose that the value of ¢; cannot be increased. Define for
t € [to,t1), m(t) = |x(to, o) (¢)| so that m; = |x;(fo,¢0)|. Using (5.85), it is easy to get the

differential inequality

D_m(t) < g(t,m(t),|2'|o).
Because of (5.83) and g(¢,u, v) is nondecreasing in v, we have

D_m(t) < g(¢t,m(t),R(t)), t€lto,T].

Choosing |my, | = |@olo < up, we obtain by Theorem 1.3.4,

m(t) <r(t), tElto,h). (5.87)
For any #,,#3 such that fy < #, < t3 < t, it follows that

[x(t0, ¢0) (13) — x(t0, $0) (12)] < /: g(s; xs(t0, ®o)lo, R(s))ds.

In view of the monotone nature of g(¢,u,v) in u as well, using (5.87) we arrive at
13
[x(20,90)(13) —x(t0, ¢0) (12)| < /t g(s,r(s),R(s))ds = r(13) = r(t2). (5.88)
2

Here we have used the fact that 7(¢) is nondecreasing in ¢ because g(¢,u,v) > 0 and hence
my <r(t) fort € [to,#)) because of (5.84). Now letting £,,13 — 71, we get from the relation
(5.88) that lim,_ﬂl— x(to, ¢o)(2) exists, because of Cauchy criterion for convergence. We now
define x(fp,¢0)(t1) = limHtr x(to, ¢0)(¢) and consider x;, (f9,¢9) = ¢; as the new initial
function at £ = #;. An application of Theorem 5.8.2 yields that there exists a solution
x(t1,01)(¢) of (5.82) on [f2,4; + 1], & > 0. This means that the solution x(, ¢)(¢) can
be continued to the right of #;, which is a contradiction to our assumption that the value of
t; < T can not be increased. Hence the conclusion of the theorem follows.

Remark. If in Theorem 5.8.3, all the functions involved are assumed to exist on [¢y, ), in-
stead of [t, T], then it is easy to see that the same proof shows that the solutions x(z, ¢)(¢)
exist globally on [fg, ).

We wish to show that the solution x(#y, ¢ )(¢) of (5.82) which exists on [z, 7] for a chosen

z(¢) satisfies the relation

x(t0,90)(T) = wo(T) = =(T), (5.89)
so that we can claim that x(y, ¢ ) (¢) is the solution of the problem (5.81) for a chosen z(¢)

on [ty, T]. However, it is not, in general, necessary that (5.89) can happen for any z(z). If, at
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least, one z(¢) exists satisfying (5.89), we have an existence result, because of the decision
made, one could realize the future event. To achieve this second part of the problem, we

need the following consideration.

Let, for some or > 0 and ¢ € [fo, 7],
Q=100 €Crx_max [61(5) — ()] =[01(0) — 92(0)}e”].
—hISSS
Let z;(2), z2(¢) be two different decision functions on [ty, 7] as defined earlier, namely

z1(to) = z2(to) = Po(t0), 21(T) = 22(T) = wo(T)

with the same vy as tail end. Let x; (¢, @0,21)(¢), x2(f0, 90,22)(¢t) be the two solutions
of (5.82) on [ty, T] corresponding to z;(¢), z(¢), with the same initial function ¢y € C;.
Suppose that the functional Q in (5.82) satisfies the condition, for ¢;, ¢, € Q.

2¢%(91(0) — $2(0),0(t,61,2)) — O(t, 62.25)) + e[ 91 (0) — $2(0) ]

(5.90)
<cre®|zy — 23,

where ¢; >0, o > 0 and |z; — z2|o = maxX,,</<7.44, |21 (t) — 22(¢)].
Then taking L(z,¢1(0) — ¢2(0)) = |¢1(0) — ¢»(0)[> e* for some o > 0 and following the
proof of Theorem 8.1.2 in [4], we obtain, for ¢ € [1, T].
!
1 (0, 91,21) (1) — x2(t0, $0,22) (1) Pe™ < ci |z —Z2|%/O e®ds. (5.91)

From (5.91), it follows that

1 (10, 0,20)(T) =210, 60.22)(T)| < () 1 = 22lo- (5.92)

We now define the operator S by Sz = x(ty, ¢o,z)(T), where S: Eg — E, Eg = C([to, T +
hy],R") and E = R". Then we see that S satisfies the relation

1
ISZ] —S22| S (2)2 |21 —22|0.

1
If (2 ) 2 < 1, we can apply the fixed point theorem for PPF dependence (see Theorem
1.4.4) to conclude that there exists a z € Eq such that Sz =z(T) = yy(T). This implies that

x(t0,90,2)(T) = wo(T) = z(T). (5.93)

The foregoing considerations prove the following result.

Theorem 5.8.4. Assume that the solutions of (5.82) exist and are unique for [fy, T]. Sup-
1

pose further that f satisfies condition (5.90). If (2 ) 2 < 1, then there exists a function

z € C([to, T],R") such that (5.93) holds.
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Example. Consider
¥ (t) = —ax(t) + bx(t — h) + cx(t + h),
1
where a,b,¢,h > 0 are constants. If 0 < § < a —(be*" +c) and (¢)? < 1 hold, then the
conditions of the Theorem 5.8.4 are satisfied.

Example. An example of a functional differential equation corresponding to the above

example is,

0 ha
¥(t)= —ax(t)+b[hlx,(s)ds+cA ¥ (o)do,

where a,b,c,hy,hy > 0 are constants. Here we need to choose

a b
0 <a-—
<, =a [a

1
(€1 — 1)+ chy] and (CZZ> T
to make the hypothesis of Theorem to hold, and the needed computation is somewhat more
complicated.
There are many interesting ways one can formulate the problem of PPF dependence (5.81).
We shall state some typical formulations.
Consider, for example, extending (5.81) several times, namely, let 77 > T + A, and on
[T1,Ti + k3] provide a potential future function y; € C[T;, T} + h3],R"). Here z(¢) can be
chosen as z(¢t) = yy(¢) on [T, T + hy] and arbitrary on [T + hy, Ti] such that z(7}) = w1 (T})
and try to find one z(¢) satisfying

2(h) = wi(h) = x(T,xr,2(Th)

where x(T,x7,z)(¢) is the solution from (7,x7), xr = (fo,¢o). One can repeat the process

several times to show that the evolution process meets the anticipated values several times.

Another type of functional differential system with retardation and anticipation could be as

follows:

¥ (1) = O(t,x:,x") } (5.94)

Xy = o and X0 =y
where yy € C([to, T],R") or Wy € C([tg,°),R") such that lim,—. Wo(z) = 0 in the latter
case. Notice that here the anticipative function, that is, the decision function is given from
the start ¢ = #y, either on finite interval [fy, T| or on infinite interval [fg,e). In this case,

there is no need to choose z(¢) as before, since Yy takes its place.

Yet another possibility is allowing for some time that the evolution process depends only on

the past and the present and then subject the dynamics to utilize the decision function, that
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is, the problem is the same as (5.81) but z(¢) is chosen from [T — ky, T] such that z(T — k)
=x(to, ¢0) (T —h3), z(T) = wy(T), with the tail end of yy as before.

Finally, let us consider the problem (5.94) with y; defined on the infinite interval [fy, )
and demand that the evolution process x(¢, o, Wo) (¢) also has the same property as vy,
that is,

Lim x(to, 90, Yo) (1) = 0 = lim y (¢). (5.95)
We shall provide a set of sufficient conditions in terms of Lyapunov-like function to ac-

complish the conclusion of this problem.

Theorem 5.8.5. Assume that the solutions x(¢, §o, Wo) (¢) of (5.94) exist forz > #y. Suppose
further that

(i) there exists a ¥ € C(R+ x R",Ry) V (¢,x) is positive definite and V' (¢,0) = 0;
(i) for ¢ € Qo= [¢ € C) 1 max_y, <s<o V(¢ +5,(s))e*(*)
=V (t,¢(0)) e*] for some o > 0,

D_V(t,¢(0))e™ +aV(t,(0))e™

< g(t’ V(t’ ¢(O))em7 W(t’ W](l)|0)7
where W € C[R3 R}, g(t,u,v) > 0 satisfies the assumptions of Theorem 1.4.4;
(iii) VV(I‘7 |l[/6|0) < R(l), t > ty, where l[/(l) = l[/()(t—‘r G), 0< 0o <hy;

(iv) the maximal solution 7(¢) = r(¢,29,u), up > 0, is, in addition, bounded on [f,°).

Then every solution x(¢y, §o, Wo) (¢) of (5.94) is such that (5.95) holds.
Proof. Let us first observe that the existence of solutions x(zy, ¢, Wo) (¢) of (5.94) for all
t > to, can be proved following the Remark after Theorem 5.8.3. Since we have assumed
it, let us set
m(t) =V (t,x(to, o, Wo) (t) )e™

and employ the arguments as in Theorem 8.1.2 in [4] to obtain the differential inequality
D_m(t) < g(t,m(t),W(t,|W§lo), t > to. Then using (iii) and the monotone nature of g, we
get

D_m(t) <g(t,m(t),R(t)), t > ty,
which yields,

m(t) < r(t,to,up), t>to,
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provided |m;|o < uo. This then implies
V(t,x(to, g0, o) (1))e™ < r(t,to,u0) <N, t > 1o,

by assumption (iv), where N > 0 is the bound for r(¢,%y,up). The positive definiteness of

V (¢,x) immediately shows that (5.95) is true and the proof is complete.

As an example of (5.94) consider

X (t) = —ax(t) + bx(t — hy) +c(t)x(t + hy)

I
-xt0:¢0 XOZWO

where a,b,hy,hy > 0 are constants and ¢(¢) > 0 is continuous on [fy,<). For ¢ € Qo, with

V(t,x) = |x|, we can compute the following estimate
. 1
limsupy, o+, [|#(0) +2/(,8,y0)| = [#(0) ]e™ + e[ (0)]

<c(t)|woloe™, t > 19,

where [Wolo = Sup, </ <. | Wo(¢)], choosing 0 < & < (a — be®*M). We then get

1
(10,00, Y0) ()™ < [é0lo+ [ e()e™ yolods. 1> 10

If ¢(¢) is such that ;" c(s)e®ds < N, we arrive at

e [x(t0, 90, ¥0) (1)| < [9]o+ |woloN, ¢ =10,

from which, it follows that limy_... |x(¢, ¢o, Wo)(¢) = 0.

5.9 Monotone Iterative Technique

In this section, we employ the monotone iterative technique relative to the coupled lower
and upper solutions to obtain minimal and maximal solutions of coupled type and under
suitable conditions of uniqueness. It is then shown that the coupled extremal solutions
yield the unique solution of the proposed problem. Since the modeling of such equations
with PPF dependence serves to describe many practical problems as observed recently, the
development of general theory is timely.

Let us consider the following functional differential equation with retardation and antici-

pation, given by

(5.96)
xt():(PvaT:lI/Oa t0207t0<T7

{x’(l) = O(t,x(t),x,x), t €1 =119, T,
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where €] = C([—hy,0],R), €, = C([0,h2],R), ¢ € 61, Wo € 6> and f € C(I X R X €} %
%>, R), h1,hy > 0. Here and in what follows, the symbols x; = x;(s) = x(¢ +s), —h; <5 <0,
X' =x (o) =x(t+0),0 < o < hy, representing retardation and anticipation, respectively.
We plan to employ the monotone iterative technique for proving the existence of unique
solution for (5.96) utilizing coupled lower and upper solutions of (5.96). Before we proceed
further, we need to list the following known results relative to linear functional differential
inequalities in a suitable form.

Lemma 5.9.1: Assume that

(i) p € C([to—h,T + hy],R), p is continuously differentiable on 7 = [fy, T'] and
0
Pt)<—Mplt)—N | pis)ds, tel;
—h
(i) pr(s) <0,—h; <s<0,p¢€ C'([to — h1,t0,R), p'(s) < Ahl where miny, _j, 41 P(s)

=1t
=—A,A>0and [M+Nh]| (T+h)<1.

Then p(¢) <Oonty <t <T.
Lemma 5.9.2: Suppose that p € C([to — 1, T + ha],R), p'(s) exists and is continuous on /

and
0 hy
P(6) < —Lp(t) + N, / s+ /0 P(o)do, i€,
—n]

where L, N1, N, > 0 satisfying Ny h1 +Nohy < L. Then p;y <0, pT <0 implies p(t) <0 on
I
Proof. If the conclusion is false, there exists a ¢; € (fp,T) and an € > 0 such that p(t;) = €,
p(t) < e onl. It then follows that

0=p'(ty) < —Le+Nyehy + Naehy < 0,
by assumptions proving p(z) < 0 on /.
Let us list the following assumptions relative to (5.96) for convenience.

(i) o, Bo € C'(I,R) satisfying

O{(,)(t) Sf(taaﬂ(t)va()taﬂé)v sy = ¢11 O{OT =V,

ﬁ(;(t) Zf(t7BO<t)7BOtaa(t))7 B()to = ¢2a ﬁ()T =VYn,
such that ¢; < ¢o < o, Y1 <y <y, (X()(l‘) < ﬂo(t) on/and @1, ¢y € 61, Y1, Ya € 6.
(i) QO(t,x,0,y) is nonincreasing in y for each (¢,x, ¢).

(lll) Q(tvxa(paé) _Q(tvyv lllvé) > _M(X_y) —Nfi)hl((P - l//)(S)dS, for OC()([) <y<x<
Bo(), oo < w < ¢ < Pos, & € 6, arbitrary and M, N > 0.
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(iv) oy, — 9o, $o — Poy, satisfying the assumptions (ii) of Lemma 5.9.1.

The type of coupled lower and upper solutions assumed in (i) are utilized profitably. We
are now in a position to state and prove our main result.

Theorem 5.9.1: Suppose that assumptions (i) to (iv) are satisfied. Then there exist mono-
tone sequences {04, (¢)}, {Bx(¢)} such that a,(¢t) — p(¢), Ba(¢t) — r(¢) uniformly as n —
on [ty — hy, T + hy] and that (p,r) are coupled minimal and maximal solutions of (5.96). If,

in addition,

(V) Ot 01,¥2) — O(t,3,62,y1) < —L(x—y) +N1 [%, (61 = 92) (s)ds +N fy> (yi —
yvy)(0)do, where L, N|,N, > 0, ap(t) <y <x < Bo(2),
oo < 62 < 91 < Bors 0y < 2 <y < B and Nihy +Nohy < L, holds, then
p(¢) = r(¢) = x(¢) is the unique solution of (5.96) on 1.

Proof: Consider the following linear problem for each n =1,2,3,...,,
ay/;+1 Zf(t,OCn,OCnt,ﬁ,t,) _M(an—H - an) _Nfi)hl (a(n+1) - ant)(s)d57 } (5 97)
y/H-] = f(t, Bns Bur 04) — M(Bys1 — Bn) _Nfi)hl (B n+1)t = Bu)(s)ds,
with &, 1), = 90> Bin+1), = Po and ¢ n+1’ BnT+1 are chosen such that
of <ol <ol <w<BL,<BI<B (5.98)

and o], B converge uniformly to y on [0,/4,]. (See remark.)
Clearly each linear problem has a unique solution on [ty — /1, T + h;]. We wish to show
that

<o <m<... <o <P <. <P <Pi<Poonl (5.99)

We claim first that oy < oy on /. For this purpose, set p = ap — ¢ so that it follows from
(5.97), (5.98) and condition (i),
/

P :OC(S—OC{ éf(tva()va()taﬂé)_f(taaﬂva()taﬂ(g)

0
+M(oy —Oﬂo)+N/7h (our — otr)(s)ds

0
<-Mp—N , pi(s)ds, t €l
-

and
pt() = aolo - alto S 0

By Lemma 5.9.1, in view of assumption (iv), this implies o < o on /. Similarly, we can
show that B; < By on 1.
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Next we prove that o < By on I. Setting p = o — 1, we obtain in view of (5.97), fort € I,

0
P =oq—Bi = f(t,00, 00, b)) —M(ou —Oto)—N/_h (our — o) (s)ds

0 BB @)+ M Bo) 4N [ (B o))

Since f(t,x,¢, ) is nonincreasing in y by (ii), o) < B, assumption (iii) yields

0 0
P < M(By — o) + N [ , (B a0 (5)ds — M (e —00) =N [ (o0 — ca(s)ds

0
MB—Po) N [ (B Bo)5)ds

0
=—-Mp—N pi(s)ds and py, = 0.
hy

Thus we get using Lemma 5.9.1, p(¢) < 0 on I. As a result, it follows that
o <oy <Py <Pyonl (5.100)

Now suppose that for some k& > 1, we have

01 < o < B < Pryonl (5.101)
We shall show that

0 < Oy1 < Prv1 < Pronl. (5.102)
To do this, let p = 04 — o1 so that p,, = 0 and

=00y,

0
= Q(%akfl,akflmﬁliq)—M(Ofk—Otkfl)—N/h (ot — Ok—1¢) (s)ds
—ni

0
_Q(taakaaktvﬁli)+M(ak+l—O‘k)+N/h (011 — Ot ) (5)dls.
—n

Using monotone nature of Q and condition (iii), we have

0
P <M= 041+ [ (on— o) (s — (e — )

0 0
—N/h (O — 0—17)(8)ds + M( 0y 1 —ak)+N/h (Oey1 — Oz ) (5)ds
—n —ni

0
=—-Mp—N pi(s)ds and p;, = 0.
—hy
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This implies by Lemma 5.9.1 that oy < 04,1 on I. Similarly, we can show that ;.1 < B
on I. To prove oy < Brt1 on/, consider p = o4 — Brt1 so that p,, = 0 and arguing as

before, one can show that
0
P < —Mp—/h pi(s)ds, py =0,
—ni

which yields o1 < Bry1, on 1. Thus we have (5.102) and therefore by induction, we
see that (5.99) is valid on /. This together with (5.98) follows that (5.99) is also true on
to, T + hs).

Since the sequences {0y, }, {B,} are bounded by (5.99), employing the standard arguments,
namely Ascoli-Arzela and Dini theorems, one can conclude that {a;, }, {B,} converge uni-
formly on [t, T, that is, o, — p, B, — r uniformly on [fy, T]. Also, it is easy to show that
(p,r) satisfy

p/:f(t7papta ) pl() ¢O7

l”,:f(t,l",l”[, )a Tty = ¢Oa
withp <ronland p” =,T.
To show that (p,r) are coupled minimal and maximal solutions of (5.96), let x(¢) be any
solution of (5.96) with x;, = ¢, xT = yp such that o < x < By on 1. Then it is enough to

T T —

show that p < x < r since by definition of (p,r) we already have p rT. Setting

p = o —x so that p,, = 0 and

0
pl=o1—x'=0(t,00, 00, B5) — My —%)—Nﬁh (01 — o) (s)ds — O(t,x,x;,x")
0
+N/hl s)ds — M(a 1—%)—Nﬁhl(a1,—%,(s)ds

0
:—Mp—N/ pi(s)ds.
—h

Thus we get from Lemma 5.9.1, oy < x on [. Similarly, x < f; on /. By proceeding
similarly, it is easy to show that ¢, | < x < 3,4 on I. Hence (p,r) are coupled minimal
and maximal solutions of (5.96).

If, in addition, condition (v) holds, since p < r, we let p = r — p and find using p’ < ' and
),

p’:r/_p/:Q([7r’rt’pt)—Q([7p,pt;r,)

0 hy
< —Lp(t)+N, /h p(s)ds+N; [ p(0)do.
1
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and
P, =0, pT =0.

This implies by Lemma 5.9.2., p(¢) < 0 on /, which means p = r on /. Thus the common
value x = p = r is the unique solution of (5.96) with x,, = ¢, and xT = yp. The proof is
therefore complete.

Remark. A simple choice of (5.98) would be to take for ¢!, B, suitable translates of
such that o] = o — &, BT = o + N, With 04, (T) = Wo(T) —&u, Bu(T) = Wo(T) +Mn,
for each n, where ¢,, 1, > 0 are monotone sequences tending to zero as n — oo. To make
life simpler still, one can assume that ocOT = ﬁOT = Y. Note also that given any ¢y with
0osy < ¢o < Posy » Wo need to satisfy the inequality o (7) < wo(T) < Bi(T) so that the
choice (5.98) is possible. Recall that the method of lower and upper solutions provides

existence results in the closed set generated by lower and upper solutions.

5.10 Neutral Differential Equations with Causal Operators on a Semi-Axis

Let us consider the functional differential equation

jt {d’;(t’) _ (Lx)(t)] — (V0)(0), 1ER,, (5.103)

where x € R”, n > 1 is an integer, and L, V" are causal operators acting on the function space
C(R,R"), consisting of all continuous maps from R into R”, the topology/convergence
being defined by the family of semi-norms {|x|; : & > 1}, with |xz| = sup{|x(z)| : 0 <¢ <k},
k>1.
It is well known that the above topology/convergence means uniform convergence on any
bounded interval [0, 7] C R,..
An initial condition of the form

x(0)=x"cR", %(0) =1 eR", (5.104)
must be associated with (5.103), if we expect to get a unique solution to the Cauchy prob-
lem (5.103), (5.104).
We will be interested here in finding global solutions to the problem, i.e. belonging to the
space C(R,R").
The space C(R,R") contains as subspaces (closed or not) many usual spaces appearing
in the theory of differential or integral equations. An example is the space BC(R,R")

consisting of all bounded continuous maps from R into R” with the norm

x| = sup{|x(t)| : 1 € R, }, (5.105)
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BC(R,R") is a Banach space.

The main concern of this section is finding adequate conditions on the data, more precisely
on the operators L and V, such that the existence of solution to the problem (5.103), (5.104)
is guaranteed (on the semi-axis R ).

We shall briefly discuss in this section a connection between causal operators on function

spaces and classical/integral operators of Volterra type, simply express by the formula

/O (%) (5)ds = /O "K(t5)x(s)ds, tER,, (5.106)
where Q stands for a linear causal operator on the space C(R,R"), and K(¢,s) denotes a
matrix of type n X n.
More precisely, the result described by (5.106), states that for each Q, there exists a measur-
able kernel K (¢,s), rendering the service described by (5.106). The formula (5.106) holds
true for every x € C(R4,R"), and even in the most general case, x € Ljoc(R4,R"). We

notice that K(z,s) must not be continuous. In order to assure the inclusion
t
/ K(1,5)x(s)ds € C(R.,R"), (5.107)
0

for each x € C(R4,R"), it suffices to deal with a locally integrable K(¢,s),(¢,s) € A =
{(t,s) : 0 <s <t} satisfying also the condition

t t+h
’llin?) (/ |K(t+h,s) —K(t,s)\ds—&—/ |K(t—|—h,s)|ds) =0 (5.108)
— 0 t

foreachr € R;.

Let us notice that condition (5.108) on K(¢,s) is implied by (5.106), and the fact that Q is
a linear operator acting on C(R,R"). Hence, it takes continuous maps into continuous
ones.

The kernel K(z,s) from (5.106) automatically verifies other properties, if it does satisfy

extra conditions. For instance, one frequently encountered property is

t
sup{/ |K(2,5)|ds : t€R+} < oo, (5.109)
0

is implied by the requirement that the subspace BC(R;,R") must be left invariant by the
operator V.

In general, the connection between the operator ¥, and the properties of the kernel K(z,s),
is not always easy to be established. The problem of clarifying such connections is of great
significance for applications.

We shall formulate conditions for O, by means of the relationship (5.106). In other words,
by imposing the adequate conditions on the associated kernel K(¢,s). In special situations,

when Q is chosen in a classical form, the connection may appear more transparent.
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Let us return to equation (5.103) and make a few remarks that will help simplifying the
coming considerations.
First, it is obvious that an additive constant to the operator L, i.e. a constant n-vector, does

not change the equation (5.103). Hence, without loss of generality, we can assume
(Lx)(0) =06 € R", (5.110)

for any x in the space C(R,R").

In case of classical Volterra operator

(090 = 1)+ [ Klt,s,x(5))ds,

one obtains (Qx)(0) = f(0) = const, for any x € C(R,,R"), or in another underlying space.
As mentioned above we can substitute 6 in (5.110) by any constant ¢ € R" without chang-
ing the equation.

By integrating both sides (5.103) from 0 to # > 0 we obtain the functional differential

equation

1
He) — (L) (6) = + / (Vx)(s)ds, .111)
0
if we take into account (5.104) and (5.110).
The following equation is related to the equation (5.111),
xX(t)— (Lx)(t) = f(¢), teR,. (5.112)

The Cauchy problem for (5.112) with x(0) = x° € R” can be represented in case of linear
and continuous operator L on C(R;,R"), by an integral formula, involving the Cauchy

operator associated to L. It is sort of variation of parameters formula (Lagrange), and it

looks
x(1) = X (1,02 + /O "X(t.5)f(s)ds, tER,, (5.113)
for any f € C(R,,R"). the Cauchy function (or kernel) X(z,s) is defined by the formula
X(t,s) :1+/St1%o(z,u)du, (5.114)
for each (z,s) € A,
A={(t,s):0<s<t}, (5.115)

where Ky(t,s) is the resolvent kernel corresponding to Ky (z,s), (t,s) € A, from the repre-

sentation

/Z(Lx)(s)ds: /tKo(t,s)x(s)d& tER,. (5.116)
0 0
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In (5.116), Ky(t,s) is measurable only, but the existence of Ky (z,s)is assured, for instance,

if we accept the condition
Ko(t,s) € Li;. (A, . Z (R",R™)). (5.117)
Let us apply formula (5.113) to the equation (5.111). We are led to the functional equation

x(6) = X (1,05 + /0 X050 ds + /0 "X(t.5) /O ") (u)du ds. (5.118)

Since we already assumed L to be linear, there results that (5.118), which is an equivalent
equation to the problem (5.103), (5.104) is also linear when V" is linear. Otherwise, it is a
nonlinear functional equation for x(¢).

In case V is a linear operator acting on C(R,R"), we can use the representation (5.106),
and (5.118) leads to another equivalent form of the problem (5.103), (5.104):

(1) = X (1,02 + /0 " X(t,5)0ds + /0 "X(t,5) /O K (s,u)x(u)du ds.

Interchanging the order of integration in the double integral, we obtain the functional dif-

ferential equation

x(t) :X(t,O)xO+/()tX(t7s)v0ds+/0[ (/;X(ns)K(sm)ds) x(u)du,

which can be rewritten as

X6 = f() + /O 'K\ u)e(u)du, e R, (5.119)
with

1) =X(1,0)x° + /O tX(t,s)vodS, teR,, (5.120)
and

Ki(tu) = /ulX(t,s)K(s,u)du, 0<u<t. (5.121)

The equation (5.119) will be discussed in detail, and the existence result will be applied to
the problem (5.103), (5.104).

Another case will be considered, when the operator V' is not necessarily linear, but it is
Lipschitzian continuous.

We have to examine the function (5.120) and the kernel K| (¢, u) to see if we can construct
a solution in C(Ry,R").

First, the function f(¢) from (5.120) is the solution of the functional differential equation
%(t) — (Lx)(¢) = »°, with the initial condition x(0) = x*. Hence, f{(¢) is a continuously

differentiable function on R, with values in R”.
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Second, the kernel K (¢,u) given by (5.121) is a locally bounded function on A. More

precisely, we can infer
Ki(t,s) € Li;. (A, Z (R",R™)). (5.122)

Indeed, we shall admit that K (z,s) belongs to L, , as mentioned above. Furthermore, for-
mula (5.114) shows us that X (¢,s) is also locally bounded on A. This fact is a consequence
of property that states: any kernel K(¢,s), which is locally bounded on A, admits a resolvent
K(t,s), which is locally bounded on A.

Therefore, the integral equation (5.119), whose kernel K| (¢,s) satisfies (5.122), admits a
resolvent kernel K| (¢,s), locally bounded on A, while its unique solution is represented by

the resolvent formula

x(1) :f(t)+/0[151 (t,s)f(s)ds, t€ER,, (5.123)

for any function f € Lj; (R4 ,R"). In particular (5.123) holds true when f(¢) is given by
the formula (5.120).

In summarizing the discussion carried out above, we can state the following existence result
for the problem (5.103), (5.104).

Theorem 5.10.1. Consider the neutral functional differential equation (5.103) with the

initial conditions (5.104). Assume the following conditions are satisfied:

(i) the operators L and V are linear, continuous and causal, acting on the space C(R,R");
(ii) the kernels K(z,s) and Ky(¢,s), occurring in the representation (5.106) and (5.116) are
locally bounded on A, defined by (5.115).

Then, there exists a unique solution x(¢), ¢ € Ry, of the problem (5.103), (5.104), for
arbitrary initial data x°,v0 € R”. This solution is continuously differentiable on R, .

The proof is immediate if we rely on the discussion preceding the statement of Theorem
5.10.1, the equivalence (5.103), (5.104) with the equation (5.119) being the key ingredient.
Remark. The condition (5.108) is not the only condition that can be derived from the fact
that Q is acting on C(R;,R").

Indeed, from (5.108) we read

/ K (t,5)x(s)ds € ACioo(R 1, R"), (5.124)
0

for every x € C(R4,R"). The space ACj, in (5.124) is a subspace of C(R,R"), and the

inclusion

t
/ K(t,5)x(s)ds € C(R4,R"), €R,, (5.125)
0
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tells us less than (5.124). Nevertheless, we prefer to use (5.125) instead of (5.124) for
simplicity. For example, (5.125) implies

t
%ina/ K(t+h,s) = K(t,5)[ds =0, 1€R,. (5.126)
—0J0

Remark. Considering the resolvent formula (5.123) for the solution of equation (5.119),
we can obtain more information about the solution of (5.103), (5.104), making extra as-
sumptions on the kernel K (¢,s). This kernel is determined, as shown by (5.121), by the
properties of the operators L and Q.

For instance, if we assume that K (¢,s) satisfies the condition
/Ot Ry(t,s)|ds <M < oo, t€R,, (5.127)
and also
|X(t,0)\+/ot X(t,5)|ds <N <o, 1€R,, (5.128)
then the solution of the problem (5.103), (5.104) will verify the inclusion
x(t) e L*(R,R"), x*WeRrm (5.129)

The proof follows immediately from the formulas (5.120) and (5.123).

Further properties of the solution can be obtained by imposing various types of estimates
on the kernels K (¢,s) or Ki(¢,s), as well as on f(¢).

The main problem is to establish the connection between the properties of the operators L
and Q and the kernels occurring in the representation (5.106) and (5.116). This question is
open.

We shall rewrite equation (5.118) in the form

x(t)=f() + /O "X(t.s) /0 (o) (u)dsds, 1eR,, (5.130)
where f(¢) is given by (5.120). Equation (5.130), with f(¢) defined by (5.120), is equivalent
to our problem. This is a functional integral equation and we shall treat it by the classical
method of operation/successive approximations. This approach will lead to an existence
and uniqueness result in the space C(R,R"). Of course, the operator Q is assumed to be
acting on this space.

In order to simplify somewhat the procedure, we shall adopt a hypothesis which is part of
the assumption (5.127). This hypothesis concerns only the linear operator L, which fully
determines the Cauchy kernel X(z,s),0 < s <t.

Namely, we assume in this section that

t
/ X(1,5)|ds < M < oo, (1,5) €A, (5.131)
0
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and we shall limit our consideration in regard to equation (5.130), only to those operators
L for which (5.131) is satisfied.
Concerning the operator V, acting on the same space C(R,R"), we shall assume it verifies

the Lipschitzian type condition

[(0)(1) = () () <A@ x(e) =p(0)], 1€ Ry, (5.132)

for any x,y € C(Ry,R"). We also assume that A(¢) is a nonnegative nondecreasing map
from R into itself.
In order to prove the existence and uniqueness of a solution to (5.130), we construct the

sequence of successive approximations {x;(¢) : k > 0}, by letting x((¢) = f(¢), and

Xpp1 (¢ +/th / (Oxx(u))du ds, (5.133)

fork>1,teRy.

We shall prove now that the sequence of successive approximations converges in
C(R4,R"). This means that the sequence converges uniformly on each bounded interval
[0,7] C Ry. The limit of this sequence

x(t) = limx(¢), teR,, (5.134)

k—o0
will constitute the solution of our problem. As usual, if we subtract side by side the re-
lationship (5.133) and the one corresponding to k instead of £+ 1, we find the following

recurrent relation, valid for k > 1 and # € R;.:

- / X(t,5) [ 1(0x0) ) ~ (@) (w)du ds. (5.135)

Taking into account (5.131) and (5.132), we obtain from (5.135) the following recurrent
inequality:
S
bt (6) (0] <M sup [ 2.u) (o) — 1 ()| .
0<s<tJ0

The above inequality leads immediately to

¢
st (6) =xe()] < M [ A(s) sup bou(u) = i1 ()] (5.136)
0 0<u<s
Let us denote
yi(t) = sup |xp(s) —xx—1(s)], (5.137)
0<s<t

and we rewrite (5.136) in the form

() SM/OI)L(s)yk(s)d& k>, (5.138)



200 Theory of Causal Differential Equations

We had to keep in mind the fact that sup{|x;(¢) — xx—1(¢)| : ¢ € [0,T]} is nondecreasing
inT.
Now by induction, the recurrent inequality (5.138) leads to, if one assumes y;(¢) < 4 on
the interval [0, 7], T > 0 arbitrary,

k

k t
yk+1(t)§AAz! (/0 ;L(u)du> , telo,T]. (5.139)

The inequality (5.139) obviously implies the uniform convergence of the sequence of suc-

cessive approximations, on any finite interval of R, . Therefore, we have

lim x; (1) = x(t) € C(R, ,R"). (5.140)

The function x(¢) defined by (5.140) is a solution of equation (5.119), and this equation is
equivalent to the problem. While (5.140) shows that x(¢) is a continuous solution, is has
actually better regularity properties, as stipulated in Section 3.

Let us now formulate the main result of this section, related to our basic problem.
Theorem 5.10.2. Consider the initial value problem (5.103), (5.104), or equivalently the

functional integral equation (5.119), under the following assumptions:

(i) The operator L is a linear continuous operator on the space C(R,R").
(ii) The operator Q is also acting on the space C(R,R"), and verifies the Lipschitz condi-
tion (5.132), with A (¢) nondecreasing on R

Then, there exists a unique solution x(¢) € C(R,R"), of (5.103), (5.104), or (5.119), and
it is continuously differentiable on R, as well as x(¢z) — (Lx)(?).

Once we know the solution of our problem does exist, we can think of obtaining further
properties, of asymptotic nature.

Namely, we shall drop the assumption (5.127) on the resolvent kernel K (¢,s), and impose

other conditions that can be verified more directly, on the operator Q. These conditions are
(00)(1)=0, (1) eL'(Ry,R), (5.141)

and they will help us to recognize the property of boundedness for the solution x(¢) €
BC(R4,R").

Indeed, we see that the conditions of Theorem 5.10.2 are verified if we accept (5.141)
and the Lipschitz condition with A(¢) instead of the Lipschitz constant. But if we define
A(t) =sup{A(s): 0 <s <1}, wefind a function providing as A (¢) does. Obviously, (5.141)
implies |(Ox)(r)] < A(¢)[x(¢)| < A(¢)|x(¢)|. Hence, on behalf of Theorem 5.10.2 we have

assured the existence and uniqueness of the solution.
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We shall prove that the solution is actually in BC(R,R"), if we make the extra assumption
(5.128) on X(¢,s).
From (5.128), (5.130), (5.131), we obtain the integral inequality

1x(7)| gN+M/0’\(Vx)(s)\ds, tER,, (5.142)

x(t) being the solution in C(R4,R") for our problem. the inequality (5.142) and Lipschitz

condition imply
t
1x(0)| §N+M/ A(s)x(s)lds, 1€ R, (5.143)
0

The inequality (5.143) is of Gronwall type, and yields

Ix(1)] < Mexp (M /O ml(s)ds) . (eR,,

which shows that x(¢) € BC(R4,R"), as it follows from the second condition (5.141).

5.11 Notes and Comments

All the results starting from Sec. 5.2 to Sec. 5.7 are taken from Drici, McRae and Va-
sundhara Devi [49]-[73]. The contents of Sec. 5.8 and Sec. 5.9 are adapted from Gnana
Bhaskar and Lakshmikantham [85]; see also Gnana Bhaskar, Lakshmikantham and Va-
sundhara Devi [86]. See Dubois [87] and [88] for the use of special equations with retarda-
tion and anticipation in industrial applications. Those problems have been open for a long
time and need more investigation since they are useful in real world applications where de-
cisions are to be made. There is a lot of scope for the development of this area. Moreover,
we have only presented results that are available and a lot of scope exits for further research

and advancement in several directions extending CDEs suitably.
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