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Preface

Many investigators apply Liapunov’s direct method to an integral equation
by first differentiating it. This is the first book which also applies the
method directly to the given integral equation. This substantially broadens
the application, as we discuss in some detail in the first chapter. Moreover,
it allows us to study integral equations at a more fundamental level than
can be done after conversion to differential equations.

There is hardly an area of science which does not use differential or
integral equations either directly or indirectly. Moreover, many of the
problems require very exact qualitative results. In particular:

1. The functions cannot be replaced by convenient approximations.

2. Tt is critical that we know the behavior of all solutions.

3. We must know the behavior of solutions for arbitrarily large time.

Even with the most advanced computer methods, it is difficult to meet
all three criteria. Yet, more than one hundred years ago a Russian math-
ematician, A. M. Liapunov, advanced a simple method which did, indeed,
meet those criteria for ordinary differential equations.

Nothing comes to us free of charge and Liapunov’s method is no excep-
tion. To implement the method for a given equation one must first con-
struct a measuring device called a Liapunov function. That construction
is an art, rather than a science. But in the 1950s a number of mathemati-
cians, including notably Barbashin and Krasovskii, constructed a consid-
erable collection upon which all of us working in the area continue to feed.
Included in their work was a very perceptive idea by Krasovskii showing
how to add a functional to a known Liapunov function so that the work
was advanced to the study of a functional differential equation.

Liapunov’s method was directed at ordinary differential equations, but
it expanded seamlessly to partial differential equations and functional dif-
ferential equations of both ordinary and partial types. We come now to the
topic at hand. If an integral equation could be differentiated to produce an
integrodifferential equation, then the method could be applied there as well.
Unfortunately, this often turns things around. Some of the most important
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integral equations arise in the process of inverting a perturbed differential
operator which has proved intractable by other methods, including Lia-
punov’s direct method. In any event, there are substantial reasons why
we cannot or should not differentiate the integral equation. This brings
us to the year 1992, exactly one hundred years after the publication of
Liapunov’s work. It was then noted that the aforementioned functional of
Krasovskii was actually a Liapunov functional for an associated integral
equation and that the method of Liapunov could be extended to integral
equations without differentiating the equation.

This book is an introduction to integral equations from the ground up
focusing on the use of Liapunov functionals. It contains a variety of ba-
sic existence theorems, results on the resolvent, and several variation of
parameters formulae. It also contains a collection of Liapunov functionals
and techniques which enable the investigator to obtain very concrete qual-
itative information about solutions of a wide variety of integral equations
of the type expected in many scientific investigations. We hope that this
collection can serve in the same way as did the collection of Barbashin and
Krasovskii.

At the same time, we emphasize that the intersection of the contents of
this book with those of so many excellent classical treatments is very small.
The path given here is totally different than that of any other book. Not
only are the methods different, but the new methods yield results which are
of types not previously seen in the theory of integral equations. Chapter 2
contains several surprises along that line.

It has long been our view that fixed point theory and Liapunov theory
work hand-in-glove and we have sought throughout this work to tie them
together. Chapters 3 through 6 represent a close weaving of these two
areas.

In spite of the length of this book, we consider it to be a mere intro-
duction. It is our hope that it will spur research in this very important
area. The outstanding feature is its great simplicity, as was the case of
Liapunov’s original contribution. It is highly accessible to advanced under-
graduate students in mathematics, as well as researchers in biology, chem-
istry, economics, engineering, mathematics, physics, and so many other
areas of science.

Thanks go to Leigh Becker for furnishing much of the material in Chap-
ter 1 concerning his construction of the resolvent equation for integrodif-
ferential equations. Thanks go to Tetsuo Furumochi who came with his
family from Shimane University in Japan to Southern Illinois University
for ten months in 1993 and 1994 for collaboration on the development of
Liapunov’s direct method for integral equations. Thanks to Leigh Becker,
Tetsuo Furumochi, Geza Makay, Ioannis Purnaras, Cristian Vladimirescu,
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and Bo Zhang for carefully reading portions or all of the material which
went into the manuscript. Thanks to Charles Gibson for furnishing an ex-
cellent template for the word processing, making the typing of the book
very simple.

T. A. Burton

Northwest Research Institute

Port Angeles, Washington

January 12, 2008

taburton @Qolypen.com
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Chapter 0

Introduction and Overview

0.1 An Idea with many Applications

History

In 1892 Liapunov (1992) published a major work in which he advanced
an idea for studying qualitative properties of solutions of an ordinary dif-
ferential equation,

¥ = F(t,x)

where / = £ and F : [0,00) x R" — R" is usually at least continuous.

Thus, for each (tg,z) € [0,00) x R™ there is at least one solution x(t) :=
x(t,to, xo) through (tg,zo) defined on some interval [tg,to + «) for some
« > 0. His theory ranged from utter simplicity to mathematically deep
and intricate properties, typified by the span from simple boundedness to
periodicity of solutions.

While it started as a technique to study ordinary differential equations,
it progressed smoothly to functional differential equations, control theory,
partial differential equations, and difference equations. In many ways it
has provided a unifying link between these seemingly different subjects.

Here is its simplest form. We mainly follow Yoshizawa (1966; p. 2) and
say that a Liapunov function is a differentiable scalar function. Suppose
we construct a differentiable scalar function V : [0, 00) x ™ — [0, 00) with
the property that V(t,2) — oo as |z|] — oo uniformly for 0 < ¢ < oo.
Now V(t,z) and x(t) = x(¢,t0,x0) are totally unrelated, but if we write
V(t,z(t)) then they are related and by the chain rule, for example, we can
compute

dV(tx(t) _ OV OVdr OV dry
dt Ot Oz dt Oz, dt’
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where the dz;/dt are just the components of the KNOWN function F'.

Here is the first of two critical points. An existence theorem tells us that
the solution z(t) exists; but virtually never can we find that solution. We
do not need to know the solution because we can compute the derivative
of V DIRECTLY from the differential equation itself. Hence, the name
“Liapunov’s direct method.”

The second critical point is this. That derivative which we just obtained
may yield no information at all unless it is of a special form. For example,
if we have shrewdly constructed V (¢, x) we may find that

dV (t,z(t))
dt
This will mean that for ¢t > ty then

<0.

V(t,z(t)) < V(to,xo0)

and so z(t) is bounded since V (t,z) — 0o as |z| — co. This is the crudest
qualitative property and much more can be obtained with further study.

We have achieved a great victory and it hinged completely on being
able to relate V(t,z) to x(t) by the chain rule.

The task, then, is to learn to construct suitable functions, V (¢, ), called
Liapunov functions. Early on Barbashin (1968) constructed an immense
set of Liapunov functions for a great variety of problems. It turned out that
investigators were able to modify those functions to make them applicable
to more problems, and that process continues to this day. From thousands
of pages of literature on such constructions and intricate theorems we select
a few more examples. Perhaps the oldest is the Liapunov function consist-
ing of the sum of the kinetic and potential energy of a Liénard equation.
This was advanced to a delay equation by Krasovskii using a simple device
which converted a functional to a function. Krasovskii’s work showed us
how to generally advance our Liapunov functions for differential equations
to Liapunov functionals for many functional differential equations.

That sum of kinetic and potential energy was also advanced to the con-
trol problem of Lurie and then on to the damped wave equation. That
single Liapunov functional spanned and brought some unification to three
distinct areas of mathematics. It unified areas in the sense that an investi-
gator moved from one area to the other with the same tools and applicable
experience.

Much of the work in constructing Liapunov functions was ad hoc, but
from earliest investigations there was general theory of linear equations of
the form ' = Az, A being a constant n X n matrix, using a Liapunov
function of the form V = 27 Bz and a scheme is given for constructing
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B. In recent years Bo Zhang (2001, 2005) presented formal theory for
constructing Liapunov functions for systems of linear ordinary differential
equations, delay equations, and partial differential equations. He was joined
by Graef and Qian (2004) in advancing the theory to difference equations.

Two of the most prominent classical works with transition from ordinary
differential equations to functional differential equations are Krasovskii
(1963) and Yoshizawa (1966). The transition of the aforementioned sum of
kinetic and potential energy from a Liénard equation to a delay equation,
on to the damped wave equation, and then to a Lurie control problem can
be seen in Barbashin (1968; p. 1102), Krasovskii (1968; p. 173), Bur-
ton (1991), and Burton and Somolinos (2007). An introductory treatment
showing a smooth transition of Liapunov functions from ordinary to partial
differential equations is found in Henry (1981).

The Present Problem

We reiterate that the success of Liapunov’s direct method is tied to our
ability to unite the differential equation 2’ = F(¢,x) to a totally indepen-
dent function, V (¢, x).

In the same general category of equations under discussion above is the
integral equation

z(t) = f(¢) +/0 g(t, s, z(s))ds.

Investigators have long desired to advance Liapunov’s direct method to
such, but the difficulty is that we do not know how to unite a Liapunov
function, V (¢, ), to this equation.

The book by R. K. Miller (1971a) presents an excellent introduction
to integral equations from a classical point of view. On p. 337 he begins
Chapter VI as follows: “If a system of integral equations of the form

t
«(t) = f(t) + / olt, 5, 2(s))ds
0
can be written in differentiated form
t
(1) = /() + gt £ x(t) + / ai(t, 5,2(s))ds, (0) = £(0),

then it may be possible to analyze the behavior of the solution x(t) by
means of Lyapunov’s second method.” Miller has plainly stated the pre-
vailing view.
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In large measure the present book begins at this point. Frequently we
do find it profitable to differentiate an integral equation, as we will do many
times in this book. However, there is a long list of reasons why we do not
want to differentiate the integral equation. That list includes:

1. The functions may not be differentiable, so it is impossible.

2. Integration smooths, but differentiation produces roughness; thus,
differentiation can introduce complications and great disorder.

3. If the functions are differentiable, then we can prove existence and
uniqueness of solutions. But the derived equation may have functions which
are, at most, continuous. Thus, the derived equation may have nonunique
solutions and we may have introduced extraneous solutions. This means
that the properties we prove for the derived equation are actually absent
in the original equation.

4. The problem arises as an integral equation and it would seem to be
a matter of integrity to deal with it in that category.

5. There is a vast category of problems in the form

z(t) = f(t) +/O [C(t,s)x(s) + g(t, s, z(s))]ds

in which there is no hope for differentiation. But it is possible to extract
the resolvent problem

R(t,s) = C(t,s) —/ R(t,u)C(u, s)du

which we may treat with Liapunov functionals and reformulate the original
equation with R(¢, s) about which we have very precise information. Virtu-
ally all of our lengthy Chapter 2 involves this analysis by direct application
of Liapunov’s method.

This book offers a variety of attacks on integral equations using Li-
apunov’s direct method, frequently without differentiating the equation.
Again, taking our cue from Yoshizawa we will say that a Liapunov func-
tional is a differentiable scalar functional. Our task in this book is to show
how the Liapunov functional can be united with the integral equation in
a way parallel to the union achieved through the use of the chain rule
described above.

Outline of Coverage

Section 1.1 contains a collection of equations and results which are en-
larged upon in the first two chapters. It lists the basic linear integral
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equation, the resolvent, and the variation of parameters formula. It men-
tions the great challenge which is ever before us to understand why the
equation

¢
x(t) =t +sint 4 (t + 1) 2sin(t + 1)1/3 - / C(t,s)x(s)ds
0

has a solution almost indistinguishable from that of

y(t) = sint —/0 C(t, s)y(s)ds

when C(t,s) is a “nice” function. Finally, it offers the contraction map-
ping theorem and a brief introduction to Liapunov theory, together with
examples, as the main tools used in the first half of this book.

Section 1.2 is long and has many subsections. It offers theorems and
proofs concerning existence, uniqueness, resolvents, and variation of para-
meters formulae for linear equations. It is largely the work of Leigh Becker.

Chapter 2 focuses on the many wonders of the resolvent, R(¢,s), and
the variation of parameters formula

x(t) = a(t) —/0 R(t, s)a(s)ds

for the solution of

x(t):a(t)—/o C(t, 5)a(s)ds.

It explains that, under general conditions, there are large vector spaces
containing bounded and unbounded functions, a(t), such as (¢t + 1)'/2, for
which

/Ot R(t, s)a(s)ds

represents almost an exact copy of a(t) for large ¢, while there are vector
spaces of small functions, such as sint, for which that integral is totally
incapable of duplicating a(t). We try to bring this into perspective early
on by offering in Section 0.2 an introductory lecture which gives a sample of
the things we try to accomplish in Chapter 2. It is a lecture we have given
in several countries during the last few years as we develop the material.

Section 2.3 presents an unusual integro-differential equation derived
from the integral equation by other than the usual differentiation process
and which is very useful in establishing qualitative properties.
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Sections 2.4 and 2.5 deal with periodicity and offer a Floquet theory.
We obtain a partial answer to the challenge mentioned above.

Section 3.1 employs Schaefer’s fixed point theorem, together with Li-
apunov functions, to obtain a global existence result. It introduces us to
the marriage of fixed point theory and Liapunov theory which is the main
focus of Section 4.1 and Chapters 5 and 6. Section 3.2 offers classical local
existence, uniqueness, and continuability results for nonlinear equations.
With these properties in hand, we review some of the work from Chapter 2
for nonlinear equations and see how the Liapunov functionals are changed
from the linear to nonlinear case.

Chapter 4 introduces Krasnoselskii’s fixed point theorem and his work-
ing hypothesis which has had such an impact on the direction of integral
equations in the last 15 years. We unite Krasnoselskii’s theorem with Schae-
fer’s theorem which is our principle link with Liapunov’s direct method. We
also present brief descriptions of classical applications. The chapter con-
cludes with a discussion of two strikingly different kernels which generate
very similar solutions.

Finally, Chapter 7 offers a brief introduction to stability theory for some
integral equations.

0.2 An Introductory Lecture

Integral equations confront us with one surprise after another in the most
elementary investigations, particularly when the kernel is nonconvolution
and not integrable to co. They have been studied so much less than differen-
tial equations and they offer most exciting opportunities for investigation.

This lecture has been prepared over the last several years as the material
in Chapter 2 was being developed and has been presented in several coun-
tries. We strive to present elementary techniques for displaying qualitative
properties of solutions of integral equations. These techniques are simple
and “clean.” The investigator is able to see clearly what is happening in
a given problem. Moreover, the same techniques are applied to a great
variety of problems in Chapter 2 and the last section of Chapter 3. Not
only is the work readily accessible to well-prepared third year university
students, but it offers enticing problems for research.

In the classical theory, if the kernel is “nice”, then the solution of the
integral equation

2(t) = at) — /0 C(t, 5)a(s)ds (0.2.1)

“follows” a(t):
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If a(t) is bounded, so is x(t).
If a(t) — 0, so does x(t).
If a(t) € L, so is a(t).

If a(t) is asymptotically periodic, so is z(t).
PROBLEM: Would we expect the solution of

x(t) = sint + (t + 1)1/2 + /Ot C(t,s)x(s)ds

to follow sint? Would we ever expect the big function (¢ + 1)/? to be
largely ignored and sint to dominate?

In fact, that is exactly what does happen.

There is a resolvent R(t,s) and a variation of parameters formula

x(t) = a(t) —/0 R(t, s)a(s)ds.

One discovers big vector spaces, V', containing unbounded functions ¢ such
that ¢ € V implies that

o(t) — / R(t, 5)(s)ds

is an LP-function. That integral creates a copy of ¢ which is correct to
within an LP-function. By contrast, there are big vector spaces of little
functions ¢ such that fot R(t, s)¢(s)ds is unable to copy any ¢ in the space
with a corresponding error bound.

There will be two parts to this lecture. In Part I we will present a
variety of results of classical type which lead us to believe that when the
kernel, C(t, s), is “nice”, then the solution of the scalar equation

x(t) = a(t) —/0 C(t, s)x(s)ds

follows a(t). In Part II we show that this is vastly premature.
We deal with spaces of functions ¢ : [0,00) — R :

(i) (BC, |- |I) is the Banach space of bounded continuous functions with
supremum norm.

(ii) Continuous functions in LP[0, o)

(iii) (Y, || - |) is the Banach space of continuous functions written as
¢ = p + q where p € Prp, the set of T-periodic functions, and ¢ € @, the
set of functions tending to zero as t — oc.
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PART I: Perfect Harmony

We will sketch proofs showing that:

(i) If a € BC, then x € BC.

(ii) If a is continuous and in LP[0, 00), so is x.

(i) Ifa €Y, thenz € Y.

Here are some details. Let a : [0,00) — R and C : [0,00) x [0,00) — R
both be continuous and consider the scalar integral equation

- /Ot C(t, s)x(s)ds. (0.2.1)

Associated with (0.2.1) is the resolvent equation

R(t,s) = C(t,s) / R(t,u)C(u, s)du (0.2.2)

(note that R(t,s) depends only on C(t,s)) and the variation of parameters
formula

- /Ot R(t, s)a(s)ds. (0.2.3)

One of the interesting parts of the investigation is that, while ideal the-
ory of Ritt (1966) shows that R(t,s) is arbitrarily complicated, the inte-
gral in (0.2.3) often strips away all complications and constructs a function
closely approximating a(t) for large ¢.

Theorem 0.2.1. Let f(f |C(t,s)|ds <a< 1. Ifae BC, sois x.

Notice that the integration is with respect to the variable s. We have
a 6 BC, z € BC and the variation of parameters formula is z(t) =

fo s)ds, so fo Ja(s)ds € BC. Every function in that
group is in the same space.

Proof. We define a mapping P by ¢ € BC implies that

(Po)(t /C’ts

Then P : BC' — BC' and is a contraction mapping with unique fixed point
¢ € BC, the solution of (0.2.1).

Theorem 0.2.2. Let [~ |C(u+t,t)|du<a <1. Ifa€ L' sois .
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Notice that the integration is with respect to the variable ¢. We have a €

L', z € L', and by the variation of parameters formula fg R(t,s)a(s)ds €
L. Again, every function in that group is in the same space.

Proof. Much of this book will concern the intricacies of Liapunov function-
als for integral equations. But here we will quickly introduce one, show its
power, and leave explanations for later.

Note that if x(t) solves (0.2.1) then |z(t)| < |a(t)| + fot |C(t, s)x(s)|ds.
Define a Liapunov functional by

/ / C(u+ s, s)|dulz(s)|ds

so that

V'(t) :/ |C(u+t,t)|du|z(t)| —/ |C(t, s)x(s)|ds
< alx(t |—/|Cts s)|ds.
But our initial inequality now shows that

V() < alz(t)] — z(t)] + la(t)]

which yields

0< V() <V(0)+ /OOO la(t)|dt — (1 — a)/o 12(s)|ds.

Theorem 0.2.3. Suppose there are constants a« < 1 and § < 1 with
t e}
/ |C(t,s)|ds < o and / |C(u+t,t)|du < 8.
0 0

If there is an integer n > 0 with a € L?"[0,00) then the solution of (0.2.1)
satisfies € L2"[0, 00).

Notice that we are now integrating with respect to both s and ¢. Again,
we can see that each function in the group is in L2".



10 0. INTRODUCTION AND OVERVIEW

Proof. Define a Liapunov functional

// Clu+ s, s)|duz?" (s)ds

so that by Leibnitz’s rule we have

V'(t) = /0 °o|0(u+t,t)|dux2"(t)— |C(t, s)|x?" (s)ds

0
< B2 (1) — 2" (t) + M* ~1a?" (1)

where the last line is obtained by repeatedly squaring our integral equation,
using the Schwarz inequality, and choosing a suitably large constant M.
The details are found in the proof of Lemma 2.1.2. Thus, an integration
yields

n

V(t) <V(0) - (1-p) /Ot 22" (s)ds + M*" 1 /OOO a®" (t)dt.

Theorem 0.2.4. Suppose that for a fixed positive constant T we have
Ct+T,s+T) = Cl(ts), that f |C(t,s)|ds is continuous, and that

fot |C(t,s)lds <a<1.In addmon, let f_oo C(t, s)p(s)ds be continuous for
p € Pr while

0
(i) / IC(t, 5)[ds — 0 as ¢t — oo

—0o0

and
¢
) / C(t,s)q(s)ds — 0 ast — oo for q € Q.
0

Then a € Y implies that the solution of (0.2.1) satisfies x € Y.

Notice again that each function in the group is in Y.
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Proof. Let (Y, ]| -||) be the Banach space of continuous functions ¢ = p+ ¢
where p € Pr and ¢ € Q with the supremum norm. Also, let a = p* +¢* €
Y. Define P: Y — Y by ¢ =p+q €Y implies that

(Po)(t / C(t, s) + q(s)]ds

This defines operators A and B on Y. Note that B:Y — Py C Y and
AY -QCY.

But from the first line of this array we see that P is a contraction with
unique fixed point ¢ € Y and that proves the result.

Notice that z, a, and fg R(t,s)a(s)ds are always in the same space.
In classical theory we think of x and a being in the same space, with-
out thmkmg of the integral. We show in the next part that it is a and
fo s)ds which are in the same space so that x is always small.
Thus 1f a is 1arge, then x and a will not be in the same space. The integral
faithfully duplicates a so that x must be content with whatever is left over.

Notice also that C(t,s) = 0 is allowed in every one of the preceding
results. Thus, if = is to be bounded, then a must be bounded. That will
now change so that a can be large.

PART II: Great Discord

Here is an overview of what we will see. Let C(¢,s) be “nice.” Suppose
that 0 < 3 < 1 so that [(t + 1)%)’ € LP for some p < co. The solution of

z(t) = (t+1)° / C(t,s)z(s)ds € LP,
which means that it does not follow (¢ 4 1)#, while
z(t) = (t+1)° — /Ot R(t,s)(s +1)Pds € LP.
Hence,

/t R(t,s)(s + 1)Pds
0
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copies (t + 1)% correct to within an LP-function. It is also true at the
“boundary” where § = 1. In fact, if we consider the vector space of func-
tions ¢ with ¢’ € LP for some p < o0, it is true that f(f R(t, s)¢(s)ds creates
a correspondingly good copy of every ¢ in that space.

The Big Function Vanishes

We continue the example and add to a(t) the function sin(t + 1)% with
variation of parameters formula

x(t) = sin(t + 1)° + (¢ +1)7

- /t R(t, 5)[sin(s + 1)° + (s + 1)%]ds € L”
0

so that the integral is making only an LP-error in copying a(t). However,
at § = 1 the process breaks down and the solution becomes p + ¢ where
p € Pr, g € Q. The large function ¢ is almost totally lost, while the solution
follows sint. The integral fot R(t, s)¢(s) has been so successful at copying
large functions ¢, but it is totally unable to copy sin(t + 1). This time
R is unable to hold onto its “boundary” function. Thus, at g = 1, since
T = p + ¢, that integral makes such a good copy of ¢ that the error tends
to zero.

Here are the details. It will sometimes avoid confusion if we denote the
partial derivative of C' with respect to t by either Cy or Cy. Assume that
a’ and C4(t, s) are continuous and write (0.2.1) as

2'(t) =d' (t) — C(t, t)z(t) — /0 Ci(t, s)x(s)ds. (0.2.4)

Theorem 0.2.5. Suppose there is a positive integer n with a'(t) €
L?"[0,0), a constant a > 0, and a constant N > 0 with

2n —1 2n —1
on C(tvt) +

t
P Ci(t,s)|d
2nN zn—1 m /0 |Ce(t,5)|ds

1 (oo}
+%/O O+ £, 8)|du < —a

Then the solution z of (0.2.1) is bounded and z € L*"[0, 00).

Notice that we integrate with respect to t and s; a big C(¢, s) is required.
Also z(t) = a(t) — fot R(t,s)a(s)ds € L*.
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Proof. For a fixed solution of (0.2.4) we define the function

vin="30 2n// IC1(u + 5, )| dua® (s)ds

with
Vi(t) = / Colt, 5)2(s)22" = () ds

2 (0 <>+2—/0 (Calu + 1) dua® (1

—%/0 |C(t, s)|z* (s)ds

(Use Holder’s inequality on the 2nd & 3rd terms.)

(2n—1) ") | (Na'(1)*
e + 5 — O(t, t)x?

+ /O |Ct(t,s)|{ (2n _212”62"“) + xQ;(LS)}ds

1 > 2n
+%/0 IOy (u+ £, )| dua (¢)

- %/0 |C1(t, 5)]2*" (s)ds
_ e, 2 (1) {M — Ot t)

2n
2n InN 2n—1

1 o0
(t, 8)[ds + —/ IOy (u+ 1, t)|du}
2n 0

2n

|’ ()"

N
<_ 2n t
S —aw() + 2n

for large N. It follows that

z (1) V(t) < V(0) — a/t 2" (s)ds + k/w(a'(s))znds
0 0

2n
for some k > 0 from which the result follows.
For 0 < 8 < 1 this theorem now gives us
x(t) = (t+1)° +sin(t +1)?

- /t R(t, 5)[sin(s + 1)° + (s + 1)%]ds € L7,
0

13
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Notice that x and a are not in the same space. The big function ¢ + 1
vanishes, as does the oscillating function. On average, the integral faithfully
copies both functions. We now want a periodic theorem to show that
precisely at 3 = 1 the process breaks down. The integral still faithfully
copies the large function ¢ + 1, but it can not copy sin(¢ + 1) which totally
rules the equation; that LP-error is now a thing of the past.

Conclusion
Take courage when encountering a large forcing function which threat-

ens to destabilize an equation. With care you may show that the large
function is totally harmless.

The Little Function Rules

Let o' €Y, C(t,s) = C(t+T,s+T), and let C(t,s) and Ci(t,s) be
continuous. Write (0.2.1) as

2'(t) =d (t) — Ot t)z(t) — /0 Cy(t, s)z(s)ds. (0.2.4)

This is what will happen. If a(t) = ¢t +sint then a’(t) = 1 +cost € Y. The
big function t will seem to vanish and sint will rule the equation.
By the variation of parameters formula

a(t) = z(0)e™ Jo Cls:9)ds
t u
+ / e Ju Clss)ds {a’(u) - / Ci(u, s)x(s)ds] du. (0.2.5)
0 0
We suppose that there is a number ¢* > 0 with
C(t,t) > c* (0.2.6)

and an o < 1 with
t . u
/ e fuc(s’s)d‘g/ |Cy (u, s)|dsdu < a. (0.2.7)
0 0

One may note that this requires a large C(¢, s). We remind the reader that
p € Pr and ¢ € Q where this means that p is periodic and ¢ tends to zero.
Recall also that the solution of interest satisfies 2(0) = a(0).



0.2. AN INTRODUCTORY LECTURE 15

Write a’(t) = p*(t) + ¢*(t) € Y and define a mapping by ¢ =p+¢g €Y
implies that

(P6)(8) = a(0)e™ i Ot
i /0 e u et [p*(u) +q" ()
- [ et s 028)

Let f |Cy(t, s)|ds be continuous,

0
/ |Cy(t, s)|ds — 0 as t — oo, (0.2.9)

—0o0

and for g € Q let
¢
/ Cy(t, s)q(s)ds — 0 as t — oc. (0.2.10)
0

Theorem 0.2.6. In (0.2.4) let (0.2.6), (0.2.7), (0.2.9), (0.2.10) hold.
Suppose, in addition, that

/t Cu(t,5)|ds (0.2.11)

is bounded. If ' €Y so is x, the solution of (0.2.1).
Notice that for a(t) = sin(t + 1) (t + 1) then a'(t) € Y so z(t) =

fo s)ds € Y. Thus, fo (t,s)sds so accurately copies ¢ that
t is effectlvely removed from the equatlon

Proof. Use (0.2.8) to define a mapping P : Y — Y by ¢ = p+¢ € Y implies
that

(P¢)(t) = a(0)e™ Jo Cls-9)ds

t u
— [l C(s,s)ds | 1 o
+/O e [a (u) /0 Ci(u, s)¢(s)ds] du.
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By (0.2.7) it is clearly a contraction, but we must show that P : Y — Y.
Write a’ = p* + ¢* and then

(Po)(t) = / C e fictan [p*(u)— / ’ cl(u,s>p(s)ds]du

— 00

_/ e - o, s)ds/ Cl u 8) ( )dsdu+a(0) — J{ C(s,s)ds

0

0
_/ e_fu C(S,S)d€|: * / Cl 'U, S )d5:|d

¢
+/ e C(S’S)ds/ Cy (u, s)p(s)dsdu
0 —o0

t
+/ efﬁc(s’s)dsq*(u)du.
0

The first term on the right-hand-side is clearly in Pr. In the second
term, [;' C1(u,s)q(s)ds € Q by (0.2.10). Hence the second term is in Q
by (0.2.6). The third term is in @ by (0.2.6). The fourth term is in @ by
(0.2.6), (0.2.11), and the fact that p* € Pr and, hence, is bounded. The
next to last term is in @ because of (0.2.9) followed by (0.2.10). The last
term is in @ by (0.2.6).

More detail is given with Theorem 2.4.1.

A significant instability can occur at f = 1. Under the conditions on
C(t, s) of Theorem 0.2.5 the integral of that resolvent has been faithfully
following sin(¢+1)” so that the difference is an L function. Suddenly, that
relationship breaks completely and the integral with the resolvent seems
to “struggle along trying to catch up with sin(¢ + 1)” but always is out of
step, lagging by a nontrivial periodic function plus a function tending to
zero. The little function, sin(¢ + 1), dominates everything.

Corollary. If the conditions of Theorem 0.2.5 hold and if 0 < § < 1
then sin(t + 1) — fot R(t,s)sin(s + 1)?ds € L*® for some s < co. But at
(3 = 1, under conditions on C(t,s) of Theorem 0.2.6 then s = oo and that
difference approaches a periodic function.

We can now state the promised result, a corollary of Theorems 0.2.5
and 0.2.6.

Corollary. Let the conditions on C(t,s) of Theorems 0.2.5 and 0.2.6
hold. For fixed 8 € (0,1) there is ap € Pr, ¢ € Q, and u € L*[0,00) for
some s > 0 so that the solution of

x(t) =sint 4 (t +1)° /Cts
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may be written as
z(t) = p(t) + q(t) + u(?).

Proof. The solution is
t
2(t) = sint + (t + 1) / R(t, s)sins + (s + 1)]ds.
0
But
t
(t+1)8 — / R(t,s)(s 4+ 1)Pds =: u(t) € L*[0, 00),
0
while
¢
sint—/ R(t, s) sin sds
0

is the solution described in Theorem 0.2.6 and it has the required form of
p+q.

See Example 2.4.2 for specific functions satisfying these conditions.
The conclusion is that small functions can totally destabilize an equa-
tion.

0.3 Notation

For a functional differential equation we have a Liapunov functional
V(t,z(-)) where z(-) is drawn from a certain space, X, of functions. The
functional V' may possess many properties, such as being positive definite,
independently of z € X. But fundamental properties of a Liapunov func-
tional for an integral equation, such as being positive definite, may depend
very explicitly on x being a solution of the integral equation. To emphasize
this, we will write V' (¢), rather than V' (¢, z(-)) with the explicit understand-
ing that z is a solution of the integral equation. For continuity, we continue
that practice even after differentiating the integral equation.

Section 3.1 and Chapter 7 are different and we will revert to the first
mentioned notation there.



Chapter 1

Linear Equations, Existence,
and Resolvents

1.1 A Qualitative Approach

Much of the first half of this book is concerned with a linear integral equa-
tion written

x(t) = a(t) _/0 C(t,s)x(s)ds (1.1.1)

where x and a are n-vectors, n > 1, while C' is an n x n matrix. Usually,
we ask that a be at least continuous on [0,00) and that C' be at least
continuous on [0,00) x [0,00). The first surprise awaiting the student of
differential equations is that the scalar case, n = 1, is fundamental since a
linear n** order normalized ordinary differential equation can be expressed
in that way. By contrast, an integral equation of the form of (1.1.1) can be
expressed as a differential equation only under very special conditions.
Along with (1.1.1) we study the resolvent equation

R(t, s) = C(t, s) — / " R(t u)C(u, $)du (1.1.2)
S
and the variation of parameters formula
x(t) = a(t) — /Ot R(t, s)a(s)ds. (1.1.3)
The resolvent, R(t,s), depends only on C(¢,s) and not on a(t). Once we
have determined certain basic properties of R, the equation (1.1.3) will

speak volumes about (1.1.1) for a wide variety of functions a.

18
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In addition to the aforementioned surprise, two more await us. While
R(t,s) depends only on C(t,s), under a variety of conditions on C we
can identify vector spaces of functions ¢ such that fot R(t,s)p(s)ds is a
good copy of ¢. We will, for example, give conditions on C so that if
¢’ € LP[0,00) for some p > 0, then in (1.1.3) we have

£(t) = (1) - / R(t, 5)é(s)ds € L0, o0);

the function (¢ + 1)” for 0 < 3 < 1 is included.

This gives a glimpse into the types of conditions and conclusions to
be studied. No integrations are involved, no graphs are plotted, and no
initial conditions are provided. Instead, a vector space of functions ¢ with
¢’ € LP is specified and the conclusion is that the solution is in L”. Thus,
we know that the solution resides near 0 much of the time although it may
have spikes. Also, there are large functions a = ¢ which seem to affect the
solution very little; they are harmless perturbations.

In each of the problems we discuss we present three packages: Py, Ps,
P;. P; states conditions on C. P, describes the vector space in which a
resides. P3 describes the behavior of all solutions generated by elements
of the vector space. These properties are in the way of stability results.
Because of uncertainties or even stochastic elements, ¢ may not be known.
Yet we find vast vector spaces containing functions a which would yield
acceptable solutions. Along the same lines, the vector spaces can be greatly
expanded to include functions b which may not satisfy the exact technical
conditions such as b’ € LP, but if &’ € LP and |a(t) — b(¢)| is bounded, then
b may be included.

As we saw in the introductory lecture, the example which is ever before
us can be stated as the following question. If C(t,s) is a “nice” function,
what is the difference between the solution of

t
x(t) =t +sint + (t + 1) 2sin(t + 1)1/° - / C(t,s)x(s)ds (1.1.4)
0
and

y(t) = sint —/0 C(t,s)y(s)ds? (1.1.5)

There would be no surprise and no story to tell unless the answer were that,
in spite of the large difference in size of the forcing functions, the difference
in solutions is an LP-function. This is the third surprise. Obviously, much
is hidden in the package P; which we call “nice” and that, itself, is a long
problem to unravel.
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Here, we find two curious properties. The first is that, on average,
t
/ R(t,s)[(s + 1) sin(s + 1)1/3]ds
0

is a good copy of (t+1)'/2sin(t+1)/3 for large t; a surprising fact since the
function oscillates unboundedly. By contrast, fot R(t,s)sinsds is utterly
unable to copy the small and nicely behaved function sin¢ and (1.1.5) has an
asymptotically periodic solution. Substituting these functions into (1.1.3),
together with a bit more unstated work, leaves us with both (1.1.4) and
(1.1.5) having an asymptotically periodic solution.

The example leads us into the main work of the first hundred pages
of this book and it tells us many important things. First, take courage
when encountering a large function a(t) in a delicate physical problem;
such a function may offer little cause for worry. On the other hand, never
dismiss small terms as they can have absolutely disastrous effects and must
be studied with respect. But far more than that is the idea that we are
looking for broad qualitative properties. We are more than satisfied with
the information that a solution is in LP[0,00) or that it is asymptotically
periodic.

Finally, we come to methods. This book is basically elementary. The
methods employed in the analysis consist mainly of contraction mappings
and Liapunov functionals. These methods are fully accessible to third
year university students who are mathematically well-prepared. Before we
become immersed in technical details let us look at two examples which set
the tone for the book. We will consider (1.1.1) for n = 1, the scalar case,
and give two simple results. The first uses contraction mappings and is very
old. While the proof given here is newer, the result itself is probably one of
the first ever obtained for integral equations and it is named accordingly.
The second result is obtained by means of a Liapunov functional and it is
very new. Taken together these results lead us to understand the richness
of the nonconvolution case.

In preparation for the first result and, indeed the entire book, we define
a complete metric space and state the contraction mapping principle.

Definition 1.1.1. A pair (S, p) is a metric space if S is a set and p :
S x 8§ — [0,00) such that when y, z, and u are in S then

(a) p(y,2) 20, p(y,y) =0, and p(y, z) = 0 implies y = z,

(b) oy, 2) = p(2,y), and

(c) p(y,2) < p(y,u) + p(u, 2).
The metric space is complete if every Cauchy sequence in (S, p) has a limit
in that space.
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Definition 1.1.2. Let (S,p) be a metric space and A : S — S. The
operator A is a contraction operator if there is an o € (0,1) such that
x €S and y € S imply

plA(z), A(y)] < ap(z,y) .

Theorem 1.1.1. Contraction Mapping Principle  Let (S, p) be a com-
plete metric space and A : S — S a contraction operator. Then there is a
unique ¢ € S with A(¢) = ¢. Furthermore, if ¢ € S and if {1, } is defined
inductively by yn = A(¢) and Yp41 = A(y,), then v, — ¢, the unique
fixed point.

Proof. Let xg € S and define a sequence {z,} in S by 1 = A(zo), 22 =
A(zq) def A%xg, ... 2, = Az, 1 = A"xg. To see that {x,} is a Cauchy

sequence, note that if m > n, then
p(xna xm) = p(An:CO, Amxo)
< ap(A™ tag, AT )

< a"p(xo, Tm—n)
< a™{plwo, 21) + plw1,2) + -+ + p(Tmont, Tmn)}
< a™{p(xo, 1) + ap(zo, 1) + -+ ™ " p(zo, 1) }
=a"p(zo,x){1+a+---+am "1}
< a"p(zo,21){1/(1 - a)}.
Because o < 1, the right side tends to zero as n — oo. Thus, {z,} is a

Cauchy sequence, and because (S, p) is complete, it has a limit z € S. Now
A is certainly continuous, so

Ax) = A(nlln;o Tp) = nlg{.lo Alzy,) = nhj& Tpt1 =T,

and z is a fixed point. To see that z is unique, consider A(z) = z and
A(y) = y. Then

p(z,y) = p(Ax), Aly)) < ap(z,y),

and because o < 1, we conclude that p(x,y) = 0, so that z = y. This
completes the proof.
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Frequently the complete metric space will be a Banach space and the
metric, p, will be the norm. Much of the power of the contraction mapping
theorem lies in a careful choice of metric. We begin with perhaps the
simplest, the supremum norm. The following result is sometimes called
the Adam and Eve theorem since it seems to appear in the very earliest
treatments of integral equations.

Theorem 1.1.2. Suppose there are positive numbers K and o, o < 1,
such that

¢
la(t)] < K and sup/ |C(t,s)|ds < a.
>0 Jo

Then there is a unique solution of (1.1.1) and it is bounded and continuous
on [0, 00).

Proof. Let (X,]|-||) be the Banach space of bounded continuous functions
¢ :[0,00) — K™ with the supremum norm. Define a mapping P : X — X
by ¢ € X implies

(Pe)®) = at) = [ Clt9)o(s)ds

Notice that if ¢, € X then

[(Po)(t) = (Pn)(t)] < /0 |C (L, 8)ll¢(s) —n(s)lds < af¢ —mnl.

Hence, P is a contraction and there is a unique ¢ € X with

(Po)(t) = ¢(t) = alt) — /0 C(t,s)p(s)ds.

Notice that we obtain existence, uniqueness, and boundedness all at
the same time. Our next example is a contrast in several ways. First,
we need an existence theorem to even begin. In the next section we will
prove such a result and we do so by means of a contraction mapping with a
weighted metric. It is a very interesting construction. The next contrast is
that we integrate the first coordinate of C. Finally, the conclusion is that
x € L0, 00), rather than being bounded. Such a result is always just the
first step. Given that the solution is L' the enterprising investigator may
go back to (1.1.1) and parlay that into boundedness and, often, decay to
zero. The reader is welcome to try that on the example below.
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The idea of a Liapunov functional is marvelous. It converts a functional
equation into an algebraic equation. Suppose, for example, that we have a
linear algebraic equation

x=a(t)+b(t)x

and we want to show that x is bounded using the facts that a(t) is bounded
and |b(t)] < a < 1. Then we might write

2| < la@)] + [b(D)]|z| < a®)] + ]
z|(1 = @) < [a(t)]

so that
2| < la(t)|/(1 - a).

Obviously, we can not do that for (1.1.1) since x(s) is in the integral.
But a carefully chosen Liapunov functional allows us to do precisely that.
Here, we use a rather pedestrian Liapunov functional, but as we proceed
through the book we will see more intricate and useful choices.

Theorem 1.1.3. Suppose that there is an o < 1 with
o0
/ |C(u+t,t)|du < a.
0

If a € L0, 00), so is any solution of (1.1.1).

Proof. We begin exactly as we did with our algebraic argument and write

|z(8)] < la(t] +/0 |C(t, 5)[|z(s)|ds.

Assume that a solution of (1.1.1) exists on [0, 00) and contrive to construct
a functional having a derivative containing that last term. Omne simple
choice is

V(t) = /Ot /:O IC(u + 5, 8)|dul(s)|ds

so that

Vi(t) = / 1O+ t.0) dula(t)| / C(t, 8)|[(5)]ds.
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Substituting our first inequality into this expression yields
(o]
Vi(t) < /0 C(u+t,t)|dulx(t)] = |z(t)| +|a(t)] < (a=1)[z(t)]+]alt)].

Integrate both sides and obtain

0< V() < V(0) +/O la(s)|ds — (1 — a)/o 12(s)|ds

from which we obtain

/0 j2(s)lds < (1/(1 - a)) / la(s)ds,

as required.

1.2 Existence and Resolvents

The first four pages of this section will contain the basic relations which
will be needed throughout the book. This is the material which the reader
will frequently consult. We then give two basic existence theorems and
some supplementary remarks. The remainder of the chapter presents a
more comprehensive study of the relations and proofs.

We begin with a study of the linear integral equation

x(t) = a(t) _/0 C(t,s)x(s)ds (1.2.1)

where a : [0,00) — R" is at least continuous, while C' is an n x n matrix of
functions which are at least continuous for 0 < s <t < co.
Along with (1.2.1) is the resolvent equation

t
R(t, s) = C(t, s) — / R(t, w)C(u, 5)du. (1.2.2)
There is then the variation of parameters formula
t
2(t) = aft) / R(t, s)a(s)ds (1.2.3)
0

so that for  defined by (1.2.3), then z is the unique solution of (1.2.1) on
[0, 00).
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If C, and sometimes a, is differentiable then there are other forms of
(1.2.1) which can be very useful. The most obvious is obtained by differ-
entiating (1.2.1) to obtain the integrodifferential equation

2 (8) = a(t) = Ot )r(t) — /0 Co(t, s)u(s)ds (1.2.4)

where C; or C7 denotes %

There is a less-known form obtained as follows. In (1.2.1) we integrate
by parts and have

2(t) = a(t) C(t,t)/o 2 (u)du +/0 ., s)/o s(u)duds.  (1.2.5)
If we let y(t) = fot x(u)du, y(0) = 0, then (1.2.5) becomes
V() = a(t) — C (&, y(t) + /0 it 5)y(s)ds. (1.2.6)

Thus, either (1.2.4) or (1.2.6) leads us to

¢
' (t) = A(t)x(t) +/ B(t,u)z(u)du + f(t). (1.2.7)
0
Along with (1.2.7) is Becker’s resolvent equation

%Z(t,s) = A(t)Z(t,s) —1—/8 B(t,u)Z(u,s)du, Z(s,s) =1, (1.2.8)

written less formidably as
¢
2'(t) = A(t)z(t) —|—/ B(t,u)z(u)du (1.2.9)
where Z(t, s) is the n x n matrix whose columns are solutions of (1.2.9) on
[s,00) with Z(s,s) = I. We will show that Z(t, s) exists for 0 < s <t < 00

and that for a given constant vector x(0), there is a unique solution of
(1.2.7) on [0, 00) given by the variation of parameters formula

t
x(t) = Z(t,0)z(0) + / Z(t,s)f(s)ds. (1.2.10)
0
A more detailed form is also true. The solution of

2/ (t) = A(t)x(t) —|—/ B(t,u)x(u)du + f(t), x(1) = o, (1.2.11)
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is given by

t

z(t) = Z(t, )z —|—/ Z(t,s)f(s)ds. (1.2.12)

Now (1.2.9) is the resolvent equation of Becker (1979) (2006) and we
much prefer it to the classical resolvent equation which is the solution of

OH(t,s)
Os

We will show that Z(¢,s) = H(t,s) and this will be important for the
following reason. As the solution of (1.2.1) is also a solution of (1.2.4) and
the solution of (1.2.1) is expressed as (1.2.3), while solutions of (1.2.4) are
expressed as (1.2.10), it follows that (1.2.10) and (1.2.3) are related. Now
if H = Z then it follows that Z,(t,s) is continuous and that will allow us
to integrate that integral in (1.2.10) by parts. We take f(t) = a/(¢) and
2(0) = a(0) in (1.2.10) and have

= —H(t,s)A(s) — /t H(t,u)B(u,s)du, H(t,t)=1.(1.2.13)

t

z(t) = Z(t,0)a(0) + Z(t, s)a(s)|, — /0 Zs(t, s)a(s)ds

= Z(t,0)a(0) + Z(t, t)a(t) — Z(t,0)a(0) — /0 Zs(t,s)a(s)ds

so that

z(t) = a(t) —/0 Zs(t, s)a(s)ds, (1.2.14)

a variation of parameters formula for (1.2.1) when C; is continuous.

APPLICATION See Theorems 2.1.3, 2.2.10, and 2.6.2.1 for use of
this form. In Burton (2005b; p. 321) we offer a theorem which can be used
with many of the Liapunov functionals which we will present in Chapter 2
and exploit (1.2.14) in just this same way.

This is the collection of results which we will need to study (1.2.1). The
remainder of this section will be devoted to their properties.

For an n x n matrix A, we define the operator norm of A as follows.
Let | - | denote any vector norm on " and for any n x n matrix A let

|A| = sup{|Az| : |z] < 1,2 € R"}. (1.2.15)
This is equivalent to

|Al = inf {M:|Az| < M|z|, for all x € R"}. (1.2.16)
0<M<oo



1.2. EXISTENCE AND RESOLVENTS 27
By (1.2.16),
|Az| < |Al|z]. (1.2.17)

We now show that if A and B are n x n matrices, then |AB| < |A||B|. To
this end, we note that by (1.2.17) we have

((AB)z| = |A(Bz)| < |Al|Bz| < |A||Bl|x].
By (1.2.17) again we have

((AB)z| < [AB]||.
Finally, by (1.2.16) we then have

|AB| < |A]|B|.

For existence results under very weak conditions see Corduneanu (1991),
Grippenberg-Londen-Staffans (1990), and Miller (1971a).

Theorem 1.2.1. Leta: [0,00) — R™ be continuous and let C(t, s) be an
n X n matrix of functions continuous for 0 < s < t < co. Then there is one
and only one continuous function x : [0,00) — R" satisfying (1.2.1).

Proof. Let b > 0 and denote by X the vector space of continuous functions
¢ :[0,b] — R™. If r is a fixed positive number then we define the norm on
X by

|p|,- := sup{|p(t)]e ™" : 0 <t < b}.

Then (X,]| - |.) is a Banach space.

Let b be any fixed positive number. We now show that the unique
solution of (1.2.1) exists on [0,b] and, as b is arbitrary, the theorem will
follow.

Define r := supg<s<i<p |C(t,5)| + 1 and let P : X — X be defined by
¢ € X implies that

(PO)(t) = alt) - / C(t, 5)6(s)ds.
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Then for ¢,n € X we have
[(Po)(t) — (Pn)(t)]e™" < 67”/0 [C (¢, 5)|o(s) —n(s)lds
= [ e e e ots) = nte)las

</ e\, 8)|ds|é — )
0

t
< [ e = 1)dslé —
0
.

= |¢ -

It follows that P is a contraction and there is a unique fixed point satisfying
(1.2.1). This completes the proof.

We will give a direct proof of the existence of a continuous function
R(t, s) satisfying (1.2.2), but it is somewhat cumbersome because it con-
structs R(t, s) in one step, rather than column by column as all of our other
work does. Miller (1971a, p. 200) shows that

/ " R(t, )l ) du = / " Ot u)R(u.5) du,

so that (1.2.2) may be written as

R(t,s) = C(t,s) /Ctu (u, s)du

(We will see such a reversal later.) and if we replace t by ¢ + s, we have
t
R(t—i—s,s):C(t—i—s,s)—/ C(t+s,u)R(u,s)du
or
t
R(t+s,8) =C(t+s,s) —/ Clt+s,uts)R(u+s,s)du.
0
In this form s is simply a parameter and we may write the last equation as
t
L(t) = D(t) — / Ct+s,u+ s)L(u)du,
0
and the proof of existence and uniqueness may be applied directly to it

by treating L(t) one column at a time. Of course, L(t) = L(t,s) and
R(t,s) = L(t — s, s).
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We showed in (1.2.14) that there is an alternate form of (1.2.3) obtain-
able from (1.2.10) when C; is continuous. If we use Miller’s reversal we can
get a glimpse into how one might conjecture (1.2.10) from (1.2.2).

Write (1.2.2) as

R(t,s) = C(t,s) —/ C(t,u)R(u, s)du
so that
R(t,s) = Ci(t,s) — Ct,t)R(t,s) — /t Cy(t, u)R(u, s)du.

One can readily argue from our subsequent Theorem 1.2.2.1 that R(t, s) is
jointly continuous in (¢, s).

For an n x n matrix D, denote the i*" column by D?. Then R(t,s) is
the n x n matrix with R? being the solution of

o = —C(t,t)a:—/ Colt,wa(w)dut Ci(ts), a(s) = Ci(s, s). (1.2.18)

This is actually a nonhomogeneous form of (1.2.9) when (1.2.7) is obtained
from (1.2.4). Moreover, it can be a very effective source for properties of
R(t,s).

We return to the undifferentiated R. In order to verify (1.1.3) we will
need to know that for fixed ¢ then R(¢,s) is continuous in s for 0 < s < ¢.
We also need to see that bounds on R(t,s) can be calculated. The next
theorem states that R(t,s) exists and is jointly continuous in (¢,s). The
proof of joint continuity is lengthy and will not be given here since we will
see a parallel argument in the proof of Theorem 1.2.2.1 for integrodiffer-
ential equations. A proof is also found in Miller (1971a; p. 202). But the
proof for the critical knowledge that R(t,s) is continuous in s for fixed ¢
will be given here.

Theorem 1.2.2. If C(t,s) is continuous for 0 < s <t < oo, then there is
a unique continuous function R which satisfies (1.2.2) for 0 < s < t < oc.
If ¢ = supg< y<; |C(t, s)| then |R(t,s)| < ncet=%).

Proof. We can transpose our resolvent equation (1.2.2) and write it as

RT(t,s) = CT(t,s) — /t CT (u, s)RT (t,u)du

Y(t,s) = D(t,s) — / D(u, )Y (t,u)du
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where
R (t,s) = Y(t,s), CT(t,s) = D(t, s).

Using the notation mentioned above, denote the i-th column of an n x n
matrix @ as @ so that we have the n integral equations

Yi(t,s) = Di(t, ) — / D, $)Y (£, u)du.

Let ¢ be a fixed positive number and X be the vector space of continuous
functions ¢ : [0,t] — R". Thus, ¢ = ¢(t,s) where 0 < s < ¢. But tisa
fixed and arbitrary positive number, so we will think of it as ¢(s) during
our calculations and then revert to ¢'(t,s) when we have a fixed point ¢
of the i-th integral equation. We take r = supy<,<; |C(t, s)| + 1 and for
¢ e X let -

(¢l = sup [¢(s)le"”.

<s<t

(The positive exponent rs is not a misprint.) Then (X, |- |.) is a Banach
space.
Define P: X — X by ¢ € X implies that

t
(Pé)() = D'(t.5) - | Dlu,)o(u)du
Thus, P¢ is a continuous function of s for 0 < s < t. If ¢, € X then
t
[(P)(s) — (Pn)(s)le™ < 6”/ |D(u, 5)||¢(u) — n(u)|du
t
= [ erlotw) ~ n(wle 1D, 9)ldu

t
< 16—l / (r — 1)er =0 dy
(r— 1)
'

< |¢_77|7"

so P is a contraction with unique fixed point ¢(s) which we now designate
more fully as ¢'(¢,s) = D(t,s) — f: D(u, s)¢*(t,u)du. The set of ¢' make
up the matrix R(t,s) so the existence and uniqueness is proved. We now
find a bound for R.
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Let t > 0 be fixed and ¢ = supg<,<; |D(t,s)|. We will find a bound on
that fixed point ¢(s) for 0 < s < t. Designating by ¢(t,s) any of the ¢,
we have

t
lp(t, s)| < C+/ |p(¢t, w)|cdu.

Separate variables and integrate from s to ¢ obtaining

/t ot ey
s c—l—fU | (¢, u)|cdu

and after integration and rearranging we have

t
6(t,5)] < e+ / l(t,u)|du < ce?t=).
S

That is a bound on ¢(t, s) for 0 < s < t. There is one such bound for each
i, which represents the i-th row of R(t,s) and so a bound for R(t,s) is
neet=%) If the need arises, one can improve that bound.

As mentioned above, the proof of the joint continuity is parallel to that
of Theorem 1.2.2.1.

The work just done in this proof will also prove an old and useful result
which we will see throughout the book.

Theorem 1.2.3 (Gronwall’s Inequality). Let f,9:[0,a] — [0,00)
be continuous and let ¢ be a nonnegative number. If

¢
<t [ go)fs)ds, 0<t<a,
0
then
¢
f(t)gcexp/ g(s)ds, 0<t<a.
0

Proof. Suppose first that ¢ > 0. Divide by ¢+ fot g(s)f(s) ds and multiply
by ¢(t) to obtain

1) [ [e+ [Co1r)8s] <at0

An integration from 0 to t yields

w{fes | tg(s)f(s)ds} Jd< ] g(s) ds
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or
t t
f(t)§c+/ g(s)f(s)dsgcexp/ g(s)ds.
0 0

If ¢ = 0, take the limit as ¢ — 0 through positive values. This completes
the proof.

We now verify (1.2.3).

Theorem 1.2.4. Under the continuity conditions of (1.2.1), the unique
solution can be expressed as (1.2.3).

Proof. For fixed t > 0, R(t,u) is defined for 0 < u < ¢, while

z(u) = a(u) — /Ou C(u, s)x(s)ds

is defined for 0 < s < u < t.
Left multiply z(u) by R(t,u) and integrate with respect to u from 0 to
t. We have

/OR(t,u)x(u)du—/o R(t,u)a(u) du
= —/O R(t,u)/o C(u,s)x(s)ds du
= — ; /S R(t,u)C(u, s) duz(s)ds

_ / [R(t,5) — C(t, 5)](s) ds

0

by (1.2.2). Thus
¢ ¢
—/ R(t,u)a(u) du = —/ C(t,s)x(s)ds,
0 0
which, together with (1.2.1), yields

2(t) = a(t) — /O R(t, wa(u) du,

as required.
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Remark 1.2.1. This is a first, and most obscure, clue to a property
developed in Section 2. 6 If x(t) follows a(t) closely then the equality
fo w)du = fo )z(s)ds suggests that C(t,s) might be an LP-
approx1mat1on to R(t, s) It is another in our list of surprises which are
almost beyond belief.

We turn now to the integrodifferential equations and first prove that
(1.2.11) has a unique solution. That will also yield existence and uniqueness
of solutions of (1.2.8) and (1.2.9). Our focus for the remainder of the section
will then be on (1.2.9).

Theorem 1.2.5. Let A and f be continuous on [r,00) and let B be
continuous for 7 < u < t < oo. Then there is a unique differentiable
function x : [T, 00) — R™ with (1) = x¢ and satisfying (1.2.11) on [r, 00).

Proof. If there is such a differentiable function then we can integrate
(1.2.11) from 7 to ¢ > 7 and obtain

(1) :a:o+/:A(v)x(v)dv+/: /TUB(v,u)a:(u)dudv+/th(v)dv

By interchanging the order of integration we have

x(t) = xo + /Tt {A(u) + /:B(v u dv] u)du +/ f(u)du. (1.2.19)

Let | -| be any norm on R™ and choose the operator norm for matrices. Let
b > 7 be arbitrary and pick r > 1 by

sup [|A(u)| +/ut |B(v,u)|dv} —r—1.

T<u<t<b

Let (X,]|-|») be the Banach space of continuous functions ¢ : [r,b] — R”
with [¢(t)], = sup,<,<;, [¢(t)|e"" 7). Define P : X — X by ¢ € X implies
that

(Po)(t) = xo +/Tt [A(u) +/utB(v u dv} du+/ flu
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If ¢,n € X then
[(Po)(t) — (Pn)(t)]e (=)
/Tt {A(u) + /7;t B(v, u)dv] (6(w) — n(uw))du

< efr(tf‘r)

t
< [ = Der IOl gt) < gw)le T du

t
<1l / (r — 1)e~ =y
r—1
L

S |¢_77|r

Thus, P is a contraction with unique fixed point ¢ which satisfies ¢(7) = xo.
Moreover, as it satisfies the integral equation it inherits differentiability and
so solves (1.2.11). As b is arbitrary, this completes the proof.

This also gives existence and uniqueness of solutions of (1.2.8) and of
(1.2.9), but there will be interpretation to do on that equation.

Historical Note

The remainder of this section will display work of Leigh C. Becker (1979)
concerning the resolvent for integrodifferential equations. Most of that
work was part of his doctoral dissertation written in 1979 and available for
many years only in the dissertation form. Nevertheless it became widely
known and was recognized as one of the most fundamental pieces of work
on the subject, forming the basis of a large number of papers by other
investigators. In 2005 it was scanned and a pdf file became available on his
website. In 2006 it was updated and rewritten for publication in the free
Electronic Journal of Qualitative Theory of Differential Equations journal
as Becker (2006). We present it here mainly in the form of that paper and
is included with permission of both the journal and Becker. That paper
contains much more detail and several references not included here. The
results are fundamental for the rest of the work in this book.

1.2.1 Resolvent vs Principal Matrix Solution

The variation of parameters formula

z(t) = H(t,())xo-i-/ot H(t,s)f(s)ds (1.2.1.1)
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gives the unique solution of the linear nonhomogeneous Volterra vector
integro-differential equation

x'(t)zA(t)x(t)—i—/O Bt w)e(u) du+ f(2) (1.2.1.2)

satisfying the initial condition z(0) = x9. Grossman and Miller (1970)
defined the matrix function H(¢,s), called the resolvent, and used it to
derive (1.2.1.1). They formally defined H(t, s) by

t
H(t,s) = I+/ H(t,u)¥(u,s)du (0<s<t<o0) (1.2.1.3)
where I is the identity matrix and
t
U(t,s) = A(t) +/ B(t,v) dv. (1.2.1.4)
S

They proved that H(t, s) exists and is continuous for 0 < s < ¢ and that it
satisfies

t

%H(t,s) _ —H(t,s)A(s)—/ Htw)Blu, s)du, H(t,t) = (1.2.1.5)
S

on the interval [0, t], for each ¢ > 0. With this they were able to derive the

variation of parameters formula (1.2.1.1) (cf. Grossman and Miller (1970;

p. 459)).

Despite the prominence of the resolvent H(t,s) in the literature and
its indispensability, its definition (1.2.1.3) is not as conceptually simple as
one would like. A “linear system of ODEs” point of view was presented in
Becker (1979; Ch. II). There the principal matriz solution Z(t,s) of the
homogeneous Volterra equation

2 (8) = Alt)a(t) + / B(t, u)a(u) du (1.2.1.6)

was first introduced. Its definition looks exactly like the classical defini-
tion of the principal matrix solution of the homogeneous vector differential
equation

2 (t) = A(t)x(t).

Now Z(t, s) is a matrix solution of (1.2.1.6) with columns that are linearly
independent such that Z(s,s) = I. Using Z(t,s) instead of H(t,s), the
variation of parameters formula

x(t) = Z(t,0)zo + /Ot Z(t,s)f(s)ds (1.2.1.7)
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for (1.2.1.2) is a natural extension of the variation of parameters formula
for the nonhomogeneous vector differential equation

a'(t) = At)z(t) + f(2).
The principal matrix version of the resolvent equation (1.2.1.5), namely,

%Z(t,s) =At)Z(t,s) +/S B(t,u)Z(u,s)du, Z(s,s)=1 (1.2.1.8)

has been instrumental in a number of papers for obtaining results that
might not have otherwise been obtained with (1.2.1.5) alone.

Not found in Becker (1979) is an alternative to Grossman and Miller’s
definition of H(t,s). It is this: H(t,s) is the transpose of the principal
matrix solution of the adjoint equation

y'(s) = —AT(s)y(s) —/ BT (u, s)y(u) du (1.2.1.9)

for 0 < s <'t. The section culminates with the proof that, notwithstanding
the difference in their definitions, Z(t, s) and H(t, s) are identical.

1.2.2 Joint Continuity
If we refer back to Theorem 1.2.5, replace 7 by s, and delete the forcing
function f, then we see that for a given zy € ", the homogeneous equation

2/ (t) = A(t)x(t) +/ B(t,u)x(u) du (1.2.2.1)

has a unique solution z satisfying the initial condition x4(s) = zo. Equiv-
alently, by (1.2.19), z, is the unique continuous solution of

z(t) =x0 + / D(t,u)z(u) du (1.2.2.2)

where
t

D(t,u) ;= Au) —|—/ B(v,u) dv. (1.2.2.3)

u

Up to now the value of s has been fixed. But with that restriction
removed, the totality of values xs(t) defines a function, = say, on the set

Q:={(t,s):0<s<t<o0}

whose value at (t1,s1) € € is the value of the solution x4, at t = t;.
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Definition 1.2.2.1. For a given xg € R", let x denote the function with
domain Q whose value at (t, s) is

x(t, s) := x4(t) (1.2.2.4)

where x, is the unique solution of (1.2.2.1) on [s,00) satisfying the initial
condition x4(s) = xo.

Since x(t, s) is continuous in ¢ for a fixed s, it is natural to ask if it is
also continuous in s for a fixed t—and if so, is it jointly continuous in ¢ and
s?7 The next theorem answers both of these in the affirmative. This will
play an essential role in the proof of the variation of parameters formula
for (1.2.11) that is given in Section 1.2.4.

Theorem 1.2.2.1. The function x(t, s) defined by (1.2.2.4) is continuous
for 0 < s <t< .

Proof. First extend the domain €2 of the function z to the entire plane
by defining x(t,s) = zo for s > t. For any T > 0, consider z(t,s) on
[0, T]%[0,T]. We will prove x(t, s) is continuous in s uniformly for ¢ € [0, T7,
which means that for every e > 0, there exists a § > 0 such that |s; —s2| < 6
implies that

|z(t, s1) — x(t, s2] <€ (1.2.2.5)

for all 1,82 € [0,7] and all ¢ € [0,7]. This and the continuity of z(t, s)
in t for each fixed s would establish that z(t,s) is jointly continuous in
both variables on the set [0, 7] x [0, 7] by the Moore-Osgood theorem (cf.
Graves (1946; Thm. 5, p. 102), Hurewicz (1958; p. 13), or Olmsted (1959;
Ex. 31, p. 310)).

Proving (1.2.2.5) will require bounds for z(¢,s). For a fixed s € [0, 7
and for ¢ € [s,T], we see from (1.2.2.2) that

o(0.9)] < fool + [ 00t o) du
<ol + | [|A<u>|+ / |B<v,u>|dv] 2w, )] du
< |xo| + /t k|z(u, s)| du, (1.2.2.6)

where k is a constant chosen so that

B (t,u)| < |A(u)] +/ |B(v,u)|dv < k (1.2.2.7)
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for all (¢,u) € [0,T] x [0,T]. By Gronwall’s inequality (Theorem 1.2.3),
|z(t, 8)| < |aoleds # O = |mo|ek =)

for 0 < s <t <T. Since |z(t, s)| = |zo| for s > t, we have
|z(t,5)| < |wole"” (1.2.2.8)

for all (¢,s) € [0,T] x [0,T].
With the aid of (1.2.2.8) we now prove (1.2.2.5). For definiteness, sup-

pose s > s1. For ¢ € [0, 1],
|z(t,s1) —z(t,s2)| =0 (1.2.2.9)

as z(t,s) = xg for t < s.
For ¢ € (s1, s2], it follows from (1.2.2.2) and (1.2.2.7) that

|, s1) = (t, s9)| = (¢, 51) — o] < / | @(t,w) [|z(u, 51)| du

g/ |(I>(t,u)||1:(u,51)|du§/ ko (u, s1)] du.

S1

Then by (1.2.2.8)

s2
|x(t, s1) — z(t, s2)| < / k|zo|e* du = k|xg|eFT (s3 — s1). (1.2.2.10)

51

For t € (s2,T], we have

(t, 51) — a(t, 53)] = ‘/qu)(t,u)x(u,sl)du— /tq>(t,u)x(u,52)du

52

- /tcl)(t,u)x(u,sl)du—/t‘I)(t,u)x(uasl)du

S1 S2

+ /tq>(t,u)x(u,sl)du—/tq>(t,u)x(u,52)du

S2 S2

S/Sz|(I>(t,u)||x(u,sl)|du+/ Dt u) | |2, 1) — (u, 52)| du

s1
S2 t
§/ k|x(u,51)|du—|—/ k|x(u,s1) — xz(u, s2)| du.
51 52

Applying (1.2.2.8) again,

t
|z(t,s1) — z(t, s2)| < k|x0|ekT(82 — 51) —|—/ k|x(u,s1) — z(u, s2)| du.

S2
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By (1.2.2.10), this holds at ¢t = so as well. Therefore, for ¢ € [sq, T,
|z(t, 51) — x(t, 52)| < K|zo|e?T (5o — s1)ekE52) (1.2.2.11)

by Gronwall’s inequality.
It follows from (1.2.2.9) - (1.2.2.11) that

lz(t, 51) — 2(t, s9)| < E|zo|e® T (so — s1) (1.2.2.12)

for all t € [0,T] and sg > s1. Of course, it is also true for sy = s7.
We conclude

lz(t, 1) — (t, s2)| < k|zo|e® T|s) — sqf (1.2.2.13)

for all s1,s2 € [0,7] and ¢t € [0,T], which implies (1.2.2.5). Therefore,
x(t, s) is continuous on [0,T] x [0, T]. Since T is arbitrary, x(t, s) is contin-
uous on [0,00) X [0,00), a fortiori, for 0 < s <t < 0.

1.2.3 Principal Matrix Solution

For a fixed s > 0, let S denote the set of all solutions of (1.2.2.1) on the
interval [s,00) that correspond to initial vectors. Let z(t,s) and Z(t,s)
be two such solutions satisfying the initial conditions z(s,s) = xo and
Z(s,s) = x1, respectively. Linearity of (1.2.2.1) implies the principle of
superposition, namely, that the linear combination cjx(t,s) + c2Z(t, s) is
a solution of (1.2.2.1) on [s,00) for any ¢1,c2 € R. Consequently, the set
S is a vector space. Note that S comprises all solutions that have their
initial values specified at ¢ = s, but not those for which an initial function
is specified on an initial interval [s, to] for some ¢ > s.

Theorem 1.2.3.1. For a fixed s € [0,00), let S be the set of all solutions
of (1.2.2.1) on the interval [s,00) corresponding to initial vectors. Then S
is an n-dimensional vector space.

Proof. We have already established that S is a vector space. To complete
the proof, we must find n linearly independent solutions spanning S. To
this end, let e!,...,e" be the standard basis for R”, where e’ is the vector
whose ¢th component is 1 and whose other components are 0. By Theo-
rem 1.2.5, there are n unique solutions z*(¢,s) of (1.2.2.1) on [s,00) with
2%(s,8) = €' (i = 1,...,n). By the usual argument, these solutions are
linearly independent.
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To show they span S, choose any z(t,s) € S. Suppose its value at
t = s is the vector xg. Let &, ...,&, be the unique scalars such that zg =
&el +---+€,e™. By the principle of superposition, the linear combination

Gal(t,s)+ -+ &ual(t,s) =Y &a'(t,s) (1.2.3.1)
i=1

is a solution of (1.2.2.1). Since its value at t = s is xg, the uniqueness part
of Theorem 1.2.5 implies

x(t,s) = Zgixi(t,s). (1.2.3.2)

Hence, the n solutions x!(t,s),...,2"(t,s) span S. This and their linear
independence make them a basis for S.

If we define an n x n matrix function Z(t, s) by
Z(t,s) = [2'(t,s) 2*(t,s) -+ a"(t,8)], (1.2.3.3)

where the columns z!(t,s),...,2"(t,s) are the basis for S defined in the
proof of Theorem 1.2.3.1, then (1.2.3.2) can be written as

x(t,s) = Z(t, s)xo. (1.2.3.4)
Since z%(s, s) = €',
Z(s,s) =1, (1.2.3.5)

the n x n identity matrix.
If B is the zero matrix, then the columns of Z(t,s) become linearly
independent solutions of the ordinary vector differential equation

2/ (t) = A(t)x(t). (1.2.3.6)

This makes Z(t,s) a fundamental matriz solution of (1.2.3.6). In fact,
because Z(s,s) = I, it is the so-called principal matriz solution. These
terms are also used for the integro-differential equation (1.2.2.1).

Definition 1.2.3.1. The principal matrix solution of (1.2.2.1) is the
n X n matrix function Z(t, s) defined by (1.2.3.3). In other words, Z(t, s) is
a matrix with n columns that are linearly independent solutions of (1.2.2.1)
and whose value at t = s is the identity matrix I.
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An alternative term from integral equations is resolvent, an apt term
in view of (1.2.3.2), which states that every solution of (1.2.2.1) can be
resolved into the n columns constituting Z(t, s).

Theorem 1.2.2.1 implies that each of the columns z*(t, s) of Z(t, s) are
continuous for 0 < s <t < co. Consequently, we have the following.

Theorem 1.2.3.2. Z(t,s), the principal matrix solution of equation
(1.2.2.1), is continuous for 0 < s < ¢ < 0.

Since the ith column of Z(¢, s) is the unique solution of (1.2.2.1) whose
value at t = s is €', Z(t, s) is the unique matrix solution of the initial value
problem

%Z(t,s) = A(t)Z(t,s) —|—/5 B(t,u)Z(u,s)du, Z(s,s)=1 (1.2.3.7)

for 0 < s <t < oco. Equivalently, it is the unique matrix solution of

Z(t,s)z[—i—/st [A(u)—i—/utB(v,u)dv} Z(u, ) du (1.2.3.8)

by (1.2.2.2) and (1.2.2.3). Note that this is the principal matrix counterpart
of Grossman and Miller’s resolvent equation (1.2.1.3).

1.2.4 Variation of Parameters Formula

Let X (t) be any fundamental matrix solution of the homogeneous differen-
tial equation

2/ (t) = A(t)x(t). (1.2.4.1)

By definition, the columns of a fundamental matrix solution X (¢) are lin-
early independent solutions of (1.2.4.1). So for ¢ € R", z(t) = X(t)c is a
solution of (1.2.4.1) by the principle of superposition. If z(7) = g, then
X (1)c = xo. Since X (7) is nonsingular (cf. Corduneanu (1977; p. 62)), the
unique solution z(t) of (1.2.4.1) satisfying (1) = xq is

z(t) = X)X (7). (1.2.4.2)

Now compare (1.2.4.2) to the unique solution of the nonhomogeneous equa-
tion

2/ (t) = A(t)z(t) + f(t) (1.2.4.3)
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satisfying x(7) = x9. The method of variation of parameters applied to
(1.2.4.3) (cf. Corduneanu (1977; p. 65)) yields the following well-known
formula for the solution

a(t) = X ()X ()xo +/ X)X 1(s)f(s)ds. (1.2.4.4)

Of course, (1.2.4.4) reduces to (1.2.4.2) if f = 0.
As for the integro-differential equation (1.2.2.1), the counterpart of
(1.2.4.2) is (1.2.3.4), which is stated next as a lemma.

Lemma 1.2.4.1. The solution of

2/ (t) = A(t)x(t) —|—/ B(t,w)x(u)du (7 >0) (1.2.4.5)

T

on [1,00) satisfying the initial condition x(7) = x¢ Is
z(t) = Z(t, 7)o, (1.2.4.6)
where Z(t,T) is the principal matrix solution of (1.2.4.5).

Suppose B = 0 (zero matrix). Then (1.2.4.2), (1.2.4.6), and uniqueness
of solutions imply that

Z(t,7) = X)X (7).

In that case, the variation of parameters formula (1.2.4.4) simplifies to

t

x(t):Z(t,T)a:o—i—/ Z(t, ) f(s) ds. (1.2.4.7)

T

Lemma 1.2.4.1 extends a classical result for the homogeneous differ-
ential equation (1.2.4.1) to the homogeneous integro-differential equation
(1.2.2.1). This suggests that a variation of parameters formula similar to
(1.2.4.7) may also hold for the nonhomogeneous integro-differential equa-
tion (1.2.11).

The essential element in the derivation of the variation of parameters
formula (1.2.4.4) is the nonsingularity of X (t) for each ¢. If the same
were true of the principal matrix solution Z(t, s) of (1.2.2.1), then (1.2.4.7)
would hold for (1.2.2.1) as well. In fact, as Theorem 1.2.4.1 shows, there
are examples of (1.2.2.1) other than (1.2.4.1) for which det Z(¢, s) is never
Zero.
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Theorem 1.2.4.1. (Becker (2007; Cor. 3.4)) Assume a,b: [0,00) — R
are continuous functions and b(t) > 0 on [0,00). Let x(t) be the unique
solution of the scalar equation

¢
2 (8) = —a(t)e(t) + / bt — we(w)du (s> 0) (1.2.4.8)
on [s, 00) satisfying the initial condition x(s) = xo. If 9 > 0, then

xoe— f: a(u) du é x(t) é xoe_ f: p(u) du (1249)

for all t > s, where
p(u) = a(u) — / el M ATy ) dy. (1.2.4.10)
0

It follows that the principal solution x(t,s) of (1.2.4.8) (i.e., the solution
whose value at t = s is 1) is always positive. In our notation, Z(t, s) is the
1 x 1 matrix [z(t, s)] and so

det Z(t,s) = x(t,s) >0

forallt > s> 0.

However, unlike differential equations, the principal matrix solution of
an integro-differential equation (1.2.2.1) may be singular at points as the
next theorem found in Burton (2005b; p. 86) shows.

Theorem 1.2.4.2. Assumea > 0 and b: [0,00) — R is continuous, where
b(t) <0 on [0,00). Let z(t) be the unique solution of

2/ (t) = —ax(t) +/0 b(t — u)x(u) du (1.2.4.11)

satisfying the initial condition x(0) = 1. If there exists a t; > 0 such that

t t1
/ / b(v —u)dudv — —oc0 (1.2.4.12)

as t — oo, then there exists a to > 0 such that x(t2) = 0.

Theorem 1.2.4.2 clearly establishes that the determinant of the prin-
cipal matrix solution Z(t,s) may vanish. Consequently, we cannot derive
(1.2.4.7) in general for the integro-differential equation (1.2.11) by applying
the method of variation of parameters to it. However, as Theorem 1.2.4.3
shows, (1.2.4.7) satisfies (1.2.11) irrespective of the values of det Z(t, s).
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Theorem 1.2.4.3. (Variation of Parameters) The solution of
t
2/ (t) = A(t)z(t) +/ B(t,uw)z(u)du+ f(t) (7 >0) (1.2.4.13)

on [1,00) satisfying the initial condition x(7) = x¢ Is
¢
x(t) = Z(t, 7)wo +/ Z(t,s)f(s)ds, (1.2.4.14)

T

where Z(t, s) is the principal matrix solution of

2/ (t) = A(t)x(t) —|—/ B(t,u)x(u) du.

Proof. By Theorem 1.2.5, there is a unique solution x(t) of (1.2.4.13) on
[T,00) such that x(7) = x¢. Let us show that

o(t) == Z(t,m)xo + /t Z(t,s)f(s)ds (1.2.4.15)

T

is also a solution of (1.2.4.13) by differentiating it. To this end, define
Z(t,s) = I for s > t. Then Z(t,s) is continuous on [0,00) x [0,00) by
Theorem 1.2.3.2. This and (1.2.3.7) imply the same is true of its par-
tial derivative Z;(t,s). Consequently, the integral function in (1.2.4.15) is
differentiable by Leibniz’s rule. Differentiating ¢(t), we obtain

t

¢ = | a0zt + |

T

B(t,u)Z(u, ) du] 20
2070+ [ 5 700.0)5(5)ds
by (1.2.3.7) and Leibniz’s rule. Applying (1.2.3.7) again, we have
O'(t)=A@)Z(t,T)xo + /: B(t,u)Z(u,T)xo du + I f(t)
+ /Tt [A(t)Z(t, s) + /: B(t,u)Z(u, s) du} f(s)ds
= F(t) + A(t) [Z(t,T)xo + / t Z(t,s)f(s) ds]

+/TtB(t,u)Z(u,T)xo d“"’/:/:B(tu)z(u,s)f(s)duds,



1.2. EXISTENCE AND RESOLVENTS 45

An interchange in the order of integration yields
t
§ ) = £O) + AWe(O) + [ Bt Z ()0 du

+/Tt /TUB(t,fz:)Z(u,s)f(S)deu,

which simplifies to
©'(t) = f(t) + A(t)e(t)

+/:B(t,u) |:Z(U,’7’){E0 +/Tu Z(u, 5)f(s) ds] du

= 1)+ Aelt) + | Bt wie(w du

T

Thus, ¢(t) is a solution on [r,00). By (1.2.4.15), ¢(7) = xg. Therefore,
x(t) = ¢(t) on [1,00) by uniqueness of solutions.

Note that (1.2.4.14) reduces to (1.2.4.6) when f = 0.

Corollary. Let ¢ € C[0,7] for any 7 > 0. The solution of

' (t) = A(t)x(t) +/0 B(t,u)x(u) du + f(t) (1.2.4.16)

on [r,00) satistfying the condition z(t) = ¢(t) for 0 <t < 7 is

t

o) = Z(07)0(r) + [ 2009 f(5)ds
+ /Tt Z(t, ) {/0 B(s, u)p(w) du} ds. (1.2.4.17)
Proof. Since z(t) = (t) on [0,7], we can rewrite (1.2.4.16) as follows:
2 (t) = A(t)x(t) + / B(t,u)x(u) du + g(t) (1.2.4.18)

where

g(t):== f(t) + /OT B(t,u)p(u) du. (1.2.4.19)
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By Theorem 1.2.5, equation (1.2.4.18) has a unique solution on [7, c0) such
that (1) = (7). By the variation of parameters formula (1.2.4.14), the
solution is

t

£(t) = Z(t,7)p(r) + / Z(t, $)g(s) ds,

T

which is (1.2.4.17).

1.2.5 The Adjoint Equation
The differential equation

y(t) = —AT Oy 2), (1.2.5.1)
where AT is the transpose of A, is the so-called adjoint to (1.2.4.1). The

associated nonhomogeneous adjoint equation (cf. Hartman (1964; p. 62))
is

Y/ () = —AT(Oy(t) — g(0). (1.25.2)
Let us extend this definition to the integro-differential equation (1.2.4.13).

Definition 1.2.5.1. The adjoint to (1.2.4.13) is

y(s) = —AT(s)y(s) — / BT (u, s)y(u) du — g(s) (1.2.5.3)

where s € [0, ].

The next theorem establishes that solutions of (1.2.5.3) do exist and
are unique.

Theorem 1.2.5.1. For a fixed t > 0 and a given yo € R", there is a
unique solution y(s) of

¥/ (5) = —AT(s)y(s) - / BT (u, 5)y(u) du — g(s)

on the interval [0, t] satisfying the condition y(t) = yo.
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Proof. The objective, as it was in proving Theorem 1.2.5, is to find a suit-
able contraction mapping. To this end, integrate (1.2.5.3) from s to ¢:

y(t) — y(s) = — / AT (0)y(0) dv

5 R

Replacing y(t) with yo and interchanging the order of integration yields

¢
y(s):y0+/ dv+// BT (u,v)y dvdu+/ g(v) dv
or

t u t
y(s) = yo+/ [AT(U) +/ BT (u,v) dv} y(u) du+/ g(u)du. (1.2.5.4)
Clearly, the appropriate set of functions on which to define a mapping is
Cyol0,8] :={ € C[0,] : ¢(t) = yo }-
Now define the mapping P by
t u t
o)) =+ [ 47w+ [ B ] s [ o

for all ¢ € C,,[0,t]. For a given ¢ € Cy,[0,1], it is apparent that P is
continuous on [0,t] and that (P¢)(t) = yo. Thus, P: Cy,[0,t] — Cy, [0, t].
For an arbitrary pair of functions ¢,n € Cy,[0, ],

(Pg)(s) — (Pn)(s)l
‘/ [AT / BT(U’U)dU}@(U)—??(u))du

< / AT+ [ 187 ol o] o) = n(w)

So if r > 1 is chosen so that

AT () +/ BT (u,0) dv < 7 — 1
S
for 0 < s <wu <t, then

(Po)(s) — (Pn)(s)| < / (r = 1) [¢(u) = n(u)| du. (1.2.5.5)

The proof of Theorem 1.2.5 for 7 replaced by s takes place in a Banach
space with s fixed and ¢ varying. But now that s varies and ¢ is fixed, let us
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alter the norm slightly in order to show that P is a contraction mapping:
replacing —r with r yields the norm

¢l = sup [¢(s)]e™.
0<s<t

What remains then is to show that P is a contraction. Returning to
(1.2.5.5), we have

[(P¢)(s) — (Pn)(s)|e"™ < / (r=1)e™ " [p(u) = n(u)le™ du

§|¢_77|r
r—1

<|p—nl —

Therefore, P has a unique fixed point, which translates to the existence of
a unique solution of (1.2.5.4) on the interval [0, ¢].

Definition 1.2.5.2. The principal matrix solution of

t
y'(s) = —AT(s)y(s) —/ BT (u, s)y(u) du (1.2.5.6)
is the n X n matrix function

Q(ta S) = [yl(tvs) yz(ta S) yn(ta S)] ) (1257)

where y'(t,s) (t fixed) is the unique solution of (1.2.5.6) on [0,t] that sat-
isfies the condition y'(t,t) = e'.

By virtue of this definition, Q(¢, s) is the unique matrix solution of

%Q(t,s) - —AT(S)Q(t,s)—/ BT (u, 8)Q(t, w) du, Q(t,1) = I (1.2.5.8)

on the interval [0,¢]. Reasoning as in the proof of Theorem 1.2.3.1, we
conclude that for a given yo € R”, the unique solution of (1.2.5.6) satisfying
the condition y(t) = yo is

y(s) = Q(t, s)yo (1.2.5.9)

for0<s<t.
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Taking the transpose of (1.2.5.6) and letting r(s) be the row vector
yT'(s), we obtain

The solution satisfying the condition r(t) = yl =: rg is the transpose of

(1.2.5.9), namely,

y"(s) = y5 QT (1, 9) (1.2.5.10)
or

r(s) = roH(t, s)
where

H(t,s):=QT(t,s). (1.2.5.11)

Consequently, H(t,s) is the principal matrix solution of the transposed
equation. As a result, Lemma 1.2.4.1 has the following adjoint counterpart.

Lemma 1.2.5.1. The solution of
¢
' (s) = —r(s)A(s) —/ r(u)B(u, s) du (1.2.5.12)
on [0, t] satisfying the condition r(t) = r¢ Is
r(s) =roH(t, s), (1.2.5.13)

where H (t,s) is the principal matrix solution of (1.2.5.12).
It follows from (1.2.5.8) that H(¢,s) is the unique matrix solution of

%H(t,s) _ —H(t,s)A(s)—/t H(t,u)Bu,s)du, H(t,t) = (1.2.5.14)

on the interval [0,¢]. Moreover, it is the unique matrix solution of

R(L,5) :I+/StR(t,u) [A(u)+/suB(u,v)dv} du (1.2.5.15)

for 0 < s <t < 00, which is derived by integrating (1.2.5.14) from s to ¢
and then interchanging the order of integration.

Now it becomes apparent from comparing (1.2.5.14) and (1.2.5.15) to
(1.2.1.5) and (1.2.1.3), respectively, that the principal matrix solution of the
adjoint equation (1.2.5.12) is identical to Grossman and Miller’s resolvent.
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1.2.6 Equivalence of H(t,s) and Z(t,s)
The solutions of (1.2.2.1) and its adjoint
(9) = —r(6)A6) ~ [ () B, s) du
are related via the equation(
0 [r(u)Z(u,s)] = r(u)EZ(u, s)+1'(u)Z(u, s) (1.2.6.1)

du ou

for 0 < s < u < t. We exploit this to prove that the principal matrix
solution and Grossman and Miller’s resolvent are one and the same.

Theorem 1.2.6.1. H(t,s) = Z(t,s).

Proof. Select any t > 0. For a given row n-vector rg, let r(s) be the unique
solution of (1.2.5.12) on [0, ¢] such that 7(¢) = 9. Now integrate both sides
of (1.2.6.1) from s to t:

r(t)Z(t,s) —r(s)Z(s,s) = / [r(uw)Zy(u, s) +r'(u)Z(u, s)] du.
By (1.2.5.12), we have
roZ(t,s) —r(s) = / [r(u)Zu(u, s) —r(u)A(uw)Z(u, s)
- (/ r(v)B(v,u) dv) Z(u, s)] du. (1.2.6.2)

With an interchange in the order of integration, the iterated integral be-
comes

/: (/utT(U)B(v,u) dv> Z(u, s) du
—/: r(v) </Sv B(Uvu)Z(uvs)du> d

_ /St r(u) (/u B(M)Z(v,s)dv) du. (1.2.6.3)

Making this change in (1.2.6.2), we obtain
t
roZ(t, s) — r(s) = / r(u) [Zu(u,s) — AW Z(u, 5)

—LUB(u,v)Z(v,s) dv} du. (1.2.6.4)
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By (1.2.3.7), the integrand is zero. Hence,

r(s) =roZ(t,s). (1.2.6.5)
On the other hand,

r(s) =roH(t,s)
from (1.2.5.13). Therefore, by uniqueness of the solution r(s),

roH(t,s) =r0Z(t,s). (1.2.6.6)

Now let 7o be the transpose of the ith basis vector e!. Then (1.2.6.6)
implies that the ith rows of H (¢, s) and Z(t, s) are equal for 0 < s < t. The
theorem follows as t is arbitrary.



Chapter 2

The Remarkable Resolvent

2.1 Perfect Harmony

Most of this section is concerned with basic classical type results for an
integral equation z(t) = a(t) — fot C(t,s)x(s)ds whose kernel satisfies a
condition typified by

¢
sup/ |C(t,s)|ds < o < 1.
0

t>0

Such conditions generally promote the idea that a(t) and the solution z(t)
lie in the same space. Indeed, the variation of parameters formula shows
x, a, and f(f R(t, s)a(s)ds all in the same space; that is what we hope the
reader will focus on when reading every theorem in this section. While
such results are classical and fundamental, they are not astonishing. We
call them pedestrian.

Nowhere in mathematics can one find a more mysterious function than
the resolvent. The scalar second order equation z” +tx = 0 can be written
as a scalar integral equation and Ritt (1966) has shown that its solution is
arbitrarily complicated. Thus, one may infer that the resulting resolvent,
R(t, s), is also arbitrarily complicated. Yet, such resolvents can have precise
control over vast vector spaces of unbounded and badly behaved functions.
For a function ¢ from such a space it can happen that fot R(t,s)o(s)ds is
virtually an exact copy of ¢(t). On the other hand, for the same R(t, s)
there are vector spaces of small and well-behaved functions over which R
has virtually no control in that integral. The goal of the investigator is
to determine conditions on C(t,s) and vector spaces that go with such C
resulting in precise or poor control. Such information is critical in applied

92
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problems; we may identify large perturbations with virtually no effect,
while certain small perturbations can lead to disaster.
We are concerned again with the three equations

x(t) = a(t) —/0 C(t, s)x(s)ds, (2.1.1)

Rit,s) = C(t,s) / R(t, w)C(u, 5)du, (2.1.2)

S

and

x(t) = a(t) —/0 R(t, s)a(s)ds (2.1.3)

where a : [0,00) — R™ is continuous and C(t,s) is an n x n matrix of
functions continuous for 0 < s < t < co. Refer back to Theorem 1.2.1 for
existence and uniqueness. We will consider many results in which knowl-
edge of R will tell us much about z from (2.1.3). But there are other
reasons for studying R. Frequently, embedded in a(t) is a nonlinear func-
tion or functional of & and by passing to (2.1.3) we obtain a new integral
equation requiring the properties of R(t,s). See, for example, Section 2.8.
Much of this chapter will concern a mapping P : V — W where V and

W are vector spaces of functions ¢ : [0,00) — R™ with P defined by

(P)(t) = o(t) — /O R(t, 5)6(s)ds. (2.1.4)

The spaces V and W will say much about the character of R.

Notation. Throughout this book, BC will denote the vector space of
bounded and continuous functions ¢ : [0,00) — R".

Definition 2.1.1. Let P, defined by (2.1.4), map a vector space V into
a vector space W.

(i) The resolvent R(t, s) is said to generate an approximate identity on
V if W = BC.

(ii) Let the resolvent R(t,s) generate an approximate identity on V.
Then R(t,s) generates an asymptotic identity on V if ¢ € V implies that
for P defined by (2.1.4), then (P¢)(t) — 0 as t — oc.

(iii) The resolvent R(t, s) is said to generate an LP approximate identity
onV if for P defined by (2.1.4) there is a positive integer p with P : V' — LP.

There is a major result of Perron (1930) which plays a central role here.



54 2. THE REMARKABLE RESOLVENT

Theorem 2.1.1. (Perron) Let H be an n x n matrix of functions contin-
uous on [0,00) — R. Then

t
sup/ |H(t,s)|ds < oo
0

t>0

if and only if fot H(t,s)p(s)ds is bounded for every ¢ € BC.

Theorem 2.1.2. (The Fundamental Theorem) Every solution of (2.1.1)
is in BC for every function a € BC if and only if

t
sup/ |R(t, s)|ds < 0. (2.1.5)
t>0.Jo

Proof. By (2.1.3) it is clear that if (2.1.5) holds then the solution is
bounded. But by (2.1.3) again, if x is bounded for every bounded a then
by Perron’s theorem (2.1.5) holds.

The classical idea is that for C(¢,s) well-behaved then the solution of
(2.1.1) follows a(t). We will go through the ideas beginning with a repeat
of the Adam and Eve idea. The idea for part (iii) below comes from Strauss
(1970) and is found in Islam and Neugebauer (2008) with an application
to the aforementioned result of Miller in Section 2.6.6.

Theorem 2.1.3. Let C(t,s) be an n X n matrix and suppose that there
is an o < 1 with

¢
sup/ |C(t,s)|ds < o < 1. (2.1.6)
>0 Jo

(i) If a € BC so is the solution x of (2.1.1); hence, (2.1.5) holds.

(ii) Suppose, in addition, that for each T > 0 then fOT |C(t,s)|ds — 0
ast — oo. If a(t) — 0 as t — o0, so does z(t) and fot R(t, s)a(s)ds. Also,
fOT |R(t,s)|ds — 0 as t — oo.

(iii) [ |R(t,5)|ds < 12

Proof. For (i) we define a mapping @ : BC — BC by

(Qe)(t) = alt) — /0 C(t, s)¢p(s)ds.

By (2.1.6) it is a contraction using the operator norm on C, as in (1.2.15).
There is a unique fixed point in BC which satisfies (2.1.1).
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For (ii), we add to the mapping set, say M, the condition that for each
¢ € M then ¢(t) — 0 as t — co. Then

[(Qe)(1)] < la(t)] +/O |C(t, 5)B(s)]ds.

We will show that the last term tends to zero as t — oo. For a given
€ > 0 and for ¢ € M, find T such that |¢(t)| < ¢ if ¢ > T and find J with
|p(t)| < J for all t > 0. For this fixed T, find n > T such that ¢ > n implies

that fOT |C(t,s)|ds < €/J. Then t > n implies that

t T t
/0 1t 5)b(s))ds < / (¢, 5)p(s)|ds + /T C(t, 5)b(s)|ds
< (Je/J) + ae < 2e.

Thus, Q : M — M and the fixed point satisfies (t) — 0 for every contin-
uous function a(t) which tends to zero. We can also write

2(t) = a(t) - /0 R(t, s)a(s)ds

and so fot R(t, s)a(s)ds — 0 for every continuous a(t) which tends to zero.
The last part of (ii) is a result of Strauss (1970) and the proof will not be
given here.

For (iii), we take the absolute values in (2.1.2) and integrate to obtain

t |R(t,s)|ds < t |C(t,s)|ds + ol |R(t,u)C (u, s)|duds
J J I
<a+ /Ot /0“ |C (u, s)|ds|R(t, u)|du

¢
§a+a/ |R(t, u)|du,
0

from which the result follows.

Part (ii) relates to Theorem 2.7.2.6 and (iii) is related to Theorem
2.6.3.1. See also Theorem 2.2.10 and 2.6.2.1.

Remark 2.1.1. Notice that under these conditions then the mapping P
defined in (2.1.4) maps BC into itself. Thus, R(t,s) generates an approx-
imate identity on BC. For ¢ € BC then fot R(t,s)¢(s)ds € BC. However
complicated R(t,s) may be, it is still true that the integration operation
vields a function in BC. This is hardly remarkable, but we ask the reader
to watch this process as we progress.
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Now, we will see an example in which the solution tends to zero so that
R(t,s) will generate an asymptotic identity.

Example 2.1.2. Ifr:[0,00) — (0,1] with r(t) | 0, with

sup/ |C(t, s)|r(s)/r(t)ds < a <1, (2.1.7)
>0 Jo
and with

la(t)] < kr(t) (2.1.8)

for some k > 0, then the unique solution x(t) of (2.1.1) also satisfies |x(t)| <
k*r(t) for some k* > 0. Moreover, the resolvent R(t, s) in (2.1.2) generates
an asymptotic identity on the space of functions ¢ : [0,00) — R™ with

t
SUp; >0 % < 00.

Proof. The proof is based on a weighted norm. Let (M, |- |,) denote the
Banach space of continuous functions ¢ : [0,00) — R™ with the property
that

Ol
||, = 312118 —r(t) < 00

Define Q : M — M by ¢ € M implies that
(Qa)t /"Cts

We have
[(Qe)D)[/r(t) < la(t)|/r(t) / |C(L, s)|r(s)/r(t)|¢(s)|/r(s)ds

Sk+mnA|cw@vwvmw@
<k+alg|

80 Q¢ € M. To see that @) is a contraction in that norm we have immedi-
ately that

[(Qe) () = (@)®]|/r(¢) < alp =,

for ¢,n € M. Hence, there is a fixed point in M and so it has the required
properties. As z(t) in (2.1.3) tends to zero for a(t) satisfying (2.1.8), so
does P¢ in (2.1.4). This completes the proof.
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Equation (2.1.1) can have periodic solutions, but only under excep-
tionally rare conditions. Those conditions involve certain orthogonality
relations which usually will not hold throughout an entire vector space of
large dimension. The natural solution is an asymptotically periodic solu-
tion. It will help to see this if we first change (2.1.1) so that the existence
of a periodic solution can be proved. That will be our next result.

Theorem 2.1.5. Let
t
x(t) = a(t) — / C(t, s)x(s)ds

in which a : R — R"™ is continuous, while C(t,s) is continuous on R x R,
and there is a positive constant T with

a(t+T)=a(t) and Ct+T,s+T) = C(¢,s).

Suppose also that ffoo |C(t,s)|ds is continuous and there is an o < 1 with

¢
sup / |C(t,s)|ds < o < 1.

0<t<T J — o
Then the equation has a T-periodic solution.

Proof. Let (X,]-]) be the Banach space of continuous T-periodic functions
¢ on R into N" with the supremum norm and define H : X — X by ¢ € X
implies

uwwwww—[ O(t, 5)6(s)ds.

A translation readily establishes that H¢ is T-periodic. Next, if ¢,n € X
then for 0 < ¢ < T we have

t

|www—meS/ C(t, 9)]16(s) — n(s)|ds

—0o0

:/ C(t, 5)][6(s) — n(s)lds

—0o0

Hence, H is a contraction and there is a unique fixed point solving the
equation and residing in X.



58 2. THE REMARKABLE RESOLVENT

For (2.1.1), once we determine the proper space, then contraction map-
pings can provide a seemingly one-step solution of the problem. If we write
(2.1.1) as

t 0
x(t) = a(t) — [ C(t,s)x(s)ds + [ C(t, s)x(s)ds
then
a(t) —/_ C(t,s)x(s)ds

suggests the periodic function just considered, while

/_0Oo C(t,s)x(s)ds

can readily be expected to tend to zero for any bounded function x. It is
then natural to expect a solution x = p + ¢ where p is periodic and ¢ tends
to zero. Moreover, a space of such functions with the supremum norm is a
Banach space, (Y,| - ||). We note that the natural mapping defined from
(2.1.1) wilmap YV — Y.

Let Pr be the set of continuous T-periodic functions on R into £ and
suppose that for ¢ € Pp then

/0 C(t,s)p(s)ds — 0 ast — oo (2.1.9)

and is continuous. Let @ be the set of continuous functions ¢ : [0, c0) — R

such that ¢(t) — 0 as t — oco. For each ¢ € @ let

¢
/ C(t,s)q(s)ds — 0 as t — 0. (2.1.10)
0

We will need the following lemma in the proof of the next result.

Lemma 2.1.1. Let (Y,]| - ||) be the space of continuous functions ¢ :
[0,00) — R™ such that ¢ € Y implies there is a p € Pr and ¢ € @ with
¢ =p-+q. Then (Y| -||) is a Banach space.



2.1. PERFECT HARMONY 59

Proof. Let {pn, +gn} be a Cauchy sequence in (Y, |- ||). Now for each € > 0
and each ¢ € Q) there is an L > 0 such that ¢ > L implies that |q(¢)| < /4.
Given € > 0 there is an N such that for n, m > N then

|pn(t) + qn(t) — pm(t) - Qm(t)| < 6/2'

Fixn, m > N; for €/4 find L such that ¢ > L implies that both |¢, (¢)| < €/4
and |gm (t)] < e/4. Then ¢ > L implies that

|pn(t) _pm(t)| - |Qn(t) - Qm(t)| < |pn(t) +Qn(t) —pm(t) — Qm(t)| < 6/2

so that ¢ > L implies that

|pn(t) _pm(t)| < (6/2) + |Qn(t)| + |Qm(t)| <€

But p, and p,, are periodic so the end terms of the last inequality hold for
all t. As this is true for every pair with n > N and m > N, it follows that
{pn} is a Cauchy sequence. This, in turn, shows the same for {g,}. As
both Pr and @ are complete in the supremum norm, Y is complete.

Theorem 2.1.6. Let C(t+T,s+T) = C(t,s), a € Pr, and let (2.1.9) and
(2.1.10) hold. Suppose also that there is an « < 1 with fot |C(t,s)|ds < a.
Then (2.1.1) has a solution z(t) = p(t) + q(t) where p € Pr and q € Q.

Proof. Let (Y, ||-||) be the Banach space of functions ¢ = p+q where p € Pr
and ¢ € ) with the supremum norm. Define a mapping H : Y — Y by
¢ =p+q €Y implies that

(H)(t) = a(t) - / C(t, 5)[p(s) + a(s))ds

) - [ ; Clt.s)p(s)ds|

+ [ /_00o C(t,s)p(s)ds — /0 t C(t, 5)g(s) ds]
=: B¢ + A¢.

This defines operators A and B on Y. Note that B:Y — Py C Y and
AY -QCY.

But from the first line of this array we see that H is a contraction with
unique fixed point ¢ € Y and that proves the result.

The same result holds when a € Y.
We now turn to problems in which the first coordinate of C' is integrated.
Moreover, we change from contraction mappings to Liapunov functionals.



60 2. THE REMARKABLE RESOLVENT

The reader is urged to return to Section 1.1 and review the idea of a
Liapunov functional. Our first result in this set is just like Theorem 1.1.3,
but now it is for systems. There will be interesting contrasts in the results
as we change Liapunov functionals.

Theorem 2.1.7. Suppose that a € L'[0,00) and [, |C(u+ s,s)|du is

continuous for 0 < s < t < co. If thereis an a < 1 with [ |C(u+t,t)|du <
« then the solution z(t) of (2.1.1) is in L'[0, 00) and the resolvent, R(t, s),
of (2.1.2) generates an L' approximate identity on L*.

Proof. Define a Liapunov functional

Vi) = /Ot /:O IO + 5, 5)|dulz(s)|ds.

We will take the derivative of V' along the unique solution of (2.1.1) and
need to unite the Liapunov functional with the integral equation. The
inequality accomplishing this will now be prepared. From (2.1.1) we have

|[z(8)] < la(?)] +/0 [C(t, s)a(s)]ds.

Now

V(1) = / 1Ot 1, 1) dul ()] — / C(t, 5)a(s)ds
< alz(®)] - |2(0)] + la()] = (@ — Dle(t)] + |a(®).

An integration from 0 to ¢, use of V(t) > 0, and use of a € L will yield
x € L'. If we look at (2.1.3) and (2.1.4) we see that P¢ € L' for each
¢ € L' and that completes the proof.

REMARK. Theorems 2.1.3(ii) and 2.1.7 are nonconvolution counter-
parts of a pair of classical results. The first states that the convolution
of an L' function (R(t,s)) with a function tending to zero (a(t)) tends to
zero. The second states that the convolution of two L' functions is an L'
function. These two results are of vital importance in problems of the type
studied in Section 2.6.7.

We will now add to the conditions of Theorem 2.1.7 classical condi-
tions for boundedness of solutions of (2.1.1). Notice how a change in the
Liapunov functional so that z2 is in the integrand yields the solution in L2.

Theorem 2.1.8. Let (2.1.1) be a scalar equation with [~ |C(u+s,s)|du
continuous. Suppose there exist « < 1 and 3 < 1 with [;° |C(u+t,t)|du <
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o and sup; fg |C(t,s)|ds < B. Then R(t,s) generates an L', an L?, and
an L™ approximate identity on the spaces L', L?, and L> respectively.
If ¢ = ¢1 + ¢2 + ¢3 where ¢y € L, ¢o € L?, and ¢3 € L*, then P¢ =
1 + o + Y3 where i1 € Ll, P € L2, and 3 € L.

Proof. First we prepare the inequality which will unite the integral equation
to the Liapunov functional. Notice that for any ¢ > 0 there is an M > 0
so that by squaring both sides of (2.1.1) we can say that

t 2
22(t) < Ma?(t) 4+ (1 + ¢) (/0 C(t, s)x(s)ds)
< Ma2(t) + (14 e)/o o, s)|ds/0 IC(t, 5)|2%(s)ds
< M)+ (1+98 [ [C(9)la?(5)ds
= a/2 t S .7/'2 s)as
= a0+ [ [0(ts)la(5)d
where we choose € so that (1 + €)8 = 1. This means that

— /Ot |C(t,s)|z%(s)ds < Ma®(t) — 2°(t)

which will be our fundamental uniting inequality.
Next, define a Liapunov functional by

V) = /Ot /:O IO+ 5, 5)|dua®(s)ds
so that |
V'(t) = /000 |C(u + t,t)|dux?(t) — /Ot |C(t, s)|x?(s)ds
< Ma?(t) —x® + /OO |C'(u + t,t)|dux?
< Ma?(t) — (1 - a;)xz(t).
Hence, an integration yields
(1-a) /Ot 22(s)ds < M/Ot a2(s)ds

and z € L%[0,00). The L* conclusion is Theorem 2.1.3, while the L!
conclusion is Theorem 2.1.7. The results on the mappings then follow from
the linearity.
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The result can be taken much further.

Lemma 2.1.2. Let (2.1.1) be a scalar equation. Suppose there is an
o < 1 with

t
sup/ |C(t, s)|ds < a.
0

>0

Consider equation (2.1.1). There is an M > 0 and for each integer n > 0
we have

¢
22 (1) < M2 102" (1) + / C(t, 5)[22" (s)ds.
0
Proof. In (2.1.1) we square both sides to obtain

22(t) = a®(t) — 2a(t) /Ot C(t,s)x(s)ds + (/Ot C(t, s)a:(s)ds) 2.

Find ¢ > 0 with (1 + €)a = 1 and then find M > 1 with 2|a(t)||y| <
(M — 1)a®(t) + ey?. Thus,

?(t) < Ma*(t) + (1 +¢) (/0 C(t, s)x(s)ds)
SMaQ(t)+(1+e)/O |C(t,s)|ds/0 IC(t, 5)[22(s)ds

a2 t S $2S S
<M <t)+/0 C(t, 5)[2?(s)d

where we have used the Schwarz inequality. Next, suppose there is a posi-
tive integer k£ with

o2 (t) < M1k (1) + /t |C(t, s)|x** (s)ds.
0
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Squaring yields
4k( ) < M4k—2 4k(t)

+ 207 / (C(t, )| (s)ds

([ rewamon)

< MF=268% () 1+ (M — 1) [M%la%(t)r
(146 (/ o, s)|x2k(s)ds>
< MY 2 () (M - 1+1)
+(1+¢) / |Cts|ds/ |C(t, s)|z** (s)ds
< M4k*1a4k(t) —|—/ |C(t,s)|x4k(s)ds
0

That is, if 2k = 2", then 4k = (2)2" = 2"*! which establishes the induc-
tion.

Theorem 2.1.9. Let (2.1.1) be a scalar equation with [ |C(u+s,s)|du
continuous. Suppose there are constants a < 1 and 3 < 1 W1th

/|Cts|ds<aand/ C(u+t,t)|du < S.

If there is ann > 0 with a € L?" [0, 00) then the solution of (2.1.1) satisfies
z € L?"[0,00).

Proof. Define a Liapunov functional

// Clu+ s, s)|duz?" (s)ds

so that

V’(t):/ooo|C(u+tt|dux /|Cts|x 5)ds

< B2 (t) — 2" () + M* la®(
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Thus, an integration yields

n

0< V()< V(0)— (1- 5)/0 22" (s)ds + M?" ! /OOo a2 (t)dt,

as required.

We are now going to look at problems in which we ask much about the
derivatives of C, but little about the magnitude of C. It uses what may
be called a perfect Liapunov functional. It has a type of lower wedge, but
the casual reader would never see it. Its derivative along the solution is
accomplished without any type of inequality; it is a perfect match for the
equation. When a(t) = 0, it can display all the classical wedges above and
below the Liapunov functional and above the derivative of the functional.

Theorem 2.1.10. Let (2.1.1) be a scalar equation where
C(t,s) >0, Cs(t,s) >0, Cit,s) <0, Cqult,s)<0 (2.1.11)

and they are all continuous. Then along the solution of (2.1.1) the func-
tional

Vit) = /0 CCultos) < / t x(u)du)

satisfies

2

t 2
ds + C(t,0) (/ x(s)ds) (2.1.12)
0
V/(t) < —22(t) + a*(2). (2.1.13)
(i) If a € L?[0,00), so are x and fot R(t, s)a(s)ds; moreover, V (t) is

bounded.
(ii) If there are constants B and K with

t
sup/ Cy(t,8)ds = B < 00 and sup C(t,0) = K < o0 (2.1.14)
t>0 Jo >0

then along the solution of (2.1.1) we have

(/0 R(t,s)a(s)ds) = (a(t) — z(t))* < 2(B+ K)V (1) (2.1.15)

where (2.1.15) does not require a € L?. However, if a € L* and bounded
then both V (t) and x are bounded.
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Proof. We have

= /Ot Cy(t, s) (/t x(u)du) st C(t,0) (/Ot x(s)ds)

and differentiate to obtain

"t) = /Ot Cse(t, s) </St x(u)du)2ds + 2z /Ot Cs(t,s) /St z(u)duds

+Cu(t,0) ( /0 t a:(s)ds) 1 920(t.0) /0 a(s)ds.

2

We now integrate the third-to-last term by parts to obtain

2z {C(t, s) /: x(u)du ; + /Ot C(t, s)x(s)ds]

. [—C(t,o) /0 () + /0 t C(t,s)x(s)ds}

Cancel terms, use the sign conditions, and use (2.1.1) in the last step of
the process to unite the Liapunov functional and the equation obtaining

/Cgtts (/ (u)du)2d8+Ct(t,0)</0tx(s)ds>2

+ 2z[a(t) — x(t)] < 2zwa(t) — 22%(t) < a®(t) — 2%(1).

From this we obtain

0< V() gv<o)+/0 a2(s)ds—/0 22(s)ds;

when a € L?[0,00) then z € L?[0,00) and V is bounded. Moreover, by the
Schwarz inequality we have

(Fo o)
< et [ esun(f[som)ur
<B/ ot 5) (/ ()d) ds+BC(t,0)</0 x(s)ds)

= BV(t

2
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But ( Ot ot 5) / ta:(v)dvds)Q

C(t,s) | z(v)dv

t
s

; + /Ot C(t, s)x(s)ds) :

(
_ (—C(t,O) /O e(0)du + /0 e s)x(s)ds>2
( t

a(t) — 2(t) — C(t,0) / x(v)dv>2

0

2

> (1/2)(alt) — z(t))? — (C(t,o) /0 tm(v)dv) .

This yields (1/2)(x(t) — a(t))? < (B + K)V(t). The left side of (2.1.15) is
the variation of parameters formula.

Investigators have always relied on variations of (2.1.13) to bound the
Liapunov functional and, hence, the solution. We will obtain a relation
from (2.1.13) and substitute that into (2.1.12). In order to let a(t) become
large, we will discover three new things. First, we show how to replace
z(t) by a(t) in the Liapunov functional. In the coming sections we show
how to replace x(t) by a’(t) and allow a’(¢) to be bounded and continuous.
Finally, we show how to replace fg x(s)ds by a(t).

We begin by replacing z in the Liapunov functional by a(t). This will
give us a condition to ensure that V' (¢) is bounded. Then notice that when
V is bounded and when (2.1.15) holds then x is bounded if and only if a
is bounded. We will, thereby, obtain a condition showing that z(t) follows
a(t) regardless of the behavior of a(t).

Notice that if fot Cs(t,s)(t — s)%ds + C(t,0)t? is bounded then there
is a vector space of functions a(t) satisfying (2.1.16), below. That space
includes continuous functions a = ¢ + ¥ where ¢ is bounded and ¥ €
L2[0, c0).

Theorem 2.1.11. Let (2.1.1) be a scalar equation and let (2.1.11) and
(2.1.14) hold. If, in addition, there is a constant M with

t t ) t 9
/0 C’s(t,s)(t—s)/s a (u)duds+(](t,0)t/0 (s)ds < M (2.1.16)

then V (t) is bounded along the solution of (2.1.1), where V is defined in
2
(2.1.12). Noting (2.1.15), we have that <f(f R(t, s)a(s)ds> = (a(t)—=(t))?



2.1. PERFECT HARMONY 67

is bounded so x is bounded if and only if a is bounded. Finally, when
(2.1.16) holds for every a € BC then fg R(t, s)a(s)ds is bounded for every

a € BC 50 sup;>g fot |R(t, s)|ds < .

Proof. Focus on (2.1.13). Suppose that V(¢) is not bounded. Then there
is a monotone increasing sequence {t,} — oo with V(s) < V(¢,) for 0 <
s <'t,. Let t denote any such ¢,, and let 0 < s < t¢. From (2.1.13)

0<V(t)—V(s) < /t a?(u)du — /t 22 (u)du

so that

/: 22 (u)du < /: a®(u)du.

If we use the Schwarz inequality on both integrals of x in (2.1.12) we obtain
t t t
V(t) < / Cs(t,s)(t — s)/ a®(u)duds + C(t,O)t/ a®(u)du < M
0 s 0

by (2.1.16). Hence, V is bounded and we apply (2.1.15). As fot R(t, s)a(s)ds
is boun(%ed for every a € BC, it follows from Perron’s theorem that
supys o |R(t, s)|ds < oo.

In this example we can take a(t) to be the sum of a bounded function
and an L!-function which could have a sequence of spikes of magnitude
going to infinity. By (2.1.15) the solution will follow those spikes in a very
faithful way, differing only by a fixed bounded function.

Example 2.1.1. Let C(t,s) = e ¢ and a?(t) = v + u(t) where v is a
fixed positive constant and p € L'[0,00). Condition (2.1.14) becomes

t
/ e~ (t=5) g <1=:B,
0
while C(t,0) = e " <1:= K. Then (2.1.16) is

Vi < [ e =) [+ utwlduds +e [+ uolas

which is bounded. Using this in (2.1.15) yields (z(t) — a(t))? bounded so
x(t) follows a(t) on those spikes going off to infinity. Note that C(t,s) =
ke=(t=%) works for any k > 0.
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In the following exercise we see that very different kernels can be put
together in a smooth way and the Liapunov functionals simply added in the
study of integral equations. It works in the same way with nonlinearities,
but this method often fails for nonlinear integrodifferential equations.

Exercise 2.1.1. Consider the equation

x(t) = a(t) —/0 C(t,s)x(s)ds —/0 D(t, s)x(s)ds.

Let the conditions on C' from Theorem 2.1.10 hold and let fooo |D(u +
t,t)|du < 3 < 1. If a € L? then prove that the solution z is also. To do
this, define

Vit) = /O it s) ( / t x(u)du) ds 1 C(t.0) ( /O t x(s)ds)

t e8]
—|—/ / |D(u + s, 8)|dulz(s)|*ds
0 Jt—s

2

and show that the derivative satisfies
V'(t) < Ma®(t) — pz(t)
for a certain positive constant M.
We are now going to look at some problems in which the kernel is related

to a convolution kernel. The proofs are no longer particularly simple, but
they do show us that with more work we can obtain more information.

In (2.1.1) suppose that

/tOO |C(u+ s,s)|du (2.1.17)

—S

is continuous for 0 < s < ¢t < oo and that there is a number o < 1 with
/ |C(u+t,t)|du < « (2.1.18)
0

for0<s<t<oo.
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Theorem 2.1.12. Let (2.1.17) and (2.1.18) hold, let a(t) be bounded and
continuous, and suppose there is a differentiable and decreasing function

P : [0,00) — (0,00) with ® € L[0,00), and

B(t —s) > /too C(u+ 5, 5)|du.

—S

If x(t) is the unique solution of (2.1.1) and if

t o]
V() = / / O+ 5, 5)|dulz(s)|ds,
0 Jt—s
then V(t) is bounded. If, in addition, there is a K > 0 with

|1t s sl Klcs)
t

then x(t) is bounded and sup, fot |R(t, s)|ds < oo.

Proof. Note that in (2.1.20) we have

V’(t)=/OOO|C(u+t,t)|du|x(t)|—/O IC(t, )2 (s)|ds

and from (2.1.1) that

t
lz(t)] = la(t)] < /O |C(t, s)z(s)|ds
or by (2.1.18)
V() < alz(t)] + la(®)] = |2(t)] =: =6]z(t)| + |a(t)]
for 6 > 0. Thus, for 0 < s <t < 0o we can write

dv(s)
ds

D(t —5) < —0|z(s)|P(t — s) + |a(s)|P(t — s).
Suppose there is a t > 0 satisfying

V(t) = max V(s).

0<s<t

(2.1.19)

(2.1.20)

(2.1.21)

(2.1.22)
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Then

bdv(s) ~ Sds = V(s o t Si o
/0 ")t — s = vt - sl /OV()dScb(t \d
d

:V(t)cp(m—/o V() -(t — s)ds

(t)cb(@)—V(t)/O dils@(t—s)ds

Hence,

V()®(t) < —6/0 O(t — s)|z(s)|ds +/O la(s)|®(t — s)ds

(and by (2.1.19))
< =0V (t) + [lallk
for some k > 0 and ||a|| the supremum of a. Thus,
VO + 8] < o]k
and V(t) is bounded.
If (2.1.21) holds, then V() > K[|z(t)| — |a(t)]]. As V is bounded, so
is x(t). But z(t) = a(t) — fot R(t, s)a(s)ds is bounded for every bounded
continuous a(t) and so fot R(t, s)a(s)ds is bounded for every bounded and

continuous a(t). By Perron’s theorem sup,~ fot |R(t, s)|ds < 0.

2.2 A Strong Resolvent: the scalar case

In this section we will assume that C has at least one partial derivative
and often we will differentiate a as well. Frequently we will ask that a’
be bounded or L? and we will conclude that the solution of (2.1.1) is at
least bounded. The applied mathematician will correctly object that un-
certainties and even stochastic elements make such behavior of a difficult
or impossible to detect. But there is a practical way around this objection.
For a fixed C(t, s) there are many simple ways to establish

¢
sup/ |R(t, s)|ds < oo. (2.1.5)
>0 Jo

The tactic then is as follows. Fix C(¢, s) and obtain (2.1.5) for a problem
of interest; significant details are found in the next section. Now our real
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problem of interest is z(t) = b(t fo s)ds, where b(t) may be
a large and badly behaved functlon Select a nice functlon7 a(t), which is
close to b( ) and satisﬁes one of our subsequent results; that is, the solution

of y(t fo s)ds is at least bounded. We suppose that there
is a K > 0 Wlth la(t ) ( )| § K for all t > 0. Then using the same R(t, s)
which depends only on C(t, s) we have

x(t) = b(t) —/0 R(t, s)b(s)ds

- /Ot R(t, s)a(s)ds

|(t) = y(®)] < la(t) = b(?)] +/0 [R(L, 5)[a(s) — b(s)|ds

and

Now,

t
< K[l + sup/ |R(t, s)|ds}
0

>0

Thus, our results here may seem to demand much from a(t), but when
(2.1.5) holds they apply to a much larger class of functions.

Our basic equations are the same as in the last section but we restrict
our attention to the scalar case. We are concerned with the scalar equations

- /Ot C(t, s)x(s)ds, (2.2.1)

R(t,s) =C(t,s) — /t R(t,u)C(u, s)du, (2.2.2)

and

x(t) = a(t) —/0 R(t, s)a(s)ds (2.2.3)

under the same continuity conditions as with (2.1.1).
In the last section a variant of (2.1.6)

t
sup/ |C(t,s)lds <a <1
t>0.Jo

was almost always used. If there is an additive constant or an additive
function of ¢ that condition is almost certain to fail. But that kernel can
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often be cleansed by differentiation. We begin with differentiation with
respect to ¢, denoted by C; or C;, and in the next section use differentiation
with respect to s. In the first case we will also need to differentiate a, but
as we are often seeking properties of R we can treat a as a test function and
bestow upon it any properties which are convenient. In other cases, the
exact properties of a are crucial. Thus, we differentiate (2.2.1) and obtain

2 (8) = a'(t) — Ot )a(t) /0 Ci(t, )2 (s)ds. (2.2.4)

When (2.2.4) is related to the solution of (2.2.1) then z(0) = a(0). More-
over, unless otherwise stated solutions of (2.2.4) are always on [0, 00) with
the initial function being only z(0).

We will use the classical resolvent equation for (2.2.4) because we know
it is Z(t, s) and the equation itself will announce that Z, exists which we
will need for integration by parts. The resolvent equation for (2.2.4) as
seen in Section 1.2.1 is

Zu(t5) = Z(t,5)C(s,5) +/tZ(t,u)C’1(u, du, Z(t1) =1, (2.2.5)

and the variation of parameters formulae are
t
2(t) = Z(t,0)2(0) + / Z(t, 5)d (s)ds
0

t
= Z(t,0)[z(0) — a(0)] + a(t) — / Zs(t, s)a(s)ds. (2.2.6)

0
In conjunction with this, keep in mind that the solution of (2.2.1) is also

given by (2.2.3).
Suppose that

t
/ C(s,s)ds — o0
0

as t — oo and use the variation of parameters formula to write (2.2.4) as

t
:L'(t) _ x(O)efg —C(s,s)ds +/ ef: 7C(s,s)dsa/(u)du
0

t u
_/ el —C(Svs)ds/ C1(u, s)x(s)dsdu. (2.2.7)
0 0

Remark 2.2.1. Thus, our equation is again an integral equation and it
will require the integral of the second coordinate of Cy(t,s) to be small;
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C1 is cleansed of any additive constants or additive functions of t which
might have conflicted with (2.1.6). But, perhaps more to the point, any
such constants are now transferred to the exponential which can help the
subsequent contraction condition.

In order to make (2.2.6) and (2.1.3) more symmetric we begin with a
proposition showing Z(t,0) bounded.

Theorem 2.2.1. Suppose that fot C(s, s)ds is bounded below and that
there is an o < 1 with

t u
sup/ el _C(S’S)ds/ |Cy (u, s)|dsdu < a. (2.2.8)
0 0

>0
Then Z(t,0) in (2.2.6) is bounded. Moreover:

(a) Every solution of (2.2.1) is bounded for every a(t) with a/(t) bounded
and continuous if and only if

t
sup/ |Z(t, s)|ds < o0.
0

t>0

(b) Every solution of (2.2.1) is bounded for every bounded and continuous
a(t) if and only if

¢
sup/ |Zs(t,8)|ds < 0.
t>0 Jo

Proof. In (2.2.7) to deal with Z(t,0) we let a(f) = 0 and use (2.2.7) to
define a mapping @ : BC — BC. It is a contraction by (2.2.8) with fixed
point x(t) = Z(t,0)x(0) which is bounded for each z(0). Parts (a) and (b)
now follow exactly as in the proof of Theorem 2.1.2 using (2.2.6).

We will now use this to obtain a remarkable property of the resolvent.

Theorem 2.2.2. Suppose that (2.2.8) holds, that fot C(s, s)ds is bounded
below, and that

¢
/ elu =€)y is bounded for t > 0. (2.2.9)
0

Then the unique solution of (2.2.1) is bounded for each continuous func-
tion a(t) with a/(t) bounded and continuous; thus, from (2.2.6) we see
that Zs(t,s) and R(t,s) generate an approximate identity on the space of
functions ¢ : [0,00) — R for which ¢'(t) is bounded.
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Proof. Use (2.2.7) to define a mapping @ : BC — BC to prove that the
solution of (2.2.4) (and, hence, of (2.2.1)) is bounded for every bounded
and continuous a’(t). But remember that z(t) = a(t) — fot R(t, s)a(s)ds
which is bounded for every a with o' € BC; thus, refer to (2.1.4) and see
that R(t,s) generates an approximate identity on the space of functions
a with @’ € BC. In the second line of (2.2.6) we use the fact that Z(¢,0)
is bounded and that z is bounded for every a with a € BC to see that
a(t) — fot Zs(t, s)a(s)ds is bounded for all such a. This shows that Z also
generates an approximate identity on that space.

Example 2.2.1. Let a(t) = In(¢+ 1) so that a’(t) = 1/(t+ 1) and obtain
from (2.2.6) with z(0) = a(0) that

z(t) = a(t) — /0 Zs(t, s)a(s)ds = a(t) — /0 R(t, s)a(s)ds

is bounded. Thus, fot R(t,s)In(s+1)ds is a fair approximation to In(t+1);
and, it will get better.

Remark 2.2.2.  This theorem tells us that x is bounded when o' is
bounded and that is very powerful result. But to implement the opening
statement of this section we must have (2.1.5) and, hence, we must know
that x is bounded for every bounded a. There is a companion to Theorem
2.2.2 which does exactly that and we consider it in the next section. It
turns out that by integrating fot C(t,s)x(s)ds by parts we obtain an inte-
grodifferential equation parallel to (2.2.4), but containing a(t) instead of
a’(t) and the counterpart of Theorem 2.2.2 will yield fot z(s)ds bounded
for each bounded a(t); this, in turn, can be parlayed into x(t) bounded for
every bounded a(t).

Remark 2.2.3. If the same resolvent R(t,s) generates an approximate
identity on vector spaces Vi and Vs, then it generates an approximate
identity on V4 UV, =: V3 in the sense that if ¢ € V3 and if we find ¢1 € V;
and ¢y € Vo with ¢ = ¢1 + ¢o, then Po € BC. For example, ¢(t) = t'/3 is
neither bounded, as in Theorem 2.1.3, nor is ¢’ bounded and continuous,
as in Theorem 2.2.2. However, we can write

e =3, foro<t<1
hi(t) = {(2/3) fort > 1,

and

_ )@/ for0<t<1
P2() = {t1/3 —(2/3) fort>1.



2.2. A STRONG RESOLVENT: THE SCALAR CASE 75

Theorem 2.2.3. Let the conditions of Theorem 2.2.2 hold, a’(t) — 0
as t — oo, and suppose there is a constant A > 0 with —C(t,t) < —\.
Suppose also that there is a continuous function ® : [0,00) — [0, 00) with
® € L'0,00) and ®(u — s) > |C1(u,s)|. Then the solution x(t) of (2.2.1)
tends to zero ast — oo and so does Z(t,0). Finally, under these additional
conditions the conclusion of Theorem 2.2.2 changes to asymptotic identity.

Proof. In our mapping we add to the mapping set BC the condition that
¢(t) — 0 as t — oco. Then notice that

| 1w sistslas < [ 1ot —s)lots)las
0 0

is the convolution of an L'—function with a function tending to zero so it
tends to zero. Then

t u t u
/ el 70(5’5)(15/ |C1(u, s)o(s)|ds S/ 67}‘(#”)/ |C1(u, s)¢(s)|ds
0 0 0 0

which tends to zero for the same reason. Finally,

¢ t
/ ol 7C(s,s)ds|a/(u)|du < / e*A(t*u)|a’(u)|du
0 0

which tends to zero. This will then show that the modified BC set will be
mapped into itself in (2.2.7).

Theorem 2.2.4. Let (2.2.8) hold and suppose that
¢
/ ef; —C(s,s)dsdu
0

is bounded for t > 0. In addition, let a’(t) — 0 as t — oo, suppose that for
eachT >0

T u
/ el *C(S’S)ds/ |Cy (u, s)|dsdu — 0
0 0

ast — oo, and that
T t
/ efu 7C(s,s)d5du =0
0

as t — oco. Then every solution of (2.2.1) tends to zero as t — oo and so
does fot Z(t,s)¢(s)ds for every continuous ¢ which tends to 0 as t — oo.
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Proof. The mapping is defined from (2.2.7) and, as in the proof of Theorem
2.2.3, we add to the mapping set M the condition that ¢ € M implies that
¢(t) — 0. Now from (2.2.7) we write for ¢ € M the equation

t
(P¢)(t) _ J?(O)efot —C(s,s)ds +/ efi 7C(s,s)d5a/(u)du

_/ J.=CGs, 9)(19/ C1 (u, 8)o(s)dsdu.

We will show that the last term tends to zero as t — oo.
Let ¢ € M be fixed, ¢ > 0 be given, and find T' > 0 with |¢(t)] < ¢/«
for t > T. Thus,

/ Ji-¢G, g)ds/ |Cy (u, 8)p(s)|dsdu < e

for t > T. For that ¢ € M, there is a J > 0 with |¢(¢)] < J. For ¢t > T we

have
t u
‘/ efzj 7C(S’S)d8/ Cl(u,8)¢(8)d3du
0 0
T . u
§/ efufc(s’s)ds/ |Cy (u, s)|dsduJ
0 0
t u
n / oJi~C(s.)ds / \C1 (u, 5)é(s)|dsdu.
T 0

The first term on the right is bounded by € for large ¢ and so is the second.
We examine the second term of P¢ and for |a’(¢)| < J write

t
‘ / efi 7C(5,s)dsa/(u)du
0

The first term on the right tends to zero and the s§cond term can be made
small by taking T large since |a’(t)] — 0 and fot elu =C(5:9)ds gy is hounded.
This means that P : M — M so the fixed point tends to zero. As

T t
< / el =Clos)ds gy gy / el =Cl9)ds | g/ ()| du.
0

T

2(t) = Z(t,0)2(0) + /0 Z(t, 5)a (s)ds,

we argue that for every continuous a’(t) which tends to zero then z(t) — 0,
while Z(t,0) — 0 because that corresponds to the case a’(t) = 0. Thus,
fot Z(t,s)p(s)ds — 0 for every continuous ¢ which tends to zero. This
completes the proof.
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Example 2.2.2. Let g : (—o0,00) — (0,00) be bounded and locally
Lipschitz. Consider the integral equation

:c(t):t—f—/o g(x(s))ds—/o C(t,s)x(s)ds

where C' satisfies (2.2.8) and (2.2.9). Standard existence theory (given in
Chapter 3) will yield a unique solution on [0, 00) so it is possible to define
a unique continuous function

a(t) = t+/0 g(x(s))ds

with a’(t) being bounded and a(t) > t. The conditions of Theorem 2.2.2
are satisfied and we have then a list of properties.
(a) The solution x(t) is bounded.  This means that a(t) and
fot C(t, s)x(s)ds differ by at most a bounded function. Recall that a(t) > t.
(b) The variation of parameters formula for the solution is

2(t) = a(t) /0 R(t, s)a(s)ds

where R is the resolvent from (2.2.2). That integral differs from a(t) by at
most a bounded function and, again, a(t) > t.
(c¢) From the second equation in (2.2.6) we have

x(t)zt—l—/otg(a:(s))ds—/ot Zu(t,5) [5+/Osg(x(u))du]ds

and that quantity is bounded since Zs generates an approximate iden-
tity on functions with bounded derivative. Again, a(t) > t and a(t) —
fot Z(t,s)a(s)ds is bounded.

(d) From the first equation in (2.2.6) we have

z(t) = Z(t,0)z(0) —I—/O Z(t,s)[1 4 g(x(s))]ds

where the last term is bounded. That integral differs from 1 + g(x(t)) by
at most a bounded function, while Z(t,0) is bounded.

Remark 2.2.4. Here is the typical objective. If we can show that x € L?
for every a' € L? then R(t,s) (or Zs(t,s)) generates an L? approximate
identity on the vector space W of function a(t) for which a’(t) is continuous
and L?. Thus, for example, a(t) = In(t + 1) qualifies and the solution of
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(2.2.1) is L?, but it does not follow a(t) in any sense at all. The classical
idea of investigators is that for well-behaved kernels the solution of (2.2.1)
follows a(t). Our kernel can be arbitrarily well-behaved and the solution
simply does not follow a(t). There is an entirely different principle at work
in all such problems. The principle is that, however complicated R(t,s)

may be, the integral strips away the complication and fg R(t, s)a(s)ds may
approximate a(t).

In the result below, notice that the solution z(t) of (2.2.1) is in L!, but
a(t) is merely bounded. Thus, z(t) is not following a(¢) and the kernel can
be very well-behaved in almost any sense.

Theorem 2.2.5. Let fto_og |Cy(u+ s, s)|du be continuous for 0 < s < t. If
there is an oo > 0 such that

—C(t,t)+/ IOy (u+ £, )|du < —a
0

thena’ € L' implies that the solution x(t) of (2.2.1) is in L' and is bounded.
Hence, © € L? for p € [1,00] and R(t,s) generates an LP approximate
identity on the vector space W of function ¢ with ¢' € L*. If « = 0 then
x(t) is bounded.

Proof. Define
V) = |e(t)] +/0 /H ICr(u+ 5, ) dula(s)|ds.
Along solutions of (2.2.4) we have
VI(t) <ld'(t)] = O(t, t)|2(t)] +/0 |C1(t, s)x(s)|ds
+/0 |C’1(u+t,t)|du|x(t)|—/0 IOy (t, 5)z(s)|ds
= |:—C(t,t)+/ |Cl(u+t,t)|du:| lz(t)] + |a’(t)]
0

—alz(t)| +[a'(t)]-

IA

An integration and use of V' yields

(1)) < V() < V(0) +/°o 1/ (s)|ds — a/o 12(s)|ds.

0

The result follows from this.
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NOTE The case a = 0 can allow large C(¢, s) in line with that allowed
in Theorem 2.2.7.

Theorem 2.2.6. Let fto_og |Cy(u+ s, 8)|du be continuous for 0 < s < t. If
there exists o > 0 such that

[oe) t
—20(t,t)+/ |Cl(u+t,t)|du+/ ICL(t, $)|ds < —a
0 0

and if a’ € L?, then the solution z(t) of (2.2.1) is bounded and satisfies
x € LP forp € [2,00]. Thus, R(t,s) generates an LP approximate identity
on the vector space W of functions ¢ with ¢' € L?.

Proof. Define

t [e'e]
+// IOy (u+ 5, )| dua® (s)ds
0 t—s

For any € > 0 there is an M > 0 with 2a’(t)z < Ma/(t)? + ex?. Thus, along
any solution of (2.2.4) we have

Vi) = 20/ (H)a(t) — 20(8, H)22(E) — 2a(t /C’lts
+/0°o|cl<u+t,t>|dux (t) - /|cl<t,s>|x<>s
< 20/ (H)a(t) — 2C(t, )z /|C’tts () + 22(s))ds
—|—/OOO|Cl(u+tt|dux /|C1ts|x s)ds

< Md(t)? + ex?(t) — 20(t, t)z
/ |Cy(t, 5)|dsa? ()+/ |Cy (u +t, ) |dua®(t)
—(a/2)2*(t) + Mad'(t)?

for € = /2. It readily follows that x € L? and is bounded so the conclusion
follows.

We now present a result which asks more about the derivatives of C,
but no upper bound on the magnitude.
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Theorem 2.2.7. Suppose that C(t,t) > a > 0 and for H(t,s) = Ci(t, s)
we suppose that

H(t,s) >0, Hy(t,s) >0, Hg(t,s) <0, H(t,0) <O0. (2.2.10)
If, in addition, a’ € L?, then any solution x(t) of (2.2.4) on [0,00) is also

in L?. Thus, R(t,s) generates an L* approximate identity on the space of
functions ¢ with ¢' € L*.

Proof. We have
7 () = ()~ Oft.alt) - [ H( sy (s)ds
and we define
Vi =0+ [ Lt 5) (/ t x(u)du)st o [ t x(s)ds)2
so that
Vi(t) = /0 Hats) ( / t x(u)du>2ds 2 /0 Ha(ts) / " (u)duds
o) [ t ()i L 2(H®O) / (s)ds
200000~ 200,0°) ~ 20(0) [ H(t,5)a(5)ds

Integrate the second term on the right-hand-side and obtain

20(1) {H(t, 5) / () ; + /O ", s)x(s)ds]

t t
= 2x(t) {—H(t,O)/ x(u)du—i—/ H(t,s)x(s)ds}
0 0
This yields
V'(t) < 2z(t)d (t) — 2C(t, t)x%(t) < Dd’(t)* — Ex*(t)
for appropriate positive numbers D and E. Noting that 22 < V(¢) and

integrating we obtain # € L*, x € L?. Thus, as o/ € L? we obtain
a(t) — [y R(t,s)a(s)ds € L2
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Exercise 2.2.1. Combine Theorems 2.2.6 and 2.2.7 by considering

2 =d(t)— C(tt)x—Dttx—/Ctts /Dtts

)==x +// |Di(u + s, 5)|duz®(s)ds

/H (t, 5) (/ 2(u )du) ds—i—H(t,O)(/Otx(s)ds) .

Obtain a result yielding a’ € L? implies x € L2.

We will see that for @’ € LP then = € LP so that (2.2.3) will assure
us that the integral so faithfully duplicates a(t) that the error in that
duplication is an LP function. If we were to think of averages, as time goes
on the duplication becomes so precise on average that we can hardly tell
the difference between the integral in (2.2.3) and a(¢). From that point of
view, the large function, a(t) = (¢ + 1), has such a small effect on the
solution of (2.2.1) it is almost as if it were absent. The same is true for
a(t) =sin(t +1)% when 0 < 8 < 1.

Now for more in a very different direction as well as a sufficient condition
for (2.1.5) we extend the last result as follows.

and

Theorem 2.2.8. Let H(t,s) := C(t,s), and suppose there is an o > 0
with C(t,t) > «, and let (2.2.10) hold.
(i) If o’ is bounded and if there is an M > 0 with

/0 Hs(t,s)(t—s)/s |a’(u)|2duds+H(t,0)t/0 o (u)|2du < M, (2.2.11)

then any solution of (2.2.1) or (2.2.4) on [0, c0) is bounded. Thus, the resol-

vent for (2.2.4) satisfies sup;> fot |Z(t, s)|ds < oo and Z(t,0) is bounded.
(ii) If, in addition to the conditions of (i), we have

|C(t,1)] +/O |Ce(t, s)|ds

bounded, then Z(t,0) — 0 as t — oo.

Proof. Define V as in the last proof and obtain the derivative of V' along
that same equation as

V'(t) < 2d/ (t)x — 20(t,t)z* < D|d'(t)|* — E2?(t)

for positive constants D and FE, exactly as in the last proof. Note that x
is bounded if V' is bounded.
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Now, assume a'(t) bounded and let (2.2.11) hold; we will bound V and,
hence, . From V' and the boundedness of |a’| we see that there is a u >0
such that if V’(t) > 0 then |z(t)| < pu. Suppose, by way of contradiction,
that V' is not bounded. Then there is a sequence {t,,} T oo with V'(¢,) > 0
and V(t,) > V(s) for 0 < s < tp; thus, |x(t,)] < p. If 0 < s <t, then

tn

0<V(ty) —V(s) < — Ez?(u)du + D/tn la’ ()| du.

S

Using these values in the formula for V', taking |x(t,)| < u, and applying
the Schwarz inequality yields at ¢ = t¢,, the inequality

V) < 12+ /0 H(t,5)(t - s) / (D/B)|d(u)[2duds
+H(t,0)t(D/E)/O | (u)|?du = 1® + (DJE)M.

Thus, V(t) and x(t) are bounded.
Now the variation of parameters formula for (2.2.4) is

x(t) = Z(t,0)z(0) —I—/O Z(t,s)d (s)ds.

If a/(t) = 0, then V'(t) < —Ez%(t) so 22 € L'[0,00) and V(t) is bounded
so z(t) is bounded. This means that Z(¢,0) is bounded and, hence,
fot Z(t,s)a’(s)ds is bounded for every bounded and continuous a'(t). By
Perron’s theorem, sup, f(f |Z(t,s)|ds < co. If |C(t,t)| + f(f |Cy(t, 5)|ds is
bounded, then z’(t) is bounded so Z(¢,0) — 0.

It is a very useful result. The solution is bounded and (2.2.11) will yield
a computable bound in spite of a(t) being unbounded.

Example 2.2.3. Let C(t,s) = 2 — e~ =% and a(t) = (t + 1)*/2. Then
Ct,t)=1=:a>0,Ct,s) =e =) = H(t,s) so (2.2.10) holds. Also,
(2.2.11) is

t (o) t 1 . t 1
e "t —s ———duds + e~ t/ ——du
[ a9 [ i o Tu+1)

which is bounded. By part (i), x(t) is bounded. Hence, fot R(t, s)a(s)ds
closely follows a(t), but a(t) diverges far from xz(t). Consider (i) and note
that a(t) = 3t qualifies and the solution is bounded. Moreover, if b(t) is
any continuous function so that |a(t) — b(t)| is bounded and if (2.1.5) holds
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then the solution of y(t) fo s)ds is bounded. Notice that

x(t) = 3t — fo (t,$)3sds is bounded That resolvent has extremely strong
properties enabhng the integral to closely approximate 3t.

In preparation for the next result, we note that Holder’s inequality
states that if p and ¢ are numbers with p > 1, ¢ > 1, and (1/p)+(1/q) = 1,
then

[of?

P
|ab| < ﬂ-f—
p q

For our repeated application below we will have n a positive integer, p =

2n —
smet> and ¢ = 2n.

Theorem 2.2.9. Suppose there is a positive integer n with a'(t) €
L?"[0,0), a constant a > 0, and a constant N > 0 with

2n —1

—— —C(t,1)
2nN2n=T

(t,s)|ds

1 [e.¢]
—1—%/0 |Ce(u+t,t)|du < —a.

Then the unique so]ution x of (2 2. 1) is bounded and x € L?"[0,00). From
(2.2.3) we then have z(t fo s)ds € L?".

Proof. For a fixed solution of (2.2.4) on [0, 00) we define the function

2n t 1 t 0
xzé ) +%/0 [78|Cl(u+s,s)|dux2”(s)ds

V(t) =
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Compute the derivative along a solution of (2.2.4) on [0,00) by the chain
rule as

V'(t) = —C(t, t)z*" —/0 Cy(t, s)x(s)x®" 1 (t)ds + 2>~ (t)a ()

! ~ 2n 1 ¢ on
+%/0 |C1(u +t,t)|dux"(t) 2n/0 |C1(t, 8)|z*™(s)ds

(Use Holder’s inequality on the 2nd & 3rd terms.)

(2n —D)a*"(t) (Na'(1)*" 2n
< ST o™ - C(t,t)x

N /Ot Cult. )| [(Qn — 1)a"(t) N xQ”(s)]ds

2n

2n
+i/°°|0< 1) 2"<t>—i/t|0<t )22 (5)d
o J, 1(u+t,t)|duz znol,sx s)ds

(Na'(t)*"

=+ a:2”(t)[

(2n—1)

2n—1 [ 1 [
+ on /0 |Ct(t,8)|d$+%/0 |C’1(u+t,t)|du}

2n

N
< Qnt /t 2n
< 0™ (1) + oo’ (1)
for large NV and fork:zi’jl.

It follows that

$2n (t)
2n

<V() <V(0) - 04/0 22" (s)ds + k* /Ooo(a'(s))Q"ds

for some k* > 0. This is true for every solution of (2.2.4) on [0, 00) and,
hence, for (2.2.1).

As we continue to study the behavior of the resolvent, it increasingly
seems to be a question of stability.

Definition 2.2.1. A function R mapping [0, 00) X [0, 00) into the reals is
said to be LY -stable with respect to a vector space W of specified contin-
uous functions ¢ mapping [0, 00) into the reals if for each ¢ € W there is
an integer n with

6(t) /0 R(t, 5)6(s)ds € L0, 00).
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In our last theorem, the vector space W consisted of those functions ¢
such that ¢’ € L? for some p € (0, 0).

Remark 2.2.4. Of course, this is a classical stability concept. For suppose
that ¢1 and ¢o are functions with ¢1 — ¢ € W. Then for

2o (t) = 1(8) - /O C(t, 5)a(s)ds

and

2oy (t) = balt) — / C(t, s)a(s)ds

we have
t
Ty — Ty = b1 — b2 — / Rt 8)[b1(s) — da(s))ds € L0, 00).

We are saying that if ¢1 — ¢ € W then they are “close” and the solutions
generated are “close.” In our examples we find that the functions sin(t-+1)?,
(t+1)?, and (t + 1) are “close.” Notice that if our examples are based on
Theorem 2.2.9 with ¢} € LP and ¢4, € L? where p < g, since z*"/2n < V (t)
we have x(t) = ¢1(t) — fot R(t,s)¢1(s)ds € LP and also x € L1.

We now introduce a Razumikhin technique which begins with a Lia-
punov function and then deals with functionals by keeping track of past
behaviors.

Theorem 2.2.10. Suppose that there is a K > 0 with
t
sup{[|a’(t)| — C(t,t)K+K/ |Ci(t,s)|ds]} < 0.
t>0 0

Then every solution of (2.2.4) on [0,00) (and hence (2.2.1)) is bounded.
Now suppose there is an « > 0 with

t
—C(t,t)+/ ICr(t, 5)|ds < —a
0

(1) Then every solution of (2.2.4) on [0, 00) and (2.1.1) is bounded for every
a(t) with bounded o' (t); moreover, the resolvent for (2.2.4), Z(t, s), satisfies
Z(t,0) is bounded and there is a J > 0 with fot |Z(t,s)|ds < J.

(ii) If, in addition, C(t,t) < M for some M > 0 and if da'(t) is con-
tinuous (not necessarily bounded), then (1.2.14) holds (x(t) = a(t) —
fot Zs(t, s)a(s)ds) and there is an L > 0 with fot |Zs(t,s)|ds < L fort > 0.
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Proof. Let z(t) be a solution
K* > K and t* > 0 with |z(s

o ) on [0,00) and suppose there is a
)
Clearly, C(t,t) > 0. Then for V(¢

f (2.2.
| < K* for 0 < s < t*, but |z(t*)| = K*.
(t) = |z(t)| and 0 < t < t* we have

VI(t) < la'(t)] = C(t, )] (1)) +/0 |C1(2, 5)[|x(s)lds

and at t = t* we have
.
Vi(E) < ()] - O KT+ K (e s)lds
0

t
<0 ()] - O R+ K [ I 9lds <o
0

a contradiction to V'(¢*) > 0.

To prove (i), for every bounded continuous a’(t) we find K so that
aK > sup,sg |a’(t)| and the first condition is satisfied and so every solution
of (2.2.1) and (2.2.4) on [0, 00) is bounded for every bounded and continuous
a’(t). In particular, if a/(t) = 0 then every solution of (2.2.4) is bounded
so Z(t,0) is bounded, as seen in (2.2.6). But for any continuous a'(t)
any solution of (2.2.4) on [0,00) is given by (2.2.6) and, since x(t) and
Z(t,0) are bounded, so is the integral in (2.2.6). By Perron’s theorem
SUP;>( fot |Z(t,s)|ds < .

To prove (ii), under these conditions (1.2.14) does hold and we consider
Miller’s resolvent, (1.2.13), and recall that H = Z by Theorem 1.2.6.1. An
integration of that resolvent yields

¢ ¢ t gt
/|Zs(t,s)|ds§M/ |Z(t,s)|ds—|—/ / |Z(t, u)Cy¢(u, s)|duds
0 0 0 Js
t u
gMJ+// 1Cy (s )| ds|Z(¢, w)|du
o Jo

t
<MJ+ M/ | Z(t,u)|du < 2MJ.
0

Refer back to Theorem 2.2.5. We are now going to let a’ be bounded
and get x(t) bounded. We started with

- /Ot C(t,s)x(s)ds

and
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If we prove that x € LP for every a € L? then

(P)(t) = 6(t) — / R(t, 5)6(s)ds

maps L7 into LP and R(t,s) generates an LP approximate identity on the
vector space L9. The resolvent R(t,s) is determined from C(¢,s) alone.

If + € LP for each a with a(? € L% then R(t,s) generates an LP
approximate identity on the vector space W of functions ¢ such that ¢(9 e
L%, Thus, if (9 € L%, then ¢ can have arbitrarily rapid growth as ¢ — oo.

We have seen resolvents generate LP approximate identities on spaces
of functions which grow as fast as t'/2. Can we continue and obtain L?
approximate identities on spaces of functions with arbitrarily rapid growth?
Our ability to prove such behavior is limited only by our ability to prove
that # € L? when a(9 € L. That is simply a technical problem. Here, we
contrive such a problem, allowing a with a” € L'. At the same time we
show how the Levin functional can be used in a variety of ways.

The following result concerns (2.2.1) in which

Ct,t) =a >0, Ci(t,t) =8 >0,

Cii(t,s)=: f(t—s) <0, 8+ /OO flu)du >0, (2.2.12)
0
and

OQf(u)clu = F({t-s), F(t—s) <0,

Fy(t—s) <0, Fy(t—s) >0, F(t) <0, F(t) > 0. (2.2.13)
A function satisfying these conditions is
C(t,s) =2+3(t—s5) —e 79,

Moreover, taking a(t) = ¢ will show the desired behavior and will avoid
much of the work below.

Theorem 2.2.11. If (2.2.12) and (2.2.13) hold, then the solution x of
(2.2.1) is in L? whenever o’ € L'. Thus, R(t,s) generates an L* ap-
proximate identity on the vector space of functions ¢ : [0,00) — R with

¢"(t) € L]0, 00).
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Proof. We have

2 () = a'(t) — Ot )(t) — /0 Ci(t, )2 (s)ds

and
x//(t)
=a"(t) — az'(t) — Ci(t, t)x / Ci1(t, 8)x(s)ds
=a"(t) — az'( —/ft—s
0
Write
2 (t) —ax(t / f(u)dux(s
0 t—s
SO
x// (t)

=y —a2/(t /f Yduz(t /ft—s

=a"(t) — az'(t) — Bx(t) —/ft—sxs s
0

yza%w—ﬁmw—éwfwwwﬁ>

This yields the system

2 (t) = y(t) — ax(t) + /0 F(t — s)z(s)ds

- (o4 [ swan)ato

A suitable Liapunov functional is
z2(t 2(t
ISR ()

2 2 (ﬁ + J57 f(u)du>

—(1/2) /Ot (t—s)</:x(u)du> ds
— (1/2)F (%) </Ot x(u)du>2

or
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so that
a’(t)y
B+ [y f(w)du

2

— oy (1/2) /t Falt — s) (/Stx(u)du> ds

0
- x/ot Fs(t—s) /St x(u)duds

—(1/2)F() ( /O t x(u)du>2—xF(t) /O ' w(u)du.

Integrating the third-to-last term by parts yields

—z [F(t —9) /St x(u)du| + /Ot F(t— s)x(s)ds]

V' (t) = xy — ax® + x/o F(t — s)x(s)ds +

t

0
=—z [—F(t) /Ot z(u)du + /Ot F(t— s)x(s)ds] .

Hence,

a”(t)y
B+ [y fu)du

_(1/2) /Ot Folt—s) (/t x(u)du)st

— (1/2)F(t) (/0 x(u)du)
a”(t)y

B+ Jo fu)du

< —azx? + Kla"(t)|[V(t) + 1]

V'(t) = —az? +

< —az? +

for an appropriate constant K.
We integrate that differential inequality and obtain

t
V(t) < V(O)efof’K‘a”(s)‘ds_/ CKCQ(S)dS—I—efOtKlaN(S)‘dS.
0

This yields ¢ € L? whenever o’ € L'.
2.3 An Unusual Scalar Equation

The differentiated form (2.2.4) has been studied for more than one hundred
years. It enabled us to prove Theorem 2.2.2 which yields every solution of
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(2.2.1) bounded for every a with a’ bounded. But in order to utilize the
stability scheme described in the opening of Section 2.2 we must know that
(2.1.5) holds and that requires that every solution of (2.2.1) be bounded
for every bounded a. There is a little known companion of (2.2.4) with a(t)
instead of a/(t) and we will be able to prove a counterpart of Theorem 2.2.2
for it, thereby providing the machinery necessary for that stability argu-
ment. In fact, every theorem proved in the last section can be proved for
our central equation here simply by changing a’ to a, Ci(t,s) to —C;(t, s),
and the conclusion from properties of x to the same properties of fot z(s)ds.
Thus, our work here will be somewhat abbreviated, but enough detail will
be given so that the interested reader may make the indicated changes.
Once more we begin with the scalar equations

x(t) = a(t) _/0 C(t,s)x(s)ds, (2.3.1)

R(t,s) =C(t,s) —/ R(t,u)C(u, s)du, (2.3.2)

S

and
x(t) = a(t) _/0 R(t, s)a(s)ds (2.3.3)

under the same continuity conditions as with (2.1.1).

If C(t,s) contains an additive function of ¢, perhaps a constant, then
(2.1.6) must often fail. But such problems can be effectively removed if
Cs(t, s) is continuous. In that case we write (2.3.1) as

2(t) = a(t) — /O C(t, 5)a(s)ds
=a(t) — C(t, s)/o x(u)du

t t s
+/ Cg(t,s)/ z(u)duds
o Jo 0

=a(t) — C(t,1) /Ot x(u)du + /Ot Ca(t, s)/o x(u)duds.

If we let y(t) = fot z(u)du our equation becomes

Y(8) = alt) = Ot Dy(t) + /O Cat, $)y(s)ds. (2.3.4)

The covering assumption is that a, C, and Cy are continuous.
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There is good independent reason for studying fot z(u)du, as is discussed
by Feller (1941) concerning the renewal equation. The resolvent equation
for (2.3.4) is

Zs(t,s) = Z(t,s)C(s,s) — /t Z(t,u)Ca(u, s)du, Z(t,t)=1 (2.3.5)

with resolvent Z(t,s) and with y satisfying the variation of parameters
formula

y@)zZ@ﬁM@)+[;Z@5M@MS (2.3.6)

and (remembering that y(0) = 0 since y(t) = ft x(u)du) we have, upon

0
integration by parts,
t t s
y@:/a@%—/Zﬁ@/awwm. (2.3.7)
0 0 0

In this problem we will see y(t) bounded even when fot a(s)ds is unbounded,
meaning that Z4(t, s) generates an approximate identity on a space of un-
bounded functions. In the next example we will get an asymptotic identity.
But the crucial point is to note from (2.3.4) that if y(¢) is bounded and if

C(t,t) and fot |Ca(t, s)|ds are bounded, then y'(¢) = x(t) is bounded.

Theorem 2.3.1. Let Z(t,s) be the solution of (2.3.5). Every solution

y(t) = fot x(u)du of (2.3.4) is bounded for every bounded continuous a(t)
if and only if

t
sup/ |Z(t,s)|ds < oo. (2.3.8)
t>0Jo

Moreover, if (2.3.8) holds then Z(t,s) generates an approximate identity
on the vector space of continuous functions ¢ : [0,00) — R for which ¢’ (t)
is bounded. Finally, if in addition, y(t) — 0 for every a(t) which tends to
zero, then Z(t, s) generates an asymptotic identity on the vector space of
continuous functions ¢ : [0, 00) — R for which ¢'(t) — 0.

Proof. The proof of the first part is like that of Theorem 2.2.1 using (2.3.6)
with y(0) = 0. The next part, Z(¢, s) generates an approximate identity,
follows from (2.3.7) when we recall that y(t) is bounded for bounded af(t).
The last conclusion follows in the same way.
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Next, recall that y(0) = 0 and write
t t
y(t) = / elu =Cl9)ds g (4 dy
0
t u
+/ elu 70(5’5)‘“/ Ca(u, s)y(s)dsdu. (2.3.9)
0 0

Theorem 2.3.2. Suppose that a(t) is bounded, that fot elu —Cls:9)ds gy jg
bounded, and that there exists o < 1 with

t u
sup/ el *C(S’S)ds/ |Ca(u, s)|dsdu < a. (2.3.10)
0 0

t>0

Then for z(t) the solution of (2.3.1) we have fot x(s)ds bounded. Thus,
Zs(t,s) of (2.3.5) generates an approximate identity on the space of func-
tions ¢ such that ¢' is bounded. If |C(t,t)| + fot |Ca(t, s)|ds is bounded,
then xz(t) is also.

Proof. Use (2.3.9) and the supremum norm to define a mapping @ : BC —
BC by ¢ € BC implies that

t t u
(Qo)(t) = / i (9 g () oy + /O efu —Cls:s)ds /O Cy(u, 5)¢(s)dsdu.

0

If ¢ € BC, so is Q¢ by assumption and (2.3.10). Also, @ is a contraction by
(2.3.10). Hence, y(t) = f(f x(s)ds is bounded. The final conclusion follows
from (2.3.4).

Theorem 2.3.3. Let the conditions of Theorem 2.3.2 hold. Suppose that
for each T > 0

T u
/ el 70(5’5)‘“/ |Ca(u, s)|dsdu — 0
0 0
nd

a.

T t
/ efu: —C(s,s)dsdu =0
0

as t — oo. If, in addition, a(t) — 0 as t — oo then the solution x(t)
of (2.3.1) satisfies y(t) = fot z(u)du — 0 ast — oo. Also, for the Z(t,s)

of (2.3.5) we have fot Z(t,8)p(s)ds — 0 ast — oo for every continuous
function ¢ which tends to zero as t — oo.



2.3. AN UNUSUAL SCALAR EQUATION 93

Proof. Use the mapping from the proof of Theorem 2.3.2, but replace BC by
the complete metric space of continuous ¢ : [0,00) — R such that ¢(¢) — 0
as t — oo. Use the assumptions and essentially the classical proof that
the convolution of an L'-function with a function tending to zero does,
itself, tend to zero. (See the proof of Theorem 2.2.4.) This will show that
(Q¢)(t) — 0 when ¢(t) — 0. The mapping is a contraction as before with

unique solution y(t) = fot z(u)du — 0 as t — oo. The last conclusion is
immediate.

Theorem 2.3.4. Let [~ |Ca(u+ s,s)|du be continuous. If there is a
positive number « such that

/ |Ca(u+ s, 8)|du — C(t, t) < —«
0
and if a € L', then y € L' and bounded for any solution of (2.3.4). Hence
t t s
y(t) = / a(u)du —/ Zs(t,s)/ a(u)duds € L*.
0 0 0
Therefore,
t t s
(Po)t) = [ o(s)ds — [ Zu(t.s) [ otu)duds
0 0 0

maps W — L' where ¢ € W if ¢ is continuous and ¢ € L*.

Proof. Let
v = o)l + | t | 1Catus s.s)iduly(olas
so that
V) < al0)] - 0] + [ 10 9u(s)as
+ [ 1Catur plaulyo] - [ icatesuolas

< la(t)] + [—C(w - " Cau+ t,t>|du} ()|
< la(®)] - aly(0)].

Hence, a € L' implies y € L. Also, V bounded yields y bounded.
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Keep in mind that these results are not to be confused with those in
Section 2.2. Here, y = fo s)ds and additional work is needed to obtain
properties of x.

Theorem 2.3.5. Let [~ |Cao(u+ s, s)|du be continuous. If there exists
o > 0 such that

oS] t
/ |Cg(u+s,s)|du+/ |Ca(t, s)|ds — 2C(t,t) < —
0 0

and if a € L? then any solution y(t) of (2.3.4) on [0 oo) is also in L? and
bounded. Notice that for a(t) = 1/(t + 1), then fo u)du = In(t + 1) so
the terms in the variation of parameter formula (2.3.7) tend to oo and, yet,
the difference in the terms is in L?.

Proof. Let
t [ee]
(¢ —|—/ / |Co(u + s, 8)|duy?(s)ds
0 Jt—s

so that for /2 > 0 there is a positive number M with 2y(t)a(t) <
(o/2)y*(t) + Ma*(t) and

VI () = 2y(t)a(t) — 2C(L, 1)y (1) + 2u(t /c (t, )y
+/0 |Ca(u + t,t)|duy?(t /|Cgts|y s)ds
< Ma®(t) + (/2)y*(t) — 2C(t, t)y

/|C (t, 5)|(y* () + y*(s))ds
+/O |Co (u + t,t)|duy®(t /|C2ts|y s)ds

= Ma*(t) + [(oz/Z) —2C(t,1)

00 t
+/ |Ca(u + t,t)|du +/ |Cs(t, s)|ds} y2(t)
0 0
—(a/2)y*(t) + Ma(t).
This yields y € L?. As V is bounded, so is .

The following result is a companion to Theorems 2.2.7 and 2.2.8 and is
proved in exactly the same way. Notice that we obtain (2.1.5) so that the
stability scheme of Section 2.2 can be realized.
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Theorem 2.3.6. Let C(t,t) > o> 0, H(t,s) = —Cs(t, s), and let
H(t,s) >0, He(t,s) <0, Hs(t,s) >0, Hu(t,s) <O0; (2.3.11)

if a € L?[0,00), then any solution y of (2.3.4) is bounded; also, Z(t,0) €
L?[0,00) and bounded so by (2.3.6) for (2.3.4), fot Z(t,s)a(s)ds € L?[0,00)
and bounded. Define A(t) by

At) = /Ot Hy(t,s)(t—s) /t aQ(u)duds—i—H(t,O)t/o1t a®(u)du. (2.3.12)

If there is an M with A\(t) < M and if a(t) is bounded so is every solution
of (2.34). If C(t,t) and fot Cs(t, s)ds are bounded, so is the solution of
(2.3.1); in particular, then, sup,> fot |R(t, s)|ds < cc.

Proof. Define V as in the proof of Theorem 2.2.8 with x replaced by y and
get

V'(t) < —FEy* + Dd?(t)

for positive constants D and E. The constant M in (2.2.11) is defined with
a’ replaced by a. The theorem is repeated with y bounded. That means
that fot x(s)ds is bounded. The bound on z, the solution of (2.3.1), follows
as stated in the theorem. Finally, in that last case x is bounded for every
bounded and continuous a(t) so by Perron’s theorem (2.1.5) holds.

2.4 A Mathematical David & Goliath: Periodicity

We begin once more with

2(t) = a(t) — /0 C(t, s)a(s)ds, (2.4.1)

Rit,s) = C(t,s) — / " R(t, u)C(u, 5)du, (2.4.2)
and

(t) = a(t) — /0 R(t, s)a(s)ds (2.4.3)

with the same continuity properties as in (2.1.1) and C} continuous.
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This continues with the notation from Theorem 2.1.6 and Lemma 2.1.1
and we also differentiate (2.4.1) to obtain

2 =d(t)— Ot t)z(t) — /0 Cy(t, s)x(s)ds. (2.4.4)

From (2.4.4) and the variation of parameters formula we have a new integral
equation with z(0) = a(0) in the form

t u
2(t) = 2(0)e Jo C(S’S)ds—l—/ e~ Ju Cls:9)ds {a’(u) —/ C1(u, s)x(s)ds} du.
0

0
(2.4.5)
We assume that there is a T > 0 with
a(t+T)=a(t) and C(t+T,s+T) = C(t,s). (2.4.6)

Notice that (2.4.6) will bestow many properties on (2.4.5). For example,
C(t,t) is periodic since C(t +T,t+ T) = C(t,t). Thus,

+T ¢
/ C(s,s)ds:/ C(s, s)ds,

+T

as will be needed to show periodicity later. We suppose that there is a
number ¢* > 0 with

C(t,t) > ¢* (2.4.7)

and an « < 1 with
t . u
/ e Ju C(S’S)ds/ |Cy (u, s)|dsdu < « (2.4.8)
0 0

which will make the mapping defined from (2.4.5) be a contraction on any
space with the supremum norm. Notice again that (2.4.8) is almost like in-
equality (2.2.8) in Theorem 2.2.1. We are assuming that when we integrate
Cy(t,s) we get less than C(¢,s); something is lost in the differentiation,
possibly a constant.

In order to prove that (2.4.5) has an asymptotically periodic solution in
the same way we proved Theorem 2.1.6, (2.4.5) must be decomposed into
the mappings A and B as in the proof of Theorem 2.1.6. Recall that in the
notation we are using p is periodic and ¢ tends to zero. See Lemma 2.1.1.
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Thus, we begin by writing o’(¢t) = p*(t) + ¢*(t) € Y and define a mapping
from (2.4.5) by ¢ = p+ ¢ € Y implies that

(P6)(t) = a(0)e i Ol

T /0 o= JiC(s,5)ds {p*(u) +q* (u) — /Ou Cy(u, s)[p(s) + q(s)]ds | du.

(2.4.9)
The decomposition will be done in the proof of Theorem 2.4.1.
Suppose that f_ooo |Cy (¢, s)|ds is continuous, that
0
/ |Cy(t, s)|ds — 0 as t — oo, (2.4.10)
and for g € @ then
¢
/ Cy(t, s)q(s)ds — 0 as t — oc. (2.4.11)
0

It may help to understand these by noting that if C' were of convolution
type then (2.4.10) would say that C; € L]0, 00), while (2.4.11) would then
be the classical theorem that the convolution of an L! function with a
function tending to zero does, itself, tend to zero as t — oo.

Lemma 2.4.1. If (2.4.7) holds then
0 t
/ e JuCERNds gy 0 ast — oo (2.4.12)
—0o0
and for q € Q) then

t
/ e Ju O () duy — 0 as t — . (2.4.13)
0

Proof. We have ¢* = minC(¢,t) and C(t,t) € Pr. Thus,

0 0

/ e St C(s,s)ds g, < (1/6*) / C(u, u)ei JE C(s,s)ds g,
- - 0

_ (1/6*)6_ f; C(s,s)ds

—0o0

— (1/6*)€f5 —C(s,s)ds

which tends to zero as t — oo.
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Next,

t t
/ e~ L O3 g )] du < / e 1= () du
0 0

which is the convolution of an L!-function with a function tending to zero
so it tends to zero.

Theorem 2.4.1. In (2.4.1) let o’ and C1(t,s) be continuous. Let (2.4.7)-
(2.4.8), and (2.4.10)-(2.4.11) hold. Suppose, in addition, that

[ e sas (2.4.14)

—0o0

is bounded and continuous, while C(t +T,s+T) = C(t,s). Ifa’ € Y so is
x, the unique solution of (2.4.1).

Proof. Using (2.4.5) we define a mapping P: Y - Y byd=p+qgeY
implies that

t
(P¢)(t) = a(O)e_ N C(s,s)ds+/ e~ JE C(s,s)ds[ / Cl ’U, S dS] du.

0

By (2.4.8) it is clearly a contraction, but we must show that P : Y — Y.
Write a’ = p* + ¢* and then

(Po)(t) = / C e fictan [p*(u)— / ’ cl(u,s>p(s>ds]du

— 00

_/ e —Jlces, s)ds/ Cl u 8) ( )dsdu+a(0) — J{ C(s,s)ds

0

0
_/ ffC(s'?)ds|: / Cl’U,S )d5:|d

¢
+/ e_fvjc(s’s)ds/ Ci(u, s)p(s)dsdu
0 —oo

t
+/ e_fuc(s’s)dsq*(u)du.
0

The first term on the right-hand-side is clearly in Py. In the second
term, fou C1(u, s)q(s)ds € @ by (2.4.11). Hence the second term is in @ by
(2.4.13). The third term is in @ by (2.4.7). The fourth term is in @ by
(2.4.12), (2.4.14), and the fact that p* € Pr and, hence, is bounded. The
next to last term is in @ because of (2.4.10) followed by (2.4.11). The last
term is in @ by (2.4.13). This completes the proof
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Remark 2.4.1. Notice in the last result that a significant instability can
occur at 3 = 1. Under conditions on C(t, s) of Theorem 2.2.9 the integral of
that resolvent has been faithfully following sin(t+1)” so that the difference
is an LP function. Suddenly, that relationship breaks completely and the
integral with the resolvent seems to “struggle along trying to catch up
with sin(t 4+ 1)” but always is out of step, lagging by a nontrivial periodic
function plus a function tending to zero.

Corollary 1. If the conditions of Theorem 2.2.9 hold and if 0 < f < 1
then sin(t + 1) — fot R(t,s)sin(s + 1)?ds € L*® for some s < co. But at
8 = 1, under conditions on C(t,s) of Theorem 2.4.1 then s = co and that
difference approaches a periodic function.

We can now state the promised result, a corollary of Theorems 2.4.1
and 2.2.8.

Corollary 2. Let the conditions on C(t,s) of Theorems 2.4.1 and 2.2.9
hold. For fixed € (0,1) there is ap € Pr, q € Q, and u € L*[0,00) for
some s > 0 so that the solution of

x(t) =sint 4 (t +1)% — /Ot C(t,s)x(s)ds

may be written as
z(t) = p(t) + q(t) + u(?).
Proof. The solution is
t
2(t) = sint + (t + 1) / R(t, s)sins + (s + 1)]ds.
0
But
t
(t+1)° —/ R(t, s)(s + 1)Pds = u(t) € L*[0, 00),
0
while
t
sint —/ R(t, s) sin sds
0

is the solution described in Theorem 2.4.1 and it has the required form of
p+q.

Here is an example which should awaken the most complacent among
us. It is a mathematical David and Goliath.
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Example 2.4.1. Let the conditions on C of Theorem 2.4.1 hold and let
a(t) = t+sint. Thena' € Pr CY. The solution of (2.4.1) is asymptotically
periodic. The large function t is simply absorbed, while sint makes its
presence felt forever.

Example 2.4.2. For a transparent example linking Theorem 2.2.9 and
Theorem 2.4.1, let k > 0,

C(t,s) = k+sin®s + D(t — s), D(t) > 0, D'(t) < 0.
We then have

/t —D'(s)ds = D(0) — D(t) < D(0)

and C(t,t) = k 4 sin®t + D(0) and so we readily verify the inequality in
Theorem 2.2.9 holds for large N and n. To satisty (2.4.8) we have

t u D
— [ [k+sin® s+D<0>]ds/ —D'(u — s)dsdu < _DO)_
/O ‘ 0 (u S) s k + D (O)

and conditions of Theorem 2.4.1 are satisfied.

Notice in Theorem 2.4.1 that we work with Cj(¢,s) and that condi-
tions (2.4.10), (2.4.11), and (2.4.14) all concern C (¢, s). We now consider
the transformation of Section 2.3 to obtain a completely parallel result by
working with C(%, s) and to avoid differentiating a(¢). This time one might
think of C(t,s) = k+sin?t + D(t — s) and note that C,(t,s) = —D'(t — s);
the kernel has been cleansed of k 4 sin?¢ so that conditions of Theorem
2.2.9 can possibly be satisfied.

Review the work in Section 2.3 where we obtain (2.3.4) and designate
it here as

t
y'(t) = a(t) — C(t, t)y(t) +/ Cs (¢, 8)y(s)ds. (2.4.15)
0
By the variation of parameters formula we have
t u
y(t) = / e Ju Clos)ds [a(u) + / Cs(u, s)y(s)ds} du (2.4.16)
0 0

and we will need o < 1 with

t u
/ effic/‘(s,s)ds/ |Ca(u, )| dsdu < o (2.4.17)
0 0
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Parallel to (2.4.10) and (2.4.11) we ask that
0
/ |Cs(t, s)|ds — 0 as t — oo (2.4.18)
—00

and
¢
/ Cs(t,8)q(s)ds — 0 as t — oo for ¢ € Q. (2.4.19)
0

Conditions (2.4.7), (2.4.12), (2.4.13), and Lemma 2.4.1 will be the same for
both (2.4.4) and (2.4.15), while (2.4.14) will be replaced by the condition
that

/t |Cs(t, 5)lds (2.4.20)

— 00
is bounded and continuous.

Theorem 2.4.2. In (2.4.1) let a(t) and Cy(t, s) be continuous. Let (2.4.7),
(2.4.17)—(2.4.20) hold. Let C(t + T,s+ T) = C(t,s) for some T > 0. If
a €Y so is the unique solution of (2.4.1) and of (2.4.16).

Proof. The proof that y € Y is completely parallel to that of Theorem
2.4.1. Then consider (2.4.15) with y € Y so that y = p + ¢. We have

/C’ts s)+q(s) ds—/ Cs(t, s)p ds—/ Cs(t, s)p
—l—/ Cy(t, s)q(s)ds € Y.
0

It follows that v’ € Y.

2.5 Floquet Theory

Consider once more (1.2.7), (1.2.8), and (1.2.10) which we designate here
as

2/ (t) = A(t)x(t) +/0 B(t,u)z(u)du + f(t), (2.5.1)

Becker’s resolvent

0

&Z(t,s) = A(t)Z(t,s) —1—/8 B(t,u)Z(u,s)du, Z(s,s)=1, (2.5.2)
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and variation of parameters formula
t
x(t) = Z(t,0)z(0) + / Z(t,s)f(s)ds. (2.5.3)
0

We examine the resolvent equation and notice that in Z(¢, s) it is the
case that s is the initial time. Thus, when we ask that

t
sup/ |Z(t,s)|ds < o0
t>0Jo

then we are integrating with respect to the initial time and that is, at best,
disturbing. If we think of the convolution case with A(¢) constant, we note
that Z(t,s) = Z(t — s) so that

/Ot |Z(t,s)|ds = /Ot |Z(t — s)|ds = /Ot 1 Z(s)|ds :

we are integrating with respect to the real time, not the initial time! For a
case close at hand, look back at our Theorem 2.2.5 with Liapunov functional

v =kl + | [ 1Bt ) dula(s)lds.

We can take a = 0, z(0) = 1, and get
VI(t) < —alz(t)] = —al Z(1)]

so that instantly we have fooo |Z(t)|dt < oo. In other words, if our equation
were only of convolution type and had A constant then we could dispense
with that bounded function a(t) which has caused so much trouble and
we would never need to introduce ® as we did in Theorem 2.1.12 and will
do again later for an integrodifferential equation. Equation (1.2.10) would
immediately give us x bounded for a’ bounded.

Floquet theory shows us that whatever can be proved for a constant
coeflicient system can be proved for a periodic system. Indeed, there is a
Liapunov transformation mapping 2’ = A(t)z into a constant coeflicient
system, 3y’ = Ry. Specifically, for the matrix system

¥ =Alt)x, A{+T)=A(t), 3IT >0,
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the principal matrix solution is Z(t) = P(t)ef® where R is a constant
matrix and P is periodic and nonsingular; hence, P and P! are bounded.
The solution of ' = A(t)y + F(¢) with bounded F is

with the integral bounded by K fot left*|ds for some K. Again, we are able
to get by simply by integrating the real time ¢ instead of the initial time s.

Becker, Burton, and Krisztin (1988) set out to do the same for a
Volterra equation

¥ = A(t)x —1—/0 B(t, s)x(s)ds (2.5.4)

under the assumption that A and B are continuous and there is a T" > 0
with

At+T)=A(t), Bt+T,s+T)=DB(t,s). (2.5.5)
This was shown in Burton (2005b; p. 105) to imply that
Z(t+T,s+T)=Z(t,s). (2.5.6)

The goal is a Floquet theory for Volterra equations in the sense that we
can integrate the real time instead of the initial time. That is, we want to
show that

|1z sar

bounded implies that
t
sup/ |Z(t, s)|ds < o0.
t>0 Jo

In particular, if

/:O \Z(t, 5)|dt

is bounded for 0 < s < T', then certainly

T e8]
/ / |Z(t,s)|dtds < oo
0 s

and it turns out that this, and mild side conditions on B, does imply that
SUp;>g fot |Z(t, s)|ds < co. This means that in our struggles in Section 2.2
we can set a’(t) = 0, resulting in simple arguments.
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We will see this struggle continue throughout the book. There are
solutions to this difficulty in place of the periodicity assumptions. The
reader may see several examples of this in Section 2.6. Frequently, an
integration of the resolvent equation, followed by change of the order of
integration, can bring about exactly the situation we want. New results in
this direction would be most welcome and we would expect such efforts to
be very rewarding.

In preparation for the main result we first prove a special form of
Sobolev’s inequality.

If g : [a,b] — R™ has a continuous derivative, then

/ (lg(w)| + (b= a)lg'(w)]) du = (b — a) max |g(u)|. (2.5.7)

a<u<b

A simple proof proceeds as follows. Let ug,u1 € [a,b] and m, M € R be
defined by

= 1 = M: — )
m= iy o] =lg(uo)l, max Jg(w)| = lg(u)|

Then

b
[ st + 6= alg @) au

/u1 g'(u) du
z (b—a)m+ (b —a)lg(u1) — g(uo)|
> (b—a)m+ (b= a)(lg(ur)| = |g(uo)|) = (b —a) M.

> (b—a)ym+(b-a)

One may verify that (2.5.7) holds for n x n matrices using the induced
matrix norm.
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Theorem 2.5.1. Let A and B be continuous, Z(t, s) satisfy (2.5.2), and
let (2.5.5) hold.
(i) If there is a J > 0 such that

¢
/ |B(u,s)|du<J for 0<s<t<oo (2.5.8)
S
and
T [eS)
/ / |Z(t,s)|dtds < o0, (2.5.9)
0 s
then
¢
sup/ |Z(t,s)|ds =M for some M >0. (2.5.10)
>0 Jo

(ii) If there is a K > 0 such that
¢
/ |B(t,s)|ds <K for t>0, (2.5.11)
0

then (2.5.10) implies (2.5.9).

Proof. If we integrate (2.5.2) from s to ¢, s < t, we obtain

/: |0Z (u, s)/0u| du
<l [ 1zt [ [ B2, i

smM+@/Wﬂwﬂm,

where || A]| = maxo<;<7 |A(t)|, as may be seen by interchanging the order
of integration.
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Let t > T be fixed. There exists an integer ¥ > 1 and an n € [0,T)
with t = KT 4+ n. Then,

¢ kT kT+n
/ |Z(t,s)|ds=/ |Z(kT+n,s)|ds+/ \Z(kT + 1, 5)| ds
0 0

kT
kT n

:/ |Z(kT+n,s)|ds+/ |Z(n,u)| du
0 0

(using Z(t+T,s+T)=Z(t,s)

and a variable change)
/ Z|Z iT+mn,s |ds—|—/ |Z(n,u)| du
(by induction)

<a—|—/ max  |Z(u,s)|ds,
'LT<u< (i+1)T

where @ = supg<, <7 Jo 1Z(u,s)| ds. Applying (2.5.7), we have

t
| 1zelds
0
Tk DT 0Z (u, s)
Soz—l—/ Z/ {T|Z(u,s)|+‘THdudS
/ / [ ‘8Z(u,s)
<a+ (u, )| + |——=
ou
<a+<|A|+J+ )/ / Z(u,s)|duds.

Since t is arbitrary, (2.5.9) implies (2.5.10).
Now assume that (2.5.10) and (2.5.11) hold. In order to prove (2.5.9),
by Fubini’s theorem and the continuity of Z(t, s), it suffices to show that

/ / Z(t,s)|dsdt < c0.

T
r(t):/ |Z(t,s)|ds for t>T.
0

] duds

Let
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Then for t; > t; > T we have

T
r(t2) = r(t1)] = ‘/0 (1Z(t2, 5)| = 1Z(t1, 5)]) ds

T
s/o 1Z(ts, ) — Z(t,5)| ds

_ /0 ! /t t (0Z(t, 5)/0t) dt

T ta
< / / 0Z(t, s)/0t| dt ds .
0 t1

Changing the order of integration yields

ds

to T
|7“(t2)—7“(t1)|§/ / 0Z(t, s)/0t| ds dt

to

dsdt

; /tB(t v)Z (v, s) dv

to
S/ HAH/ ts|dsdt+/ //|Btv||sz)|dvdsdt
t1
ta to
g/ HAH/ |Z(t,s)|dsdt+/ // 12 (v, 5)| ds| B(t, v)| dv dt
t1 0 t1 0 0

< [T A+ A < (ALY + KA 1),

t1

This shows that r(¢) is Lipschitz continuous with Lipschitz constant L =
(Al + K)M.

Now (2.5.10) and Z(t +T,s+T) = Z(t, s) imply that

> r(iT+n) <M
=1

for all n € [0, 7).
Let & > 0 be an integer. It follows from the Lipschitz condition on r
that

r(iT +n+u) <r(iT +n) + L(T/k)
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fori=1,2,...,mn€[0,T), u € [0,T/k]. Thus,

kT k=lk=1 iT+(j+1)(T/k)
/ r(t)dt = / r(t) dt
I3

T i=1 j=0 Y iT+3i(T/k)

Since k is arbitrary, r € L'[T, 00) and the proof is complete.

Corollary. Let A and B be continuous, Z(t,s) satisfy (2.5.2), and let
(2.5.5) and (2.5.8) hold. If there is an E > 0 such that

o0
/ |Z(t,s)|dt < E forall se[0,T], (2.5.12)
S
then
¢
sup/ |Z(t,s)|ds =M for some M >0 (2.5.10)
>0 Jo

is satisfied.
Proof. If we integrate (2.5.12) from 0 to T, the value is bounded by ET.
Theorem 2.5.2. Suppose that (2.5.5) and (2.5.8) hold with

oo
/ 1Z(t,0)] dt < .
0

Then Z(t,0) — 0 as t — oo.
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Proof. We showed in the proof of Theorem 2.5.1 that

o0

/ " 102(u,0)/0ul du < (JA] +J) / 12 1, 0) ds.
0 0

A similar result holds for each jth column of Z(t,0), say z(¢,0,¢;). If the
theorem is false, there is a j, an € > 0, and a sequence {t,} — oo with
|2(tn,0,€;5)] > €. Also,

t
z(t,0,e;) = ¢ —l—/ 2'(u,0,€;) du
0
so that t, <t <t, + 1 implies that
t
|2(t,0,e;) — z(tn,O,ej)‘ < / 12" (u,0,€;)| du < €/2
tn

for large n. Hence |2(t,0,e;)| > €/2 for t, <t < t, + 1, contradicting
2(t,0,e;) € L'. This completes the proof.

Example 2.5.1. Consider (2.5.1) and suppose that f(t) = 0. If there is
an «a > 0 with

A(t) +/ |B(u+t,t)|du < —«
0
then for 0 < s <t < oo we have
¢
/ \Z(u, )|du < 1/a
S

and the conditions of the corollary are satisfied.

Proof. Becker’s resolvent may be written as

2'(t) = A(t)z(t) —|—/ B(t,u)z(u)du, z(s)=1.

Thus, z(t) = Z(t,s). Define the Liapunov functional

V) ==+ [ [ 1Bt v olduds)ldo
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so that
V(1) < A(B)]z(8)] + /t | B(t, u)||2(u)|du
+ /OOO |B(u + t,t)|du|z(t)| — /t | B(t,v)]|z(v)|dv

= {A(t) + /000 |B(u+ t,t)du] [2(2)]
—a|z(t)].

An integration yields the result.

IA

Here is one of the main applications of Theorem 2.5.1. It is known
that there are examples of (2.5.1) which do have periodic solutions; indeed,
when B = 0 they are very common. But for a general B they are rare.
The reason for that is that the right-hand-side of (2.5.1) is generally not
periodic even when f is periodic. But (2.5.1) can have solutions which are
asymptotically periodic in the sense described below.

Under the conditions of Theorem 2.5.1, the following is shown in Burton
(1985; p. 102) or (2005b; p. 105). Suppose that

¢ ¢
lim |B(t,s)|ds = / |B(t,s)|ds (2.5.13)

—
n—=oo J_nT —o00

is bounded and continuous in t, that
t
/ |Z(t,s)|ds <M for ¢t>0, (2.5.14)
0

that Z(¢,0) — 0 as ¢ — oo, and that f(¢t +T) = f(¢). Then there exists
a sequence of positive integers {n;} such that the function = defined in
(2.5.3) satisfies

z(t +n;T,0,x0) — /t Z(t,8)f(s)ds:=y(t), j— oo, (2.5.15)

where y(t) is a T—periodic solution of
t

d t
Z—R = A(t)y +/ B(t,s)y(s) ds + f(t) (2.5.16)
on (—o00, 00).

Example 2.5.1 will lead us to two more sections in which we focus on
Liapunov functionals for the resolvent equations themselves instead of on
the differential equation.
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2.6 Liapunov Functionals for Resolvents

We can watch how Liapunov functions have evolved. With small changes
at each step the Liapunov function for

2 (t) = —z(t)
is applied to
a'(t) = —x(t) + x(t - 1),

then to

and then to

2 (t) = —z(t) +/0 a(t, s)z(s)ds,

with many nonlinearities added along the way. In just the last section we
saw the Liapunov functional for

2 (8) = Alt)a(t) + /0 B(t, w)a(w)du

being changed minutely to yield properties of the resolvent

%Z(t,s) = A(t)Z(t,s) —1—/3 B(t,u)Z(u,s)du, Z(s,s)=1.

It was so simple because the main change was only the lower limit on the

integral. Turning to integral equations, we have seen these same Liapunov
functionals being modified to cover integral equations of the form

x(t) = a(t) —/0 C(t, s)x(s)ds

and we have deduced properties of the resolvent, R(¢, s), by studying that
result together with the variation of parameters formula

(t) = a(t) — /0 R(t, s)a(s)ds.

Thus, the properties of the resolvent were always intimately connected with
properties of a(t). We had enormous flexibility. No connection between a(t)
and C(t,s) was required.
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But the resolvent equation involves only C(¢, s), totally independent of
any forcing function a(t). Surely, we can get closer to the basic properties
of R(t,s) by studying

R(t,s) = C(t, s) — / R(t, w)C(u, 5)du.

Here, the forcing function C(t,s) is the same as the kernel. All of our
flexibility has vanished. Thus, the resolvent equation seems so different
than the resolvent of the integrodifferential equation that we can hardly
believe that the old Liapunov functionals can be advanced to it. But they
can. And that is the substance of this section. The necessary changes are
surprisingly small and the reader will anticipate most of the results as we
move along.

In fact, the Liapunov functionals in this case are surprisingly superior to
those in the former cases. The ones we obtain here are positive definite with
negative definite derivatives (with respect to the quantity C (¢, s) — R(¢, s)).
Moreover, we are now in a position to use all the theory developed in Section
8.3 of Burton (2005¢) to attack the problem of showing that C(¢, s)— R(t, s)
tends to zero. While z(t) has so frequently followed a(t) in previous work,
here we see that R(t, s) follows C(t, s).

2.6.1 Introduction

We return to the three scalar equations
t
ot) =a(t) - [ Clt.s)a(s)ds, (2.6.1)
0
t

R(t,s) =C(t,s) —/ R(t,u)C(u, s)du, (2.6.2)

S

(equivalently Rt,s) = C(t,s) — / "t R, s)du)

and variation of parameters formula

x(t) = a(t) —/0 R(t, s)a(s)ds. (2.6.3)

We have seen many results supporting the idea that if C' is a “nice”
kernel, then z(t) follows a(t). Here, we notice that it is also true that
R(t,s) follows C(t,s). In fact, for fixed s then C(t,s) is an excellent
L'[s, 00) approximation to R(t,s) and this should be useful in many prob-
lems. The first step in studying this is to note the fundamental property
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that f: |R(u, s)|Pdu < Kf: |C(u, s)|Pdu for some positive integer p. The
real surprise is that this relation can be obtained either from properties of
the derivatives of C with respect to both ¢ and s or from integrals of C'
with respect to both ¢ and s.

For much of the work here it will more than suffice to ask that a and C
be continuous on [0, 00) and [0,00) X [0, 00), respectively. However, there
will be times when we will indicate certain partial derivatives of C' and it
will be assumed that these are continuous. The main requirement would
be that the Liapunov functional defined in (2.6.10) can be differentiated by
Leibnitz’s rule.

Our objective is to construct Liapunov functionals for (2.6.2) from
which we can deduce properties of R(t,s) so that we will be able to obtain
properties of the solution, x(t), from the integral in (2.6.3).

It is clear that we need to know properties of the integral of R with
respect to s. And it is difficult because s is the initial time. Thus, it will
often be convenient to use our fundamental Theorems 2.1.2 and 2.1.3 which
we state here for ready reference.

Theorem 2.6.1.1. The solution of (2.6.1) is bounded for every bounded
continuous function a(t) if and only if

t
Sup/ |R(t, s)|ds < oc. (2.6.4a)
0

t>0

Theorem 2.6.1.2. If there is a number o < 1 such that

¢
sup / |C(t, s)|ds < « (2.6.5a)
0

0<t<oc0

then each solution of (2.6.1) is bounded for every bounded and continuous
function a. (See Theorem 2.1.3.)

Thus, (2.6.5a) implies (2.6.4a) and that will be used repeatedly. We
will, however, focus on cases in which (2.6.5a) does not hold.

There is a long line of results in integral equation theory in which the
objective is to show that the solution is in LP for some p and there are
important problems in which the objective is to study the integral of the
solution, z(t), of (2.6.1), as may be seen for example in Feller (1941). This
section begins with the idea that if we are willing to work with f(f x(s)ds
instead of just z(¢), then we can work with the integral of R with respect
to t rather than with respect to s.

The reason that is important here is that we can construct Liapunov
functionals which will give us direct information about fot |R(u, s)|du, as
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opposed to the indirect information in Theorem 2.6.1.1. This is possible
entirely because Miller (1971a; p. 193 and 200) has shown that

¢ ¢
/ R(t,u)C(u,s)du = / C(t,u)R(u, s)du
so that (2.6.2) can be written as
¢
R(t, s) = C(t, s) — / C(t, w) R(u, ). (2.6.2%)

The work will focus on four sets of conditions.
Set #1 asks that there is a positive number « such that

¢
C(t,t) — / |Cs(t, s)|ds > «
0

and

C(t,1) +/0 IOy (t, )|ds

is bounded. This will yield (2.6.4a) and its proof is parallel to the classical
proof of Theorem 2.6.1.2. It will also yield |R(¢,s)| bounded, a central
result in this discussion.

Set #2 asks that there exist an o < 1 with

sup/ |C(t+ v, t)|dv < « (2.6.5b)
>0 Jo
and yields
¢
sup / |R(v, s)|dv < o0, (2.6.4b)
0<s<t<oo J g

so it is a counterpart to (2.6.5a) and (2.6.4a) with corresponding applica-
tions, both alone and with (2.6.5a).
Set #3 abandons the integral conditions, asking instead that

C(t,s) >0, Cs(t,s) >0,
Ct(t, S) S 07 Cst(t, S) S 0.

Surprisingly, the derivative conditions yield virtually the same as our inte-
gral conditions.

Set #4 allows us to “cleanse” the kernel of additive functions of ¢,
frequently constants, asking that fooo |Ce(u + t,t)|du — C(t,t) < —a for
some positive number «, yielding results parallel to those with Set #2.
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MOTIVATION

We now introduce some ideas which will be developed in the coming
subsections. We will be concerned with cases in which (2.6.4a) holds, or
|R(t, s)| is bounded, or fst |R(u, s)|Pdu is bounded. These simple results
direct our later investigations. Here are some of the consequences of the
properties which we will prove.

Theorem 2.6.1.3. If there is a number M with |R(t,s)| < M for 0 <
s <t < oo and if a € L'0,00), then the solution z of (2.6.1) satisfies
|z(t) — a(t)| < K for some K >0 and all t > 0.

This is an immediate consequence of (2.6.3) since

(1) — alt |</|Rts||a |ds<M/ 5)|ds.

Thus, we seek conditions under which |R(¢,s)| < M.
We will see that there is a certain duality between a and x, as there is
between R and C.

Theorem 2.6.1.4. If (2.6.4a) holds, if f: |R(u, s)|du is bounded for 0 <
s <t < oo, and if a € L?" [0,00) for some positive integer n, then x €
L?"[0,00), where = solves (2.6.1).

Proof. There is an M with [} |R(t,s)|ds < M. If a € L? then

22(t) < 2<a2(t) + (/Ot R(t, s)a(s)ds>2>
2«0+ [ 1RG5 lds / R, la(s)as )
2 (a2(t) M /Ot IR(t, s)|a2(s)ds) .

An integration and change of order of integration yields

(1/2) /Ota:2(s)ds g/ot a2(s)ds—|—M/0t /: | R(u, s)|dua?(s)ds

This gives the result for n = 1. An induction with repeated squaring and
inequalities as above yields the first conclusion.

IN

IN

As (2.6.5a) implies (2.6.4a) we seek conditions to ensure that
f: |R(u, s)|du is bounded.
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Theorem 2.6.1.5. Ifa € L'[0,00) and if f: R*(u, s)du is bounded for
0<s<wu<t<oo, then fot(x(s) — a(s))?ds is bounded.

Proof. There is an M with [, a(u)|du < M and f; R?(u,8)du < M so
from (2.6.3) we have

2

(a(t) - ate)? = ( | RO SJals)ds )
</ Ja(s)lds / a() B2t )ds
SS9 a() B2t 5)ds.

Upon integration and change of order of integration we have

/Ot(x(s) —a(s))%ds < M/Ot /Ou la(s)| R (u, s)dsdu
‘M/Ot /: R?(u, s)dula(s)|ds

t
< M2/ la(s)|ds < M®.
0

Thus, we seek conditions under which f: R?(u, s)du is bounded. See,
for example, Theorem 2.6.5.2 for sufficient conditions for this to hold.

This is readily extended. In the same way we can write

(a(t) - ate)* < 32 | a() B s)ds>2

§M3/O la(s)|R(t, s)ds.

Inductively we can obtain the statement that if a € L'[0,00) and if
fst R?" (u, s)du is bounded then fot(x(s) — a(s))?"ds is bounded.

From the above considerations we see that a(t) is an approximation to
x(t). But then we look at (2.6.1) and (2.6.3) with the thought that C(%, s)
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is surely an approximation to R(t, s). Indeed it is. Two of our results give
conditions under which

t t
/ R, )|du < K/ C(u, 8)|du, K >0,
S S
and
t t
/ R?*(u, s)du < / C?(u, s)du.
That leads us to the following results.
Theorem 2.6.1.6. If there are positive constants My and My with
t t
/ |R(v, s)|dv < M; and / |C(u, s)|du < My
for 0 < s <t < oo, then
t
/ R(u, ) — C(u, 5)|du < My M.
S

Proof. From (2.6.2) we have

/: |R(u,s) — C(u, s)|du < /: /: |R(v, u)C(u, s)|dudv

t t
:/ / R, u)|dv]C(u, )| du
< M7 Ms.

See, for example, Theorem 2.6.3.1 for sufficient conditions for this result
to hold.

That relation can be far better than the obvious one of M7 + M. If, for
example, My < 1 then M1 Ms < M7; R and C converge to each other faster
than they converge to zero in L!. There are problems in which we would
like to use C(t,s) as an approximation to R(t,s) so we strive to improve
the relationship.
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Theorem 2.6.1.7. Suppose there are positive constants My, My, and
M3 with

t
/ RQ(u,s)dung, 0<s<t< oo,

t
/ |C(v,u)|dv < M2, 0 < u <t < oo,
u

and

t
/ |C(t,u)|du < M3, 0<s<t<o0.
S

Then f:(R(u,s) — C(u,s))?du < My MoMs3 for 0 < s <t < oo.

Proof. We have

(R(t,s) - C(t,s))2 - ( / "t R, s)du)

g/ |C(t,u)|du/ IOt u)| R2(u, 5)du

2

S0

t t v
/(R(u,s)—C(u,s))QdugMg// |C (v, u)|R? (u, s)dudv

S St St
SMg/ / |C (v, u)|R?(u, s)dvdu

St u .

§M3/ RQ(u,s)/ |C(v, u)|dvdu

< M3 MyM,.

This completes the proof.

Thus, we seek conditions under which f: R?(u, s)du is bounded.

In Liapunov theory for differential equations we almost always find the
derivative of the Liapunov function negative definite so that a solution
is integrable in some sense. That integrability is then parlayed into a
supremum bound because the Liapunov function is positive definite. The
same happens with Liapunov theory for resolvents, but it is so much more
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difficult to see. To begin with we will look at a Liapunov functional for
(2.6.2) of the form

t oS]
V() = / / |C(u + w, w)|du|R(w, s)|dw
s Jit—w

and obtain conditions to ensure that

wgfmwmmgKmewwu

for some fixed constant K. If that second integral is bounded, so is the
first. But how can we parlay that into boundedness of R(t, s)? In fact, that
Liapunov functional is positive definite with respect to (R(¢,s) — C(t, s)).
The next result is used in Theorem 2.6.3.2.

Theorem 2.6.1.8. If there is a positive constant 3 with

/m|au+wwmwzﬁwmwn
t

—w

then
BIR(t,s) — C(t,s)| < V(¢ / / C(u+ w,w)|du|R(w, s)|dw
along the solution R(t,s) of (2.6.2).
Proof. We see immediately that
¢
wzﬁ/ﬁcmmemﬁwm
> ﬂ|R(ta S) - C(tv S)|

where the last line follows from (2.6.2).

In the same vein we have a similar result when the Liapunov functional
contains a quadratic term.

Theorem 2.6.1.9. If there are positive constants 3 and M with

/i|au+wwmwzﬁwmwn
t—w
and
t
/ |C(t, u)|du < M
then

(8/M)(R(t, s)~C(t,s))* / / Cutw, w)| duR? (w, s)duw.
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Proof. We have
(Rit.s) - c.? < ([ 10ew)RG 5>|dw)2
/|ctw|dw/|0tw|R (1,5)dw
<M / Ot w) | R2(w, 5)dw
= /) [ BICtE R w5

< (M/B) / / C(u + w,w)|duR?(w, s)dw
= (M/B)V

2.6.2 Another Variation of Parameters Formula

We now obtain two related consequences of (2.6.1) and (2.6.3). In Section
2.2 we integrated (2.6.1) by parts obtaining

2(t) = a(t) — C(t, 1 / du+/ i ts/ w)duds.

When Cs(t, s) := aca(t ) i continuous we define y(t) = fot z(s)ds obtaining

y() = alt) - /c (t, 8)y(s)ds, y(0) = 0. (2.6.6)

Next, integrate the resolvent equation for (2.6.1) which is (2.6.3) and obtain

/Otx(S)ds=/ du—// (1, 8)a(s)dsdu
[ atsrts = [atwu— [ [ Rews)uatsyas, 2:67)

which critically integrates R with respect to its first component. In terms
of y we have

y(t) = /Ot a(u)du — /Ot /St R(u, s)dua(s)ds. (2.6.8)

or
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Notice from (2.6.6) that if

la(t)] + 1C(t D) + ly ()] + / Cult, 5)|ds

is bounded, so is z(t).

Notice also that neither x(t) nor f(f x(s)ds depend on being able to
differentiate C. Our equation (2.6.6) is merely a help in showing x(t)
bounded from y(t) bounded.

Following Equation (2.3.4) we pointed out that an analog of equation
(2.6.6) can lead to a very important alternative to (2.6.5a), for it may
happen that C(t, s) has an additive constant which is cleansed in (2.6.6).
Thus, for example, if Cs(¢,s) > 0 then

t

/t 1O (t, )|ds = /t Cu(t,s)ds = C(t, )| = C(t,8) — C(£,0).
0 0 0

It may then happen that C(¢,t) — C(¢,0) > « > 0 and that can be most
useful.
The next result is a companion to Theorem 2.2.10.

Theorem 2.6.2.1. Suppose there is an o > 0 such that

¢
C(t,t)—/ |Cs(t, s)|ds > «
0

on [0,00). Then every solution of (2.6.6) is bounded for every bounded and
continuous function a. In particular, then, if in addition we have

(1) +/0 IOy (t, )|ds

bounded then (2.6.4a) holds.

Proof. Let a be bounded and continuous and let y solve (2.6.6) on [0, c0).
Use the Razumikhin function V() = |y(t)| and obtain

Via.s.6)(t) < la(®)] = O, )[Jy(1)] +/0 |Cs (t, 8)|ly(s)lds.

Let |ja]| = M and find J > 0 with aJ > M. If, by way of contradiction,
y(t) is not bounded then there is a to > 0 with |y(¢)| < J on [0,ty), but
ly(to)| = J so that V'(tg) > 0. But C(tg,t) > 0 and

to
Vs (to) < M = Clto.t0) +7 [ [Cuts)lds < M —aT <o
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a contradiction. Now from (2.6.6) we have that y'(t) = x(¢) which is
bounded for every bounded and continuous a(t). The result now follows
from Theorem 2.6.1.2.

Thus, Theorems 2.6.1.2 and 2.6.2.1 give us two simple ways of showing
(2.6.4a).

We can follow the idea in the proof of Theorem 2.6.2.1 to show that
R(t,s) is bounded. We refer the reader to Theorem 2.6.1.3 for an applica-
tion.

Theorem 2.6.2.2. Suppose there is an a« > 0 and an M > 0 with
C(t,t) — f: |Cu(t,u)|du > o and |C(t,s)| < M for 0 < s <t < oco. Choose
J > 0 so that oJ > M. Then the solution of (2.6.2) satisfies

|R(t,s)| < M +2C(t,t)J

for 0 < s <t < co. If, in addition, a € L[0,00) then in (2.6.3) x — a is
bounded.

Proof. Integrate (2.6.2*) by parts obtaining
t t u
R(t, s) :C(t,s)—C(t,t)/ R(v,s)dv+/ Cu(t,u)/ R(v, s)dvdu

and write H(t,s) = f; R(v, s)dv so that this last equation can be written
as

t
H(t,s) =C(t,s) — C(t, t)H(t,s) —|—/ Cy(t,u)H (u, s)du. (2.6.9)
Fix s and define a Razumikhin function by
V(t) = [H(t, )]

so that the derivative of V along a solution of the last equation on [s, c0)
satisfies

V(1) < |C(t, 5)] — C(t,8) [ H{t, )] + / |Cut, w)| | H (u, 5) | du.

Let |H(t,s)| < J on an interval [s,tp) and suppose that |H (o, s)| = J so
that V'(tp) > 0. Then

to
V/(to) < M — |C(to, to)|J + J/ |Culto, w)|du < M — aJ <0,
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a contradiction. Thus, |H(t,s)|] < J for all t > s. Notice that C(t,t) >
f: |Cyu (¢, u)|du and so we have

|R(t, s)| = |He(t,s)| < M +2JC(t,1),

as required. Referring now to (2.6.3) the final conclusion follows readily.

2.6.3 A first Liapunov Functional

One of our goals now is to find properties of f R(u, s)du for use in (2.6.7).
Notice in (i) below that for fixed s, then C(t,s) becomes an L'[s,00) ap-
proximation to R(t, s), while (2.6. 12) can be used directly in (2.6.7).

Theorem 2.6.3.1. Let f |C(u + v,u)|dv be continuous for 0 < u <
t < oo. If (2.6.5b) holds then 'for V(t) defined by

t [e%e]
= / / |C'(u + v,u)|dv|R(u, s)|du (2.6.10)
S t—u
the derivative of V' along the unique solution of (2.6.2) satisfies
V'(t) < —(1 = a)|R(t,s)| + |C(t, s)]| (2.6.11)
and for 0 < s <t < oo we have
¢ 1 t
/ R s)ldv < —— / IC(v, 5)|do. (2.6.12)
s - s

Thus, if there is a positive constant M with f: |C (v, s)|dv < M for 0 <
s <t < oo then (2.6.4b) holds and also, as in Theorem 2.6.1.6,

¢ 2
/S |R(u, s) — C(u, s)|du < 1J\fo¢'
If, in addition, a € L'[0,00) then
(i) (z —a) € L'0,00), x € L'0,00).

Proof. To prove the result we have from (2.6.10) that
[e'e] t
Vi) = / C(v+ £, 8)|do|R(t, )| — / IOt )| R(u, 5)|du
0 s

< o|R(t, )| - / C(t, )| R(u, 5)|du

so that
V/(t) < alR(t,s)| +[C(t, 5)] = |R(t 5)|
(L= a)[R(t,s)[ +|C(2, 5)]
from which (2.6.11) and (2.6.12) follow. Now (i) is just Theorem 2.6.1.6.
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Finally, by changing the order of integration we have

/ot o) = afs)lds < [ t / | R(u, 9| dula(s)|ds

1 t t 1 [e'e]
< < — .
S /0 /S |C(u, s)|du|a(s)|ds < T aM/O la(s)|ds

This completes the proof.

Notice that (ii) is a counterpart of the Adam and Eve theorem. It inte-
grates the first coordinate of C' and yields 2 € L!, whereas the Adam and
Eve theorem integrates the second coordinate of C' and yields  bounded.

As discussed following (2.6.4a) and (2.6.5a), when we ask that
fst |C(t,u)|du < a < 1 we will have every solution of (2.6.1) bounded
for every bounded and continuous a(t) and we also will have (2.6.4a). But
asking this condition does not seem to yield conditions on « for a € L!.
We seem to need to add that f: |C(u, s)|du is bounded in order to get the
needed condition that f: |R(u, s)|du be bounded.

We saw in Theorem 2.6.1.8 that S|R(t,s) — C(t,s)| < V(t). We also
saw in Theorem 2.6.3.1 that

V'(t) < —(1—a)|R(t,s)| + |C(t, s)].

If we add the condition that f; |C(u, s|du is bounded then the next result
will put us in a position to use the theory developed in Section 8.3 of Burton
(2005c¢) to show that R(t,s) converges to C(t,s) pointwise for fixed s.

Theorem 2.6.3.2. Let (2.6.5b) hold and define V' by (2.6.10). Suppose
that there are >0, J > 0 and K > 0 with

t
/ (14 B)|Cu,8)|du < J,0< s <t < o0,

K|R(t,s) = C(t,5)] < V(1)

and

V'(t) < =B|R(t, s)| + |C(t, s)].
Then for

W(t) = [1+ V(t)]e™ s tHAIC(ws)|du
we have

1+ K|R(t,s) — C(t,s)le™ < W(t)
and

W'(t) < —BIR(t,s) — C(t, s)le™ .
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Proof. Now

R(t, s)| +|C(2, 5)|
R(t,s) = C(t,s)| + (B+ DIC(E, s)]-

Clearly the lower bound on W holds. A calculation verifies the stated
derivative of W.

Refer to Theorem 2.6.1.3 for consequences of the next result.

Theorem 2.6.3.3. Let (2.6.5b) hold, let [ |C(u+ v,u)|dv be contin-
uous, let |C(t,s)] < M for some M > 0 and 0 < s < t < oo, and suppose

there is a differentiable function ® : [0,00) | (0,00) with ® € L[0,0) and
o0
<I>(t—u)2/ |C(u+ v, u)|dv
t—u
for 0 < u <t < oo. If, in addition, there is a K > 0 with
o0
/ IC(u + v, u)|dv > K|C(t,u)|
t—u

then |R(t, s)| is bounded.

Proof. As (2.6.5b) holds, so does (2.6.11) for (2.6.10). Fix s > 0. We first
show that V(¢), as defined in (2.6.10), is bounded. Suppose that ¢ is chosen
so that V(t) = maxs<yu<¢ V(u). Now for such u we have from (2.6.11) that

< —(1—a)|R(u, s)| + |C(u, s)|

where o < 1 and then

dV (u)
du

Ot —u) < —(1— a)|R(u, s)|®(t — u) + MB(t —u).

Thus,

/S d‘giu)q)(t—u)du<—(1—a)/5 |R(u,s)|<I>(t—u)du—|—M/5 (t—u)du
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and then since V(s) = 0 we have

t

/t WV o4 — w)du = V(e —u)| — /t V)@=,

du s du
— V(1)(0) —/ V(u)id@(;u_ Y g
> V()D(0) - V(1) /t Wdu
) do(t — u)

(since V(t) is the maximum and

=V(t)2(0) = V(1)[®(0) — ©(t — 5)]
= V(£)®(t — s) > 0.

>0
du > 0)

Hence,

(1- a)/ |R(u, s)|®(t —u)du < M/OOO D (u)du.

Then

(1-a)V(t) = (1 - ) / IR(u, 5)

o0

|C(u + v, u)|dvdu

|
t—u

<(1- a)/ R(u, )[®(t — u)du

< M/OOO ®(u)du

or V(t) is bounded. But

[e )

Vit) = / Rws)| [ |C(u+v,0)|dvdu

|
t—u
t
> K/ IOt )| R, 5)|du
> K[|R(t,5)| = |C(t, 5)]
so that boundedness of V() and |C(¢, s)| yields the boundedness of R(t, s).

Refer to Theorems 2.6.1.5 and 2.6.1.7 for consequences of the next re-
sult. Integral bounds on R? such as obtained below can also be used in the
alternate form of (2.6.2) with the Schwarz inequality to obtain a pointwise
bound on R(t, s) of the type used in Theorem 2.6.1.3.
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Theorem 2.6.3.4. If (2.6.5a) and (2.6.5b) hold and iffto_ou |C(u+v,u)|dv
is continuous then there is a constant M with

t t
/ R?(u, s)du < 1M / C?(u, s)du.
s —QJs

Proof. Find an € > 0 such that (1 + €)a = 1 and then find M > 0 such
that

R%(t,s) < MC?(t,s) + (1 +¢) (/ |C(t,u)R(u,s)|du)
< MC2(t,5) + (1 + e)/ |c<t,u>|du/ Ot )| B2 (u, )du
< MC?(t,s) + /t |C(t, u)| R*(u, s)du.

Next, define

t oS]
V() = / / |C(u + v, u)|dvR?(u, s)du
s Jit—u
so that

Vi) = /Ooo C(t + v, 8)|dvR2(t, ) —/ (Ot w)| R2(u, 5)du
< aR?(t,s) + MC?(t,s) — R*(t,s)
= —(1—a)R%*(t,s) + MC?(t,s).

An integration yields the result.

This result is a special case of the next one, but they are worth sepa-
rating for the following reason. Two things can now be seen. First, if we
refer to Theorem 2.6.1.9 we see that we can add conditions to ensure that

for some positive constant K. We could then follow Theorem 2.6.3.2 and

construct a new Liapunov functional, W, with the classical properties of
Liapunov functions for differential equations.
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Theorem 2.6.3.5. Let (2.6.5a) and (2.6.5b) hold. Then

t
sup / c? (u, 8)du < oo

0<s<t<0

implies that

t
sup / Rr* (u, 8)du < oo
0

0<s<t<o0
for any positive integer k.

Proof. This is proved by squaring an inequality in the previous proof to
obtain

t 2
RA(t,s) < M2C*(t,s) + (1 + e)(/ |C(t,u)|R2(u,s)du>
t t
< M2CA(t,s)+ (14 e)/ |C(t,u)|du/ IC(t, u)| R u, 5)du
t
< M2C4(t, s) +/ |C(t, )| R*(u, s)du.
Then define
t [e%}
V(t) = / / 1O + v, w)|do R (u, 5)du
s t—u
so that

V’(t):/OOO|C(t+v,t)|dvR4(t,s)—/ C(t,w)| R u, 5)du

< aRt,s) + M?C*(t,s) — R*(t, s)
= —(1 —@)Rt,s) + M>C*(t,s)

from which the result follows for k¥ = 2. An induction is clear.

In the result below we do not treat the case of £k = 0, but one may
verify that we can conclude also that z € L0, c0) under weaker conditions
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than (2.6.5a). That is, as (2.6.5b) holds, so does (2.6.12). Then ask that
f: |C (v, s)|dv is bounded and refer to (2.6.12) again. Thus, in

2(t) = a(t) /0 R(t, s)a(s)ds

we take the absolute value, integrate, and interchange the order of integra-
tion and obtain

/Ot |z(s)|ds < /Ot la(s)|ds + /01t /: | R(u, s)|dula(s)|ds

which is bounded if a € L[0, c0).

Theorem 2.6.3.6. Let (2.6.5a) and (2.6.5b) hold with
SUPp<s<t<oo f: c? (u,s)du < oo for some positive integer k. If a € L
and a € L?" then z € L?".

Proof. If we square (2.6.3), use the Schwarz inequality, and interchange the
order of integration we have

22 (t) < 2(a2(t) + (/Ot R(t, s)a(s)ds>2)
< 2(a2<t> + Ja(s)lds / a() B s)ds>.

Then by the integrability of a there is an M > 0 with
¢ ¢ t pu
(1/2)/ 22(s)ds < / a2(s)ds + M/ / la(s)|R2(u, 5)dsdu
0 0 o Jo
t t gt
:/ a2(s)ds+M/ / R?(u, s)dula(s)|ds
0 0 Js

which is bounded by Theorem 2.6.3.5 when we take kK = 1. An induction
is clear.

2.6.4 Another Liapunov Functional

We will now show that essentially the same results can be obtained by
asking conditions on the derivatives of C' as were obtained from the integrals
of C. The basic assumption here is one of convexity where we ask that

C(t,s) >0, Cs(t,s) >0,
Ci(t,s) <0, Cyl(t,s) <0. (2.6.13)
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Theorem 2.6.4.1. Let (2.6.13) hold and define

V(t) = / t Cv(t,v)< / "R, s)du)de

2
+C(t,s) (/ R(u, s)du) . (2.6.14)
Then along the solution of (2.6.2) we have
V'(t) < C%(t,s) — R*(t,s), 0<s<t (2.6.15)
¢ ¢
SO / R*(u, s)du < / C*(u, s)du. (2.6.16)

If there is an L > 0 with C(t,s) + f; Cu(t,u)du <L, 0<s<t<o0,
1
(i) then E(R(t, s) — C(t,s))> < V().
If there are positive constants My, Mo, and Ms with

t ¢ ¢
/ C(v,w)dv < My, / C(t, u)du < My, / C?(u, s)du < Ms,
for0 <s<t<ooand0<w<tthen
t
(44) / (R(u, s) — C(u, s))*du < My MyMs.
S

If a € L'0,00) then
(iii) (z —a) € L*[0,00).

Proof. Proof of V'. From (2.6.14) we have

Vit) = / t Cut(t,v) < / t R(u, s)du>2dv
+ Gt s) (/t R(u, s)du)2

+2R(t,s) /St Cy(t,v) /Ut R(u, s)dudv

+2R(L, $)C(t, 5) / " Rlu, $)du.
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If we integrate the next to last term by parts we have

2ts[tv/Rusdu /Ctv (v, 8) ]

—2R(t,s){ C(t,s)/s R(u, s du+/ Ct, ) R(v, s)dv]

Hence, taking into account sign conditions we have

V'(t) < 2R(t, 5) / Ot 0) R, 5)du

=2R(t,s)[C(t,s) — R(t,s)] from (2.6.2%)
< C%(t,s) — R*(t,s) fors <t.

Proof of: If there is an L > 0 with

¢
C(t,s) —|—/ Cyu(t,u)du < L

for 0 < s <t < oo then
(i) ;L (R(t, s) — C(t, )2 < V(£).

Squaring (2.6.2*) yields

(r(e.9) - e s))2 - (- [ et s)du)2

( t— / CCultou) / t R(v,s)dvdu)Q
< ts/Rvsdv—/C tu/ (v,s)dvdu>2
e[ o)

CCultu) du/ Cult ) (/:R(v,s)dv>2du]
o [ anmaf

< 2LV(t).

Notice that this shows how V, itself, is constructed.

131

Property (ii) is just Theorem 2.6.1.7 when we take (2.6.16) into account.

Property (iii) is just Theorem 2.6.1.5.
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REMARK. It is quite remarkable that we obtain (2.6.16) through
conditions on the derivatives of C' alone, while virtually the identical result
is obtained in Theorem 2.6.3.4 through conditions on the integral of C'
alone.

Theorem 2.6.4.2. Let (2.6.13) hold and suppose that for fixed s > 0
there are positive constants J and L with

sup /CQUS)dU,—J and C(t,s) + /C (t,u)du < L.

0eSicon
Then for V () defined in (2.6.14) and for

W(t) = [V(£) + Dle I e
we have

/2L (Rt 5) = Ot ) +1] < WD)

and

W(t) < —e Y[R3t ) + (R(t, ) = C(1,5))7]
Proof. We have V(t) > (1/2L)(R(t, s) — C(t,s))? so

W(t) > e 7[(1/2L)(R(t,s) — C(t,5))* +1].

Also,
W/ () < [V'(t) = C2(t, s)]e J& O (ws)du
< [QR( 78) (t 5) - 2R2(t S) CQ(t,S)]67 JEC? (u,s)du
= [~R(t,5) — (R(t,s) — O(t,5))%e J: O (ws)du
< [-R%(t,s) — (R(t,s) — C(t,s))2]e™".

Theorems 2.6.1.6, 2.6.1.7, 2.6.3.1, 2.6.4.1, and 2.6.4.2 now give us condi-
tions under which C(t, s) may be an appropriate approximation to R(t, s).

2.6.5 Large Kernels

So much of our work, both in constructing Liapunov functionals and in-
tegrating their derivatives, has involved assumptions of integrability of C'
with respect to one or both coordinates. If there is a large additive function
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of t, possibly a constant, then that is impossible. We solved half of that
problem in Section 2.6.2, but we can get around it entirely by differentiating
(2.6.2).

Thus, we consider (2.6.2*) and suppose that Cy(t, s) is continuous and
write

R(t,s) = Ci(t,s) — C(t, t)R(t,s) — /t Cy(t, u)R(u, s)du. (2.6.17)

At times it will be clearer to interchange the notation C; with C4.

Theorem 2.6.5.1. Let [ [Ci(u + w,w)|dw be continuous. Suppose
that there is an o > 0 with

C(t,t) - /OOO IOy (u+ £, )|du > o
Then the derivative of

V(t) = |R(t, s)| + /t /too |Cy (u 4+ w, w)|du|R(w, s)|dw
along a solution of (2.6.17) on [s, c0) satisfies

V'(t) < —alR(t,s)| + |Ci(t, 5)|.
Thus, if, in addition, we have
t
sup / |Cy (u, s)|du < 0o
0<s<t<o0 J s
and |C(s, s)| is bounded then
t
sup / |R(u, s)|du < 0o
0<s<t<o0 J s
and R(t,s) is bounded.
Proof. For this function V| fix s and find

V/(t) < Cult, 5)| — C(t, 1| R(E,5)] + / Co(t, u)R(u, 5)|du

n / 1Oy (w1 1)|dul R, )| — / |Gt ) | R(w, 5) dw
< |Cy(t.5)] — alR(t.5).

But V(s) = |R(s,s)] = |C(s,s)| is bounded so an integration yields the
second conclusion. The boundedness of R follows from boundedness of V'
and V(t) > |R(t, s)|.
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Theorem 2.6.5.2. Suppose that fto_ow |Cy (u~+w, w)|dw is continuous and
that there is an o > 0 with

t e}
ZC(t,t)—/ |C’t(t,u)|du—/ IOy (u + £, ) |du > 2a.
s 0
It

t
sup / O} (u,s)du < 0o

0<s<t<oo Js

and |C(s, s)| is bounded then

sup / R*(u, s)du < oo.

0<s<t<o0
Also, R?(t,s) is bounded.
Proof. For fixed s we let ¢(t) = R(t,s) and define

t o]
+ / / |Cy (u + w, w)|dug?® (w)dw
s Jit—w

so that along a solution of (2.6.17) we have
VI(t) = 2q()Calt, s) — 20(4 )G (1) — 2q(t / Co(tu)g
+/Ooo|Ct(u+tt|duq /|Cttw|q w)dw
< 29(H)Cu(t,s) — 20(t B)g / 1Cu ()| (2(8) + g2 (w))du
+/Ooo|Ct(u+tt|duq /|Cttw|q w)dw
:2q(t)Ct(t,s)+[—20(t,t)+/ |Ce(t, uw)|du

n /OOO o+ t,6)|dulg (1)

< 2(t)Ci(t, 5) — 20> (1)
< MCtQ(tv 5) - quQ(t)

for some M > 0. The conclusion follows from this.
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Square both sides of (2.6.2) to see that both sides are integrable with
respect to t. We see then that

Clt,s) — / Rt u)C(u, 5)du

is bounded and square integrable. That integral is constructing a copy of

C(t,s).

2.7 Integrodifferential Equations

This section is devoted to integrodifferential equations and is parallel to
Section 2.2. In several of the theorems it would be possible to simply state
that the reader can go back to Section 2.2 and restate those theorems for
general functions A(t) and B(t) instead of C(¢,t) and Ci(¢, s). Instead, we
elect to state the correct result and leave the proof as an exercise.

2.7.1 Introduction

In this section we study a scalar equation
t
2 (t) = A(t)x(t) + / B(t,s)x(s)ds + a(t) (2.7.1)
0

where A, B, and a are continuous. There is then Becker’s resolvent equa-
tion

Zu(t,s) = A)Z(t, 5) +/tB(t,u)Z(u,s)du, Z(s,5) =1,  (27.2)

and variation of parameters formula

2(8) = Z(t, 0)2(0) + /0 Z(t, s)a(s)ds. (2.7.3)

We must integrate the resolvent, Z, with respect to the initial time and
it will be desirable to show that

t
sup/ |Z(t, s)|ds < o0. (2.7.4)
>0 Jo

We see throughout Burton (2005b,c) that it is most useful to have the result
that the convolution of an L' function with a function tending to zero does,
itself, tend to zero. Our first series of results is aimed at presenting an
example of a nonconvolution counterpart.
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SCHEME

In this section each result is closely connected to the previous one so
that an overall scheme is needed.

If A were constant and if B were of convolution type then we could show
that Z is of convolution type. Thus, if in addition, a(t) — 0 as t — oo
and if [;°|Z(u)|du < oo then a classical result would say that in (2.7.3)

we have fot Z(t — s)a(s)ds — 0 as t — oo. And that is a result which is
used seemingly an infinite number of times in both monographs Burton
(2005b,c). Our first main result here is to extend that to the case where
Z is not of convolution type so that (2.7.4) (together with side conditions)
can be substituted for Z € L1.

As a companion to that result we then give necessary and sufficient
conditions for (2.7.4) to hold.

Those necessary and sufficient conditions require that we show that each
solution of (2.7.1) is bounded for each bounded and continuous function
a(t). And that is hard to prove. We then give several techniques for show-
ing that boundedness. Here, a(t) is an arbitrary bounded and continuous
function which makes everything so much more difficult.

Next, to introduce the last section we review Section 2.5 with A(t+T') =
A(t) and B(t+T,s +T) = B(t, s) for some T > 0 so that those necessary
and sufficient conditions need only concern |, : |Z (u, s)|du bounded for 0 <
s < T so a(t) is not involved.

Finally, we derive substitute results in the nonperiodic case requiring
only that fst Z*(u, s)du is bounded. Notice that in both of these cases we are
integrating Z with respect to ¢, another simplification over the integration
in (2.7.4) with respect to s.

2.7.2 Uniform Asymptotic Stability

To specify a solution of (2.7.1) we require a ty > 0 and a continuous initial
function ¢ : [0, tp] — R. There is then a unique solution z(¢, t, ¢) satisfying
(2.7.1) for t > to and with z(t,t9,®) = ¢(t) on [0,tg]. We use the notation

|¢|[O,to] = SUPg<i<ity |¢(t)|
Our main definitions concern the case a(t) = 0 so that (2.7.1) becomes

2/ (t) = A(t)x(t) +/0 B(t, s)x(s)ds. (2.7.5)

Definition 2.7.2.1. The zero solution of (2.7.5) is uniformly stable (US)
if for any € > 0 there exists a 6 = d(¢) > 0 such that [tp > 0, ¢ €
C([O,to]), |¢|[O,to] < 57 t> tO] imply that |(E(t,t0,¢)| <€
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Definition 2.7.2.2. The zero solution of (2.7.5) is uniformly asymptot-
ically stable (UAS) if it is US and there exists a o > 0 with the prop-
erty that for each ¢ > 0 there exists T = T(e) such that [tg > 0, ¢ €
C([0,t0]), |@lj0,t0] < b0, t > to + T imply that |z(t, to, )| < e.

Becker (1979) has proved some very important results on UAS. Consider
(2.7.5) and the resolvent Z(t,s) defined in (2.7.2). First, define a scalar
function

d(t,s) := /OS

Definition 2.7.2.3. A continuous function h(t, s) defined for 0 < s <t <
oo is said to promote uniform asymptotic stability if h(t, s) is bounded and
if for each ) > 0, there exists a number T'(n) > 0 such that |h(t+s,s)| <7
for all s >0 and t > T(n).

A main result of Becker (1979; p. 62) is:

Theorem 2.7.2.4. The zero solution of (2.7.5) is UAS if and only if both
Z(t,s) and d(t, s) promote UAS.

The proposition is important in so many contexts. First, we will quote
some results which will show that the zero solution is UAS. This will allow
us to say that Z(t, s) promotes UAS. That, in turn, will allow us to obtain
a result akin to the classical theorem which states that the convolution of
an L'-function with a function tending to zero does, itself, tend to zero; in
that work we use Z(t, s) as the analog of an L!-function.

There is a major result by Zhang (1997) which shows that (2.7.4) is
central to all of our work here. Under very mild assumptions, (2.7.4) char-
acterizes UAS. In the next section we will show how to characterize (2.7.4).
Our task then will be to give a variety of conditions under which (2.7.4)
holds. The following are Zhang’s conditions:

t
/Z(t,f)B(g,u)dg du, 0<s<t<oo.

() sup(laco+ [ 1B lds) <.

(Hg) for anyo > 0, there exists an S = S(o) > Osuch that

t—5
/ |B(t, u)|du < o for allt > S.
0

(H3) A(t)and B(t,t + s) are bounded and uniformly continuous in
(t,s) € {(t,s) € [0,00) x K| —t < s <0}
for any compact set K C (—o0,0].
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Theorem 2.7.2.5. (Zhang (1997)) Let (H1), (Hz), (Hs) hold. The zero
solution of (2.7.5) is UAS if and only if (2.7.4) holds.

The chain of reasoning in the next result is as follows. Condition (2.7.4),
together with the (H;), implies UAS. Now UAS implies that Z(¢,s) pro-
motes UAS. Thus, (2.7.4) and the property that Z promotes UAS enable
us to prove the following convolution-type result.

Theorem 2.7.2.6. Suppose the resolvent, Z(t,s), satisfies (2.7.4) and
promotes UAS. If ¢ : [0,00) — R is continuous and satisfies ¢(t) — 0 as

t — oo, then fot Z(t,s)p(s)ds — 0 as t — oo.
Proof. By (2.7.4),
t
M = sup/ |Z(t,s)|ds < 0.
t>0Jo

For a given € > 0 find L > 0 with |¢(¢)] < ¢/(2M) if ¢ > L. Then for ¢t > L,
we have

/|Zts s)lds < (e/(2M)) /|Zts|ds
< (e/(QM))/ |Z(t,s)|ds < ¢/2.
0
Let J = maxg<¢<r, |¢(t)|. Then

L L L
A wuﬁw@wugJA wuﬁmszA|Z@+ngms

where 7 :=t — s > 0. By Definition 2.7.2.3, we can find P > 0 such that
|Z(s+7,8)] <e/(2LJ) for all s > 0 and 7 > P. Now let T := P + L. If
t > T, then 7 > P because for this integral 0 < s < L. Consequently,

L L
AIZWQWﬂwgJA QJ@_qz

It follows that
§/| (t,s |ds+/|Zts s)|ds < e
fort > T.

This completes the proof.

/ Z(t,s)p(s)ds
0
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2.7.3 The Resolvent

In this subsection we offer seven sets of conditions ensuring (2.7.4) and,
hence, forming the basis for UAS. This is done by using Liapunov func-
tionals on Volterra equations with bounded continuous forcing functions.
In the next section we use one of those Liapunov functionals to obtain a
parallel result in the periodic case without that forcing function. It is so
much easier without the forcing function. There then emerges the problem
of trying to promote all of the following Liapunov functionals to that same
framework in which the forcing function is avoided in the periodic case.
That problem is stated at the end of the next section.

It turns out that there is a very nice characterization of (2.7.4). We
denote by (BC,|| - ||) the Banach space of bounded continuous functions
¢ : [0,00) — R with the supremum norm.

Theorem 2.7.3.1. Suppose that Z(t,0) is bounded for t > 0. Condition
(2.7.4) holds if and only if every solution of (2.7.1) on [0, 00) is bounded for
every a € BC. Moreover, if every solution of (2.7.1) on [0, 00) is bounded
for every a € BC, then Z(t,0) is bounded and (2.7.4) holds.

Proof. If x(t) is bounded for all such functions a then so is fg Z(t, s)a(s)ds.
By Perron’s theorem (1930) (or Burton(2005b; p. 116)) (2.7.4) follows.
On the other hand, if (2.7.4) holds and if Z(¢,0) is bounded, then the
boundedness of x follows for any bounded function a. For the last sentence,
take a(t) = 0. This completes the proof.

Notice! In this subsection our solutions are always on [0,00) so that
the solution is x(t) := x(¢,0,2(0)). There is no initial function and the
solution is differentiable for ¢ > 0.

We will now examine four essentially different kinds of proofs showing
that every solution of (2.7.1) is bounded for every bounded continuous
function a(t). These will range from the pedestrian to the intricate, but
they will all illustrate nonconvolution properties. The first is a Razumikhin
argument which is very simple and very demanding. But the focus is on
the fact that we are integrating B with respect to s. The same result would
hold if B(t, s) were replaced by B(t, s)\(t) where |[A(t)| < 1 and there would
be no change in the hypotheses or proof.

Theorem 2.7.3.2. Suppose there is an o > 0 such that

sup [A(t)+/0t|3(t,s)|ds] < —a.

t>0

Then every solution of (2.7.1) on [0,00) is bounded for every a € BC.
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The proof is almost identical to that of Theorem 2.2.10.

Our next result is based on a contraction mapping and is only one of a
class. Here we have a € L*, we use an L° norm, our solution is in L,
as are Z(t,0) and fot Z(t,s)a(s)ds. In a similar way, if a € LP then we can
use a norm with an LP weight and get our solution and fot Z(t, s)a(s)ds in
LP. The last result of this section is an example of that process.

Theorem 2.7.3.2 used pointwise conditions, but contractions use aver-
aging conditions. Theorem 2.7.3.2 focused on integration of the second
coordinate of B(t, s), but Theorem 2.7.3.5 will focus on integration of both
coordinates of B; each will be treated differently. When we use a first order
Liapunov functional it will require integration of only the first coordinate of
B, but a second order Liapunov functional will require integration of both
coordinates. All of these properties are hidden in the convolution case.

Theorem 2.7.3.3. Suppose there is a J > 0 such that fo w)du < J,
fo elu A)ds gy, < J, and suppose there is an o < 1 with

t u
sup/ el A(S)ds/ |B(u, s)|dsdu < a.
0 0

>0
Then every solution of (2.7.1) on [0, 00) is in BC when a € BC.

Proof. Use the variation of parameters formula for ordinary differential
equations on (2.7.1) and from that define a mapping P : BC — BC by
¢ € BC implies that

t u
(P§)(t) = z(0)edo A5 4 / efu Als)ds [ / Bl(u, s)¢(s)ds + a(u) | du.
0 0
The reader readily shows it is a contraction.

This result and the next one form what might be called boundaries for
a whole set of results of the type which can be found in Burton (2005b;
Section 1.6). In the last result we try to derive all the stability from A(t).
In the next result we borrow all of B(¢,s) to help with the stability. Fre-
quently, we can get nice results by just borrowing some of B(t, s).
Theorem 2.7.3.4. Let D(t —|—f0 (u+t, t)du be defined fort > 0

and suppose there isa J > 0 such that fo w)du < J, f elu D()sgy < .
Suppose also that there is an o < 1 with

t oS]
sup{/ / |B(v + s, s)|dvds
>0 LJo Ji—s
t . u e8]
—|—/ e D(S)d5|D(u)|/ / |B(v + s, s)|dvdsdu
0 0 u—s
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Then every solution of (2.7.1) on [0, 00) is in BC for every a € BC.

Proof. We can write (2.7.1) as
2 () = A(b)z / B(u + t, t)duz(t)
//t Blu+ s, 8)duz(s)ds + at)
— Dt //t Blu+ s, 8)duz(s)ds + at).

By the variation of parameters formula followed by integration by parts we
have

a(t)
. t ; d u 00
= 2(0)elo P()ds _ / efu D(s)ds — / / B(v+ s, s)dvx(s)dsdu
0 du Jo Ju

¢
+/ ftD(sds ( )du
z(0 )efo D(s)ds —eftD(q)ds/ / B(v + s, s)dvz(s)ds
_/ ef:ms)dsD(u)/ / B(v + s, 5)dva(s)dsdu
0 0 u—s
t t
—|—/ edu POV g (y)du
0
:x( efoD(S S // ’U—f—SSd’UiC( )dS

—/eftD(SdsD / / B(v + s, s)dvz(s)dsdu

+/ efiD(s)dsa(u)du.
0

t

0

This will define a mapping in the usual way and by the assumptions it will
map BC into BC and will be a contraction.

The proof of the next result differs in just three places from that of
Theorem 2.1.12. As the last step is significantly different, we give the
complete proof.
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Theorem 2.7.3.5. Suppose there is an o > 0 with
A(t) +/ |B(u+t,t)|du < —a.
0

Suppose also that there is a function ® : [0,00) — (0, 00) which is differen-
tiable, decreasing, and L'[0, cc0) with

O(t—s) > /too |B(u+ s, s)|du.

—S
If a € BC so is each solution of (2.7.1) on [0, 00).

Proof. Define the Liapunov functional

Vi) =le@]+ [ [ 1B+ s s)ldula(s)las

with derivative along a solution of (2.7.1) satisfying

VI(t, () < A@®)]x(t)] +/0 |B(t, 5)z(s)|ds + |a(t)|

00 t
+ [ Bk toldula(o)] - [ 1B s)a(s)lds
0 0
< —alz(t)] + |a(?)]-
For a fixed solution, we write V (¢, 2(-)) = V(¢). Suppose that there is
at> 0 with V(¢) = maxo<s<¢ V(s). Then for 0 < s < ¢ we have

) < —afe(s)] + lafs)
and
dv (s)
ds
An integration by parts of the left-hand-side yields

Ot —s) < —alz(s)|D(t — s) + |a(s)|P(t — s).

t

/t w@(t —38)ds =V (s)®(t — s)
0

¢ d
s _/0 V(s)d—@(t— s)ds

S

0

> V(1)D(0) — V(0)D(t) — V(t)/o d%q»(t ~ 8)ds
=V(#)2(0) — V(0)@(t) — V(#)[@(0) — (2)]
=V(t)o(t) — V(0)2(?)
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Hence, for |a(t)| < ap we then have

—[(0)|2(0) = —V(0)2(0)
< =V(0)2(t)

<V()2(t) = V(0)®(t)

—a/ot O(t — s)|z(s)|ds + ao /t O(t — s)ds

IA

IN

0
t [eS) [eS)
—a/ / |B(u+s,s)|du|m(s)|ds+ao/ D(s)ds.
0 Jt—s 0

From this we see that for that fixed solution there is a positive number K
with

t 00
/ / Blu + 5, 5)|dulz(s)|ds < K.
0 Jt—s
This means that
[z(t)] < V(1) < |z(t) + K
and
V'(t) < —alz(t)| + ao.

From that last pair it follows trivially that there is an L > 0 with |z(¢)| < L.
Indeed, a simple geometrical argument in the (V,|z|) plane with the lines
V =|z| and V = |z| + K shows that |z(¢)|] < (ag/a) + K + |2(0)| since V'
is negative for |z| > ag/a. This completes the proof.

Virtually the same proof would allow us to show that if a € L'[0, 00),
then z, Z(t,0), and fg Z(t,s)a(s)ds are also in L'[0,00). In our next
theorem we use a quadratic Liapunov functional and for a € LP we can get
x € L?. The next result is interesting in that its main condition averages
the two main conditions of Theorems 2.7.3.2 and 2.7.3.5.

Theorem 2.7.3.6. Suppose there is an o > 0 and a k > 0 with
o t

sup {ZA(t) +/ B(u + £, 8)|du +/ IB(, s)|ds} tE<—a
>0 0 0

Suppose also that there is a function ® : [0,00) — (0, c0) which is differen-
tiable, decreasing, and L'[0,00) with

Bt — 5) > /too |B(u+ s, 5)|du.

—S

If a € BC, so is the solution of (2.7.1) on [0, 00).
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Proof. For a fixed a € BC and a fixed x(0), find ap with a?(t) < a¢ and

define
// B(u + s, s)|duz?(s)ds

with derivative along the fixed solution of (2.7.1) satisfying
V' (t) = 2A(t) 2> (t) + 2x(t )/tB(t s)x(s)ds + 2za(t)
+/OOO|B(u+tt|dux /|Bts|x
< 2A(t / |B(t, s ( (t) + (s))d8+kx2(t)
+%a2(t)+/ |Blu +t, 6)]dua(t / IB(t, )[22(s

[ / |B(t, s |d8+/ |B(u+t,t)|du+k]x2(t)+%
< —ax®(t) + ao/k.

We now introduce ®(¢ — s) exactly as in the proof of the last theorem and
show that the integral term in V' is bounded. We continue and show that
22(t) is bounded to complete the proof.

The next result and its corollary are proved exactly as in Theorems
2.2.7 and 2.2.8.

Theorem 2.7.3.7. Suppose that
B(t,s) <0, Bg(t,s) <0, Bg(t,s) >0, B(t,0) > 0.

Then the derivative of

V) = 22(t) - /Ot Bu(t,s) (/t x(u)du) ds _ B(1.0) (/Ot x(s)ds) ’

along any solution of (2.7.1) on [0, 00) satisfies

2

V() = 24(05%(0) + 26(0a(t) - | Bult,s) (/ t ()i @

— By(t,0) </Otx(s)ds>2.



2.7. INTEGRODIFFERENTIAL EQUATIONS 145

Corollary 2.7.3.8. Let the conditions of Theorem 2.7.3.7 hold and sup-
pose there is an « > 0 with A(t) < —a:

(i) If a € L%[0,0), so is any solution of (2.7.1) on [0, 00), as is Z(t,0)
and fot Z(t, s)a(s)ds.

(i))If a(t) is bounded and if there is an M > 0 with

t
/ IBy(t, 5)|(t — )2ds + 2| B(t,0)] < M
0

then (2.7.4) holds.

Theorem 2.7.3.9. Let the conditions of Theorem 2.7.3.7 hold. 1Suppose
there is an o > 0 and a function k : [0, 00) — (0, 00) with fot e~ Juk()ds gy,
bounded and

2A(t) < —k(t) —a, Bg(t,s) > —k(t)Bs(t,s), Bi(t,0) > —k(t)B(t,0).

If a € BC, so is any solution of (2.7.1) on [0, 00).

Proof. Under these conditions we see that for V' defined in Theorem 2.7.3.7
we have

V() < —k(t)V (1) + (1/a)a’(t)
so that

22() S V() < V(0)e™ Jo s 4 (1/q) /0 te_ Juk($)ds 2 () du.
and that is bounded by assumption.

In our earlier proofs using Liapunov functionals we could have greatly
simplified the proofs by asking a bit more from A(¢), using a coefficient
larger than 1 in front of the integral, and getting a differential inequality.
Such details are left to the reader.

2.7.4 The periodic case

To introduce us to the substitute periodic case of the next section we review
the high points of Section 2.5.
We are supposing that

B(t+T,s+T)=B(ts), At+T)=A{t), 3IT>0.

Our main result was the following.
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Theorem 2.5.1. Let A and B be continuous, Z(t, s) satisfy (2.5.2), and
let (2.5.5) hold.
(i) If there is a J > 0 such that

t
/|B(u,s)|du§.] for 0<s<t<oo (2.5.8)
S

a.

nd
T o]
/ / |Z(t,s)|dtds < o0, (2.5.9)
0 s

then

t
sup/ |Z(t,s)|ds =M for some M >0. (2.5.10)
0

t>0

(ii) If there is a K > 0 such that
¢
/ |B(t,s)|ds <K for t>0, (2.5.11)
0

then (2.5.10) implies (2.5.9).

The main utility of the theorem is now stated.

Corollary. Let the conditions of Theorem 2.5.1 hold. If there isan E > 0
with

oo
/ |Z(t,s)|dt <E, 0<s<T,
S
then

t
sup/ |Z(t, s)|ds < 0.
>0 Jo

With this result we avoided all the difficulties encountered in the last
subsection concerning a bounded and continuous function a(¢). The func-
tion ® in Theorem 2.7.3.5 is not needed. This was emphasized in our
Example 2.5.1 which logically belongs here and will be stated below as
Theorem 2.7.5.2.

There is a very nice project here. In the last section we used different
Liapunov functionals which would yield f:o |Z(t,s)|Pdt < Efor0<s<T
and for p = 2 when a(t) = 0. Can we use those functionals here and
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change Corollary 4.2 accordingly? In fact, it may be possible to construct
a “roundabout theorem” of the type seen in [4; p. 62]. In that case, from
the integral condition and properties of the Liapunov functional we can
conclude that solutions tend to zero and that may get the result for p = 1.

2.7.5 LP results

If we do not have the periodicity, we can still have some results in the
above mentioned direction. Suppose that a(t) € L[0,00) and consider the
solution of (2.7.1) on [0, 00) given by

x(t) = Z(t,0)z(0) —1—/0 Z(t, s)a(s)ds.

Could it be that @ € L'[0,00)? In the convolution case we would have

x(t) = Z(t,0)z(0) —1-/0 Z(t — s)a(s)ds

and if Z € L'[0,00), then the convolution of two L! functions is an L!-
function. Thus, we would want to show that Z € L'. But in the noncon-
volution case all of this breaks down, while something interesting happens.
The easy case is to prove, not (2.7.4), but that there is an M > 0 with

sup / |Z(t,s)|dt < M. (2.7.6)

0<s<t<oco Js
And that is exactly what is required here.

Theorem 2.7.5.1. If (2.7.6) holds, then a € L'[0,00) implies = €
L0, 00).

Proof. From the variation of parameters formula we have

/Ot |x(s)|ds</0t|Z(s,O) |ds+/ / |Z (u, s)a(s)|dsdu
:/t|Z(s,0 |ds+/ / |Z (u, s)a(s)|duds
/|ZsO |ds+/|a |/ Z(u, s)|duds
/|Z50 |ds+M/ la(s)|ds.
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Shortly we will present some results ensuring that (2.7.6) holds. How-
ever, this leads us to one of the most tantalizing ideas in all of Volterra
equations. We know that if (2.7.4) holds then every solution of (2.7.1) is
bounded for every bounded continuous a(t). Using the sequence of inequal-
ities just displayed we can say that if (2.7.6) holds then for every bounded
and continuous a(f) it is true that the average of every solution of (2.7.1)
with 2(0) = 0 is bounded:

0)
1t
¥/0 |z(s)|ds (2.7.7)

is bounded. This suggests that (2.7.4) and (2.7.6) are very closely related.
In many problems it may be that (2.7.7) is as useful as knowing that () is
bounded. Here are the details. Note that if (2.7.6) holds and if |a(t)| < K
for some K > 0, then

t t
/|x(s)|ds§/ 1Z(s,0)2(0)|ds + MKt = MKt.
0 0

We will now give a selection of results proving that (2.7.6) holds, as well
as some related forms. Notice how much easier the arguments are when we
use the same Liapunov functionals, but take a(t) = 0 and strive for (2.7.6)
instead of (2.7.4). The natural first result here is Example 2.5.1 which we
restate here for reference. Review its proof for the form of the Liapunov
functional.

Theorem 2.7.5.2. Consider (2.7.1) and suppose that fto_OU |B(u+v,v)|du
is continuous and that a(t) = 0. If there is an « > 0 with

sup{A(t)—i—/ |B(u+t,t)|du| < —a
>0 0

for 0 < s < t, then the resolvent, Z(t, s), satisfies f: Z(u,s)du < 1/« for
0<s<t<oo.

There is, of course, the parallel result showing the integrability of Z2
with respect to t.

Theorem 2.7.5.3. Consider (2.7.1) and suppose that [ |B(u+v,v)|du
is continuous and that a(t) = 0. If there is an a > 0 with

sup{ZA(t)—I—/OOO|B(u+t,t)|du+/st|B(t,u)|du] <-—a

t>0

for 0 < s <t, then the resolvent, Z(t,s), satisfies f: Z%(u, s)du < 1/ for
0<s<t<o0.
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Proof. Use Becker’s resolvent equation again and take z(t) = Z(t,s). De-
fine the Liapunov functional

// B(u + v,v)|duz?(v)dv

with derivative satisfying

V'(t) = 2A(t)2%(t) + 22(t )/ B(t,u)z(u)du
+/OO|B(u+tt|duz /|Btv 211

< 2A(t) /|Btu< )—I—z())du

+/0 |B(u+t,t)|duz?(t /|Btv|z
= [2A(t)+/0 |B(u+t,t)|du—|—/ | B(t,u)|du) 22 (t)

< —azZ?(t).

Hence,

0< V() <V(s)— a/st 22(u)du =1 — 04/: 2% (u)du

from which the result follows.

The interested reader could borrow B(t, s) and form A(t)+ ft (u, t)du
in place of A(t) to get a stability result. Details, which are quite lengthy,
may be found in Burton (2005¢; p. 146).

The reader will recognize that we have already revisited the Liapunov
functional in Theorem 2.7.3.5 in our work in Theorem 2.7.4.1 where we
integrated Z with respect to t. A side condition there which was not
mentioned was that Z is bounded. This means that the integral of Z2 with
respect to t is bounded.

Next, we revisit the Liapunov functional of Theorem 2.7.3.7. Here,
the differential inequality needed in the proof of Theorem 2.7.3.9 is totally
unnecessary.
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Theorem 2.7.5.4. Consider (2.7.1) with a(t) = 0. Suppose there is an
a > 0 with

B(t,s) <0, Bs(t,s) <0, Bg(t,s) >0, B(t,s) >0, 2A(t) < —a.

Then the derivative of

V(t) = 22(t) — /: Bu(t,u) (/ut z(v)dv)zdu — B(t,s) (/t z(u)du>2

along the solution Z(t,s) with Z(s,s) =1 of the resolvent equation

2'(t) = A(t)z(t) + /: B(t,u)z(u)du
satisfies

V/(t) < 2A(t)2%(t) < —aZ?(t, ).
Thus,

¢
0<V(t)<1-— a/ Z2(u, s)du
and

t
/ Z%(u, s)du < 1/a

for 0 < s <t < .
Proof. We have

V(0 = 240):50) + 2:(0) [ " B{t,w)= )
- /St Bui(t,u) (/: z(v)dv>2du
) / "Bu(t.u) /u () dudu
~ By(t, s) (/t z(u)du)2 —2:(1)B(t, 5) /: 2(u)du.

We integrate the third-to-last term by parts and obtain

_ox(1) [B(t,u) /ut +(v)dv t + /: B(t, u)z(u)du}

= —22(t) {—B(t, 5) /st z(v)dv + /St B(t,u)z(u)du].



2.7. INTEGRODIFFERENTIAL EQUATIONS 151

Cancel terms and obtain

V/(t) = 2A(t)2%(t) — /St Bui(t,u) (/ut z(v)dv)Qdu

- Bt(t,s)</stz(u)du)2.

The conclusion follows from this.

Corollary 2.7.5.5. Let the conditions of Theorem 2.7.5.4 hold and sup-
pose that there is a continuous function k : [0, 00) — [0, 00)with k(t) < «,

—But(t,u) < k(t)By(t,u)
and
—By(t,s) < k(t)B(t, s).

Then for V defined in Theorem 2.7.5.4 we have V! < —k(t)V and Z?(t, s) <
ZQ(S7 5)67 f: k(u)du

We turn now to the fixed point methods of Theorem 2.7.3.3, set a(t) = 0,
and develop a weighted norm which will yield exponential decay on Z(t, s).
The reader will recognize that there are many alternatives to our presen-
tation. Basically, one chooses a norm of the form |¢|. = sup,s, |¢(¢t)|/7(t)
where 7 : [0, 00) — (0,00) and r € L?[0,00). The task then is to show that
a certain mapping, which we define below, will map the resulting space into
itself and be a contraction. It is a much more flexible technique than some
of our Liapunov arguments because it relies on averages instead of point-
wise conditions. It is often the case that exponential decay of a solution
requires exponential decay of the kernel. Here, we do require such decay
on the kernel.

Theorem 2.7.5.6. Suppose thereisa~y > 0 and an o < 1 with A(v)+v <
0 and

t u
sup / ef:[A(”)J“’]d”/ |B(u,v)e” ) |dvdu < o

0<s<t<0

Then the unique solution, Z(t, s), of

2'(t) = A(t)z(t) —|—/ B(t,u)z(u)du, z(s)=1,

tends to zero exponentially.
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Proof. Fix s > 0 and define a norm on the Banach space (U,| - |,) of
continuous functions ¢ : [s, 00) — R for which

sup |g(t)]e? ") = |4,
t>s

exists.
By the variation-of-parameters formula we have

t u
z(t):ef;A(")d"—i—/ ef,;A(U)dU/ B(u,v)z(v)dvdu

S

which we use in the usual way to define a mapping P on U. Then, if p € U
we have

(Po)(t)e" (179 = eJs[Alw)]du

t u
N / o JIAW) 4] / Blu, 0)e? ™) ¢(0)e7 ) dudu

S

and
|(P)(t)e =]

t u
< 1+/ ef;[A(v)Jrv]dv/ |B(u,v)e” ™) ||¢(v)|e" ") dvdu
s S

so that P¢ € U. Next, if ¢, € U then
|(Pg)(t) — (Pn)(t)]e"*)
< [ ettt [ )t o) )er= v
< oz(|<z5 —1ly |

a contraction. Thus, there is a fixed point and it is in U, completing the
proof.

2.8 A Nonlinear Application

Virtually every result in this entire chapter can be used directly to obtain
qualitative properties of solutions of the nonlinear scalar equation

x(t) = a(t) — /0 C(t, s)[z(s) + G(s,z(s))]ds (2.8.1)
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having the linear part

y(t) = a(t) —/0 C(t, s)y(s)ds (2.8.2)

with two forms of the resolvent equation
t
R(t,s) =C(t,s) — / Rt u)C(u, 5)du

=C(t,s) — /t C(t,u)R(u, s)du (2.8.3)

generating the variation of parameters formula

y(t) = a(t) _/0 R(t, s)a(s)ds. (2.8.4)

It is assumed that a : [0,00) — R, C' : [0,00) X [0,00) — R, and G :
[0,00) x B — R are all continuous. This will ensure that (2.8.1) has a
solution, while (2.8.2) and (2.8.3) have unique solutions.

It is recognized that we have not proved an existence result for (2.8.1).
That will be done in the next chapter. However, it will be a significant
distraction to stop the work of Chapter 2 and prove an existence result
before coming to these applications.

As an appendix at the end of this section we will show that we can
write (2.8.1) with another variation of parameters formula as

2(t) = a(t) /0 R(t, w)a(u)du — /O R(t, )G, 2(u))du

(t) = y(t) — /0 R(t, 5)G(s,2(s))ds (2.8.5)

where y is the solution of (2.8.2).

We can study (2.8.2) and (2.8.3) separately and apply our conclusions
to (2.8.5) which will then be much simpler than (2.8.1). Our goal is to give
conditions on a, C, and G to ensure that the solution of (2.8.1) is either
bounded, is in LP[0, 00), or tends to zero as t — co. We ask a variant of

G(t,2)] < kale] + h(t)|z] /7 (2.8.6)

where p > 1, ¢ > 1, k1 > 0, with (1/p) + (1/q9) = 1, and h € L?|0, c0).
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Linear preliminaries

We will now go back through Chapter 2 and select out a few of the
results which we will need here, including those which yield

y € L]0, 00) for some ¢ =1,2,4,...,2", ..., 00. (2.8.7)

We have mentioned several times that a classical idea is that the solu-
tion, y, follows the forcing function, a(t). For example, if a € L?, so is y.
Looking at (2.8.5) we see that we are striving for a nonlinear counterpart:
ifye L9 sois x.

The next two results will be fundamental reminders. The first is Theo-
rem 2.1.3(iii) and is a result of Islam and Neugebauer (2008).

Lemma 2.8.1. If there is an a € (0,1) with
¢
/ |C(t,s)lds <a, 0<s<t<oo, (2.8.8)
0
then

t (0%
/O IR(t,)lds < =2 (2.8.9)

Take the absolute values in the first choice in (2.8.3), integrate from 0
to t with respect to s, and finish by interchanging the order of integration.

There is a symmetric result obtained by using the second choice in
(2.8.3) and integrating with respect to ¢; this will yield the first part of
(2.8.11) below. It was also seen in Theorem 2.6.3.1 and (2.6.12).

Lemma 2.8.2. If there is a 8 € (0,1) with

¢
/ |C(u, s)|du < B, 0<s<t<oo (2.8.10)
then
/ C(v+1,8)|dv < 8 (2.8.10%)
0
and
' g = g
/ |R(u, s)|du < 5 and / |R(v +t,1)|dv < 5 (2.8.11)
s - 0 -

Moreover, if (2.8.10) holds, if a € L'[0,00), and if [ |C(v + u,u)|dv is
continuous, then y € L'[0, c0).



2.8. A NONLINEAR APPLICATION 155

Proof. We have indicated how to get the first part of (2.8.11). From (2.8.10)
we have [ |C(u, s)|du < Bso [;°|C(u+s,s)|du < 3. The last inequality
holds for s replaced by t.

In the same way if (2.8.10) holds and we have the first part of (2.8.11)
then

oo oo /8
/ |R(v+t,t)|dv = / |R(w, t)|dw < ——.
0 t 1-p
To prove the last sentence of the lemma, define
t o)
Vi) = / / 1C (0 + u, )| doly(w)|du
0 Jt—u
so that along the solution of (2.8.2) we have
o t
Vi) = [ 10w+ 0l - [ 0 uytld

< Bly@®)] = ly(®)] + la@)]-

An integration yields the result since V' (¢) > 0 and 8 < 1. This completes
the proof.

Corollary 2.8.1. Let (2.8.10) hold. If a € L*[0,0) then
t
/ R(t, s)a(s)ds € L'[0,00). (2.8.12)
0

Proof. Note that

- /O R(t, s)a(s)ds = y(t) — a(t) € L'[0, 50).

There is a companion to that last result which will be needed, found in
Theorem 2.1.3(ii).

Proposition 2.8.1. If (2.8.8) holds, if a(t) — 0 ast — oo, and if for each
T > 0 then

T
/ |C(t,s)|ds — 0 as t — o0, (2.8.13)
0
then

t
/ R(t,s)a(s)ds — 0 as t — oo. (2.8.14)
0
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Finally, we remark that there are numerous conditions on C' which are
known to imply that there is a positive constant K such that

|R(t,s)| <K, 0<s<t<o0. (2.8.15)
See Section 2.6, particularly Theorems 2.6.3.2, 2.6.3.3, 2.6.4.1, 2.6.5.1.
The nonlinear problem

We begin with two parallel results.

Theorem 2.8.1. Let(2.8.8) and (2.8.13) hold and suppose there is a
continuous function h : [0,00) — [0, 00) with

|G(t,z)| < h(t)|x|, h(t) — 0 ast — oco. (2.8.16)
If the solution of (2.8.2), y, is bounded so is x, the solution of (2.8.5).

Proof. Conditions (2.8.8) and (2.8.13) imply (2.8.14) This means that there
isay<1landT >0 with

t
/ IR(t, 5)|h(s)ds <, t > T.
0

Let |y(t)] <Y for some Y > 0. If z is not bounded, then there is a ¢ > T
with |z(t)] < |z(q)| for 0 <t < ¢ which yields

[z(q)| <Y +|z(q)| /Oq [R(q, s)|h(s)ds <Y +~]x(q)]

so |xz(q)| £ Y/(1 —~) will be the bound on z for t > ¢. As x is continuous,
the proof is complete.

Lemma 2.8.3. Let (2.8.10) hold so that (2.8.12) also holds. If y €
L[0,00) and if

|G(t, )| < h(t)|z|, h(t) € L']0,00), (2.8.17)
then any bounded solution of (2.8.5) is also in L'[0, c0).
Proof. If z is bounded, then |G(t, z)| < h(t)|z| € L'[0,0) so

/O R(t, )G(s, 2(s))ds € L'[0, 50)

and the result follows.
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Theorem 2.8.2. Let (2.8.10), (2.8.15), and (2.8.17) hold and let y(t) be
bounded and in L'[0,00). Suppose that there is an M > 0 with

|G(t,z1) — G(t, 22)| < Mh(t)|z1 — z3]. (2.8.18)
Then the solution of (2.8.5) is bounded and, hence, is in L'[0, 00).

Proof. Let (X, |- |n) be the Banach space of bounded continuous functions
¢ : [0,00) — R where

[0l := sup g(p)]e™ Jo (MAFDREI:,
>0
Then define P : X — X by ¢ € X implies that

(Po)(t / R(t,s)G(s, p(s))ds

SO

(PO)(D)| < u(t)] + \ | Rt o)ds

is bounded, as in the proof of Lemma 2.8.3. To see that P is a contraction,
if ¢,n € X then

|(P¢)(t) — (Pn)(t”e* JHMEK+1)h(s)ds

t
< / IR(t, 5)[ e~ Js LK+DRES M p ()6 (5) — 17(s)ds

< / MKe— ft(MK—i-l)h(u)due— foS(MK""l)h(")d"h(g”(b(s) _ W(S)lds
t

MK
< f (MK+1)h(u)du
< MK+1|¢ nlne” .

<
7MK+1|¢ 77|h;

completing the proof.

By changing (2.8.17) we can avoid (2.8.18). The reader may wish to
review Lemma 2.8.2 and (2.8.10), (2.8.10*), and (2.8.11). If (2.8.10) holds
then we can define

/ / R(v + u, u)|dv|G(u, z(u))|du (2.8.19)
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and find that

Vi(t) = /OOO R(v+ 1, 0)|dv] G (¢, )| /Ot R(t, u)G (u, 2(u))|du
so that

/ p
V(t)gm

Theorem 2.8.3. Let (2.8.10) hold, let p > 1, ¢ > 1, (1/p) + (1/q) = 1,
and suppose there is a function A : [0,00) — [0,00), A € L9[0, c0), and with
k1 > 0 so that

|G(t, )| < ki|x| + A(t)|x]|*/P (2.8.21)

|G(t, )| — [z] + [yl (2.8.20)

and

p
1-p
Ify € L'[0,00), so is z.

Proof. From (2.8.20) and (2.8.21) we have

B

ko =k < 1. (2.8.22)

V(0 < T2 kel + MOl 7]~ fo] + 1o
= balel + TNl = ]+ 1y
= —(1 = kel + Iyl + M O[],

An integration yields

-ra) [ lotopias < [ wolase 2 ([ o) Uq( [ ietsas) "

There are then positive constants U and L with

/ a(s)lds < oo t o(s)lds "

placing a bound on fot |z(s)|ds. This completes the proof.

We have proved a collection of results showing that if a € L?" or if
a' € L?" then y € L?". Again, it would be a distraction to repeat those
here. We will assume that y € L?" and give conditions to ensure that
xe L.
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Lemma 2.8.4. Let (2.8.8) hold and let ¢ > 0 be given. Then there is a
positive constant M so that if

- a(l+e)

— (2.8.23)

then
t
2 < My? —I—’y/ |R(t, 5)|G?(s, z(s))ds. (2.8.24)
0

Proof. If we square both sides of (2.8.5) we can readily find M with
t 2
22 < My? + (1 + e)</ R(t, s)G(s, x(s))ds)
0
t t
<M+ (140 [ IRGs)ds [ IR(5)IGH s a(o)ds
0 0

a(l+e)
1-a

— My 4+ / IR(t, 9)|G2(s, 2(5))ds,

< My?+

/O R, 5)|G2(s, 2(s))ds

as required.

Assume that (2.8.10) holds and for v defined in (2.8.23) define the
Liapunov functional

V() = 'y/o /:O |R(u + v, u)|dvG? (u, x(u))du. (2.8.25)

and review (2.8.11) to see that [~ |R(v +t,t)|dv < B/(1 — j).
Thus, the derivative of V satisfies

Vi) = 7/000 R(v + £, )| dvG2(t, (L)) — 7/0 Rt )| G2 (u, 2(w))du
so that

V() < =G (t, 2(t)) + My2(t) — 2%(t). (2.8.26)
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Theorem 2.8.4. Let (2.8.8) and (2.8.10) hold, let p > 1, ¢ > 1, (1/p) +
(1/q) = 1, and let y € L?[0,00). Suppose there is a function A\ € L4[0, 00)
and an n > 0 with

B

S 1 2.8.2

g i< (2.8.27)
and

G2(t,z) < na® + \(t)|z|>/P. (2.8.28)

Then z € L?[0,00). If, in addition, y and C(t,s) are bounded, so is .
Proof. From (2.8.26) and (2.8.27) we have

V' (t) < pa?(t) + %@Mtﬂ?“’ + My*(t) — 2%(t) (2.8.29)

so that

aﬂ043ﬂﬁw<%<AK%@@fM(AUH$@fm+MAlﬂ@@.

This places a bound on fg 22(s)ds. If C is bounded, use (2.8.11) in (2.8.3)
to see that R is bounded. If, in addition, y is bounded then use the last
relation in (2.8.5) to see that z is bounded.

We could continue to square (2.8.5) and (2.8.28) and obtain = € L?"
when y € L?".

RESEARCH PROBLEM. Notice that we need § < 1, but allow /(1 —
B) > 1. In the aforementioned work of Islam and Neugebauer (2008),
they ask for an o < 1 with fot |C(t, s)|ds < a and obtain fot |R(t, s)|ds <
a/(1 —a). For a/(1 —a) < 1, they use contractions to get boundedness
when G(t,x)| < k|z|. It would be very interesting to extend that work to
allow /(1 — a) > 1, using a different condition on G(t, z).

We have been working with small C. Now we turn to possibly large C'.
Differentiate (2.8.3) to obtain

¢
Ri(t,s) = C(t,s) — C(t, t)R(t,s) — / Cy(t, u)R(u, s)du
and let ¢(t) = R(t, s) for fixed s and write

¢=am@—ammw—/cwwmww
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Theorem 2.8.5. Let fto_ou |Cy (v + u,u)|dv be continuous and suppose
there is a constant 3 > 0 with

Clt,1) — /Oo ICy (0 + ¢, 0)|dv > B. (2.8.30)
0

Then

|R(t,s)|—|—ﬁ/ |R(u,s)|du§|C(s,s)|+/ Oy, 8)|du. (2.8.31)
Proof. Use

t [e%s}
V() = 1 (v + 1w, w)|dvlg(u)|du,
0=l + [ [ 100+ uwldolatw)idn
note that V(s) = |C(s, s)|, and obtain
t
VI(t) £ [Colt, )] = Ct0latt) + [ 1t wa(wdu

+ [T e+ il - [ |6t w)g(w)ldu
< [Cult. )| — Bla(h] = |Cs(t )| — BIR(, 9)

[R(t,s)] < V() < V(s) +/ |Ct(u, s)|du — ﬂ/ |R(u, 5)|du,

yielding the result.

Corollary 2.8.2. Let the conditions of Theorem 2.8.5 hold and suppose
there exists M > 0 with

t
C(s,5)| +/ IOy (u, 8)|du < M. (2.8.32)
Then
t
IR(t, 5)| + 8 / | R(u, s)|du < M. (2.8.33)

If, in addition, a € L'[0,00) then the unique solution y of (2.8.2) is in
L'[0, 00); moreover, if a € L' and bounded, so is y.
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Proof. Since |R(t s)| is bounded and a € L' and bounded, y is bounded
by (2.8.4). If fo la(u)|du < A then

/|y |du</|a |du+// |R(u, s)a(s)|dsdu
/|a |du+/ / | R(u, )|dula(s)|ds

<A+ (M/B)A,
as required.

Corollary 2.8.3. Let the conditions of Theorem 2.8.5 and (2.8.32) hold.
Suppose there are constants p > 1, ¢ > 1, with (1/p) + (1/q) = 1 and a
function h € L1[0, 00) with

G(t,2)] < h(t)|] /.

Then the solution of (2.8.5) satisfies * € L'[0,00). If, in addition, a(t) is
bounded then x is bounded.

Proof. Notice that

/OO |R(v+t,t)|dv = /OO |R(u,t)|du < M/
0 t

by (2.8.33). Thus, from the derivative of

_ /0 t /t f’ R(v+ u, w)|dv| G (u, 2(u)) du

we have

V() < (M/B)IG(t, x)| + [yl — ||
< (M/B)h(O)]2]"? + Jy| — Ja].

An integration and use of Holder’s inequality will give = € L' since Corol-
lary 2.8.2 yields y € L. But Corollary 2.8.2 also gives y bounded and R
bounded so boundedness of = will now readily follow from (2.8.5).

We have given two ways of showing [~ |R(v + t,t)|dv bounded and
there are many ways to show y € L'. Every result in Sections 2.6.3, 2.6.4,
and 2.6.5 with R?" integrable can be used with Holder’s inequality in the
second choice in (2.8.3) to yield R bounded. We now offer a result which
allows flexibility for other methods.
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Theorem 2.8.6. Let y € L'[0,00) satisfy (2.8.2) and suppose that there
is a constant i with [ |R(v+t,t)|dv < p. If there is a constant k > 0 with
|G(t,x)| < k|z| and kp < 1 then the solution = of (2.8.5) is in L]0, 00). If,
in addition, y is bounded and R(t,s) is bounded then x is bounded.

Proof. Define

t [oe)
V) :/ / R(v + u, )| dv] G, 2(u))|du
0 t—u
and obtain

Vi(t) = / TR + 1,6)|de] G (2, 2)] — / IR(t, )G, 2(u))|du
< k| — || + Iy

This yields # € L[0,00). Next, using these conditions in (2.8.5) yields x
bounded.

Remark. Our work is stated for scalar equations, but much of it is
valid also for systems. Miller’s work in the next subsection is definitely for
systems so one needs to be careful about commuting terms. If we go back to
the early parts of the chapter we see that some of our Liapunov functionals
used here also work for systems. That is true for the contraction result, as
well. It fails in all the cases where we square the equation. It would be
very interesting to advance Miller’s variation of parameters formula to the
case of G(t, s, z(s)).

2.8.1 The Nonlinear Variation of Parameters

Here, we follow the presentation of Miller (1971a; pp. 190-2). Given a
linear system

X(t) = f(t) - /O C(t, 5)X (s)ds, (2.8.34)
we can write
X(t) = f(t) - /O R(t, u) f (w)du (2.8.35)

and we suppose that properties of X and R are known. Then consider
t
o(t) = 10— [ C(t.5)la(s) + Gls.a(s)lds
0

— F(t) - /0 C(t, s)z(s)ds (2.8.36)
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where

—/0 C(t, 5)G(s,2(s))ds.

Thus, we apply (2.6.3) to (2.8.36) and obtain

={f() /Cts s,z(s))ds} — / (t,s)f(s)ds

/Rts/Csu (u, z(u))duds
— {50 - / R(t,5)f(s)ds} - /Cts (5. 2(s))ds
+ /0 ( / R(t, 5)C(s, u)ds}G(u, 2(u))du
=150 = [ R s}
- / (C(tu) / R(t, 5)C(s, u)ds}G(u, 2(u))du
0 u
Using (2.6.2) and (2.8.35) yields
x(t):X(t)—/ Rt )G (u, 2(u))du
/ R(t,u)[f(v) + G(u, z(u))]du (2.8.37)

which Miller calls the variation of constants form of (2.8.36).

2.9 Notes

All of the chapter was strongly motivated by the work of Miller displayed
in subsection 2.8.1. The material in the first four sections of this chapter
is taken from various parts of Burton (2006a) and (2007a,b,c). That in
(2006a) was published first in the indicated journal which is published
by the University of Szeged, Hungary; it formed the basis of most of the
material to follow. That in (2007a,b) was published first in the indicated
journal by Elsevier. The material in (2007c) was first published in the
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indicated journal by the University of Baia Mare, Romania. The material
in Section 5 was taken mainly from Becker, Burton, and Krisztin (1988).
The material in Section 2.8.1 is taken directly from indicated work of Miller.
That in Section 2.7 rests entirely on the indicated work of Becker and
Zhang.



Chapter 3

Existence Properties

3.1 A Global Existence Theorem

In this section we assume continuity of the functions in the integral equation
and show that there is global existence of solutions if either the growth of
the functions involved is not too fast or if there is a certain type of Liapunov
function.

We begin by reviewing some of the history concerning an ordinary dif-
ferential equation

' = f(t,z) (3.1.1)

where f : [0,00) x R" — R" is continuous. Then we construct a global
existence theorem for

¢
o) =a(®) + [ Dit,s,o(s))ds (3.1.2)

0
where D : [0,00) x [0,00) x R" — R" and a : [0,00) — R" are both

continuous. If we extend the domain of D to —oo < s <t < oo, that will
contain results for the infinite delay equation

t
2(t) = b(t) — / D(t, 8)g(s, 2(s))ds (3.1.3)
where b, D, and ¢ are continuous, while xg(t,z) > 0. To specify a solution

of (3.1.3) we require a continuous initial function ¢ : (—o0,0] — R such
that

0
a(t) :=b(t) — [ D(t,s)g(s, p(s))ds is continuous

166
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so that

x(t):a(t)—/o D(t, $)g(s, o(s))ds

is essentially of the form of (3.1.2) when ¢ is chosen so that ¢(0) = a(0).
Fulfillment of that condition will be prominent in Chapter 7.

Existence theory for (3.1.1) usually rests on limiting arguments with
e-approximate solutions or on careful application of Schauder’s fixed point
theorem after constructing an appropriate set and a mapping of that set
into itself; this is usually an intricate and tedious task. Schaefer’s theorem
is mainly Schauder’s theorem followed by a simple retract argument. Its
great advantage over Schauder’s theorem is that a self-mapping set need
not be found.

The reader will find standard developments of existence theory for
(3.1.1) in any treatment of differential equations such as Hartman (1964).
Existence theory for (3.1.2) is found in the books of Corduneanu (1991),
Gripenberg, Londen, and Staffans (1990), and Miller (1971a), while such
results for both (3.1.2) and (3.1.3) may be found in Burton (2005 b,c), for
example.

We next consider some background and motivation. Classical existence
theory for (3.1.1) begins with a local result. It is shown that for each
(to, o) € [0,00) x R™, there is at least one solution z(t) = (¢, to, z9) with
x(to,to, To) = o and satisfying (3.1.1) on an interval [to,t1], where ¢; is
computed from a bound on f in a closed neighborhood of (tg, o). This
yields a new point (¢1,2(t1)) and we begin once more computing bounds
on f in a closed neighborhood of (¢1,z(¢1)) and obtain a continuation of
the solution on [t1, to].

If we continue this process on intervals {[t,,tn+1]}, can we say that
t, — o0 as n — o0o0? It turns out that we can unless there is an « such
that |z(t)| tends to infinity as t tends to « from the left. Either implicitly
or explicitly we invoke Zorn’s lemma to claim that there is a solution on
[to,00) or one on [tg, @) which can not be continued to a. Some authors
call a solution on [ty, c0) noncontinuable. We do not; for our purposes, if
a solution is defined on [tp, @) with o < 0o, and if it can not be extended
to a, it is said to be noncontinuable. An example of the latter case is

o =a%  (to,z0) = (0,1)

which has the solution z(t) = & on [0,1) and is noncontinuable. In
fact, two more examples complete the range of possibilities. Solutions of
a2’ = —z3 are all continuable to +oo because they are bounded, even though

the right-hand-side grows faster than in the first example. Finally, solutions
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of o' = t3xfn(1 + |z|) are unbounded, but continuable to +oco because the
right-hand-side does not grow too fast.

We come then to the question of how to rule out noncontinuable solu-
tions of the kind mentioned above. In principle, there is a fine way of doing
so. Kato and Strauss (1967) prove that it always works.

Definition 3.1.1. A continuous function V' : [0, 00) x R™ — [0, 00) which
is locally Lipschitz in x is said to be mildly unbounded if for each T > 0,
lim| ;| oo V(t,2) = oo uniformly for 0 <t <T.

Notice that there is no mention of the differential equation or its solu-
tion. That will necessarily change when we advance the theory to integral
equations.

If there is a mildly unbounded V' which is differentiable, then we invoke
the local existence theory and consider a solution z(t) of (3.1.1) on [tg, @)
so that V(¢,z(t)) is an unknown but well-defined function. The chain rule
then gives

d ov dfnz 8V
83:1 dt
=gradV - f —I— 8‘/

We can also compute V’ when V is only locally Lipschitz in z (cf. Yoshizawa
(1966; p. 3)) and we will display such an example in a moment; in that
case, one uses the upper right-hand derivative.

If V is so shrewdly chosen that it is mildly unbounded and V' < 0,
then there can be no a < oo with lim;_.,_ |2(t)| = co because V (¢, z(t)) <
V(to, {Eo).

There is a converse theorem: If f is continuous and locally Lipschitz in
x for each fixed ¢, then Kato and Strauss (1967) show that there is a mildly
unbounded V' with V/ < 0 if and only if all solutions can be continued
for all future time. Their result is not constructive, but investigators have
constructed suitable V' for many important systems without any growth
condition on f. In the example 2’ = —z> mentioned above, V = 22 yields
V' = —22* < 0, showing global existence.

These remarks for (3.1.1) apply in large measure to (3.1.2). In those
cases we require a functional V(¢,z(:)). More importantly, as mentioned
above, for (3.1.1) the only way a solution can fail to be continuable to 400
is for there to exist an « with lim; - |z(t)| = 4o0; but for (3.1.2) we
must take the limit supremum.

Wintner derived conditions on the growth of f to ensure that solutions
of (3.1.1) could be continued to +o0o0 and Conti used these to construct a
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suitable V. These results are most accessible in Hartman (1964; pp. 29-30)
for the Wintner condition and Sansone and Conti (1964; p. 6) for V. A
proof here will show how it works. The interested reader should also consult
Kato and Strauss (1967) concerning the concept of mildly unbounded.

Theorem 3.1.1 (Conti-Wintner). If there are continuous functions
I':[0,00) — [0,00) and W : [0, 00) — [1,00) with

* ds

W(s)

V(t,z) = { lel % + l}exp—/ot I'(s)ds

is mildly unbounded and V'(¢,z(t)) < 0 along any solution of (3.1.1) and
that solution can be continued on [tg,c0).

f(t,2)] < T()W (|2|) and /0

= 00, then

Proof. Let x(t) be a noncontinuable solution of (3.1.1) on [tg,@). By ex-
amining the difference quotient we see that |z(t)|" < |2/(¢)|. Thus,

t)|/ t
Vit () < 2O {exp—/ D(s)ds| — TV (1, (t)) < 0
W (et 7P Jy PO T
when we use |z(¢)|" < |2/(¢)] < T(#)W (|z(t)]). This means that V (¢, z(t)) <
V(to,x0); since V is mildly unbounded, lim; - |z(t)| # oco. This com-

pletes the proof.

Remark 3.1.1. Notice here and throughout the section that we only
used |f(t,z)| < T(#)W(|z|) for 0 < t < . In many problems it turns out
that the inequality fails for ¢ greater than some «, but holds for all smaller
a. In such cases we have proved that the solution can be continued to the
latter a and that may be all that is needed.

The main result of this section is based on the following modified theo-
rem of Schaefer (1955) which is discussed and proved also in Smart (1980;
p- 29). Schaefer’s result was for a locally convex topological vector space.

Theorem 3.1.2 (Schaefer). Let (C,| - ||) be a normed space, H a
continuous mapping of C' into C which is compact on each bounded subset
of C. Then either

(i) the equation x = AHx has a solution for A =1, or
(ii) the set of all such solutions z, for 0 < A < 1, is unbounded.

Definition 3.1.2. Let {f,(t)} be a sequence of functions from an interval
[a, b] to real numbers.
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(a) {fn(t)} is uniformly bounded on [a, b] if there exists M such that
n a positive integer and t € [a, b]
imply |fn(t)] < M.
(b) {fn(t)} is equicontinuous if for any € > 0 there exists 6 > 0 such that
[n a positive integer, t1 € [a,b], t2 € [a,b], and [t; — t2| < §]

imply [fn(t1) — fu(t2)] <e.

Theorem 3.1.3 (Ascoli-Arzela). If{f,(t)} is a uniformly bounded and
equicontinuous sequence of real functions on an interval [a, b], then there is
a subsequence that converges uniformly on [a,b] to a continuous function.

The lemma is, of course, also true for vector functions. Suppose
that {F,(t)} is a sequence of functions from [a,b] to RP, for instance,
Fo(t) = (fa(t)1,- ., fu(t)p). [The sequence {Fy(t)} is uniformly bounded
and equicontinuous if all the {f,(¢),;} are.] Pick a uniformly convergent
subsequence {fy;(¢)1} using the lemma. Consider {f;(t)2} and use the
lemma to obtain a uniformly convergent subsequence { f;r(t)2}. Continue
and conclude that {Fyj,...s(t)} is uniformly convergent.

We now turn to (3.1.2) and our main result for this section and in
preparation we refer to Definition 3.1.1. There, the function V' is mildly
unbounded without any reference to (3.1.2). A typical example would be
V(t,xz) = 22 /(t+1). Now things are going to change radically. For example,
in (3.1.2) we will prepare to use Schaefer’s theorem, introduce A, and write

z(t) = )\[a(t) —/0 D(t,s)g(s,x(s))ds
=: AMHz)(t)
0<A<1, (3.1.2))

retaining all of the continuity conditions.
We will see this several times in Chapter 5 and significant preparation
is needed. First, we require a continuous function M with

—2g(t, x)[x — Aa(t)] < M(2),
g(t, ) bounded for t > 0 if x is bounded . (3.1.4)

But the defining property of this example is that the kernel is convex:

D(t,s) >0, Dy(t,s) >0, Dyl(t,s)<0, Dy(t,0)<0. (3.1.5)
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Now, define

VOt () = {/Ot Du(t, ) (/t Ag(v,x(v))dv)st
+D(t,0) (/Ot (v, x(v))dv) g 1} exp — /Ot M{(s)ds. (3.1.6)

It seems very clear that this function is not necessarily mildly unbounded
as it stands. But we will see that it definitely is mildly unbounded along
a solution and that is all that is needed. To avoid too much repetition,
we ask the reader to refer back to the proof of Theorem 2.1.10 in the
linear case and forward to Theorem 5.2.1 for this nonlinear case. Here
are the steps: Differentiate V; integrate by parts the term in V’ obtained
from differentiating the inner integral in the first integral in V; substitute
Aa(t) — z(t) from (3.1.2)) into the expression just obtained.
Since Dy < 0 if there is a solution of (3.1.2)) then we will have

VAt 2() < {=22g(t 2(8)[2(t) = Xa(t)]] = M(t)}e™ o M (3.1.7)

and this is not positive by the assumptions on M (¢) and the fact that
xg(t,z) > 0. Hence

Vnta() < V(N0,z()) =1, (3.1.8)

a bound on V along that supposed solution, and the bound is uniform in
A

We now show that V' is mildly unbounded along that supposed solution.
We have

ate) ~ a0 = ([ t AD(t»)g(sw(s))ds)Q

(from (3.1.2y)

= (D(t, 0) /Ot Ag(v, z(v))dv + /Ot Ds(t,s) /: Ag(v,z(v))dv ds>2

(upon integration by parts)

< 2/Ot Dy(t, s)ds /Ot Ds(t, s) (/St Ag(v,x(v))dv) 2ds

+ 2D?(t,0) </0t Ag(v, x(v))dv) i
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(by Schwarz’s inequality)

< 2[D(t,0) + D(t,t) — D(t,0)]V (A, t, a(-))elo M)ds
= 2D(t, )V (A, t, (-))elo M(o)ds

But from (3.1.8) we have
(Aa(t) — z(t)? < 2D(t, t)edo M(s)ds,

Here is the objective which we have achieved. Independent of A € [0, 1],
for each T' > 0 we can find K > 0 with |2(t)] < K if 0 < ¢ < T and
0 < A < 1. Of course, there are many different Liapunov functions which
could give us the same result so we formulate the end result as a definition.

Definition 3.1.3. Let Q be the set of continuous solutions ¢ : [0, c0) —
R™ of (3.1.25) and let V : [0,1] x [0,00) X @ — [0,00). Then V(A t,z(-))
is said to be mildly unbounded along any solution of (3.1.2)) if there is an
L >0 with V(X,0,z(-)) < L and for each T > 0 there is a K > 0 such that
V(A t,z(-)) < L fort > 0 implies that |z(t)| < K for 0 <t <T.

Note that A =0 yields x =0 € Q.

Theorem 3.1.4. If either of the following conditions hold, then (3.1.2)
has a solution on [0, 00):

(I) There are continuous increasing functions I' : [0,00) — [0, 00) and
W :[0,00) — [1,00) with

* ds

o Wi(s)

=00 and |D(t,s,x)| <T({t)W(|z|) for 0 < s <t. (3.1.9)

(II) There is a differentiable scalar functional V (A, t, z(-)) which satisfies
Definition 3.1.3 with V'(\,t,z(+)) < 0 along any solution of (3.1.2).

Proof. Let T > 0 and (C, || -||) be the Banach space of continuous functions
¢ :[0,T] — R™ with the supremum norm. We will show that there is a
solution z(t) of (3.1.2) on [0,T]. These lemmas are for 0 <¢ < T.

Lemma 1. If H is defined by (3.1.2)) then H : C — C and H maps
bounded sets into compact sets.

Proof. If ¢ € C, then D(t, s, ¢(s)) is continuous and so Hy is a continuous
function of t. Let J > 0 be given and let B = {¢ € C|||¢|| < J}. Now a(t)
is uniformly continuous on [0,7] and D(¢, s, x) is uniformly continuous on
A=A{(ts2)0<s<t<T,|z| <J}. Thus, for eache > 0 thereisad >0
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such that for (t;,si,x;) € A, i = 1,2, then |(t1, s1,21) — (t2, S2,22)| < 6
implies that |D (1, $1,21) — D(tg7 s2, x2)| < &; a similar statement holds for
a(t). If ¢ € B then 0 < ¢; <T and |t; — t2| < 0 imply that

[(He)(t1) — (He)(t2)| < la(tr) — alta)|

‘/[ (t1:5: s >>—D(tz,s,so<s>)}ds
/0 D(ta, 5 (s >)ds_/0”D(t2757¢(5))d5

Settiet+ |t — M <e(l+T)+0M

+

where M = maxa |D(t, s,z)|. Hence, the set A ={Hp|p € B} is equicon-
tinuous. Moreover, ¢ € B implies that [|[He| < |a| +TM. Thus, A is
contained in a compact set by Ascoli’s theorem.

Lemma 2. H is continuous in .

Proof. Let J > 0 be given, ||¢;|| < J for i = 1,2, and for a given € > 0 find
the § of uniform continuity on the region A of the proof of Lemma 1 for
D. If |1 — 2| < 9, then

|<Hsm><t>—<Hsoz)<t>|§/0 ID(t,5,01(5)) — D(t. 5. 02(s))|ds
<Te
o [|(Hg) — (He)| < Te.

Lemma 3. There is a K > 0 such that any solution of (3.1.25) on [0,T],
satisfies ||| < K.

Proof. Let (I) hold. If ¢ satisfies (3.1.5) on [0, T, then

o] < A|A@) + [ T (s foro <<

where A(T') = maxo<i<7 |a(t)|. If we define y(t) by

) =3[+ 140 [ Wiyt

then y(t) > |p(t)| on [0, T); clearly, y(0) > |¢(0)| so if there is a first ¢t; with
y(t1) = |p(t1)], then a contradiction is clear. But the Conti-Wintner result
gives a bound K on ||y|| and so the lemma is true for (I). The argument
when (II) holds follows directly from Definition 3.1.3 and V' < 0.

Interesting global existence is also found in Lakshmikantham and Leela
(1969; p. 46).
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3.2 Classical Theory

When we consider

x(t):f(t)—i—/o o(t,s,2(s))ds, >0, (3.2.1)

it is to be understood that x(0) = f(0) and we are looking for a continuous
solution z(t) for ¢ > 0. However, it may happen that x(¢) is specified to be
a certain initial function on an initial interval, say,

x(t) = ¢(t) for 0<t <t

(see Fig. 3.1). We are then looking for a solution of

x@=ﬂﬂ+42w&wmw+/ﬁw&mmw,tzm

to

Notice that at ¢ = to we have

aﬁwsz»+éoau&w@ws

which may not equal ¢(¢p) so the graph in Fig. 3.1 could have a disconti-
nuity, not just the indicated cusp.

Figure 3.1: The cusp (or discontinuity).
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As an example, (3.2.1) may describe the population density z(t). A
given population is observed over a time period [0, o] and is given by ¢(¢).
The subsequent behavior of that density may depend greatly on ¢(¢).

A change of variable will reduce the problem back to one of form (3.2.1).

Let z(t + tg) = y(t), so that we have

x(t+t0)=f(t+t0)+/0Og(t+to,s,¢(5))ds

tott
+/ g(to+t,s,x(s))ds

to

:ﬂH%w+Aom#Hm&M$M8

¢
+ / g(to +t,u+to, z(u +to)) du
0

or

m0=Mﬂ+Ag%+uu+mmwMu

where

h(t) = f(t+t0)+/0Og(t+t0,s,¢(s))ds

and we want the solution for ¢ > 0.

Thus, the initial function on [0, to] is absorbed into the forcing function,
and hence, it always suffices to consider (3.2.1) with the simple condition
z(0) = f(0).

Exactly the same may happen for an integrodifferential equation

2 (t) = A(t)x(t) + /0 B(t,s)z(s)ds + f(t).

The natural initial condition is 2(0) = xo and we seek a solution for ¢ > 0.
But there may be a given continuous initial function ¢ : [0,¢] — R".
Make the same change of variable as was done for the integral equation
and we obtain a new equation of this same form where the initial function
is absorbed into the forcing function. There is one large difference. This
time we will get a continuous solution, but it will likely have a corner at ¢
just as our figure indicates. The solution does smooth as time goes on.

We now proceed to obtain two of the most standard existence results
for integral equations.
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Definition 3.2.1. Let U C R and G : U — R". We say that G
satisfies a local Lipschitz condition with respect to x if for each compact
subset M of U there is a constant K such that (t,xz;) in M implies

|G(t,m1) — G(t,xg)‘ < K|z — 22

Frequently we need to allow ¢ on only one side of .
Let z, f, and g be n vectors and consider again (3.2.1)

x(t) = f(t) +/O g(t,s,x(s))ds.

From the proof of Theorem 1.2.5 and the introductory remarks of this
section we know that an integro-differential equation with initial conditions
can be put into the form of (3.2.1).

Theorem 3.2.1. Let a, b, and L be positive numbers, and for some fixed
a € (0,1) define ¢ = o/ L. Suppose

(a) f is continuous on [0, al,
(b) g is continuous on

Uz{(t,s,x):Ogsgtgaand|x—f(t)|Sb},

(c) g satisfies a Lipschitz condition with respect to x on U of the form
‘g(ta S, (E) - g(tv Svy)| < L|{E - y|
if (t,s,x), (t,s,y) € U.

If M = maxy |g(t, s, )|, then there Is a unique solution of (3.2.1) on [0, T7,
where T' = min|a, b/M, c].

Proof. Let S be the space of continuous functions from [0,7] — R with
e Sif

I — £l % max |w(t) — £(8)] <b.

0<t<T

Define an operator A: S — S by

(A)(t) = f(t) + / o(t, 5,9(s)) ds .
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To see that A : & — S notice that ¢ continuous implies A()) continuous
and that

[A@W) = fll = max [(Ap)(t) = f(1)]

0<t<T

t
/g(ts,w(s))ds < MT <b.
0

To see that A is a contraction mapping, notice that if ¢ and ¢ € S,
then

| A6 — Av| = max

0<t<T

/0 g(t, 5, 6(s)) ds — / o(t, 5,10(s)) ds

< max | |g(t, 5, 0(s)) — g(t, 5,9(s))| ds

< max L [ [6(s) = v(s)]|ds
0

< ToréltaSXTquﬁ(S) —¥(s)]

=TLl|l¢p -yl <cLl¢ = o] = allo =4

Thus, by the contraction mapping principle, there is a unique function
x € § with

t
(A2)(0) = 2(t) = £0)+ | glt,s.a(s)) ds.
0
This completes the proof.

Remark 3.2.1. We can certainly get by with less than continuity of g in
t and s. We need the Lipschitz condition and we need to say that if ¢ € S
then Ay € S. This will allow for mild singularities. One may find this
throughout Miller (1971a), Corduneanu (1991), and many other places. If
we focus on such problems, then it will change the direction of the book
entirely and we will be led away from our main point of showing qualitative
properties based on Liapunov functions.

The interval [0, 7] can be improved by using a different norm, as we saw
in Chapter 1. The conclusion can be strengthened to T' = min[a, b/M]. On
an interval [0, T] one may ask that

_ —Bs
lpll = jmax Ae™[g(s)]
for A and B positive constants.

According to C. Corduneanu, the next result is by L. Tonelli and ap-
peared in the Bull. Calcutta Math. Soc. in 1928.



178 3. EXISTENCE PROPERTIES

Theorem 3.2.2. Let a and b be positive numbers and let f : [0,a] — R"
and g : U — R™ both be continuous, where

U={(t,s,2):0<s<t<aand|z— f(t)] <b}.
Then there is a continuous solution of
t
o) =10+ [ g(t.5,2(5)ds (3.2.1)
0

on [0,T], where T = min[a, b/M] and M = maxy |g(t, s, x)|.

Proof. We construct a sequence of continuous functions on [0, T] such that

and if j is a fixed integer, j > 1, then x;(¢) = f(t) when t € [0,T/4] and

t—(T/3)
xﬂﬂzﬂﬂ+£ o(t = (T/3), 5, 2,(s)) ds

forT/j <t<T.
Let us examine this definition. If j is a fixed integer, j > 1, then

zj(t) = f(t) on [0,T/j]

and

t—(T/3)
xﬂﬂ:ﬂﬂ+l g(t = (T/3). 5. f(s)) ds

for t € [T/4,2T/j]. At t = 2T/j, the upper limit is T/j, so the integrand
was defined on [T/, 2T/j], thereby defining z;(t) on [T'/4,2T/4]. Now, for
t € [2T/4,3T/j] we still have

t—(T/3)
Jﬂﬂ=ﬂﬂ+A o(t = (T/9), 5,2;(5)) ds.

and the upper limit goes to 27'/j on that interval, so z;(s) is defined,
and hence the integral is well defined. This process is continued to
[(j —1)T/j,T], obtaining x;(¢t) on [0,T] for each j. A Lipschitz condi-
tion will be avoided because z;(t), j > 1, is independent of all other x(t),

JF# k.
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Notice that
t—(T/3) ‘
o) = 5O1< [ ol = (T/d). 1, () | ds
< M(t — (T/j)) < M(b/M) = b.
This sequence {x;(t)} is uniformly bounded because

25 ()] < 1£(0) +b < mavx [70)]+ .

To see that {x;(t)} is an equicontinuous sequence, let € > 0 be given, let
n be an arbitrary integer, let ¢ and v be in [0,7] with ¢ > v, and consider

e t—(T/n), s,y (s))
N \/O [g( T

—g(v—=(T/n),s,2,(s))] ds

t—(T/n)
4 / g(t — (T/n), 5,20 (s)) ds
v—(T/n)

<|f(E) = (o)l + Mt = o]

v—(T/n)
[ o= @/m)san(s)
o g(v - (T/n)7 van(s)) | ds .

By the uniform continuity of f, there is a d; > 0 such that |t — v| < 01
implies | f(t) — f(v)] < /3.

By the uniform continuity of g on U, there is a d2 > 0 such that [t —v| <
0o implies

T}g(t - (T/n)a S,(En(s)) - g(v - (T/n)vsvxn(s)” < 6/3

Let 6 = min[dy, d2,e/3M]. This yields equicontinuity. The conclusion now
follows from Ascoli’s theorem.

Theorems 3.2.1 and 3.2.2 are local existence results. They guarantee a
solution on an interval [0,T]. There is extensive discussion of existence in
Burton (1983b). It is shown in detail how the solution can be continued
until it approaches the boundary of the set where f and ¢ are defined or
there is a number L with limsup,,, |(¢)| = +oo. This is finite escape time.

One can construct examples of equations whose solutions tend to infinity
in finite time in several ways. Perhaps the easiest way is as follows. Let
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g: R — R, zg(x) >0if x # 0, g be continuous, and let fooo [dx/g(x)] < 0.
Suppose that C' and C; are continuous. If, in addition, C'(¢,s) > ¢g > 0
and Cy(t, s) > 0, then for xg > 0 the solution of

(1) =x0+/0 C(t, 5)g(a(s))ds

tends to infinity in finite time. Just note that =’ > cog(z), divide by g(z)
and integrate both sides form 0 to ¢.

3.3 Equations of Chapter 2

In Chapter 2 we focused on a variety of problems illustrating differences
between the convolution and nonconvolution cases as shown by Liapunov’s
direct method. A rich field for research was introduced. In much the same
way we now re-examine those equations with x replaced by g(z) and see
the richness for research emerge. In particular, one is always confronted
with the problem of removing the growth condition on g. There is always
the possibility that the growth is merely a function of the method used to
study the problem so that a slightly modified method would completely
remove the growth condition.

This section has four distinct parts. First, we differentiate the nonlinear
equation and use several different Liapunov functionals to prove qualitative
properties. Next, we use a Liapunov functional directly on the integral
equation to obtain several qualitative properties of solutions, sometimes
under the assumption that the nonlinearity is not too large and then under
the assumption that it is not too small.

In Chapter 2 we studied

z(t) = a(t) — /Ot C(t,s)x(s)ds, (3.3.1)
together with the resolvent equation

R(t,s) =C(t,s) — /t R(t,u)C(u, s)du, (3.3.2)
and variation of paramete;"s formula

2(t) = a(t) — /0 "R(t, $)a(s)ds. (3.3.3)

The objective was to prove that solutions are bounded, L?, or tend to
zero. Here, we change the equation in a minimal way and use Sections 3.1
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and 3.2 to study what can be said about solutions concerning the same
properties, as well as continuation.

Early on we motivated much of the work by the following question.
Under “reasonable” conditions on the kernel C'(¢, s), what is the qualitative
difference between the solutions of

x(t) =t + (t+1)2sin(t +1)Y/° + sint — /t C(t,s)z(s)ds (3.3.4)
0
and
2(t) = sint — /0 C(t, s)u(s)ds? (3.3.5)

In spite of the magnitude of the difference in forcing functions, the dif-
ference in solutions is merely an LP-function. Moreover, there are vector
space of unbounded functions, a(t), for which fot R(t, s)a(s)ds differs from
a(t) only by an LP-function, while there are also vector spaces of small
functions which that integral is totally unable to copy within an error of
an LP-function. The wary investigator certainly suspects that all of this is
mainly a result of linearity and the principle of superposition. But that is
not true. Here, we show that it is a fully nonlinear situation.

The application to physical problems is obvious. There will be large
disturbances which may have little effect on problems of a certain nature,
while some small disturbances will have enormous effect on these same
problems. Ignoring small perturbations can lead to disaster, while worrying
over large perturbations may be totally unnecessary.

Here, we begin the study of similar properties in a nonlinear case, trying
to see exactly how the techniques must be changed to accommodate the
nonlinearities. Our work will center on the scalar equation

2(t) = a(t) — /0 C(t, 5)g(x(s))ds (3.3.6)

where a : [0,00) = R, C : [0,00) x [0,00) = R, g: R — R, with a, C, and
g continuous and

zg(x) > 0 for z # 0. (3.3.7)

These conditions are sufficient to ensure that (3.3.6) has at least one solu-
tion which, if it remains bounded, can be continued to [0, c0). We will now
offer two results to the general effect that if a’ € L? then any solution of
(3.3.6) satisfies g(z(t)) € LP. Here, C; or C; means the partial of C(t, s)
with respect to t. The first has appeared many places in the linear case,
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but notice how (3.3.8) integrates only the first coordinate and how well a(t)
and xz(t) separate in V’; that will be a major concern here.

In Chapter 2 we had exercises of combining theorems on boundedness.
Continue that idea in all of the theorems here. For each of these theorems,
find another theorem in this set or in Chapter 2 which can be combined
into one theorem.

Notice below that there is no growth condition on g.

Theorem 3.3.1. Suppose that fto_oq |Cy(u+ s, s)|du is continuous, (3.3.7)
holds, a’ € L'[0,00), and that there is an o > 0 with

—C(t,t)+/ IOy (u+ £, )| du < —a (3.3.8)
0

If z is a solution of (3.3.6) then g(z) € L'[0,00) and = is bounded so
g(x) € LP forp > 1.

Proof. If x(t) solves (3.3.6) then it also solves
2'(t) =d'(t) — C(t, t)g(x(t)) — /0 C1(t,s)g(z(s))ds (3.3.9)

and we define a Liapunov functional by

|z t)|+/0 /too ICr(u + 5, )| dulg(x(s)|ds. (3.3.10)
We find that
V(0 < (0] = CCt0late0)] + [ 101 )g(ats)lds

+/0°° |C1(u+t,t)|du|g(x |—/ |C1(t,5))g(z(s))|ds
< la'(t)] = alg(z(t))].

Thus, so long as the solution is defined then

w(t) <V / a/(s)|ds — a / l9(2(s))Ids.

Hence, |2(t)| < V(0)+ [, |a’(s)|ds so z can be continued on [0, 00). More-
over, g(z) € L'[0, 00).
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Exercise 3.3.1. For each of these theorems we will want to drop the
smallness condition on a or a’ and get a mildly unbounded Liapunov func-
tional which will prove that the solution can be continued for all future
time. Thus, in Theorem 3.3.1, let @’ be an arbitrary continuous function
and from V construct a new functional W (t) = [V (¢)+1]e~ Jo 1¢'(=)lds | Find
the derivative of W and give a careful statement about continuability of
solutions.

One may note that we do not need o’ integrable on the half-line to
parlay the above proof into existence of the solution for ¢ > 0 using only
(3.3.8). It is also a curious fact that we did not need [ g(s)ds to diverge
with « in order to obtain boundedness. This will change in the next result.

In this result o’ and g(z) separate completely in V' so that we can
integrate them separately and achieve the conclusion. In the next result our
main problem is to contrive a Liapunov functional so that o’ and g(x) will
separate in V’ in such a way that no assumption on the nonlinearity need
be made. That is a significant challenge, but it can be conquered exactly
as desired. In a later result we will be forced to use Young’s inequality to
achieve a separation, and that will require monotonicity of g.

The reader should note that it is a’ € L?", resulting in € L?". Notice
also how both coordinates of C' are integrated, but the burden falls on the
second coordinate as n becomes large in marked contrast to the last result.
These properties are so important to help us understand the richness of
the nonconvolution case.

Exercise 3.3.2. Refer back to Chapter 2 and find an example where
we used a Liapunov functional beginning with V' = |z| + .... Combine that
theorem with Theorem 3.3.1.

Exercise 3.3.3. Combine any theorem in Chapter 2 which used a Li-
apunov functional, say W, on the integral equation with the Liapunov
functional, V', used in the proof of Theorem 3.3.1. Form the new func-
tional W+ V on (3.3.9) and then bring in the integral equation (3.3.6) for
use with W',

Theorem 3.3.2. Let [~ |Ci(u+s,s)|du be continuous and (3.3.7) hold.

Suppose there is a positive integer n with a/(t) € L*"[0,00), a constant
a >0, and a constant N > 0 with

2n —1 2n—1
2n C(tvt) +

t
T Ci(t, s)|d
2nN 2n—1 2n /0 | 1( S)| N

1 o0
+ —/ |Cy(u+ ¢, t)|du < —a. (3.3.11)
2n 0
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Then the solution x of (3.3.6) is defined on [0, 00) and g(x) € L?*[0,00). If
Jy 9%~ !(s)ds — oo as |z| — oo then any solution x of (3.3.6) is bounded.

Proof. Obtain (3.3.9) and define

V() = /OI g (s)ds + %/0 /too |Cy(u + s, 5)|dug® (x(s))ds.

Then we have

V(1) = d'()g*" " (2) = C(t, )g*" () — 92”*1(96)/ Ci(t, 5)g(x(s))ds

+—/ |Cy (u + t,t)|dug®™ (x( ——/ |C1(t, 8)|g*" (2(s))ds
(2n 1)g 2"( ) | (Nd/(#)*" n

<@gt (O cngna)

+/ |Ce(t, s)] [(ZH — 1)212"(33(75)) + g2"(a:(s))}ds

+_/ Cau+ 1, D]dug™ -—/|clts|g% 2(s))ds

S )

If we integrate the first and last terms we see that there is a posi-
tive number, K, such that so long as z(t) is defined, say on [0,7'), then
Oth"(x(s))ds < K. Let 2n = p and (1/p) + (1/q) = 1. Then for such t we
have

|z(t)] < fa(?)] +/0 O, s)llg(2(s))|ds

<lato)] + Ot |C(t,s)|qd8>1/ i,

thus, x(t) is bounded if T' < oo, and this means that we can continue the
solution to co. We now have

¢ 2n—1 t(Na/(S))Qn s — o ! 20 ((s))ds
/Og (S)dSSV(t)SV(OH/O LA /Og (2(s))ds.

As the solution can be defined for all future time, g(x) € L?". If the integral
on the left diverges with |z|, then z is bounded.
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This result shows that when (3.3.11) holds then for 0 < 5 < 1 and
a(t) = (t+1)° +sin(t +1)% + (¢t +1)/2sin(t + 1)1/3 (3.3.12)

then g(x) € L?"[0,00) for some n > 0. Now, under a compatible set of
conditions on C, we let 8 = 1 and notice that the solution is asymptotically
periodic. The big functions are largely absorbed into the equation, while
the little function takes permanent control.

The fact that no condition on divergence of the integral of g is needed
for boundedness in Theorem 3.3.1, but divergence is needed in Theorem
3.3.2 is a common problem usually traceable to method of proof rather than
a property of the equation. Even if fox g(s)ds fails to diverge, one may use
g € L?" in several ways to obtain boundedness of the solution. For example,
by squaring (3.3.1) we get (1/2)x2(t) < a?(t) + fot C2(t, s)ds fot g*(z(s))ds.

Exercise 3.3.4. Assume that o’ is an arbitrary continuous function,
while fox g*""1(s)ds — oo as |z| — oo. Then, construct a mildly un-

. (Na’(s)? . s .
bounded functional W = [V + 1]e” Jo Fez=ds with non-positive deriva-

tive. Give a careful statement about continuability of solutions of (3.3.6).

Exercise 3.3.5. For scalar equations it is frequently too much to ask
that V' be radially unbounded. In the proof of Theorem 3.3.2 suppose that
g is odd and notice that

Na/(s))Qn

[ s s vost < [T ioass /Ot( A g

Carefully state the conditions to ensure that the solution is bounded for
that zq.

Let Pr be the set of continuous T'—periodic scalar functions and let @)
be the set of continuous functions ¢ : [0,00) — R such that ¢(t) — 0 as
t — oo. Denote by (Y, || - ||) the Banach space of functions ¢ : [0,00) — R
where ¢ € Y implies that ¢ = p+ ¢ with p € Pr and ¢ € Q and where || - ||
is the supremum norm.

In our work here, we will use a contraction mapping and that will require
that g have a bounded derivative, as required in (3.3.15) below. But that
is a requirement based only on the method of proof and it can likely be
removed using a different kind of proof, possibly by the method of a priori
bounds.
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Suppose that C': ® x & — R is continuous with
Cit+T,s+T)=Clts), (3.3.13)

that

¢
/ C(t, s)ds is bounded and continuous, (3.3.14)

and that g has a continuous derivative, denoted by ¢*, with
lg* (x)] < 1. (3.3.15)

For a fixed ¢ = p+ ¢ € Y by the mean value theorem for derivatives we
have

g(#(t)) = g(p(t)) + g(p(t) + q(t)) — g(p(t)) = g(p(t)) + 9" (£(t))q(?)

where £(t) is between p(t) + ¢(t) and ¢(¢). This means that g(¢) € Y. Note
that this did not require (3.3.15) since g* would be bounded along the fixed
function, ¢. Thus, the ideas seem fully nonlinear.

We will also require

0
/ |C(t,s)|ds — 0 as t — oo (3.3.16)

—0o0

and for g € @ then
t
/ C(t,s)q(s)ds — 0 as t — co. (3.3.17)
0
In order to have a contraction we ask that there exists an o < 1 with
t
/ Ot 5)|ds < o (3.3.18)
0

To prove that (3.3.6) has an asymptotically periodic solution, we begin
by defining a mapping from (3.3.6) by ¢ = p+ ¢ € Y implies that

(PO)(t) = alt) — / C(t, 5)g((s))ds. (3.3.19)

Notice that some growth of g is needed to bound the solution. Much
later, in Chapter 5, we will argue that the growth condition is probably not
needed because the behavior of the solution so obtained is bounded and,
hence, its behavior could hardly be influenced by large values of x.

Notice also that (3.3.7) is not needed.
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Theorem 3.3.3. If (3.3.13 - 3.3.18) hold and if a € Y, so is the unique
solution of (3.3.6) on [0, 00).

Proof. Clearly, (3.3.19) is a contraction, but we must show that P: Y — Y.
Write a = p* + ¢* € Y and for ¢ = p+ q € Y define

(P¢)(t)=p(t)—/_ C(tS)g(p(S))dS—/O C(t,5)g'(§(5))q(s)ds

0
+[ C(t, s)g(p(s))ds.

Clearly, the first two terms on the right are periodic, while the remainder
isin Q. Thus, P:Y — Y and there is a fixed point.

It may be seen that (3.3.8) and (3.3.18) are closely related, but for large
n then (3.3.11) and (3.3.18) are very different. We come now to a Liapunov
functional which will require much more about the behavior of C, but it is
a naturally nonlinear functional. It is closely adapted from work of Levin
(1963) and we have used it several times in our linear work.

Notice that growth of g is required for boundedness of the solution.

Theorem 3.3.4. Let (3.3.7) hold, H(t,s) := C4(t, s), and suppose there
is an o > 0 with C(t,t) > a and

H(t,s) >0, He(t,s) <0, Hs(t,s) >0, Hy(t,s) <O0. (3.3.23)

(i) If a’ € L?[0,0), then any solution of (3.3.6) or (3.3.9) defined on
[0, 00) satisfies g(z) € L?[0,00).

(i) If a’ is bounded, if g?(x) — oo as |z| — oo, and if there is an M > 0
with

t —s ta'u2us ta’u2u
[ s [ Pauds ot [a@Pa < . 6320

then any solution of (3.3.6) or (3.3.9) defined on [0,00) has [} g(s)ds
bounded.
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Proof. Define
2

vy - [ Cg(s)ds + (1/2) / Lt s) ( / tg(x(u))du) s
+ 2
/20 [ ata(e)is)
= [(ooas 2 | t cutts)( [ tg(x(u))du)zds

+(1/2Ci(1,0) ( / t g(m(s))ds) 2

so that if V(t) is bounded, so is [ g(s)ds. Next, write

¥ = d(t) - C(t,)g(x) — / H(t, 8)g(a(s))d

Then the derivative of V' along a solution is

V/(t) = d/(t)g(x) — C / Cilt, 5)g

1/2/H5tts(/ (())du) ds
/Hts/ ))duds

(12 Hi(1,0) ( / (x<s>>d8)2
#1(0,0) [ o o)dsg(a(0)

We integrate the fifth term on the right by parts and obtain

g(a:(t))[H(ts/ x(u))du —|—

= —g(x(t))H(t,0 / du+/ H(t,s)g(x(s))dsg(
Cancelling terms and taking into account sign conditions yields
V'(t) < d'(t)g(x) — O(t, t)g(x)
< (1/2a)]d' () + (a/2)g° () — ag®(x)
< (1/2)(ld' (1)) /a — ag®(2)).

(3.3.25)

a(t)).



3.3. EQUATIONS OF CHAPTER 2 189

Hence,

2/Oxg<s>dss2v<><2v 1/a/|a |ds—/ 2(3(s))ds

so (i) follows. Note that fo s)ds is bounded if V' is bounded.

Now, assume a(t) bounded and let (3.3.24) hold; we will bound V
and, hence, fo s)ds. From V' we see that there is a g > 0 such that
if V’( ) > 0 then |x( )] < p. Suppose, by way of contradiction, that V'
is not bounded. Then there is a sequence {t,} 1 co with V'(¢,) > 0 and
V(tn) > V(s) for 0 < s < t,; thus, |z(t,)| < p. If 0 <s <t, then

0 <2V (ty) — 2V(s) < —a/ " P (a(w))du + (1/a)/ " 1d ()2 du.

Using these values in the formula for V, taking |x(t,)| < u, ¢ = t,, and
applying the Schwarz inequality yields

=) t t
V(t)g/o g(s)ds+/0 H(t, s)(t—s)/ (1/a2)|a'(u)|2duds

S

t 7]
+H(t70)t(1/0¢2)/ |a'(u)|2dU§/ g(s)ds + (1/a*)M
0
Thus, V(t) and fo s)ds are bounded.

We have constructed a very intricate Liapunov functional and it has
exactly the derivative we sought. But it is crippled by the inconclusive
requirement that the solution be defined on [0, 00). That can be cured, of
course, by asking that fo s)ds — o0 as |z| — oo, but we would like to do
more.

Exercise 3.3.6. Review the proof of Theorem 2.1.10 and conclusion
(2.1.15). Write the equation as

(@' —d'(t) + C(t,t)g( (/Hts )d)Q.

Integrate the right-hand-side by parts and, under the appropriate hypoth-
esis patterned after (2.1.15) conclude that

2
(+ - @)+ Clent@)) < KoV
for an appropriate function K (¢). Thus, on any fixed interval [0, T] we have
z’ — a’,(t) + C(ta t)g(i[,’) = T(t),

where r(t) is a bounded function on [0,7]. Use the Razumikhin function
W(z) = |z| to show that the last equation has a solution bounded on
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[0,T]. Argue from this that V is mildly unbounded. Define a new Liapunov
functional by

[V(t) + e "
which is mildly unbounded and has a non-positive derivative.
In working with our next Liapunov functional we find
V'(t) < 2a(t)g(z) — 2xg(z) (3.3.26)

and we need to separate a(t)g(z). There are many ad hoc ways of doing
that. We could simply ask for positive constants ¢; with

2a(t)g(z) — 2z2g(x) < c1la(t)] — cazg(x) (3.3.26%)

and walk away. See Lemma 5.3.2. Under certain conditions there is a very
exact result which we now develop.

Notice that in Theorem 3.3.5 we use the lemma below which asks strong
growth of g(z) in order to separate two functions in the derivative of the
Liapunov functional. Compare this with the growth condition required in
Theorem 3.3.4(ii).

Lemma 3.3.1. Let g(x) = —g(—x), g be strictly increasing, for x > 0 let
¢(z) := “Lxg~'(z) be monotone increasing to infinity. Then

2la(t)]
2|a(t)g(z)| < zg(x) +/0 1 (s)ds. (3.3.27)

Proof. Young’s inequality (Hewitt and Stromberg (1971; p. 189)) states
that if ¢ : [0,00) — [0, 00) is continuous, strictly increasing to oo, satisfies
¢(0) =0, and if 1) = ¢! then for ®(z) = [ ¢(u)du and ¥(z) = [; ¥ (u)du
we have

2la(t)g(x)] < (g(z)) + ¥ (2a(?)]). (3.3.28)
But
g(x)
Blaa) = [ Ssa7 (s = gla)g ™ (a(o) = a(o)

as required.
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Theorem 3.3.5. Ifa:[0,00) — R is continuous, if (3.3.7) holds, and if
C(t,s) >0, Cs(t,s) >0, Ci(t,s) <0, Cgu(t,s)<0 (3.3.29)

then along the solution of (3.3.6) the functional

-/ "Gty (/ tg(x(u))du)stw(t, o [ tg(x(s))ds)Q (3.3.30)

satisfies

V/(t) < 2a(t)g(x) — 229(x).

(1) If there are constants B and K with

sup/ Cs(t,s)ds = B < 0o and supC(t,0) = K < o0 (3.3.31)
>0 >0

then along any solution of (3.3.6) on [0, 00) we have
(a(t) — z(t))* < 2(B + K)V(t). (3.3.32)

(ii) If the conditions of Lemma 3.3.1 hold then along the solution of
(3.3.6) we have

la(t)]
V/(t) < —a(t)g(a(t)) + / 6 (s)ds.

Hence, if the last term is L'[0,00) then so is x(t)g(x(t). Moreover, V is
then bounded so if (3.3.31) holds then |a(t) — x(t)| is bounded.

Proof. The details are like the linear case in Theorem 2.1.10. We have

- /Ot Cs(t, s) </t g(éﬂ(ﬂ)ﬂﬂ) st +C(0) (/Ot g(x(s))d8> 2

and differentiate along any solution of (3.3.6) to obtain

/ Cot(t, s ( du> 2ds—|—2g / Cs(t,s) Ltg(x(u))duds

+ Cy(t,0 </Otg s) +2¢g(x)C(t,0) /Otg(x(s))ds.
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We now integrate the third-to-last term by parts to obtain

29(a) CCt.5) [ t ol T / o, Sree

—29()[ C(tO)/ du+/Cts (5))d ]

Cancel terms, use the sign conditions, and use (3.3.6) in the last step of
the process to unite the Liapunov functional and the equation obtaining

/ Coults (/ (x(u))du>2ds + C’t(t,O)(/Otg(x(s))ds)
+2g(z)[a(t) — ()]

la(t)]
< 2g(x)alt) — 22g(x) < —wg(x) + / 6\ (s)ds.

2

The lower bound given in (3.3.32) may be derived as in Theorem 2.1.10.
The final conclusion is now immediate.

Exercise 3.3.7. There is something very interesting here. Work out
the details of the following discussion. If g is bounded and if fo s)ds
is bounded, it does not seem possible that V' could be mildly unbounded.
But (3.3.32) indicates it is. Notice too that

V' <2g(z)a(t) — 2xg(x)

says that V' is bounded above by some L on any fixed interval [0, T]. Thus,
we can form

W =[V+1]e 1.
Then W is mildly unbounded and W’ < 0.

The applied mathematician correctly claims that our conditions of a’
bounded or in LP may be difficult to establish because of uncertainties and
even stochastic forces. There is a simple way around that if %g(m) =:g*(z)
is bounded. For a given function b(t), seek a function a(t) which satisfies
one of our boundedness theorems with |a(t) — b(t)] bounded. Here is a
sample theorem. We take a simple condition known to imply that a € BC
implies that the solution of (3.3.6) is in BC when g(x) = x. Many other
conditions are known.

Theorem 3.3.6. Suppose that |g* ( )| <1 and that there isan a <1
With fot |Ct s)|ds < a. Ifz(t) = a(t fo x(s))ds and y(t) =
fo t,s ))dsw1tha—bEBC Sois x —y.
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Proof. Note that for fixed solutions z and y we have

£(t) — y(t) = a(t) - b(t) - / C(t, 5)[g(x(s)) — 9(y(s))ds
— a(t) — bit) - / O(t, )" (€(5))[a(s) — y(s)]ds

by the mean value theorem for derivatives where £(s) is between z(s) and
y(s). The resulting integral equation has a bounded solution.

Note the transition from Theorem 3.3.1 to Theorem 3.3.2. By contriving
a Liapunov functional with higher powers of g(x) we are able to pass from
the requirement of @’ € L' (which allows only bounded a(t)) to a’ € L*"
which allows a(t) = (t + 1)# for 0 < 3 < 1. It is an absolutely enormous
advance, especially in view of Theorem 3.3.6. Now look at Theorem 3.3.4
in which we allow @’ € L?. This allows a(t) = In(¢+ 1) which is surprisingly
large in view of classical results. But it would be a real coup to introduce
a higher power of g(z) in the Liapunov functional and allow a’ € LP for
0 < p < co. Patience and imagination should achieve the result.

In Burton (2007b) for the linear case we obtain the counterpart of The-
orem 3.3.3. But we also differentiate (3.3.6) and obtain the same result for
a’ € Y; this includes a(t) = t 4 sint. It is a great surprise that the solu-
tion is in Y since this means that the function ¢ is completely absorbed,
yielding virtually no effect on the long-term behavior of the solution, while
sint exerts continued influence. Again, it would be a real coup to prove
this for (3.3.9). The problem is that when g(x) = x then (3.3.9) has
' = =C(t,t)x + f(t,x(-)) which can be written as an integral equation,
an effective mapping of Y — Y. A clever map must be constructed for the
nonlinear case.

We come now to a counterpart of the Adam and Eve theorem in which
we need |g(z)| < |z| and we ask that integration of the first coordinate of
C be small, while the Adam and Eve result asked that integration of the
second coordinate of C' be small. The two results merge in the convolution
case.

Theorem 3.3.7. Leta,g: R — R, a(t) € L'[0,0), |g(x)| < |z|, with a(t)
and g(x) continuous. Let C' : R x ® — R be continuous, as is fto_oq |C'(u +

s,8)|du. Suppose there is an M < 1 with fooo |C(u + t,t)|du < M and
choose k > 1 with Mk < 1. For the equation

z(t) = a(t) +/0 C(t,s)g(x(s))ds (3.3.33)
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—k// Clu+s,8)|dulg(x(s))|ds.

Then there exists 6 > 0 such that

define

H’(t)é—5[|g(x)l+/0 |C(t, 5)g(x(s))|ds | + a(t)] (3.3.34)

so |g(z(t))| and |z(t)| are L]0, 00).
Proof. We have

l9(x)] < |z < a(?)] +/O |C(t,8)g(x(s))lds

and
—k:/ Clu+ 1, )|dulg(x |—k/ IC(t, )g(2(s)|ds
< kMlg(x)| — (k - 1) / C(t, 5)g(a(s))lds + [a(t)] - |g(x)|

from (3.3.33), so (3.3.34) holds. Moreover,

ol §5[Ia(t)|+/0 |C(t, 5)g(x(s))lds]

and so H'(t) < —=d|z| + (1 + 0)|a(t)| from which the conclusion follows.

We now give a corollary which relates this example to familiar aspects
of Liapunov’s direct method.

Corollary. Let the assumptions of Theorem 3.2.7 be satisfied.

(a) If a(t) and C(t,s) satisfy a local Lipschitz condition in t (uniform
in s when 0 < s < t) and if C(t,s) is bounded for 0 < s < t < oo, then
x(t) — 0 ast — oo.

(b) If there is a continuous function ® : [0, 00) — [0, 00) with |C(t,s)| <
Ot —s) for 0 < s <t < oo and if a(t) and ®(t) — 0 ast — oo, then
x(t) — 0 ast — oo.

(c) If there exists (31 > 0 such that |C(t,s)| > By [, |C(u+ s, s)|du for
t > 0, then there exists v > 0 with H'(t) < —vH(t) + |a(t)|-

(d) If there exists 3 > 0 such that |C(t, s)| < B2 [, |C(u+s,s)|du for
t >0, then along any solution (k/f32)[|z| — |a(t)|] < H(t).
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Proof. If the conditions in (a) hold and if z(t) / 0, then there exists € > 0
and {t,} T oo with |x(¢,,)| > €. Let K be the Lipschitz constant for a(¢) and
C(t,s), |C(t,s)| < B, and consider a sequence {s,} with ¢, < s, <t,+ L
where L is fixed, but yet to be determined. Then

[2(t0) — 2(s0)] < la(tn) — a(s,)|
+\/ C(tn,s ds—/ C(tn, 8)g(x(s))ds|
+\/ C(ty,s ds—/ C(3n,8)g(x(s))ds|

< K=l +8 [ | (alsDlds + [ Klta = sl lfa(s)lds

<B / s + Kt = sal (14 [ latatopias).

Sn

Now g € L' implies that In
is a D > 0 such that K 1—|—f8"

))|ds =:€, — 0 as n — oo. Also, there
(z(s)|ds) < D. Thus,

|z(tn) — x(sn)| < Bey + Dlty, — Snl.
Hence, there is an N > 0 and an L > 0 such that n > N and [t, — s,| < L
imply that |z(t,) — z(sn)| < €/2; thus, |z(t)| > e/2 for t, <t <t,+ L, a
contradiction to € L]0, o0). This proves (a).
To prove (b), note that

2(t)] < Jat)] + / B(t — 5)|a(s)|ds.

The integral is the convolution of an L!-function (|z(t)|) with a function
tending to zero; hence, the integral tends to zero.

To prove (c), we note from (3.3.34) that

) < 66 / / Clu+ 5, )| dulg(x(s))\ds + a(t)]
—(36:/K)H (2) + |a(t)],

as required.
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We prove (d) by noting that

—k// Clu+s,8)|dulg(x(s))lds

> (/) / 1C(t, $)g(x(s)) ds
> (/) [Jo] - la()]]

as required.

3.4 Resolvents and Nonlinearities

In Chapter 2 we studied scalar linear integral equations and the role of the
resolvent in duplicating the forcing function so that large forcing functions
frequently have little effect on the solution, while small forcing functions
can exert enormous control over the behavior of solutions. Much of that
work depends entirely on linearity. The purpose of this section is to see
what can be proved in the nonlinear case and just how much techniques
must be changed.

Much of Chapter 2 centered on the fact that fg R(t, s)a(s)ds provided
a copy of a(t) and that R(t, s) was derived from C(t, s) alone. Thus, when

we consider
t
- [ cttsigtats)as
0

we realize that there is a resolvent and we are interested in knowing its
properties and what significance it might have for the solution. A first step
toward an understanding might be to consider

g9(x) =z +r(z)
with zr(xz) > 0 and the equations

_ /O C(t, 5)[a(s) + r(@(s)))ds, wr(z) > 0, (3.4.1)

- /0 C(t,s)y(s)ds, (3.4.2)

R(t,s) =C(t,s) — /t R(t,u)C(u,s)ds, (3.4.3)

y(#) = a(t) — /0 R(t, s)a(s)ds. (3.4.4)
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Theorem 3.4.1. Suppose that the conditions of Theorem 3.3.1 hold so
that g(x) € L'[0,00) and let

glx)=xz+r(x), xr(zx)>0. (3.4.5)
Then for

a(t) = / O(t, s)r(x(s))ds

we have
z(t) = a(t) — q(t) — /0 R(t, s)[a(s) — q(s))ds € L'[0, 00) (3.4.6)

and

a(t) - / R(t, 5)q(s)ds € L'[0, 00).

Proof. As g(x) € L'[0,00), then by (3.4.5) since z and 7(x) have the same
sign it follows that z and r(x) are both in L[0, 00). Thus, (3.4.6) is simply
the statement that z € L. Here are the details. Equation (3.4.1) has a
fixed solution z. By Theorem 3.3.1 we have g(z) = z+7(z) € L' and since
2 and g(z) have the same sign then

[ lotwtspias = [ e eriatsnias = [ s [ rtetolas

Next, given C, then R is uniquely determined. For the fixed solution x,
then the function ¢(t) is a uniquely determined function of ¢. Moreover, we
can write

x = [a(t) —/0 C(t, s)r(z(s))ds] —/0 C(t, s)x(s)ds

or

x=a(t) —q(t) — /0 C(t,s)x(s)ds

and the variation of parameters formula is

2(t) = a(t) - q(t) - / R(t,5)[a(s) — q(s))ds € L.
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Now (3.4.2) also satisfies the conditions of Theorem 3.3.1 so y €
L'[0,00) and by (3.4.4) we have

a(t) — /0 R(t,s)a(s)ds € L'[0,00). (3.4.8)

From (3.4.6) we have

£(t) — alt) - / R(t, s)a(s)ds] = —[q(t) — / R(t, 5)q(s)ds]

where the left-hand-side is L' and so is the right-hand-side.

The resolvent is copying q as efficiently as it copies a and we have no
apparent reason to believe that ¢ or its derivative is integrable.

Theorem 3.4.2. Let (3.4.5) and the conditions of Theorem 3.3.2 hold so
that o' € L?" imp]ies that g(x) € L*>" for some fixed positive number n.

If q(t) fo x(s))ds and if R is defined in (3.4.3) then for x and y
the solumons of (3 4 1) and (3 4. 2) respectwely, we have the functions x,
fo s)ds, a(t fo s)ds, and z —y all in L*"[0, o).

Proof. In Theorem 3.3.2 we have g(a:) € L so (z +r(x)*™ > 2°" €
L and the same for r(x). Theorem 3.3.2 also yields y = a(t) —
fo s)ds € L?"[0,00). Finally,

x—[a(t)—/OtR(t,s)a() /Rt s)q(s))ds € L2".

These two results suggest that much may be done by studying the
resolvent for such nonlinear equations.

3.5 Notes

Theorem 3.1.4 is a modified form of one found in Burton (1994b). The
material in Section 3.2 is taken from the standard classical literature and
is found in almost any book on integral equations. Some of the material
in Section 3.3 is taken from Burton (2008a) and was first published by the
Tatra Mountains Mathematical Publications. Theorem 3.3.7 and its corol-
lary are slight modifications of results from Burton (1996a) which was first
published by Walter de Gruyter. That paper was actually the beginning of
Liapunov functionals for integral equations. It shows beginnings not given
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here in which one starts with an integrodifferential equation, constructs a
Liapunov functional of classical type and then shows how to extend it to
integral equations. It is important to note that Kato (1994) studied that
paper and then gave some general insights into how that could be done
for a variety of problems. The paper of Kato is highly recommended for
further study.



Chapter 4

Applications and Origins

4.0 Introduction

This chapter consists of three distinct parts.

In Section 4.1 we will look at many of the ways in which integral equa-
tions emerge from differential equations. We will see how high dimensional
differential equations can be reduced to scalar integral equations either by
variation of parameters or integration by parts. We will also see that this
process has been one of the driving forces behind the development of fixed
point theory. Finally, we will introduce a theorem which goes far in uniting
fixed point theory and Liapunov’s direct method.

In Section 4.2 we will give very brief sketches of some of the classical
problems in integral equations which begin as integral equations and fre-
quently are not nicely reducible to differential equations. It is our intent
to only mention these problems and to give references where they can be
studied more fully.

One of the greatest sources of integral equations is the area of feedback
control. Such an example is given in Section 4.1, the Lurie problem, so it
does double duty. Among the many choices left for what is to be covered we
choose the problem of buckling rods since it yields a kernel totally contrary
to our intuition. Finally, we also choose the problem of temperature in a
semi-infinite rod because it shows a partial differential equation converted
to an ordinary integral equation.

Both Sections 4.1 and 4.2 are rudimentary in nature. Mainly, we are
offering the reader a bit of standard theory which can be enlarged upon by
reading the existing literature. Some of those problems require very lengthy
treatment for a reasonable understanding and we do not want to devote

200
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so much of the space here to things which are readily accessible elsewhere.
All of the foregoing is classical and can be found in many places.

In Chapter 0 we presented an introductory lecture which offered some-
thing of an overview of the work which would appear in Chapters 1 and
2. In Section 4.3 we present a lecture in retrospect which delves into con-
trasting properties of kernels. It is intended to build some intuition about
the character of integral equations.

4.1 Differential Equations

Integral equations appear in a wide variety of contexts and for so many
different reasons. The most elementary encounter is seen in writing a dif-
ferential equation as an integral equation so that various operator-type
methods may be applied. In Chapter 3 we saw that

¥ = f(t,x), x(ty) =m0

can be written as
t
o(t) =0+ [ fs.a(s))ds
to

so that we can apply mapping theory for existence of various types of solu-
tions. In Chapter 1 we repeatedly used a variation of parameters formula
to write a system of differential equations as a system of integral equations.

Taking that to its logical conclusion, Krasnoselskii (1958) (see also
Smart (1980; p. 31)) studied a paper by Schauder on partial differential
equations and deduced the following working hypothesis: “The inversion
of a perturbed differential operator yields the sum of a contraction and a
compact map.” He then proved the following theorem.

Theorem 4.1.1 Krasnoselskii. Let M be a closed convex non-empty
subset of a Banach space (S,| - ||). Suppose that A and B map M into S
such that

(i) Az + By € M(Vz,y € M),

(ii) A is continuous and AM is contained in a compact set,

(iii) B is a contraction with constant o < 1.

Then there is ay € M with Ay + By = y.
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History has shown Krasnoselskii to be so very right. Moreover, often
when we do invert a problem we find that Krasnoselskii’s theorem almost
applies, but not quite. We find that we have a contraction, but it fails as
we approach some point. We also find that the continuity of A fades in a
certain region. And we find that we can not quite solve for x = Ax + By.
This then generates a new theorem of the same type.

In a recent paper Sehie Park (2007) studied this set of extensions of
Krasnoselskii’s theorem and added one of his own which is designed to
cover all of them. But for applications it still seems most productive to
look at each of them separately to see just exactly what improvement is
made. We will focus on one of those extensions throughout much of the
remainder of this book. Recall that in Section 3.1 we proved an existence
theorem by means of Schaefer’s fixed point theorem in conjunction with
a Liapunov functional. To invert the differential operator is to obtain an
integral equation which will define a mapping. If we examine Krasnosel-
skii’s theorem we see that the first term of the mapping is a contraction
which usually will not smooth, as is required by Schaefer’s theorem. The
extension which we use is the one which combines Schaefer’s theorem with
Krasnoselskii’s theorem, thereby continuing the marriage of the fixed point
method with Liapunov’s direct method.

We now list the references considered by Park and strongly recommend
that the interested reader consider them when inverting a perturbed differ-
ential operator. One of these may provide the key to solving the problem
at hand. Those references are: Avramescu and Vladimirescu (2003), Bar-
roso (2003), Barroso and Teixeira (2005), Boyd and Wong (1969), Burton
(1996b, 1998a), Cain and Nashed (1971), Calvert (1977), Dhage (2003a,b),
Hoa and Schmitt (1994), Nashed and Wong (1969), Sehgal and Singh
(1978), and Tan (1987). Add to this list Garcia-Falset (2008).

In Section 3.1 we looked at functions in the mapping set on a closed fi-
nite interval [0, 7] where T is arbitrary, but as large as we please. This gives
us immediate access to the Ascoli-Arzela theorem in proofs of compactness.
But in the problems often considered in this theorem the domain of the
functions being mapped is an infinite interval and there are real problems
with compactness. In Chapter 5 we will see the use of a weighted norm
which yields compactness of closed equicontinuous sets which are bounded
in the supremum norm. There are alternatives to this by using an Ascoli-
Arzela theorem dealing with a set which shrinks as t — co. One may see
some detail in Burton and Furumochi (2001) or Burton and Zhang (2004)
where the specific conditions of Krasnoselskii’s theorem are considered in
some depth.

Conditions for contraction give continuing difficulty. There is, of course,
an almost countably infinite set of contraction mapping theorems and it is
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pointless to mention them here if they do not relate to the Krasnoselskii
problem; in fact, those contraction conditions are numbered, not named
by author. In the set of papers just mentioned by Park one finds a va-
riety of contractions including nonlinear, Hoa-Schmitt, and large. Other
contractions needed in conjunction with Krasnoselskii’s theorem include a
separate contraction defined by Liu and Li (2006) and (2007) and one as-
sociated also with the compactness problem defined by Burton and Zhang
(2004). Both the aforementioned compactness questions and the contrac-
tion variations speak to the problem of changing Krasnoselskii’s theorem
just a bit in order to make it fit a new problem. There is a recent book
by Vladimirescu and Avramescu (2006) which has some very informative
material on Krasnoselskii’s theorem and its applications.

4.1.1 The order of an equation

An n'" order ordinary differential equation can often be written as a system
of n first order equations. If we have

n

" = f(t,x, 2’ 2", .. ")

we write © = 1, &' = xo, ' = 2f = x3,...0" =z}, = f(t, 71, T2, .., Tn)-
Finally, we let X be the column vector having elements x; and F' the
column vector function whose elements are the above right-hand-sides and
we then have

X' =F(t,X),

a system of n first order differential equations. Next, we could write
t
X(t) = X(t) + / F(s, X (s))ds
to

and we would have a system of n integral equations. In virtually no sense
have we made any progress. We have simply redefined matters. That
system of integral equations does not represent any reduction of order.

In five steps we will show how very impressive an integral equation can
be.

First, a linear first order ordinary differential equation is actually just
a thinly disguised exercise in integration. Given

' = a(t)r + b(t),

we see that to solve the equation is to integrate an unknown function. But
there is a simple procedure of multiplying by an integrating factor so that
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the problem is reduced to the theoretically simple problem of integrating
a known function.

Next, as we have mentioned several times before, the ideal theory of
Ritt (1966) tells us that the solution of such a simple second order linear
equation as

2 +txr=0

can not be expressed in terms of elementary functions, their composites, or
integrals of composites. While existence theory applies and we can readily
show that the solutions are bounded (but not the derivatives), the solution
itself neatly escapes us. Moreover, the higher the order, the worse the
situation becomes.

But every linear n'” order normalized ordinary differential equation can
be expressed as a scalar integral equation. Some very important and highly
nonlinear ordinary differential equations of order n+ 1 can also be reduced
to a scalar integral equation. We start with a nonlinear equation which
was extensively studied in the middle of the last century and which is now
enjoying a great resurgence of interest, particularly when a delay is present.

4.1.2 Feedback Control Systems

Feedback control systems are found throughout engineering and virtually
all integral equation monographs present them as examples of integral equa-
tions occurring directly without first going through a differential equation
stage. Often they are linear in nature and give rise to linear integral equa-
tions of convolution type. Indeed, frequently even the integral equation is
skipped and the investigator deals directly with transfer functions. The
reader is referred to Corduneanu (1973) for a deep treatment. Brief in-
troductions are found in Corduneanu (1991), Gripenberg, Londen, and
Staffans (1990; pp. 8-9), and Miller (1971a; pp. 66-73). Many books
on engineering are devoted entirely to such systems.

In view of so many good presentations, we prefer to use the space to
discuss in some detail a feedback control problem with a long history and
a recent rebirth which now presents a number of new problems for the
investigator. It is a prime example of a high-dimension system of nonlinear
differential equations, even with memory, which can be reduced to a very
concise scalar integral equation.

The problem of Lurie concerns a control problem of n + 1-dimension in
the form

¥ = Az +bf(0)

o =clz —rf(o)
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where z, ¢, and b are n-vectors, while o, f(o), and r are scalars. Also A is
an n x n constant matrix.

To explain what is being studied, we note that we begin with the linear
constant coefficient system y’ = Ay and seek to improve the performance
of the system by adding a control, bf (o). It is assumed that o f(c) > 0 for
o # 0. Now o is determined from the feedback of the position z(t) by the
equation o’ = c¢Tx(t) —rf(o). That equation uses the information, z(t), to
manufacture a value o(t) which is then relayed back to @’ = Az +bf(c(t)).

Modern versions of the problem insist that there are time delays. It
takes a certain amount of time, 77, to relay to o the value of z(t); thus, a
better second equation is

o =clz(t —T)) —rf(o).

With this information we can obtain o(t); but it takes a certain amount of
time, say Tb, to relay that to the first equation controlling z, yielding the
improved first equation as

¥ =Ax +bf(o(t —Ty))
and, hence, the corrected system

o' = Ax(t) + bf (o(t — Tz))
o' =c"a(t —Ty) — rf(o(t)).

But, in either case we readily reduce the problem to a scalar integral
equation. We will give the details for the original system and leave the
delayed system for an exercise. The interested reader should be able to
apply techniques of Chapter 2 and Theorem 3.3.5 to obtain stability results
for this scalar equation.

Treating bf (o) as an inhomogeneous term, we use the variation of pa-
rameters formula to write

2(t) = ey teA(t*S) o(s))ds
(t) = eMa(0) + / b (o(s)d

so that we obtain the scalar equation

o =cT [eAtx(O) —I—/ eA=bf(a(s))ds| —rf(o)

0

and then, upon integration and interchange of the order of integration, a
scalar nonlinear integral equation is obtained of the form

o=af(t) —1—/0 H(t,s)f(o(s))ds.
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This problem was introduced by Lurie (1951) and enjoyed much atten-
tion. The book by Lefschetz (1965) is devoted entirely to it, while signif-
icant material on it is also found in LaSalle and Lefschetz (1961). Cao,
Li, and Ho (2005), Somolinos (1977), and Burton and Somolinos (2007)
contain treatments with delays. During the last ten years there has been a
great resurgence of interest. A check of the online Mathematical Reviews
will yield almost one hundred papers on this problem, most of which are
recent. Burton and Somolinos (2007) recently treated the problem with
a variety of delays and with A having zero as a chracteristic root. The
delayed equation is a good source of research problems.

4.1.3 Reduction of the general linear equation

The last subsection was presented for two reasons. First, it illustrated a
fairly clear type of feedback system. But it also showed how large dimension
systems can be collapsed into a simple scalar integral equation which can
be studied by very elementary techniques. The work depended on the
equation being in a particular form. The present subsection is intended to
show that the same thing can be done for any linear normalized ordinary
differential equation, regardless of the form.
Let f and ay(t),...,an(t) be continuous on [0,T") in

2™ 4o ()Y 4o pan () = f(1),

with x(0),2'(0),...,2(1(0) given initial conditions, and set x(™) () =
z(t). Then

x(”—l)(t) — x(n—l)(o) + /t z(s)ds,
0

22 (1) = 22 (0) + "D (0) + / (¢ = e(s) ds,
0

t2

"3 () = 2" 7(0) + "2 (0) + o

+/0 (t_;) z(s)ds,

x(nfl) (0)

x(t) = 2(0) +t2'(0) + -+ - +

bt —s)nt
—l—/o NCESE z(s)ds.
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If we replace these values of x and its derivatives in our differential equation
we have a scalar integral equation for z(t).

Not only is this a compact expression, but it is a sobering admonition
that, while a scalar linear first order differential equation is a thinly dis-
guised exercise in elementary integration, a scalar linear integral equation
commands our full attention and respect.

4.1.4 Inverting operators I

Equations of the form

V(t,z) = S(t, /Ot H(t,s,x(s)) ds) (4.1.1.1)

arise in a natural way. It is supposed that there is an a > 0 such that V,
S [—a,a] X [~a,a] = Rand H : [—a,a] X [—a,a] X [-a,a] — R are
continuous, S(0,0) = V(¢,0) = 0. The problem is to find a § > 0 and a
function ¢ : [-0,0] — R, ¢(0) = 0, and = = ¢(t) satisfies (4.1.1.1). By
changes of variable, many equations will fit this form.

In the present problem V will define a contraction V on the complete
metric space of continuous ¢ : [—3,8] — R with the supremum metric,
while S will define a compact mapping, S. Thus, we will seek a fixed point
of the mapping Py = S’go +({ - V)ga We are using the terminology of
Smart (1980; p. 25) to say that a mapping is compact if it maps a set M
in a topological space X into a compact subset of X.

The simplest example concerns the standard implicit function theorem.
Given the scalar equation

f(t, ) = 0 with £(0,0) =0, (4.1.1.2)

the classical problem is to find a # > 0 and a continuous function ¢ :
[-8,0] — R, ©(0) =0, and f(t,(t)) = 0; in other words, can we solve
ft,xz) =0 for x = p(t)?

There are three classical attacks on the problem: one can use tech-
niques of advanced calculus (cf. Taylor and Mann (1983; pp. 225-232)),
fixed point theory (cf. Smart (1980; p. 6)), and differential equations (cf.
Hartman (1984; pp. 5, 11-12)), under the common assumption that

of
I (0,0) # 0. (4.1.1.3)

The intuitive reason for (4.1.1.3) is clear. If f is differentiable, then
it can be approximated arbitrarily well by a linear function near (0,0) so
that z = f(t,x) can be approximated by a plane intersecting the plane
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z = 0. The precise statement is given as follows from Smart (1980; p. 6);
an n-dimensional analog with parameters can be found in Hartman (1964;

p.- 5).

Theorem (Implicit function). Let N be a neighborhood of (0,0) in
which f: N — R is continuous, 0f /0x exists in N, is continuous at (0,0),
0f(0,0)/0x # 0, and f(0,0) = 0. Then there is a unique continuous
function ¢ with f(t,¢(t)) = 0.

Condition (4.1.1.3) allows one to construct a contraction mapping on
a complete metric space with a fixed point ¢. In the same way, when
(4.1.1.3) holds we can reverse the following steps to obtain ¢. We have
from (4.1.1.2) that

%(i,x) 8fg’;x) Ccll—f =0 (4.1.1.4)
and for (,z) near (0,0), then
‘Z — —(0f(t,x)/0t)/(Df (t,x)/0x) = G(t,z) (4.1.1.5)
so with z(0) = 0 we obtain
/ G(s, (4.1.1.6)

If G is continuous, then (4.1.1.6) has a solution ¢ by the Peano existence
theorem (cf. Hartman (1964; p. 10) or Smart (1980; p. 44)).
On the other hand, if (4.1.1.3) fails then we write (4.1.1.4) as

P(t,z)a’ = F(t,z), P(0,0) =0, (4.1.1.7)

where we emphasize that P is not necessarily df/0x. We can invert that
differential operator in (4.1.1.7) by writing

/Pt(t,s)ds—i—P(t,a:)x’=F(t,x)+/ Pi(t, s) ds
0 0

d x
E/ P(t,s)ds = F(t,x) /Ptts

and so an integration and use of z(0) = 0 yields

/Oz P(t,s)ds = /Ot [F(S,x(s)) + /OI(S) Pt(s,v)dv} ds (4.1.1.8)

which is a form of (4.1.1.1) with V(¢,0) = 0.
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If we can prove that (4.1.1.8) has a solution and reverse the steps from
(4.1.1.8) back to (4.1.1.2), then the problem is solved.

At first this seems to be the perfect form for Krasnoselskii’s theorem:;
however, when we set up the mapping we see that we must employ one
of the many linearization tricks and that destroys the contraction. From
(4.1.1.8) we write the mapping equation

(Ho)0) = o(0)- | " bt s)as+ / t [F<s, o+ | " B(sm)dv} ds

on a certain space of functions. The last term smooths so it would be
Krasnoselskii’s choice for A¢. It is the very condition % = 0 which
frequently prevents

#(t)
o(t) — P(t,s)s

0

from being a contraction. The z derivative of

x— /x P(t,s)ds
0
L(t,x) =1— P(t,x)

(which is our guide for a Lipschitz constant) and we remember from
(4.1.1.7) that P(0,0) = 0. Our contraction is lost at (0,0).

This is typical of the kind of small things which go wrong in trying
to implement Krasnoselskii’s theorem and such difficulties have generated
every one of the extensions enumerated by Park (2007) mentioned earlier
in this section.

One solution here was given in Burton (1996b) which advanced the idea
of a “large contraction” which is a contraction outside a neighborhood of a
given point. That definition was substituted into Krasnoselskii’s theorem
and the argument was saved. In fact, it turned out to be rather funda-
mental, as may be seen in three papers of Corduneanu (1997), (2000), and
(2001), for example.

Definition 4.1.1. Let (M,p) be a metric space and B : M — M.
B is said to be a large contraction if ¢, v € M, with ¢ # 1 then
p(Bp,By) < p(ep,v) and if Ve > 0 36 < 1 such that [p,vp € M,
p(e, ) = el = p(Bp, B) < dp(p, ).
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In virtually every piece of nonlinear analysis we perform, in one way or
another we use a linearization trick. Given a nice local contraction

Bx = —a3
we want to use a variation of parameters argument to define a mapping.
Thus, we write

Bz = —x + (x — 2%).

Our contraction, —z3, has become z — 2® which loses its contraction con-
stant as x — 0. What we show is that this is no problem. It is still a
large contraction and arguments can proceed. Krasnoselskii was “right on
target.”

It turns out that almost any kind of contraction condition in Krasnosel-
skii’s theorem will work. For example, Liu and Li (2006), (2007) define a
separate contraction and show that Krasnoselskii’s theorem is still true
with that kind of contraction.

Definition 4.1.2. Let (X,d) be a metric space and f : X — X. The
mapping f is said to be a separate contraction if there exist two functions
¢, 1 RT — RT satisfying

(i) ¥(0) = 0, ¥ is strictly increasing,

(i) d(f (), (4)) < $(d(,)).

and

(iii) Y(r) < r — ¢(r) for r = d(x,y) > 0.

They also show that if f is a large contraction, then it is a separate
contraction.

Most of the material from this subsection was taken from Burton
(1996b), as indicated in the bibliography, and was first published by the
American Mathematical Society.

4.1.5 Inverting Operators II

While the last example showed natural aspects of Krasnoselskii’s result,
it did little for our present program of using Liapunov’s direct method on
integral equations. Recall that in Section 3.1 we combined Schaefer’s fixed
point theorem with Liapunov functionals. Schaefer’s theorem required that
the mapping send bounded sets into compact sets; in short, the mapping
needed to smooth. Krasnoselskii’s mapping A does smooth, but B does not.
Moreover, it can be very tedious to construct the set M of Krasnoselskii’s
theorem, whereas Schaefer’s theorem does not require any such details.
Here is the basic question. Could we combine the best aspects of both
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theorems and use Liapunov functions to obtain the boundedness required
in Schaefer’s theorem? That is exactly what is done in Burton and Kirk
(1998). Here is the motivation and details.

Our next problem has a delay in both x and z’. Because of the delay
in z it is a functional differential equation, while the delay in 2’ makes it a
neutral functional differential equation. Let || < 1, a > 0, h > 0, and let
q be continuous. Invert

¥ =az'(t —h)+ax — q(t,z,z(t — h)) (4.1.5.1)

and find a solution for a given continuous initial function ¢.
Write (4.1.5.1) as

(x —az(t —h)) = a(x — az(t — h)) + aczx(t — h) — q(t,z, z(t — h)),

at " and group terms as

multiply by e~
[(z — ax(t — h))e_“t]l = aox(t — h) — q(t,z,z(t — h))]e"*.
We search for a solution having the property that
(z(t) — ax(t — h))e ™ — 0 ast — o0

so that an integration from ¢ to infinity yields
—(z(t) —az(t—h))e * = /OO [acx(s —h) —q(s, (s), z(s — h))] e~ **ds
t
and, finally
x(t) = oz:v(t—h)—l—/oo [q(s,x(s),x(s—h))—aam(s—h)]e“(t_s)ds. (4.1.5.2)
t
A general form for such equations is

x(t) = f(x(t—h))—i—/too Q(s,z(s),z(s—h))C(t —s)ds+p(t). (4.1.5.3)

It is exactly the type of inversion which Krasnoselskii described. The
integral may smooth, butf(z(t — h)) does not.

We call this a neutral delay integral equation of advanced type and it
is a very interesting equation. It may have a solution on all of ® or it may
have a solution on [0,00) generated by an initial function ¢ on [—h,0]. In
the latter case, notice that we can not obtain a local solution: we must
get the full solution on [0, 00). Thus, we will need to employ a fixed point
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theorem to get existence and that means that we will get a fixed point in
the solution space; hence, we must know in advance the form of the solution
space. We study this problem in Chapter 6 and find that the solution will
have discontinuities at ¢ = nh, but the jumps will tend to zero as n — oc.
(This is parallel to solutions of functional differential equations smoothing
(cf. El'sgol’ts (1966)). Equally important is the need to know in advance
the growth of the solution so that functions in the solution space will have
a weighted norm allowing such growth.

4.1.6 Inverting operators III

This problem begins the same as the last one, but now we want a periodic
solution. Let |a] < 1,a > 0, h > 0, p(t+T) = p(t), g(t+T, z,y) = g(t, x,y).
Invert

¥ =ax'(t —h)+ax — g(t,z, z(t — h)) (4.1.6.1)
and find a T-periodic solution. We wrote (4.1.5.1) as
[(x — az(t — h))e ™) = [aaz(t — h) — q(t, =, x(t — h))]e” .

If € Pr solves that equation, integrate from ¢ — 7" to t and use z(t+T') =
x(t) to obtain

(x(t) — ax(t — h))e ™ — (2(t) — ax(t — h))e =T
— [ laas(s )~ als.als) (s ~ W)l ds
t—T
so that
z(t) = azx(t — h)

1 /t_T[aax(s —h) —q(s,(s), z(s — h))]e* " ~*ds.

+ 1—eoT
(4.1.6.2)
Compare this with (6.1.1.3) which was obtained from an ordinary dif-
ferential equation.
Our mapping for Krasnoselskii’s theorem is
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4.1.7 Union of Krasnoselskii’s and Schaefer’s theorems

In both of the last two subsections we obtained mappings which fit Kras-
noselskii’s theorem. But our goal is to handle such problems by means
of Liapunov functions as we did in Section 3.1 using Schaefer’s theorem.
But Schaefer’s theorem will not apply since the mapping generated directly
from (4.1.5.3) will not map bounded sets into compact sets. The following
proposition and theorem found in Burton and Kirk (1998) will allow us to
do just what we wish in this regard.

Proposition 4.1.1. If (B,| - ||) is a normed space, if 0 < A < 1, and
if B : B — B is a contraction mapping with contraction constant «, then
)\B% : B — B is also a contraction mapping with contraction constant «,
independent of \; in particular

[AB(z/A)|| < allz]| + [[BO.
With this proposition we were able to prove the following result.

Theorem 4.1.2. Let (B,| - ||) be a Banach space, A, B: B — B, B
a contraction with contraction constant o < 1, and A continuous with A
mapping bounded sets into compact sets. Either

(i) © = AB(xz/)\) + Mz has a solution in B for A =1, or
(ii) the set of all such solutions, 0 < A < 1, is unbounded.

The result has generated much interest. It has been used by several
investigators to prove existence of solutions of integral equations. Oth-
ers have extended it to Frechet spaces. Much of the work is in terms
of semi-norms. When B is linear then the contraction can be changed
so that AP is a nonlinear contraction for some positive integer p; in that
case it can be shown that A itself is a nonlinear contraction by using a
different norm. We can also substitute separate contraction for the con-
traction. In the same spirit that Krasnoselskii’s theorem is changed so
many times to accommodate some difficulty, any of these changes may be
exactly what is needed in a given problem. For details we refer the reader to
Avramescu (2003), Avramescu and Vladimirescu (2003), (2004a,b)(2005),
Dhage (2002), Dhage and Ntouyas (2002), Purnaras (2006), Liu and Li
(2006), (2007).

The problems of the last two subsections are perfectly suited to this
result and they will be treated in Chapter 6.
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4.2 Classical Problems

4.2.1 Buckling of Rods

Reynolds (1984) considers an integral equation which is associated with
the buckling of viscoelastic rods. It is a scalar equation of the form

z(t) = f(t) +/0 k(t,s)x(s)h(s)ds

which is singular at 0 in the sense that

/ Ih(s)lds = oo

but, for all ¢ € (0,1], then

/ Ih(s)lds < oo,

Under a certain set of conditions he is able to show that the equation has
uncountably many solutions. It is interesting for so many reasons. First,
it comes to us as an integral equation and we can not possibly differentiate
it and turn it into an integrodifferential equation. Moreover, one can see
that none of the techniques developed in Chapter 2 can possibly apply
to it. Finally, if we think about problems with memory, it has the most
remarkable kind of memory. That kernel assigns an infinite weight to the
solution at ¢ = 0. We have previously discussed memory problems and
have pointed out that common problems put the greatest weight on the
part of z(s) near s = t, while the weight reduces as ¢ — s increases; this
is the whole idea of a convex kernel. Here we have the opposite situation.
The solution can never forget what has happened to it at ¢ = 0. While it is
a situation so different from those of previous discussions, one can hardly
avoid the thought that the genetic code at our conception plays a central
role in our lives from the first outraged wail to the last labored gasp.

4.2.2 Temperature in a semi-infinite Rod

Komarath Padmavally (1958) studies the temperature U(x,t) of the point
z of a rod at time t. The rod is assumed to be initially at 0 throughout
and its end is heated by a known variable temperature ¢(¢). Others had
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studied the problem earlier with ¢ constant. The temperature function U
satisfies the partial differential system

Uzz(xvt) = Ut(xvt)a z >0, t>0,

U(z,0) =0,

and

where g(u, v) denotes the rate of flow of heat from the source at temperature
v to the end of the rod at temperature u.

Under a set of conditions it can be shown that any function satisfying
this partial differential system also satisfies

o f) = tg[U(Ov8)7¢(S)]67(x2/4(t75)) <
Ula,) /o—m_s) d

and if U(x,t) is continuous in z > 0,¢ > 0, then

0= [ AU

w(t —s)

Again, we could hardly hope to convert this to an ordinary differential
equation by differentiation. However, while it is singular, the weight occurs
at ¢, rather than at 0 so the memory is consistent with our experiences. We
should not give up on the idea of using Liapunov functionals for problems
with mildly singular kernels. For some of these problems we can construct
a Liapunov functional of the form

vio= [ cues( [ atatonas) o of [ tg(x(s))dsf

for ¢ > 0. While Leibnitz’s rule can not be used owing to the singularity,
in some such problems one can show under reasonable conditions that V'
does have a continuous derivative.

The heat problem has been studied by many investigators. Gripenberg
et al. (1991; p. 649) gives many references and devotes two of the pre-
ceeding sections to the development. Many good problems are described
by Corduneanu (1991), especially pp. 22-23.

For more recent contributions of this general nature in which heat equa-
tions are converted to integral equations where blow-up and quenching
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occurs, as well as periodic solutions, see Kirk and Roberts (2002), Kirk
and Olmstead (2000), (2002), and (2005), as well as extensive references
contained therein. These authors convert partial differential equations to
integral equations using Green’s functions. The kernels almost always have
mild singularities which are at least locally integrable so that many of the
techniques used here will apply. A notable example is found in Kirk and
Olmstead (2002; p. 134, Equation (39)) with a globally L!-kernel so fixed
point mappings are readily defined, as are limiting equation arguments of
the type found in Miller (1971a; p. 172).

On the other hand there are famous problems related to integral equa-
tions which can be found in the most unlikely places. One of these problems
concerning a body sliding down a cycloid is found in Chapter XCVI of the
classic whaling tale told by Herman Melville (1950; p. 419) in his book
Moby Dick. Correct details are found in the Mathematics Dictionary by
James and James (1959; p. 37) in the second edition.

4.3 The Nature of the Kernel

In the work here one can detect the use of eight different Liapunov functions
and functionals. They are of three basic and very different types.

In the convolution case with an L' kernel and L? forcing function we
can often determine boundedness from the Laplace transform and the roots
of a transcendental equation. None of that will be considered in this book.
When these conditions fail, we are in a world without order and we search
for conditions to ensure boundedness. In Chapter 2 and the latter part of
Chapter 3 we presented a large number of results concerning boundedness
of solutions with little motivation or relation to a given problem. In this
section we hope to impart some ideas for the intuition.

An integral equation has a memory and we would so like to understand
what kind of memory promotes bounded solutions and what kind does not.
We have seen a vast number of results of this type. Sometimes we find that
for a small kernel the solution is bounded, but sometimes we have a large
kernel with derivatives of certain signs which promote boundedness. We
wonder if the solution will become unbounded if we change the signs of the
derivative.

It turns out that this question arises in the literature in a very prominent
place by a leading investigator and it is glossed over without comment. In
this section we will present that problem and study the possibilities.

The enticing idea emerges that small kernels promote boundedness if
a(t) is small, while boundedness can also be promoted with large a(t) pro-
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vided that the kernel is quite smooth. Let us see how it unfolds and where
it can lead us.

We study integral equations of the form z(t) = a(t) — fg C(t,s)x(s)ds
with sharply contrasting kernels typified by C*(t,s) = In(e + (t — s)) and
D*(t,s) = [L + (¢t — 5)]7!. The kernel assigns a weight to z(s) and these
kernels have exactly opposite effects of weighting. Each type is well repre-
sented in the literature. Our first project is to show that for a € L?[0, o),
then solutions are largely indistinguishable regardless of which kernel is
used. This is a surprise and it leads us to study the essential differences.
In fact, those differences become large as the magnitude of a(t) increases.

The form of the kernel alone projects necessary conditions concerning
the magnitude of a(t) which could result in bounded solutions. Thus, the
next project is to determine how close we can come to proving that the
necessary conditions are also sufficient. In fact, the necessary condition is
that for a modified C* then a(t) should not exceed (¢ + 1)? for bounded
solutions, while we can obtain sufficient conditions for a(t) = (t+1)? where
0 < p < 3/2, an unexpectedly large function.

The third project is to show that solutions will be bounded for given
conditions on C' regardless of whether a is chosen large or small; this is
important in real-world problems since we would like to have a(t) as the
sum of a bounded, but badly behaved function, and a large well behaved
function.

The work here is, in every respect, of nonconvolution type. But it will
be easier to explain the direction we will take by discussing some simple
convolution kernels.

Let
C*(t,s) =1In(e + (t — 5)) (4.3.1)
and
D*(t,s) = 1 4.3.2
(t,s) = ma (4.3.2)

noting that
C*(t,t) =1, D*(t,t) = 1.

We use the symbol * here because these functions will later be generalized
and denoted by C' and D in (4.3.11) and (4.3.12). In particular, posi-
tive constants can be added to and multiplied by these functions without
changing our basic assumptions.

Note also that C*(¢,0) = In(e+t) is increasing to infinity, while D*(¢,0)
is decreasing to zero.
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Here is the first question we study. If a € L2[0, co) what are the essential
qualitative differences between solutions of

2(t) = aft) - /O C*(t, 5)2(s)ds (4.3.3%)

and

z(t) = a(t) — /0 D*(t,s)z(s)ds (4.3.4%)

and do investigators have reason to care?
For later reference, Equations (4.3.3) and (4.3.4) will follow (4.3.12).
There would be no story to tell unless it were the case that there is
little qualitative difference and that many investigators have studied such
problems since 1928. We find that under general conditions patterned
from (4.3.1) and (4.3.2) that 2z € L?[0,00), while for y = fot x(s)ds we have

y € L?[0,00) and fg x(s)ds — 0 as t — oo. More can be said. It is a
surprise because C* and D* have fairly opposite properties and (4.3.4*) is
known to have nice qualitative properties so we would suspect that (4.3.3*)
does not.

Kernel (4.3.1) is the prototype and is, so to speak, the middle of the
road. We will devote the next subsection to showing how closely the solu-
tion of (4.3.3*) is to the solution of (4.3.4*) when a € L? and then show
that equations in the class of (4.3.3*) are so very powerful when a(t) is ex-
tremly large; the solution is kept small in spite of enormous perturbations.
In the process we will vary C* considering also the kernels

r(t—s)+In(e+ (t — s)), r >0,
and
1+ Arctan(t — s)

as members of the same class of kernels as in (4.3.1), but being above and
below (4.3.1), respectively.

Let us interpret C* and D*. For fixed t the integrals involve history
of the solution on the interval [0,¢]. For a given s in that interval we
are multiplying z(s) by a weight and then the integral is adding up all
of those products to determine, along with a(t), the value of the solution.
Notice that at s = 0 then C* has the weight In(e + t), which is large for
t large, while for s = t then C* has the weight C*(¢,t) = 1; the value of
x(t) is being overwhelmed by the early values of x, while recent values,
by comparison, are practically ignored. It is customary to refer to (4.3.2)
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as an example of a fading memory kernel. Accordingly, we could refer to
(4.3.1) as a growing memory kernel, typically seen in problems driven by
genetics where individual characteristics become more pronounced as an
individual ages.

It is not at all unusual to see problems which have a growing mem-
ory. We mentioned earlier the work of Reynolds (1984) on the buckling of
viscoelastic rods. His problem is singular and the solution is continually
driven by an infinite weight at zero. On the other hand, the literature is
replete with fading memory problems, many of which are singular, but with
a locally integrable singularity. We have mentioned work on superfluidity
by Levinson (1960), or heat transfer by Padmavally (1958), for example.

In an attempt to convey to the reader an image of what is happening we
suggest the following. Think of (4.3.1) as “genetically” driven while (4.3.2)
is “environmentally” driven. In the first case an individual’s characteris-
tics are continually magnified as a result of genetics; the infant comes to
resemble the parent more and more as time goes on. In the second case,
the individual’s characteristics are changing because of diet, exercise, and
general environment; sadly, good habits of youth translate into far too little
benefit if not practiced in our old age, a typical example of fading memory.

The problem addressed here originates in a paper of Levin (1965) which
contains an ambiguous statement. Levin reviews an equation

2'(t) = —/0 a(t — s)g(z(s))ds (4.3.5)
with

a(t) € C0,00), (=1)*a® () >0
for (0<t<o0;k=0,1,2,3) (4.3.6)

and g(x) continuous on (—oo, 00) with
zg(x) >0 for x#0. (4.3.7)

Equation (4.3.5) has application in many areas beginning with mathemati-
cal biology, reactor dynamics, and viscoelasticity. Volterra (1928) proposed
a related form for a problem in mathematical biology, suggesting that one
might construct a Liapunov functional. That functional was constructed
by Levin (1963), yielding strong qualitative results for (4.3.5).

But in Levin’s paper of 1965 he is interested in

z(t) = f(t) —/0 b(t — s)g(x(s))ds (4.3.8)
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under the assumptions
b(t) € CH0,00), (=D)Fb®(t) >0 for (0<t<oo;k=0,1) (4.3.9)

and
f(t) € C'0, 0), /Ooo |f/(t)|dt < oo, (4.3.10)

yielding |z(¢)| bounded and other qualitative results.

The work begins when Levin remarks that (4.3.5) can be converted to
(4.3.8) by integration and that b(t) = fot a(s)ds and f(t) = x(0) for that
conversion. While it is true that (4.3.5) can be written as

o) =20) - | t / " (s)dsg au))du,

for b(t) = f(f a(s)ds and a(t) > 0, then we do have b(t) > 0, as required in
(4.3.9), but b'(t) = a(t) > 0 violating (4.3.9) in the nontrivial case.

The question arises: Can we violate b’(t) < 0 and still retain nice qual-
itative properties? Here, we construct Liapunov functionals proving this
under more general conditions on the kernel. We arrive at the stunning
conclusion that it makes little difference whether the kernel increases or
decreases, when other important conditions hold. Indeed, if Levin had
continued with the case which violated (4.3.9) he would have been deal-
ing with an equation whose solutions were little changed for a € L2, but
infinitely better able to withstand large perturbations without letting the
solution become large.

4.3.1 Necessary conditions for boundedness

In both (4.3.5) and (4.3.8) Levin is concerned with showing that the so-
lution remains small. One of the goals of the investigator is to identify
kernels which will promote stability. It is very simple to show that the
kernel (4.3.1) is potentially far more stable than (4.3.2).

We ask the question: How large can a(t) be and still have z(t) or z(¢)
bounded? We are dealing with very large kernels and it is going to require
strong methods to prove boundedness. It is time to test just how strong
the Liapunov methods are.

Theorem 4.3.1. Ifr is a positive constant and C(t, s) = r(t—s)+C*(t, s),

then x(t) = a(t) — fot C(t, s)x(s)ds has a bounded solution only if there is
a constant M > 0 with

la(t)] < M<1 + (t+ 1)2).
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Proof. If |z(t)] < K then we have

la(®)] < Ja(t)] +/O [r(t =) +In(e + (t - 5))l|2(s)|ds

t
§K—|—K/ [rs + In(e + s)]ds
0
<M+ M(t+1)?
for some M > 0.

Is this a sharp estimate? Are our techniques good enough that if a(t) =
(t+1)2, can we expect to prove that z(t) is bounded using that kernel? So
far, we prove that for this C(¢, s) then we can take a(t) = (¢ 4+ 1)? where
0 < p < 3/2 in order to obtain z(t) bounded.

Lest we become too disappointed with that result, let us realize that
what we have proved is that a(t) = (¢t + 1)? for p < 3/2 is a harmless
perturbation. And that should give us some pause when we consider the
feeble perturbations which motivated this study.

Next, if we are to have z(t) bounded, how large can we choose a(t)?

Theorem 4.3.2. If D(t,s) = D*(t,s), then z(t) = a(t) — fot D(t,s)z(s)ds
has a bounded solution only if there is an M > 0 with

la(t)| < M1+ In(¢t + 1)].

Proof. If |z(t)| < K then

la(®)] < I«Z(t)|+/O D*(t, 5)|2(s)lds

t
§K+K/ (u+1)"tdu
0
<M+ Mln(t+1)

for some M > 0.

4.3.2 Small perturbations

In this section we want to show that if a € L? then (4.3.1) and (4.3.2)
result in similar behavior of the solutions. In the context of genetics and
environment, we interpret this to mean that if a(¢) represents challenges
and opportunities, then for very small a(t) the genetically driven individ-
ual and the environmentally driven individual do about the same. In the
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next section we will show that when the challenges and opportunities are
great, then the genetically driven individual will perform far better than
the environmentally driven individual.

We look to (4.3.1) and (4.3.2) for guidance in our assumptions by defin-
ing new functions C' and D with the following derivatives being at least
continuous:

C(t,t) >a>0, Cs(t,s)<0, Cglt,s) <0,
Csi(t,s) 20, Css(t,s) >0, (4.3.11)

and

D(t,s) >0, D(¢,0) >0,
Dy(t,0) <0, Dgy(t,s) <0. (4.3.12)

These are large kernels and it should not be thought that an element,
C(t,s), satisfying (4.3.11) is necessarily larger or smaller than an element,
D(t, s), satisfying (4.5.12). For example,

D(t,s) = M+ D*(t,s), M >0,
satisfies (4.5.12) and, if M is large, then it lies entirely above

C(t,s) = 1+ Arctan(t — s),
satisfying (4.5.11). So often in the theory of integral equations methods
call for kernels to be of convolution type and L'[0, o), those requirements
will never hold for (4.3.11) and they need not hold for (4.3.12). Hence,
different methods are needed. Liapunov functionals supply the need in a

very simple way.
With these assumptions we now define the more general equations as

2(t) = at) — /O C(t, 5)a(s)ds (4.3.3)
and
() = at) - /0 D(t, 5)2(s)ds. (4.3.4)

Under these conditions (4.3.4) becomes exactly our old (2.1.1) of The-
orem 2.1.10 and we repeat that result now.
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Theorem 4.3.3. Ifa: [0,00) — R is continuous, while (4.3.12) holds for
(4.3.4) then along the solution of (4.3.4) the functional

V(t) = /Ot Dy(t,s) (/t z(u)du>2ds + D(t,0) </0t z(s)ds>2

satisfies

V'(t) < —2%(t) + a?(1).

(i) If a € L?[0,00), so is z; moreover, V (t) is bounded.
(ii) If there are constants B and K with

¢
Sup/ Dg(t,s)ds = B < oo and sup D(¢,0) = K < oo
>0 Jo >0

then along the solution of (4.3.4) we have
(a(t) = 2(t)* < 2(B+ K)V(t)

where (4.3.4) does not require a € L. However, if a € L? and bounded
then both V (t) and z are bounded.

If we are keeping track of the number of Liapunov functionals used, we
might keep in mind that this V' actually originated with an infinite delay
equation and had the form

V) = /; Dy(t, ) (/t z(u)du>2ds

so the present one is second in line.

Notice that to this point we conclude that (4.3.4) with (4.3.12) is quite
straightforward with a € L? implying that z € L? and we consider that
result sufficient. But matters are more difficult for (4.3.3). However, with
more work it does turn out that for a(¢) small then (4.3.12) and (4.3.13)
yield surprisingly similar behavior.

Next, we return to the methods of Section 2.3 and refer the reader again
to Theorems 2.2.8 and 2.3.6. Integrate (4.3.3) by parts and write

2(t) = a(t) — C(t, 1) /Ota:(s)ds—i—/ot ity s) /Osa:(u)duds

so that by taking
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we have
y'(t) = a(t) — C(t, t)y(t) +/O Cs(t, s)y(s)ds. (4.3.13)

The reader may verify that it is possible to find C' and D satisfying
(4.3.11) and (4.3.12), respectively, whose sum will satisfy the conditions
here. Thus, one may consider equations driven both genetically and envi-
ronmentally.

In reading Theorems 4.3.5 and 4.3.6 it may help to think of them in
terms of (i) and (ii) of Theorem 4.3.3 holding.

Theorem 4.3.4. Suppose that (4.3.11) holds. Ify is a solution of (4.3.13)

and if we define V' by
t 2
ds — C(t,0) (/ y(u)du>
0

v = - [ Clts) (/ t o

then the derivative of V' satisfies

2

V(1) < (1/a)a®(t) — ay*(1).

Thus,
Y2 (t) + a/o y*(s)ds < V(0) + (1/04)/0 a®(s)ds.

If, in addition, a € L?[0,00) and if both C(t,t) and fot |C2(t,s)|ds are
bounded, then

|z(t) — a(t)]

is bounded.

Proof. We have

V'(t) = 2ya(t) — 2C(t, t)y* + Qy/O Cs(t, s)y(s)ds

B /Ot Coutlt, ) </t y(u)du,>2d8 — Cut(t,0) (/Ot y(u)du>2

— 2Cy(t,0) /Oty(u)du—Qy/ot Coult, ) /:y(u)duds.
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Integration of the last term by parts yields

:+A%uww@@

9y {C’s(t,s) / () du
= -2y [—Cs(t,O) /Oty(u)du + /Ot Cs(t,s)y(s)ds]

so that by collecting terms and taking into account sign conditions we now
arrive at

V'(t) < 2ya(t) — 2ay” < (1/a)a?(t) — ay?(t).

We may write

t

2 8] a2s S — tQSS
ymgvmswm+w>/ (s)d Ay<m

0

so that
Yy (t)—l—a/o y?(s)ds < V(O)+(1/a)/0 a®(s)ds.

With a € L?[0,00) we have y%(t) + ozfg y?(s)ds bounded. Now, from
(4.3.13) we have x = ¢’ so

l2(t) —a()] < [CE O]y()] + \//0 C?(tvs)dé’/o y2(s)ds
which is bounded.

2
Theorem 4.3.4 shows that y%(t) = (fot x(s)ds) € L0, 00) which, of

course, says that there is a sequence {t,} 1 oo along which that integrand
tends to zero. But since that integrand is an integral, the integrand actually
converges to zero. Here are the details.

In understanding this result, recall that Theorem 4.3.4 gave conditions
ensuring that |z(t) — a(t)| is bounded so if a is bounded, then that yields
x bounded, as required below.
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Theorem 4.3.5. If

/Ot y2(s)ds = /Ot </0 x(u)du)2ds

is bounded and if x is bounded, then
t
y(t) = / z(u)du — 0
0

as t — o0o. Moreover, for each L > 0, it is true that f:_L z(u)du — 0 as
t — oo. In particular, if {[s,, t,]} is a sequence of intervals on which x(t)
is of one sign, where s,, — 0o, then f: x(s)ds — 0 as n — 0.

Proof. If the theorem is false then there is an € > 0 and a sequence {t,,} T co

with
tn 2
(/ x(u)du) > €.
0

Since the integral of y? converges, for each m there is a t > t, with
(f(;t z(u)du)? < €/2, so there is a sequence {\,} of positive numbers with

2

( /t :"H" x(u)du) — /2

and the equality is false for a smaller A. Clearly, A, — 0 as n — oo,
otherwise we would have

( /0 tn+$x(u)du>2 > /2

for all s € [0, \,], contradicting the convergence. As z(t) is bounded and

An — 0 we have a contradiction. Notice that fot x(u)du and fOtJrL x(u)du —
0 as t — oo so the same is true for their difference.

Notice also that in (4.3.2) we have D*(t,s) — 0 as t — s — oo, while in
(4.3.1) we have C*(t,s) — oo as t — s — oo. If we equalize these and let
C(t,s) = L < 0o ast—s — 0o, then we can obtain a much stronger result.
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Theorem 4 3.6. Let x solve (4.3.3), let (4.3.11) hold, let y solve (4.3.13),
and let y(t fo u)du — 0 as t — oo. If for all large fixed T we have

Ct,T)—C(t,0)—0 as t— o0
and both
C(t,t) and C(¢,T)
are bounded independently of t and T, then
|z(t) —a(t)] = 0
ast — oo.

Proof. In (4.3.13) we see that C(¢,t)y(t) — 0 as t — oco. Next, for T large,
for ¢ > T', and for || - || denoting the supremum norm, we have

/|Ct5 |ds—/ |Cs |d8+/|Ct5 s)|ds
0
< ||y||/ —C4(t, s)ds + (sup ly(s )/ —C4(t, s)
0 s>T

= llylllC(,0) = C(¢, T)] + sup |y(s)[[-C (¢, 1) + C¢, T)].

s>T

Consider the last line. Let € > 0 be given. For the last term, since C(t,t)
and C(¢,T) are bounded, take T so large that the last term is bounded by
€. With that T fixed, let t be so large that the first term is also bounded
by e.

Now, we will have good reason (discussed at the beginning of the last
subsection) for wanting to show that solutions of (4.3.3) are bounded when
we only ask that a(t) is bounded. One such result will now be given.

Theorem 4.3.7. Suppose that (4.3.11) holds, that a(t) is bounded, and
that there is an M > 0 with

—/OtCss(t,s)(t—s)/ 2 (u)duds + t|Cs(t, 0) |/ w)du < M.

Then for V defined in Theorem 4.3.4 we have both V and y*(t) =

(fot x(s)ds> " bounded.
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Proof. If V is not bounded then there is a sequence {¢,} 1 co with V(¢,,) >
V(s) for 0 < s < t, and there is a v > 0 with y%(¢,) < v, as may be
seen from the derivative of V. Taking t = t, we then have from V’(t) <
(1/a)a®(t) — ay?(t) that

0<V(t)—V(s) < (l/a)/ a®(u)du — a/ y*(u)du

or that

/s "R w)du < (1) / 2 w)du.

Use this and the Schwarz inequality in V' to obtain
t t
V() < (1) - / Cuslt, 5)(t — 5) / (1/02)a (u)duds
0 s
t
+ t|Cs (¢, 0)|/ (1/a*)a®(u)du
0

<5+ (1/a*)M.
The result follows from this.

We readily find a(¢) for which conditions hold for C(¢,s) = 1 +
Arctan(t — s).

4.3.3 Sufficient conditions for boundedness

We now turn to the necessary conditions which we have derived and derive
conditions on D and C so that we obtain sufficient conditions for bound-
edness. These boundedness results are based on a(t) being differentiable.
In the last section we will seek boundedness without differentiating a(t).

The next result is just our old Theorem 2.2.6 which we restate for
reference.

Theorem 4.3.8. Let a’ € L?[0,00), D(t,t) > a > 0, and

o t
_2a+/ |D1(u+t,t)|du+/ |Dy(t, s)|ds < —f3
0 0

for some 3 > 0. Then z € L?[0,00) and is bounded where z is a solution
of (4.3.4).
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Our D* will not quite satisfy the conditions of Theorem 4.3.8 and its
necessary condition of Theorem 4.3.2. Thus, we turn to C' and ask if we
can simply differentiate (4.3.3) and conquer a(t) = fot Infe + s]ds using
C(t,s) = In[e + (t — s)]; in fact, we will have to differentiate twice.

Theorem 4.3.9. Let C(t,s) satisfy

C(t,t) > a >0,
Ct(t; S) Z O; Ctt(tv 8) é O; Cts(tv 8) Z O; Ctts(t; S) é 0

Then a' € L? implies that the solution = of (4.3.3) is also in L?; moreover,
x(t) is bounded.

Proof. The derivative of (4.3.3) is

a'(t) — ttm—/Ctts

Define

V(t) = 2%+ /Ot Cys(t, s) (/t x(u)du>2d8 + Cy(t,0) (/Ot x(u)du>2;

Since z? <V, if V is bounded so is x. Differentiate V along a solution of
that derivative of (4.3.3) and obtain

V'(t) = 2zd () — 20C(t, t)a?

- 2x/ Ci(t, s)z(s)ds + Cu(t,0) </0tx(u)du>2
+ 2th(t,0)/O u)du +/ Cist(t s)</stx(u)du>2ds
+2x /Ot Cis(t,s) /St x(u)duds.

If we integrate the last term by parts we obtain

Zx[Ct(t,s)/ du /Ctts }
:233[—0(1&,0)/0 du+/ Cilt, ) ()ds].

This results in

V'(t) < 2zd(t) — 20z’

A standard inequality, followed by integration, now finishes the proof.
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If we hope to conquer a(t) = fg Infe + s|ds with C*(¢, s) it is clear that
we must take another derivative of (4.3.3).
We displayed three “genetic” type kernels:

r(t—s)+C*(t,s), r>0,
C*(t,s)
1+ Arctan(t — s).

For a € L? we found that the smallest one generated behavior of x
more closely approximating that of D*(¢,s). In this subsection we will
show that the largest one will yield 2(¢) bounded when a” € L?, allowing
a(t) = (t + 1), where p < 3/2, for example.

We are now going to continue the process and obtain second order
equations. First, return to (4.3.3) and differentiate twice to obtain

" (t) = a”(t)—[(C(t,t))'+Ct(t,t)]x—C(t,t)x'—/o Cu(t, s)z(s)ds. (4.3.14)

We come now to the critical part. Given (4.3.14), can we find an ap-
propriate Liapunov functional? We can, and with fascinating ease by the
simple device of integration by parts; we have learned to use integrals of the
form given here in many contexts for construction of Liapunov functionals
and adding them together.

From (4.3.14) we have

r =(q
t

q =ad" —[(C(t,t)) + Ci(t,t)]z — C(t,t)qg — /OS Cu(t, u)dux(s)

0
t s
+/ / Cie(t, u)dug(s)ds
o Jo
or
' =q

¢ =" = [(C(E0) + ) + [ Cult. ot

+/0 /0 Cu(t,w)dug(s)ds — C(t,t)q.

In the theorem below the reader will reasonably ask where these condi-
tions come from and we want to show that they are natural.
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Consider the prototype

C(t,s) =r(t—s)+Infe+ (t—s)], r>0.
Then

Ctt)y=1=«

Ci(t,s)=r+le+ (t—s) ",

Cult,s) = =[e+ (t —5)] 72,

Cttt (t, S) = 2[6 + (t — S)]_B,

(C(t, 1)) = 0.

Notice that as long as C(t, s) is of convolution type then

t

/t Ctt(t, u)du = —Ct(t, ’LL) = —Ct(t, t) + Ct(t, 0)
0

0

Thus, in the theorem below we would have

K(t) =0+ Cy(t,t) — Cy(t,t) + C¢(t,0) =r+ e+t ' >r >0
and

K'(t)=—le+t]%
Theorem 4.3.10. Suppose there is a positive constant « with

Ctt(t, ’LL) S 07
K(t) =: (C(t,t)) + Ci(t, ) + /t Ch(t,u)du > 0,
0

K'(t) <0,

Cit(t,s) >0,

C(t,t) > a>0.
Then for V defined by

2

V(t) = K(t)z* +¢* — /Ot Cy(t,s) (/f q(u)du> ds

the derivative of V' along a solution of (4.3.14) satisfies

~ ("0

In particular, if a’ € L?[0,00) then ¢ = 2’ € L?[0, 00).

V/(t) < —ag’(t) +
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Proof. We have

V/(t) = 2qx K (t) + K'(t)x? + 2qa” — K (t)2qx — 2¢°C(t, 1)

+ 2¢ /Ot /OS Cy(t,u)dug(s)ds — /Ot Cie(t,s) (/: q(u)du)st
—2q /Ot Cie(t, s) /St q(u)duds.

If we integrate the last term by parts we have

9g { /0 " ot ) / tq(u)du;—i— /0 t /0 ) Ctt(t,u)duq(s)ds}

and notice that the first term is zero, while the last term cancels with
another term in the derivative of V. Collecting terms and taking into
account the sign conditions in the theorem we see that

V() < ~20¢%(1) + 20(0)a" (1) < ~ad (1) + ~(a" (1)),

as required. This will give ¢ € L2, V bounded.

We see that if we use C*(t, s) then K(¢) — 0 and we do not have x(t)
bounded on the basis of this theorem. But if we use r(t —s) + C*(¢, s) then
K(t) > r > 0. For a(t) = (t + 1)? we would need 0 < p < 3/2 to have
a’ € L2

Corollary. Let the conditions of the last theorem hold and suppose there
isa >0 with
K(t) =z .
Then x(t) is bounded.
Proof. We have 3z%(t) < V(t) and so V bounded implies z bounded.

4.3.4 A balanced case

In the last subsection we saw x and z bounded when ' € L? and that
is a strong condition; real-world problems frequently have uncertainties
which would make that so hard to ascertain. We would like to say that
if a1 —ap 1S bounded then the difference between the solutions of z =

fo s)ds, i = 1,2, is bounded And that difference is a

solutlon of x( ) = al( —asoft fo s)ds. The application is that
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a1 (t) might satisfy the differentiablity conditions, while ay does not. So we
would get boundedness of solutions with as by studying a;. In conclusion,
then, we want to show that the solution of x(t) = a(t) — fot C(t, s)x(s)ds is
bounded when a(t) is bounded.

We now pattern C(t, s) after k + Arctan(t — s) by asking that there is
a k> 0 with

C(t,t) > k (4.3.15)
and that there is an « > 0 with
t
/ ICy(t,)|ds < & — a (4.3.16)
0
and
t
/ |Ce(t, s)|ds < k — a. (4.3.17)
0

Notice that a necessary condition for the solution of
z(t) = a(t) — /Ot[k' + Arctan(t — s)]z(s)ds
to be bounded, say |z(t)| < M, is that
la(t)] < M + M/Ot[k + Arctan(t — s)ds < J(1 +1)

for some J > 0.

Theorem 4.3.11. Let (4.3.15) and (4.3.17) hold and let a(t) = J(1+1t)P,
0 < p < 1. Then the solution of (4.3.3) is bounded.

Proof. Notice that
t
' (t) = Jp(1 + )P~ — C(t,t)x — / Ci(t, s)x(s)ds, x(0)=J
0

and for fixed p there is an L with
| Jp(1+ )P~ < L.

Find x; > 0 such that z; > |J| and L — kz1 + (k — @)z1 < 0. There
is an interval [0,¢1) with |z(¢)] < z1. Suppose that for such an interval
|z(t1)| = x1. The Razumikhin function
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satisfies
t
V/(t) < |Tp(1+ Y] — klz| + / (ot )] (s) ds
0

so that for ¢ < t; we have
VI(t) < L —klz(t)] + [o(t)|(k — @)
and it is negative at ¢ = t1, a contradiction to V increasing at ¢;.

We now want to show that the solution of (4.3.3) is still bounded if a(t)
differs from J(¢ + 1)? by at most a bounded function. In particular we do
not require a(t) to be differentiable. Thus, we consider (4.3.3) and write

y =a(t)—Ct,t)y+ /0 Cs(t, s)y(s)ds

t

where y(t) = [, z(s)ds.

Theorem 4.3.12. Let |a(t)| < M for some M > 0, let C(t,t) be bounded,
and let (4.3.15) and (4.3.16) hold. Then the solution of (4.3.3) is bounded.

Proof. Exactly the same argument as in the last theorem shows that y is
bounded. But

t
z(t)] = 1y (t)] < la(t)] +1C (¢, )|y ()] + ||y||/0 |Cs(t, 5)|ds.
This proves the result.
We now pattern D(t,s) after k + [t — s + 1]~ so that D(t,0) | k > 0,
whereas C(t,0) = k+arctant T k+ (7/2) and inquire if the behavior is the
same as we just saw for C. We ask that there exist positive constants k, a

with

D(t,t) > k, (4.3.18)

t
/ Dt 8)|ds < k — a, (4.3.19)
0

and

¢
/ |Dy(t, s)|ds < k — a. (4.3.20)
0
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A necessary condition for the solution of

z(t)za(t)—/o o+ [t — s+ 1] 2(s)ds

to be bounded, say |z(t)| < M, is for

a(t)| SM+M/Ot [k+[t—s+1]‘1}ds§.](1+t)

for some J > 0.

Theorem 4.3.13. Let (4.3.18) and (4.3.20) hold and let a(t) = J(1+1t)P,
0 < p < 1. Then the solution of (4.3.4) is bounded.

The proof is identical to that of Theorem 4.3.11.

Theorem 4.3.14. Let |a(t)| < M for some M > 0, let C(t,t) be bounded,
and let (4.3.18) and (4.3.19) hold. Then the solution of (4.3.4) is bounded.

The proof is identical to that of Theorem 4.3.12.
We began by mentioning that we would see eight Liapunov functionals.
Look ahead to Chapter 6. We have

x(t) = f(:c(t—h))—l—/too [g(m(s))—i—r(m(s—h))}C(t, s)ds+p(t) (6.4.18)

with Liapunov functional
00 t 2
V() = / NC(t, s) (/ [9(z(w)) + r(z(u — h))]du) ds. (6.4.23)
t s
Finally, we note that we may use the Levin-type Liapunov functional
for the resolvent equation for D(t,s) and the derived resolvent equation
for C(t,s) to obtain close relations between the resolvents for those two
functions.

This section is taken from Burton (2008b), as detailed in the bibliogra-
phy, which is published by the University of Szeged, Szeged, Hungary.



Chapter 5

Infinite Delay: Schaefer’s
Theorem

5.1 Introduction

This chapter is best described as a series of lectures on nonlinear integral
equations with infinite delay which are never converted to a differential
equation. Section 5.1.4 is an introductory lecture laced with conjectures
and a definite effort is made to present simple and intuitive results. The
nonlinearity is always either 2™ or /" so that assumptions on the be-
havior of the nonlinearity need not be mentioned, resulting in a drastic
reduction of hypotheses. In the same vein the last section, 5.4, concerns
a lecture on an intriguing property; again, it is largely free of complica-
tions, but less so than Section 5.1.4. But the sections in between consist of
fairly difficult and complicated problems involving periodic solutions and
asymptotic behavior. The nonlinearity is ¢g(¢,z) and it takes considerable
space to describe the essential properties of g. In Chapter 3 we suggested
exercises in which the reader was asked to combine two types of Liapunov
functionals and obtain general theorems. That type of work is displayed
in Section 5.3. The basic theme of the chapter concerns a convex kernel.
Section 5.3 shows one way to deviate from the convexity and still retain
the conclusions obtained from convexity. This is important because in real-
world problems something as controlled as convexity can only be achieved
by assumption and never by observation and measurement. Each section
is mainly independent, but all utilize the same basic Liapunov functional
which we have seen several times in earlier chapters.

Tricomi was one of the early investigators and expositors of Volterra
integral equations and a close friend and confidant of Volterra. His book

236
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(1985) contains a wealth of information about early investigations and his-
tory. Volterra studied the Volterra equation of the first kind in the form

/ C(t,s)x(s)ds = a(t)
0

where z is the unknown function and the Volterra equation of the second
kind in the form

x(t) = a(t) — )\/0 C(t, s)x(s)ds

which is the type mainly studied in this book. We usually take z and a as
real n—vector functions and C to be an n X n matrix of functions, while
A is a parameter which we usually take to be 1, but it plays a crucial role
in other presentations. See, for example, Yosida (1991; p. 145) where he
obtains a formal power series solution in powers of A and a sequence ¢,
obtained recursively.

Tricomi (1985; p. 40) notes that these equations are considered to be
singular if the kernel is not integrable or if the lower limit is —oco. We focus
here on

2(t) = a(t) — /_ C(t, s)z(s)ds *)

for a variety of reasons. The first that we will mention is that for fixed
points there is the natural mapping defined by

¢
(Po)) = alt) - [ Clt.s)o(s)ds,

If we ask that a and C be continuous and that there exist a T" > 0 with
a(t+T)=a(t) and C(t+T,s+T)=C(t,s)

then a translation argument will show that if (Pr,|| - ||) is the Banach
space of T-periodic functions ¢ :  — R™ with the supremum norm, then
P : Pr — Pr. We will then be poised to find a fixed point, a periodic
solution of (*). Generally, that will be achieved using some variant of
Schaefer’s theorem (Theorem 3.1.2) which requires an « priori bound.
That will be obtained using a Liapunov functional. Moreover, in some cases
the Liapunov functional will not be required to be positive. The bound will
be obtained from the derivative alone.

We will also deviate from Tricomi’s terminology by saying informally
that an equation z(t) = a(t) — ffoo D(t,s,x(s)ds has a mild singularity if
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D(t, s, x) is infinite at some point, but for each function ¢ which is bounded
and continuous on any interval (—oo,t;] we have fjoo D(t, s, $(s))ds con-
tinuous on (—o0,¢1). Finally, we frequently form Liapunov functionals of
the form

/too /too |C(u + 5, 9)|dulz(s)|ds

and we will always assume that this can be defined and differentiated by
Leibnitz’s rule.

5.1.1 Initial Conditions

Generally, existence and uniqueness theorems are concerned with initial
value or boundary value problems. To specify a solution of the scalar
equation

2(t) = b(t) - [ C(t, 5)g(s, 2(s))ds

we may require a continuous initial function ¢ : (—oo, 0] — R such that

0
at) =blt)~ [ Ct.s)gls,0(s))ds
is continuous and we then seek a solution of

x(t) = a(t) —/0 C(t,s)g(s,x(s))ds, z(0) = a(0),

for ¢t > 0. In effect, the initial function turned the singular Volterra equa-
tion into a non-singular Volterra equation of the second kind. We note too
that there is a discontinuity between the initial function ¢ and the solu-
tion z unless ¢(0) = a(0). See the discussion with Figure 3.1. There are
times when such a discontinuity is undesirable. It is proved in Chapter
7, Proposition 7.2.1, under general conditions that we can redefine ¢ on
an arbitrarily short interval [tg, 0] so that the new ¢ satisfies ¢(0) = a(0).
See the discussion with Figure 3.1. The point is that we seek a function
x on the whole interval ® which satisfies the integral equation for ¢ > 0
and agrees with the initial function on the initial interval. That solution
will certainly be continuous for ¢t > 0 and for ¢ < 0; in some cases we are
interested in the two pieces matching at ¢ = 0. Obviously, only in rare
cases will the initial function itself satisfy the differential equation.
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5.1.2 Memory and Convexity

Consider a convolution equation

2(t) = a(t) — /_ C(t — s)a(s)ds

and fix ¢ = t;. The value of x(t;) depends on z(s) for —oo < s < ;.
Moreover, every such value of z(s) is weighted by a factor C'(t1 — s). As s
takes on all such values, we are looking at C'(u) for 0 < u < oo, u = t; — s.
Here is a heuristic rationale. Our experiences would lead us to expect
C(u) — 0 as u — oo; we remember the present most clearly and our
memory fades with time. It would certainly seem reasonable to ask that
C'(t) < 0. But C(t) should be positive so we can reasonably ask that
C"(t) > 0. Finally, we might want the sum of the weights to be finite, so we
ask that fooo C(u)du < co. But if we think of the nonconvolution case, then
we must take into account the experiment changing with time. Perhaps
there is a day-night fluctuation of temperature affecting the experiment
and so we consider C(t, s) and ask that C¢(t,s) <0, while Cs(¢,s) > 0.

There are more direct ways of setting the conditions. Various physical
processes can be abstractly defined in ways that assume the convexity.
Certain one-dimensional viscoelastic problems are formulated as

() = —/ti a(t — $)g(x(s))ds

a(r)=0, a(t)>0, d()<0, d'(t)>0, 0<t<r

Here, x is the strain and a is the relaxation function.

There is little or no chance of such intricate conditions being actually
verified in a real-world problem. In an earlier book (Burton (2006b; p. 4))
we objected to such assumptions and showed that some problems of this
class can be solved using contraction mappings which average functions
instead of asking such exact properties of the functions involved. Here, we
use a variety of assumptions. Frequently, we ask conditions on C' which are
clearly convexity assumptions and those are easily seen.

5.1.3 Much less than Convexity

We divide the discussion and emphasize alternatives to convexity. We may
use conditions which ask nothing about the derivative of C, and this can
introduce another of the four remarkable situations which we observe in
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this book. For the same equation we can offer a set of conditions which
rely on the derivatives of C' to make the Liapunov functional produce an a
priori bound yielding periodic solutions, or we can offer a set of conditions
which rely on the integrals of C' to make a different Liapunov functional
produce the bounds. As those conditions are totally independent, we are
led to believe that both are extraneous and that the theorem could be
proved without either assumption. It is an attractive problem.

Particularly in cases of finite delay, we will ask less than convexity and
simply require Cs; < 0. In one section we ask that the kernel be a sum of
functions, one of which is convex and the other is not.

5.1.4 An Introductory Lecture: Periodicity

Much has been written about periodic solutions of differential equations.
There are two simple and most pleasing general results. The first is the
Poincaré-Bendixson theorem (cf. Burton (2005c; p. 210)) concerning a
pair of first order equations

x/
y' =Q(z,y)
with P and @) continuous and locally Lipschitz.

Theorem. If there is a solution bounded in the future then there is an
equilibrium point or a periodic solution in its w—Ilimit set.

Without terminology, the result says that if there is a bounded solution
it either gets close infinitely often to a point where P and ) both vanish
or it approaches a periodic solution.

Very late in the theory of differential equations Massera (1950) (cf.
Burton (2005¢; p. 217)) proved that for a first order equation

x = f(t,i[:)

with f continuous and locally Lipschitz in x and periodic in ¢, if there is
a bounded solution then there is a periodic solution. He proved a partial
extension to second order systems.

There are also isolated and special results. Epstein (1962) proved that a
linear periodic system z’ = A(¢)x with A(t) odd has all periodic solutions.
But these are the rare exceptions. Most of the periodic results are long and
detailed with restrictive sign conditions.
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We come upon a scalar equation

(1) :a(t)—i—/_ D(t, s, 2(s))ds

in a variety of ways, hoping to prove that there is a periodic solu-
tion. Sometimes these equations arise as limiting forms of z(t) = a(t) +
fot D(t, s, z(s))ds which might be generated from a partial differential equa-
tion, or it may arise directly from a physical problem. See Miller (1971a;
p. 172) or Burton (2005¢; p. 105) for information on limiting equations.

To be more explicit, in a recent paper Kirk and Olmstead (2002) use
a Green’s function to convert a partial differential equation to an integral
equation on the t¢-interval [0,00). It has a mild singularity, but in their
equation (39) on p. 153 they are considering an L!-kernel which is well
suited to the Miller (1971a; p. 172) transformation to an infinite delay
problem of the type we consider here. In their case they do not have a
periodicity property, but there are other heat problems with that property
as may be seen, for example, in Padmavally (1958).

We have seen that

2(t) = a(t) + /0 C(t, s)z(s)ds

may have asymptotically periodic solutions whose domains are [0, co0). If we
can transform it into an infinite delay problem then that solution becomes
periodic with compact domain, an enormous simplification.

Such scalar equations can represent high order ordinary differential
equations so it would seem folly to hope for results as simple as that of
Massera. Yet, there are indications that it might be true and we explore
that possibility here. This offers a simple introduction to the subject and
a possible research problem.

In any case one is led to the search for a periodic solution of the scalar
equation

z(t) = a(t) +/_ D(t,s,xz(s))ds (5.1.1)
with T' > 0 so that
a(t+T)=ua(t), D{t+T,s+T,z)=D(t,s,x), (5.1.2)

with a continuous. All of the results will be easily illustrated from the
single function

D(t,s,x) = ml(t — 5) + 1] g(x)
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and the algebra is simple. We have studied this problem in Burton (1993,
1994a), Burton and Furumochi (1995, 1996), and Burton and Makay (2002)
under considerably stronger assumptions.

Our conjecture here is that if ffoo D(t, s, xz(s))ds converges for any con-
tinuous and periodic function x and if D is reasonably smooth, then there
always is a periodic solution. This is suggested in an old result, which we
offer as Theorem 5.1.1. But it is offered more strongly in Theorem 5.1.4 in
which we do ask that the equation be of sublinear type; however, once the
periodic solution is established, then all the action is taking place in a strip
of |z| < K for some K > 0. It is then totally immaterial what the behavior
of D is with respect to x outside that strip. We study this problem when
D is globally Lipschitz, locally Lipschitz, and non-Lipschitz in x.

The present problem is not unlike that considered in Section 4.3 where
we showed that kernels with rather opposite behavior produced similar
solutions. Smoothness of the kernel seemed to be the important property.

Let (Pr, || - ||) denote the Banach space of continuous scalar T-periodic
functions with the supremum norm and assume that for ¢ € Pr then

/t D(t,s, ¢(s))ds € Pr. (5.1.3)

This will allow problems with mild singularities. The following simple result
is well-known. Indeed, essentially the same is found in Chapter 2 for the
linear case.

Theorem 5.1.1. Let (5.1.2) and (5.1.3) hold. Suppose there is a function
B(t,s) with
|D(t,s,z) — D(t, s,y)| < B(t,s)|x — y| (5.1.4)

for —oo < s <t < o0, z,y € R and o < 1 with fioo B(t, s)ds defined and

/t B(t,s)ds < a. (5.1.5)

Then (5.1.1) has a solution in Pr.
Proof. Define a mapping P : Pr — Pr by ¢ € Pp implies that

(PO)(t) = a(t) + / D(t, s, (s))ds

and notice that by (5.1.3) it is well-defined, while by (5.1.4) if ¢,n € Pr
then
¢

[(Pe)(t) — (Pn)(t)] < / B(t,5)|¢(s) —n(s)lds < a|¢ — ]|

— 00
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by (5.1.5). Thus, P is a contraction and there is a unique fixed point in
Pr.

Notice that there is no sign condition; everything depends on a global
Lipschitz condition, (5.1.4), and smallness condition, (5.1.5). The idea is
to write D(t,s,x) = C(t, s)g(x), drop the global Lipschitz condition, let
fioo |C(t, s)|ds be large, and show that by either making C' smooth or g
small we can still conclude that there is a periodic solution.

We now investigate whether loss of the global Lipschitz condition can
affect the result. Consider

2(t) = a(t) — /_ C(t, 5)z™ (s)ds (5.1.6)

where n is an odd positive integer and let

alt+T)=a(t), Ct+T,s+T)=Cl,s). (5.1.7)
Assume that for ¢ € Pr then
¢
/ |C(t,s)¢™(s)|ds is continuous. (5.1.8)

Our work will be based on the Liapunov functional working together
with the fixed point theorem of Schaefer which we list again for ready
reference.

Schaefer’s Theorem. Let (X,] -]||) be a normed space, P a continuous
mapping of X into X which is compact on each bounded subset of X. Then
either

(i) the equation x = APx has a solution in X for A=1, or
(ii) the set of all such solutions z, for 0 < XA < 1, is unbounded.

We have repeatedly used the following Liapunov functional and we re-
mind the reader how it is constructed.

o) =a(t) - [ ; C(t, $)g(s,2(s))ds
write
(o(t) — a(t))? = (— / ; c<t,s>g<s,x<s>>ds)2.

For the moment, assume Cs(t,s) > 0, that there is an M > 0 with
fioo Cs(t,8)ds < M, and that C(¢t,s)(t —s) — 0 as t — oo.
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If we integrate the right-hand-side by parts and use the Schwarz in-
equality then we have

t

(w(t) =) = (Ct9) [ atwtu)an|

[ et [ otwrwnan)
< /_tOo Cy(t, s)ds /_too Cs(t, s) (/: g(u,x(u))du)QdS
< M/too Cs(t,s) (/: g(u,x(u))du)zds.

We have arrived at the Liapunov functional

Vi) = /_; ot s) (/t g(u,x(u))du>2ds.

Notice that there is something of a “wedge” under V in the form
(1/M)(z(t) — a(t))?. Moreover, if Cs > 0, then for a(t) = 0 the functional
V' becomes positive definite in the classical sense.

We specialize the above work and use the Liapunov functional

2

V() = )\/too Cs(t,s) </St x"(u)du) ds. (5.1.9)

to prove that there is an a priori LP[0,T] bound on the norm of the solution
of

x(t) = )\[a(t) - /too C(t, s)x”(s)ds] (5.1.10)

and then parlay that into a supremum norm bound. For our mapping,
X = Pr and we define P : Pr — Pr by ¢ € Pr implies that

(PO)(1) = alt) — /_ C(t, 5)6™ ()ds. (5.1.11)

We will see many derivatives of C' here, but that can be misleading as
examples will show. If we take C(t,s) = C(t — s) with C(t) = t(t — 1) for
0 <t<1and C(t) =0 for t > 1, then the limits on the integral of the
Liapunov functional will change and problems with derivatives will vanish.
In this case, we would see Cy change sign and that is a property in which
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we will always be interested. To leave open a number of possibilities of
the type just mentioned we will refrain from placing strict conditions on
C, but ask that V can always be differentiated by Leibnitz’s rule. Later,

differentiability is reduced and even eliminated.

In the next theorem one may note that (5.1.12) and (5.1.13) allow us
to define and differentiate (5.1.9) for bounded functions z, while (5.1.14)
allows us to perform a certain integration by parts. Thus, it is (5.1.15)

alone which seems to be pertinent for the result itself.

Theorem 5.1.2. Let (5.1.7) and (5.1.8) hold. Assume that
¢
/ C(t,s)(t — s)?ds is continuous,
—o0
as is
¢
/ Cot(t,s)(t — s)st,
and that
C(t,s)(t—s) —0 as s— —o0.
If, in addition,

Cst(t; S) S 07

then for any fixed solution x of (5.1.10) in Py we have

T T
/ " (s)ds < / a"1(s)ds.
0 0

(5.1.12)

(5.1.13)

(5.1.14)

(5.1.15)

(5.1.16)

Proof. Use the solution x of (5.1.10) in Pr and define V'(¢) in (5.1.9) so

that

Vi(t) = A/_; Can(t ) (/t x"(u)du)QdS
+ 2N (1) /_ ; Colt, ) / 2 () duds,

We integrate the last term by parts obtaining

22z (t) [C(t, s) /: " (u)du

too [ e " (5|
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so that by (5.1.14) the first term is zero and we have by (5.1.10) and (5.1.15)

Vo <o [/ Cltpaon]

= 22" (t)[Aa(t) — z(t)]

2
< H—H[a”“(t) o)
Now it is readily verified that since x € Py, sois V. Thus, V(T') = V(0)
and
0= V(T)—V(0) < —2 (/TM“@MS—/Tﬁ“@M%
“n+1\J 0
or

T T
/ " (s)ds < / a1 (s)ds,
0 0

as required.

Next, we use the LP bound and (5.1.10), the integral equation, to obtain
a supremum norm bound.

Theorem 5.1.3. Let (5.1.7), (5.1.8), and (5.1.16) hold. Suppose there is
a constant () such that

ty
/ IC(t1, 5) — Clta, 5)|ds < Qltr —ta] if 0<t <t <T (5.1.17)

—00

and also that

=T
sup Z(/ O™t + 4T, s)ds ) < o0. (5.1.18)

0<t<T

Then (5.1.6) has a solution in Pr.

Proof. In (5.1.11) we defined P : Py — Pr. We will find a number L such
that if x € Pr is a solution of (5.1.10) in Pr then ||z| < L, where || - || is
the supremum norm.

Condition (5.1.17) readily shows that P maps bounded sets into
equicontinuous sets. Let the bounded set be fixed and let ¢ be contained
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in that set. There are then positive constants J and Y with ||¢|| < J and
[¢"|| < Y. Thus, if 0 < t; <ty < T, then

(P6)(t2)—(PY)(t2)] < la(t2) — a(ty)
‘ / (Ot 5) — Clta, )] (s)]ds

+ C(tz, 5)¢" (s)ds

t1
< la(tz) —a(t)|+ (YQ + YE)[t, — to

Where E = SupOSSST,OStng |C‘(‘1527 S)|.

Continuity of P follows from (5.1.8) and the uniform continuity of ¢™
when ¢,, € Pr and ¢,, — ¢.

For x € Pr a solution of (5.1.10) we have

|z(t) — Aa(t)] < ‘/_ C(t,s)z"(s)ds
o0 t—jT

= C(t,s)x™(s)ds
Y AR EREY

7=0
00t

= Z/ C(t,s — jT)x"(s)ds
izoJt-T
00t

= Z/ C(t+ 4T, s)z"(s)ds
izoJt-T

00 t ﬁ t ﬁ
< </ C" Yt + 4T, s)ds> (/ a”“(s)ds) ,
o \Ji-T t—T

which has a finite bound independent of A. Referring now to Schaefer’s

theorem we see that the second alternative is ruled out and the conclusion
holds.

If we replace " in (5.1.6) by #'/™ where m > 1 is odd, then the same
Liapunov functional would work in that case. But we opt for a different
method of proof and move from the requirement of two derivatives on C' to
the contrasting condition that C' be “twice” integrable on the whole line.
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Consider the equation

uﬂzao—[.cmgfm@ms (5.1.19)

where (5.1.7), periodicity, holds and m > 1 is odd. We will first suppose
that Cy(t, s) exists and later suppose that C(¢, s) is bounded by a function,
E(t,s), for which F(t, s) exists. A far stronger result will be proved in the
first case.

Consider the conditions of the following theorem. First, in order for
(5.1.19) to be a well-defined problem we would expect

/ IC(t, )|ds < oo (*)

— 00

thus, we would expect C(t,s) — 0 as s — —oo a bit faster than 1/s. Hence,
(5.1.20) is expected.

Moreover, in the convolution case, (5.1.21) would first say that
J57 1C(u)|du < oo, which is just (*) again, and is less than Theorem 5.1.1
required because it need not be less than one. In addition, there is no
Lipschitz condition. However, the second part of (5.1.21) now asks that
[ |C(u)|du € L0, 00) which is more than Theorem 5.1.1 required. That
last condition is needed only to define the Liapunov functional and, hence,
may be extraneous.

Finally, with (5.1.20) holding we have

[ Cs(t,s)(t — s)ds = C(t,s)(t — s) ) +[ C(t, s)ds

= /_too C(t,s)ds

which is periodic and, hence, bounded if continuous.

For smooth kernels, this next result says essentially that if (5.1.19)
is well-defined and (5.1.21) holds, then it has a periodic solution. That
periodic solution lies in a strip |z| < K, for some K > 0, so the fact that
(5.1.19) is sublinear is a device in the proof, but not apparently in the
essential nature of the problem. However, the bound K does depend on
the magnitude of a(t).

Theorem 5.1.4. Suppose that (5.1.7) and (5.1.17) hold, while (5.1.8)
holds for n = 1/m. In addition, suppose that

C(t,s)(t—s)—0 as s— —oo for fixed ¢, (5.1.20)
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that there is an o < oo with
[e%e] t [e%e]
/ |C(u+t,t)|du < a and / / |C(u+s, s)|duds exists, (5.1.21)
0 —oo Jt—s
and that

/t |Cs(t, s)|[(t —s) + 1]ds is bounded. (5.1.22)

—0o0
Then (5.1.19) has a solution in Pr.

Proof. With a view to using Schaefer’s theorem we start with

x(t):/\[a(t)—/_t C(t, s)zt/™ (s)ds| (5.1.19,)

define the corresponding mapping P from it, and for z € Pr a solution of
(5.1.19,), define the new Liapunov functional

V) :A[ /too C(u + 5, 8)|dulz/™ (s)|ds.

The derivative along this solution « € Pr of the integral equation (5.1.19y)
satisfies

V'(t) —)\/OOO|C(u+t,t)|du|x1/m(t)| —A/ |C(t, )zt ™ (s)|ds

t
< afz/™ ()] - A / (2, 5)2V/™ (5)]ds

< ofa!/™| + Ja(t)] — |2 (t)]
< =Bl ()] + (v + la(®)])

for some positive constants 5 and 7.
As x is supposed to be a solution in Pr we see that V' € Pr. Thus,

T T
0=WV(T)-V(0) < —ﬂ/o le/m(8)|d8+/0 (v + la(®)])dt

SO

T T
/ /™ (5)ds < (1/5) / (y + la()))dt = J.
0 0



250 5. INFINITE DELAY: SCHAEFER’S THEOREM

Moreover, if ¢ is chosen so that V(¢) is the maximum of that periodic
function, V', then for s < ¢t we have

t t
0<V(O)-V(s) < [ 1+ latw)du 5 [ [/ w)ldu
S S
or for any t and for s < ¢ it follows that
t t
[ e < 178 [ G+ la(wldu + 2,
Thus, there is a constant K > 0 with
t
/ /™ ()| du < J + (t — 5)K.

An integration by parts in (5.1.19,) yields

t

(1) :/\[a(t) + O, s) / " ) du B

- [ too Cy(t, s) / txl/m(u)duds}

or by (5.1.20)

2(t)] < Ja(t)] + / 1Cu(t, 9) / /™ ()| duds

<la(?)] +[ |Cs(t, $)|[K(t — s) + J]ds

By (5.1.22) this is bounded. The compactness follows from (5.1.17) and
the continuity follows from (5.1.8). By Schaefer’s theorem the mapping has
a fixed point.

We now suppose that Cs(t, s) fails to exist and that there is a continuous
function E(t, s) and a positive constant M with

|(ts)|<Ets/ E(t, s)ds < M,

/ E,(t,s)[1+ (t — 5)]?ds is bounded, and

E(t,s)(t—s)—0 as s— —oo for fixed ¢. (5.1.23)

Notice that this will still not allow a mild singularity in C'.
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Theorem 5.1.5. Let (5.1.23) hold. If x(t) is a bounded solution of
(5.1.19,) then

(2(t) — Xa(t))? < M/_too Es(t,s)</st |x1/m(u)|du)2ds. (5.1.24)

Proof. We have
(o)~ a0 = | [ ; Ot )™ (ds|
<|[_pespwim |

= (-5 [ ]

/ E(t,s) / |21/ (u) |duds)
g/ E(t, s)ds/ o(t,s) </ |/ ™ (u) |du) ds

<M/ Ets</|x1/m |du) ds
proving the result.

Theorem 5.1.6. Forn =1/m, let (5.1.7), (5.1.8), (5.1.17), and (5.1.21)
hold.

(i) If © € Pr solves (5.1.19) then there is a > 0, a~y > 0, and a
t € [0,T] such that for —oo < s <t we have

/ 1Y/ () du < (1/@)/ (v + |a(u)|)du. (5.1.25)

(ii) If, in addition, (5.1.23) holds so that (5.1.24) is satisfied then (5.1.19)
has a solution in Pr.

Proof. Following the proof of Theorem 5.1.4 we again start with (5.1.19))

and define
t [oe)
:)\/ / |C(u+ s, s)|du|zt/ ™ (s)|ds
—oo Jt—s

whose derivative was shown to satisfy

VI (t) < =Blat/™ ()] + (v + la(t)])-
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As z is supposed to be a solution in Pr we see that V € Pp. Again,
for V (t) the maximum of that periodic function and for s < t we have

OSV(t)—V(S)S/ (7+IG(U)|)du—ﬂ/ !/ (u) | du

as in the proof of Theorem 5.1.4 so that
t t
[l < (1/8) [+ latu)hau
and then
t
/ Y/ () du < J + (t — $)K
for any s < t. Using this in (5.1.24) yields
t
(2(t) — Ma(t))? < M / Eu(t, $)[J + (t — $)K]2ds,

and the right-hand-side is bounded by (5.1.23) and the boundedness of a(t),
yielding a suitable a priori bound on x. The equicontinuity and continuity
of P are exactly as before.

One of our objectives is to consider problems originating as partial
differential equations (See Miller (1971a; p. 60, p. 172, and p. 208))
which were then parlayed into integral equations and then into infinite
delay problems by means of limiting processes. In some such problems we
find mild singularities and, at least in the convolution case for the limiting
process, C is to be an L'-function. We now show how Theorem 5.1.4 can
be changed to cover just such problems.

In case of mild singularities, (5.1.17) would not hold and the proof
of equicontinuity given in the proof of Theorem 5.1.3 would not work.
However, there are alternative methods as one readily sees in the case of

Oft,s) = e =9 (t —5)71/2

when we work out the left-hand-side of (5.1.17). Thus, in our result below
we simply ask for the compactness.
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Theorem 5.1.7. Suppose that (5.1.7) and (5.1.8) hold for n = 1/m and
that the mapping P : Py — Pr defined by

(PO)(t) = alt) - / C(t, $)9/™ (s)ds

maps bounded subsets of Pr into compact subsets and that P is continuous.
Let (5.1.21) hold and suppose that

oo

sup > (/;T C?(t +nT, s)ds>2 < 0. (5.1.26)

0<t<T £=0
Then (5.1.19) has a solution in Pr.

Proof. We follow the proof of Theorem 5.1.4 with (5.1.19,) again and define
the Liapunov functional

V(t) :A[ /too |C(u + s, 5)|dulz'/™ (s)|ds.

Then we notice in the differentiation of V' the last lines may be changed
and we can have

V'(t) —)\/OOO|C(u+t,t)|du|x1/m(t)| —A/_ |C(t, )zt ™ (s)|ds

< alzt/™(t)] - )\/ |C(t, )zt ™ (s)|ds

< alz'/™| + |a(t)] - |z (t)]
< =Bz ™ (@) + (v + |a(t)])

for some positive constants 8 and . That gives the change

0=V(T)-V(0) < -5 / 22/ (5)]ds + / ( + [a(t) )t

SO

T T
/ |22/ (5)ds < (1/5) / (v + la(O))dt =: H.
0 0
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Now from (5.1.19,) we have

s~ el 3" [ et sl s
n=0"1

—(n+1)T

- i [ ets = nma sy
T T

00 1/2
< Hl/z/ C%(t + nT, s)ds) .
t—T

1/2

By (5.1.26) this yields the required bound and the conclusion follows from
Schaefer’s theorem.

We will now produce a differential inequality from a Liapunov functional
and the properties of Cy;. Consider the equation

x(t) = a(t) —/_ C(t,s)g(x(s))ds (5.1.27)

where a, C, g are all continuous, a is bounded, zg(z) > 0 for = # 0, and
(5.1.7) holds. First, if we examine common kernels such as (t — s + 1)72
or e~ (*=%) then we notice that frequently there is a continuous function
v : [0,00) — (0, 00) with

Cislt,s) < —7(£)Cs(t, 5). (5.1.28)

If we then define
2

V(t) = )\/O: Cs(t, s) </Stg(x(u))du> ds

we find that the derivative of V' along the solution of the equation

x(t) = )\[a(t) - [ C(t, s)g(x(s))ds} (5.1.275)
will satisfy
V'(t) < =y &)V (t) + 2g(z)[Aa(t) — z(t)]. (5.1.29)

When |z| < 2[|a|| then 2|g(z)a(t)] < 2|lallg” for g* = supy<|u|<ajal [9()]-
Then for |x| > 2||a|| we have 2|g(z)a(t)| < |g(z)||z|. We therefore see that

V() < —y(@)V(t) + 2||allg*. (5.1.30)
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Thus, Liapunov functionals for integral equations can satisfy the same
kinds of differential inequalities widely seen for differential equations. In
some cases that differential inequality will yield a bound suitable for Schae-
fer’s theorem.

In our work to this point we have always taken two steps. First, we
obtain an integral bound and then parlay it into a supremum bound. The
following will show how the first part can be accomplished in very general
cases. Suppose that we have the form (5.1.27) where

Cst(t, S) S 0
and
9(w) = aF ()

where F(z) > 0 and continuous. We define V' as above and obtain V'(t) <
2¢g(z)[Aa(t) — z(t)]. As a € Pr we can write

la(®)] < Jall.
Thus, when |z| > 2|/a|| we have
2lg(x)a(t)] < 2l|al[|aF ()| < 2*F(x)
so that
V'(t) < —2?F(z).
When |z| < 2||a|| then for
F*:= sup F(x)

lz]<2]lall
we have
2la(t)zF ()| < (2]|al)*F*.
In any case, we will have
VI(t) < —2?F(z) + (2]|al|)*F*.
This will yield

T
/0 (E2(8)F(£L'(S))d8 < (2||a||)2F*T.

The second step of our problem is to parlay this into a supremum norm
bound. This is a broad unsolved problem.

We are now going to combine Theorems 5.1.2, 5.1.3, and 5.1.7 in a
way which gives us choices of hypotheses and those choices seem totally
independent.
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Theorem 5.1.8. In Equation (5.1.19) take m = 3 and suppose that
(5.1.7), (5.1.8), (5.1.17), and (5.1.26) hold. If either (5.1.21) or {(5.1.12),
(5.1.13), (5.1.14), and (5.1.15)} hold then (19) has a solution in Pr.

Proof. First, because (5.1.17) holds we can prove that the mapping P in
Theorem 5.1.7 maps bounded subsets of Pr into compact subsets, as we
did in the proof of Theorem 5.1.3. Thus, if (5.1.21) holds then our first
choice becomes exactly Theorem 5.1.7 so there is a periodic solution.

Next, suppose that (5.1.12)—(5.1.15) hold. According to the proof of
Theorem 5.1.2 the functional V' in (5.1.9) will be defined for n = 1/3 and
we will again have

2
V'(t) <
(>_n—|—1

a0 -],

together with (5.1.16) which now reads

T G T G
/x%@@g/a%@@:K
0

0

But 2%/3(s) + 1 > 2?/3(s) and so we have

T
/ ?3(s)ds < K +T = H
0

where H will now be used again as the constant in the proof of Theorem
5.1.7. Thus, the proof of Theorem 5.1.7 can be completed with that H and
the conclusion holds.

We are left with an intriguing problem. Perhaps there is a great array of
independent conditions such as the two sets illustrated in the theorem. On
the other hand, it may be that (5.1.7), (5.1.8), (5.1.17), and a convergence
condition are all that is needed and the two hypotheses offered here are
totally extraneous. As mentioned earlier, it is interesting that we need n
to be odd, but there is no sign condition on C(¢,s). We feel that this is a
reducible condition.

Finally, compare Theorems 5.1.6 and 5.1.3. Theorem 5.1.6 contains
nothing about derivatives of C. Except for (5.1.14), everything in Theorem
5.1.3 rests on derivatives of C. For smooth functions, (5.1.14) is closely
related to (5.1.8).

The material in this section is taken from Burton (2008c¢), as detailed
in the bibliography, and was first published by the House of the Book of
Science.
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The use of the derivative of the Liapunov functional to obtain bound-
edness seems to have been introduced in Burton, Eloe, and Islam (1990)
for linear integrodifferential equations and was used in Burton and Hatvani
(1991) for nonlinear problems.

5.2 Qualitative Theory

We view this section as the most straightforward of all the infinite delay
work. It is based on a simple Liapunov functional, the supremum norm,
and an unmodified form of Schaefer’s theorem. The equation is

x(t):a(t)—[ D(t, $)g(s, o(s))ds (5.2.1)

wherea : R >R, D:RxR - R, g: R xR — R are all continuous, g is
bounded for z bounded, there is an M > 0 such that if 0 < X\ <1 then

2g(t, z)[Aa(t) — z] < —|zg(t,z)| + M (5.2.2)
(this condition can be weakened using (5.2.20)), there is a K > 0 with

l9(t,2)] < K + |ag(t, )], (5.2.3)
(this is notation, rather than an assumption)

Ds(t,s) >0, Dg(t,s) <0, both continuous, (5.2.4)

and D satisfies conditions to be stated later.
To specify a solution of (5.2.1) we require a bounded continuous function
¢ : (—00,0] — R and ask that

0
Ult, o) = / Dt $)g(s, o (s))ds

be continuous for ¢ > 0. Then U is treated as part of a(¢) so that (5.2.1)
becomes

#(t) = a(t) = Ut 0) —/O D(t, 8)g(s, 2(s))ds. (5.2.1%)

This equation has a solution x(t,¢) which agrees with ¢ on (—o0, 0] and
satisfies (5.2.1) on an interval [0,«), provided in (5.2.1) that ¢(0) =
a(0) — U(0, ¢); if the solutions remain bounded then o = co. Convergence
conditions on D are required. See Chapter 3 for details on existence. The-
orem 5.2.1 treats only solutions which are continuous in that they match
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up with their initial functions. A continuity argument shows that such so-
lutions do exist, while Theorem 5.2.2 explicitly shows such existence. We
have already mentioned that in Proposition 7.2.1 it is shown that for each
given continuous ¢ we can find another function which differs arbitrarily
little from ¢ for which the continuity condition does hold.

5.2.1 Boundedness
We require that
t
/ [ID(t,s)| + Ds(t, s)(t — s)* + [ Dy (2, s)|(t — 5)*]ds (5.2.5)

be continuous,

lim (t —s)D(t,s) = 0 for fixed ¢, (5.2.6)
and that there are constants A and B with (5.2.7)

(i) J' o Dslt,s)(t — 5)%ds < 4,

(i) [*_ Dy(t,s)ds < B.

To review Section 5.2, in the next theorem x is continuous on all of
R and satisfies (5.2.1) on [0,00). The initial function, ¢, is bounded and
continuous.

Theorem 5.2.1. If (5.2.2) — (5.2.7) hold then (a(t) — z(t))? is bounded
for any continuous solution x(t) of (5.2.1) on [0, o).

Proof. Define the Liapunov functional

V(t) = /; Dy(t,s) (/t g(v, :c(v))dv) s,

If 2(¢) is any continuous solution of (5.2.1) on [0, 00) with bounded initial
function then V is defined and

V'(t) = /too Dy (t,s) (/: g(v, x(v))dv) 2ds

+2g(t0) [ Dutts) [ atwiato)do ds
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If we integrate the last term by parts we have

t

_ +/ D(t,s)g(s, z(s))ds|.

— 00

2¢(t, z(t)) {D(t, s)/ g(v, z(v))dv

The first term vanishes at both limits by (5.2.6); the first term of V” is not
positive; and if we use (5.2.1) on our last term then for ¢ > 0 we obtain

V() < 2g(t, (t)[a(t) — z(t)]
—|xg(t,z)| + M

by (5.2.2). The next details here have been seen in Chapters 2 and 3 for
the finite memory case. Notice that

2(t) — alt) = —/_ D(t, $)g(s, o(s))ds

- D(t, s>/ o, z(u >du

/ D(t s/ g(u, z(u))duds

so that by the Schwarz inequality

(/t Ds(t, s) /tg(v,x(v))dv ds>2 <
/ o tSds/ Dalts o) </ 9(v, (U))dv>2ds

< BV (t)

by (5.2.7) (ii). We have just integrated the left side by parts, obtaining

(/ D(t,s)g sx())d>2

so that by (5.2.1) we now have (a(t) — z(t))?> < BV (t). We will complete
the proof by showing that V' is bounded.
If V is not bounded, then there is a sequence

{tn} T 0o with V(t,) > V(s) for 0 < s < t,,.
Thus,

0< Vi(ta) — V(s) < / " le(0)g(v, 2())|dv + M(ts — 5)
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or

/ " ()9, 2())|dv < Mty — 5) *)

and so

()
t

D.( ’ >d
S )
([ o)

by (5.2.3). If we let ¢ be the initial function for « and denote by ||g(., ¢)||
the supremum of |g(s, p(s))| for —oo < s <0, then we have by (*) that

0
:/ D, (t
— 00
t

9(v,2(v))d
+ (v, z(v))d
(v, 2(v)

)
ny
v

Vi) < 209l ||2/ Dyt 5)s%ds
+2 / Dy (tn, 8)[Kt, + Mt,) ds
b ,
+ Dy(tn,s)[K(tn — ) + M(t, — s)] ds
< 2||g(., ||2/ Dg(tn, s)s 2ds
+2(K + M)? / Dy(tn,s)t2ds
+ [K + M] / Dy (tn,s)(t, — 5)ds

< 2||g(., HQ/ Dg(tn, s)s 2ds

+2(K + M)A+ (K + M)*A
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by (5.2.7)(i) since ono Dy(tn, s)t2ds < f?oo Dy(tn, s)(t, — s)*ds and

f(f Diy(tn, s)(tn — 5)2ds < fio Dy(ty, s)(t, — s)?ds. We obtain

V(tn) <3A(K + M)? +2A]|g(., 9)||.

5.2.2 Periodicity I

Here, we will get our supremum bound for Schaefer’s theorem from the
positive properties of the Liapunov function, rather than from an L? bound
and the Schwarz inequality, as in Theorem 5.1.3.

Suppose that there is a T' > 0 such that

D({t+T,s+T)=D(ts) (5.2.8)
and that
a(t+T)=a(t),gt+T,x) =g(t,x). (5.2.9)

We also suppose that there is a Q > 0 such that

t1
/ |D(t1, S)—D(tg, S)|d8 § Q|t1—t2|, if 0 § tl § t2 § T. (5210)

—0o0

It will follow from (5.2.5) and (5.2.8) that (5.2.7) holds because those in-
tegrals are periodic and continuous. Also, for each fixed p > 0 then

O(t) = /j) Dy(t,s)(t — s)?ds — 0 as t — oo, (5.2.11)

as may be seen from the substitutions ®(¢t +nT) and s = u + nT.

Theorem 5.2.2. If (5.2.2) — (5.2.10) hold, then (5.2.1) has a T-periodic
solution.

Proof. Let 0 < A <1 and write

z(t) = Aa(t) —[ D(t, s)Ag(s, z(s))ds. (5.2.1y)

Lemma 5.2.1. There is a J > 0 such that any T-periodic solution x of
(5.2.1) satisfies ||x|| < J where || - || is the supremum norm.



262 5. INFINITE DELAY: SCHAEFER’S THEOREM

Proof. Suppose that z is a T-periodic solution of (5.2.1) with [jz|| = X.
Since x is T-periodic, so is V(t) where V is now defined by

V(t) = \? /too Ds(t, s) </: g(v, x(v))dv) 2ds.

That is, in the proof of Theorem 5.2.1 we now identify g as Ag and a(t) as
Aa(t) so that we will have by (5.2.2) that

V'(t) < =Xg(t,z)[x — Xa(t)] < =A|zg(t, z)| + AM.
Since V is T-periodic there is a sequence {t,} T oo with V(¢,) > V(s) for
s < tn. Thus,

0<V(t,) —V(s) < —)\/ ' |z(v)g(v, 2(v))|dv + AM (t,, — s).

Therefore,

2

»wMSv/mew(LﬁK+wmm@wmw)w

<X [ Dyt ) (K (tn — 5) + M(t — 5))2ds

— 00

<MK + M)?A.

Since (Aa(t)—x(t))? < BV(t) thereis a J > 0 with ||z|| < J and Lemma
9.2.1 is true.

Now, let (P, ||-]|) be the Banach space of continuous T-periodic functions
with the supremum norm and define H by ¢ € P and 0 < A < 1 implies
that

(He)®) = alt)~ [ Dt s)gls, p(s))ds. (5.2.12)

Lemma 5.2.2. H :P — P and H maps bounded sets into compact sets.

Proof. A change of variable shows that if ¢ € P then (Hp)(t +T) =
(Hp)(t). We proceed as in the proof of Theorem 5.1.3. Since ¢ € P, there
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isa J with ||¢|| = J and a Y with ||g(¢,¢)|| =Y. Thus, if 0 <t; <ty <T,
then

) HgO)(tQ | < | f,l —a(t2)|

(H
U { (t1,8) = D(t2, s )]g(s,w(S))ds

t2a S 50( ))d

< a( tl) —a(t)| + YQ +YE)|t; — tof

where £ = supg<,<r 0<s, <7 |D(t2,8)|. Thus, H is equi-continuous, while
boundedness is clear. So, by the Ascoli theorem, it lies in a compact set.

Lemma 5.2.3. H is continuous in .

Proof. Let ¢1,p2 € P so that ||¢;|| < J for some J > 0. Then by the
uniform continuity of g(¢,z) and by (5.2.5) and (5.2.8) we can make

[(Hep1)(t) = (Hep2)(1)]

\/ DIt 8)[g(5 1(5)) — (5, 02(5))] ds

as small as we please.

Theorem 5.2.2 now follows from Schaefer’s result (Theorem 3.1.2) since
a solution of ¢ = AH solves (5.2.1,) and those solutions are bounded by
Lemma 5.2.1.

5.2.3 Asymptotic Behavior

We now suppose that there is a constant A with
t
/ Dot 8)[(t— )+ (t— $)2ds < A, a(t) — 0 as t — o0, (5.2.13)
0
that there is a function M : [0, 00) — (0, 00) with
2g(t, x)[a(t) —x] < —|zg(t,z)| +M(t), M(t)]0ast— oo, (5.2.14)

and that for each J > 0 and § > 0 there is an S > 0 such that

|z| < J implies |g(t, x)| < d + S|x|. (5.2.15)
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Theorem 5.2.3. Let (5.24) — (5.2.7), (5.2.11), and (5.2.13) — (5.2.15)
hold. Then every continuous solution of (5.2.1) with bounded initial func-
tion tends to zero as t — oo.

Proof. Since (5.2.14) implies (5.2.2) by Theorem 5.2.1 all solutions are
bounded. Let z(t) be a fixed solution so that |z(t)| < J and |g(t, z(t))| <Y
for J and Y positive numbers. From the proof of Theorem 5.2.1, if z(t) - 0
then V() - 0 since a(t) — 0 and (a(t) — z(¢))> < BV(t). Thus, we let
tlig)lo supV(t) = P > 0. Then for each € > 0 there is a K > 0 and a

sequence {t,} T oo with V(¢,) > V(s) — e for K < s <t,. Thus

e < V(t) — V(s) < M(K)(tn — 5)
- / " l2(0)g(v, 2(v))|dv

/ " le(0)g(v, 2(0))|dv < & + M(K)(tn — ). (5.2.16)

Let 6 and € be small positive numbers and find the aforementioned K.
Then

V(tn) < /_K Dy(tn,8)(tn — 5)%dsY?

tn

+ . Ds(tn,s)(tn—s)/s - (v, z(v))dvds.

Denote the first term on the right by L(n) and have

V(tn) < L(n)

[ Dt )t — 5) / " 9w, 2(0))|[6 + S|a(v)[] dv ds

K s
< Lin) + /K " Da(tn, )(tn — 5 {Y&(tn _s)

tn

+ S|m(v)g(v,x(v))|dv} ds

< L(n) + Y Dy(tn, s)(t, — 5)%ds
K

v S/K" Da(tn, 8)(tn — 8)[e + M(K)(t,, — 5)]ds
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tn
= L(n)+6Y Dy(tn,s)(t, — s)ds
K

tn
+ ES/ D(tn,s)(tn — s)ds
K

tn
+ SM(K) D(tn,s)(tn — s)%ds
K

< L(n)+6Y A+ eSA+ SM(K)A.

Now, for a given 6 > 0, find S in (5.2.15). Then choose ¢ so small that
eSA < 0. Next, choose K so large that SM(K)A < 0. Now L(n) — 0 as
t, — oo by (5.2.11), so that as § — 0, we see that V(¢,) — 0 as t,, — 0.
Hence, z(t) — 0.

5.2.4 Periodicity II

We turn away from V positive and obtain a periodic solution under much
weaker condition than (5.2.4). To have the conditions clearly at hand we
will repeat some of them now. We are concerned again with the integral
equation

z(t) = a(t) — [ D(t, s)g(s,x(s))ds (5.2.1)

wherea: R >R, D: RxR - R, g: R xR — R are all continuous, there
is an M > 0 such that if 0 < A <1 then

29(t,)Aa(t) — 2] < —|ag(t,2)| + M, (5.2.2)

there is a K > 0 with

lg(t, @)| < K + [zg(t,2)|, (5.2.3)

Da(t,s) <0, (5.2.4%)
and that there is a 7" > 0 such that

[ oty (5.2.5%)

—0

converges for 0 <t < T. We also assume that

Dt+T,s+T)=D(t,s) (5.2.8)
and that

at+T)=a(t), gt+T,x)=g(t ). (5.2.9)
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Finally, suppose that there is a ¢ > 0 such that

t
| 1Dt = Ditass)ids < @It ~ 1l

—0o0

if 0<t; <ty <T. (5.2.10)

The problem is to show that, under certain additional convergence con-
ditions then (5.2.1) has a T-periodic solution.

Let (Pr,| - ||) be the Banach space of continuous functions ¢ : ® — #
where ¢(t+T') = ¢(t) with the supremum norm. Our work depends on the
following condition and it will be written in another form, as well.

Let M > 0 be given and let Jyr C Pr be the set of ¢ with

/O lo(s)g(s, ¢(s))lds < MT. (5.2.17)

Our basic assumption is that for each M > 0 there is an L = L(M) > 0
such that

o€ Tur — / ID(t, 5)g(s, 6(s))|ds < L(M) (5.2.18)

for0<t<T.
Now (5.2.18) can be written much more clearly as follows. If z € Pr
and if (5.2.18) holds then the integral I, below, converges and

I: :/_ ID(t, 5)g(s, 2(s))|ds
= lim |D(t, s)g(s,z(s))|ds
R

R——oc0 J_
t

- hm |D(f,,8)g(8,l‘(5))|d8
n—=oo J_nT
k t—nT
~ Jim / ID(t, 5)g(s, 2(s)) |ds
k—o0 ne0 t—(n+1)T
k t
= 1i D(t,s —nT —nT —nT))|d
i 3 1Pt = Dgle =)l

k
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Thus, (5.2.18) becomes
00 t
¢ € Jur = Z/ |D(t + nT, s)g(s, z(s))|ds < L(M). (5.2.19)
n=0 =T

In a given problem we would prove (5.2.19), prove that the steps could be
reversed, and get (5.2.18).

We would expect to use Young’s inequality to get (5.2.19), but as ex-
amples, take successively g(t,z) = z, g(t,xz) = z°, and g(t,z) = z'/3, use
the Schwarz inequality, and find that (5.2.19) becomes a very reasonable
assumption when (5.2.17) is applied.

Theorem 5.2.3. Let (5.2.2), (5.2.3) (5.2.4%), (5.2.5%), (5.2.8)~(5.2.10),
and (5.2.18) hold. Then (5.2.1) has a T-periodic solution.

Proof. Our proof parallels that of Theorem 5.2.2. For V defined in the
proof of Lemma 5.2.1 we have

V'(t) < =Nzg(t,z)| + AM.

If z € Pr, so is V and thus

0= V(T) - V(0) < /\[—/O l(s)g (s, (s))|ds + MT]

so that for A > 0, we have

/0 |z(s)g(s,z(s))|ds < MT.

If A =0, then z(t) = 0. We now have by (5.2.19) that |z(¢)| < |a(t)| + L,
an a priori bound.

The proof that H in (5.2.12) is continuous and maps bounded sets into
compact sets is just as in the proof of Theorem 5.2.2.

Most of the material in this section was taken from Burton (1993).

5.3 A Refined Liapunov Functional

In this section we refine the Liapunov functional and give many results
on qualitative properties derived from this one Liapunov functional. We
attempt to relate the arguments to classical techniques in differential equa-
tions. Some of the results contain long and detailed conditions, but the
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real hope is that they will stimulate ideas for simplifications and exten-
sions. The reader will find this section to be in marked contrast to any
other of this text.

Let D : ® x ® — R with both D and fioo |D(t, s)|ds being continuous,
let @ : ’® — R be continuous, and let g : R xRN — R and g; : ¥ — RN
all be continuous with xg(t,z) > 0if  # 0, |g1(z)| < |g(t, x)| < |g2(2)],
x2g1(xz) > 0 if  # 0. Consider the equation

z(t) = al(t) —/_ D(t,s)g(s,z(s))ds. (5.3.1)

If ¢ : (—o0,tg] — R is a given bounded and continuous initial function,
then there is a continuous solution x(t,tg, ¢) defined on an interval [tg, @)
and satisfying (5.3.1) on that interval, while agreeing with ¢ on (—o0,to],
provided that ¢ is chosen so that (5.3.1) is an identity at ¢ = ¢ (see, Section
3.1). If the solution remains bounded then it can be continued for all future
time. It is always assumed that ¢ is chosen so that the solution is contin-
uous. As mentioned in the last section, for a given bounded continuous ¢
there is a v arbitrarily close to ¢ for which the continuity holds.

In this section we reduce the convexity conditions on D from those in
Section 5.2, but increase the conditions on a(t) and g(t, z).

We suppose that there are continuous functions B, Q : 8 x ® — R with

B(t,s) = D(t,s) + Q(t, s), (5.3.2)

Bs(ta S) 2 07 Bst(ta S) S 07 (533)

[ IB(t, )| + Balt, s)(t — s)?
+ |Bsi(t, 8)| + |Q(¢, s)|]ds (5.3.4)

is continuous,

lim (¢ —s)B(t,s) = 0 for fixed ¢, (5.3.5)
oS] t e8]

/ 1Q(u + t,t)|du+/ / O + 5, 5)|du ds (5.3.6)
0 —oo0 Ji—s

exists for ¢ > 0.
Much can be deduced from the following result. We shall give a few
possibilities.
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THEOREM 5.3.1. If z(t) is a solution of (5.3.1) on [to, @), then for
B(t,t) > 0 and k > 0 the functional

V(t) = /t Bs(t, s) </tg(v,x(v))dv)2ds

—|—k/7 /too |Q(u + s, 8)|du g*(s, x(s))ds (5.3.7)

satisfies
2

[a(t) —z(t) +[ Q(t,s)g(s,x(s))ds] < V(t)B(t,t) (5.3.8)
and
Vis.a.0)(8) < 29t 2(t)) [a(t) — (t)]

(k1) / 1Q(t, )97 (s, 2(s))ds
+ {/oo |Q(t, s)|ds + k/o |Q(u + t,t)|du} gQ(t,x).
(5.3.9)

Proof. First, we apply Schwarz’s inequality and use (5.3.7) to obtain

2

V(t) > (/t Bg(t, s) /:g(v,x(v))dv ds) /B(t,t).

— 00

Integrate by parts and use (5.3.5), together with the fact that there is a
bounded initial function to obtain

V(t)B(t,1)

t s=t t 2
> B(t,s)/ g(v,z(v))dv B —l—/_ B(t,s)g(v,x(v))dv} .

The first term on the right is zero. When B is separated as in (5.3.2) and
(5.3.1) is used, we have

2

V(O)B(t1) > [a@) —a0+ [ @ x(s))ds}

so that (5.3.8) holds.
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Denote the last term in V' by Z(t) and compute

2

Vi) = /_; Bul(t,s) (/t o, x(v))dv) ds

+/_ Bs(t,s)Z/ g(v,x(v))dvds g(t,z(t)) + Z'(t)

s=t

< 29(t.2(0) | Bt [ glv,z(0)do

§=—00

o f ; Bt s)g(s,a(9)ds| + 20

= 2y(a(0)| [ Dlts)gls. ()i

+ [ Qs atoas] + 210

< 29(t, 2(t))[alt) — 2(t)] + g*(t, 2(1)) / 1Q(t, )| ds

+ / 1Q(t,)|g%(s. 2(s))ds

+ k/ooo |Q(u +t,t)|du g?(t, z(t))

—k / 1Q(t, )97 (s, 2(s))ds

— 2g(t, () [a(t) — (1)

+g2<t7x<t>>[ | ietwsids sk [ 710w+ ol
(k1) / 1Q(t. 9)]g° (5. 2(s))ds,

as required.

Many interesting consequences can be derived from (5.3.8) and (5.3.9).
We begin with two extreme cases.
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Corollary 5.3.1. Ifa(t) = Q(t,s) = 0 and if fioo Dg(t,s)ds < 1/M for
some M, then along any solution x(t) we have

Ma2(t) < V(t)
and
V(1) < —29(t, 2(t)e(t) < —2g1(x(t))(2).

Thus, z(t) is bounded, x = 0 is stable, and

/OO g1(z(t))x(t)dt < oo.

We later give three kinds of conditions to ensure that z(t) — 0 ast — oo
when a(t) — 0.

Remark. Notice that Corollary 5.3.1 has no growth condition on g,
but there will be in Corollary 5.3.2 when Q(¢,s) # 0. In effect, Q is a
“perturbation term” and the bounds on () offer a measure of how far D
can deviate from the conditions on B. In addition, Condition (5.3.10) will
itself be a growth condition on g when @ # 0. To start the completion of
Corollary 5.3.1, examine Corollary 5.3.3 and note that when @ = 0, then
no growth condition on g is required to conclude that xz(¢) — 0. Corollary
5.3.4 asks that g satisfy a local Lipschitz condition in order to conclude
that z(t) — 0.

There are many possible variants of the next lemma. It is a natural
extension of the statement that the convolution of an L!-function with a
function tending to zero, itself tends to zero.

Lemma 5.3.1. Let h : [0,00) — [0,00) with [;° h(s)ds < oo and let
C : RxR — R be continuous with |C(t, s)| < K if0 < s < ¢ for some K > 0.
Suppose also that for each P > 0 we have limsup,_, ., g<s<p |C(t,5)| = 0.

Then f(f C(t,s)h(s)ds — 0 as t — oo.

Proof. Let € > 0 be given and choose P > 0 so that [5 K h(t)dt < €/2.
Then

t P oo
/0|C(t,s)|h(s)ds§/0 |C(t,s)|h(s)ds—|—K/P h(s)ds

P
< sup |C’(t,s)|/0 h(s)ds + €/2.

0<s<P
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The next lemma will be used repeatedly.

Lemma 5.3.2. Let zg(t,z) > 0 if x # 0, g be continuous and bounded
for z bounded, |a(t)| < A/2 for some A > 0 and all t, and let ¢1 > 0. Then
there is an M > 0 with

—2c1xg(t, x) + 2|g(t, 2)| |a(t)] < —crzg(t, ) + Mla(t)].
Proof. We have

K(t,x): = —2c1zg(t, z) + 2|g(t, x)a(t)|
< —axg(t,z) + |g(t, o) |[—erlz| + 2]a(t)]].

If |z| > 2A/c1, then —cq|z| + 2]a(t)| < =244+ A < 0. If |z| < 2A/cq, then
2|g(t,z)| < M for some M > 0, and the proof is complete.

Corollary 5.3.2. Suppose there is a k > 1 and a 8 < 2 such that

Bag(t, z) > [/t O, 5) |ds+k/ Qu+ 1t 8)|du| ¢2(t 2) (5.3.10)

and that a(t) is both bounded and Ll[ ,00). Then for any solution
(t) of (5.3.1) on [tg,00) we have [°x(t)g(t,=(t))dt < oo. If, in ad-
|

t
dition, f Dg(t,s)ds is bounded, |g(t,z)| < J|z| for some J > 0, if

f |D(t,s)|ds — 0 as t — oo, 1fft |D(t, s)|ds is bounded, and if for

each P >0 we have limsup |D(t, s)| =0, then z(t) — a(t) as t — oco.
t—oo 0<s<P

Proof. By (5.3.9), (5.3.10), and Lemma 5.3.2 we have V'(¢t) <
—c12(t)g(t, z(t)) + M|a(t)|. Since V' > 0, the first conclusion holds. Next,
if ¢ is the bounded initial function on (—oo,tg] with g* > |g(t, #(t))| on
(=00, to], then

t 1/2
D(t,s)lds [ 1Dt )19 (s, 2(s))ds

[ i
/ D(t, )|g"ds. (*)
<

Since |g(t, x)] Jl|x|, it follows that ftooo g*(s,2(s))ds < oo because
ftzo x(s)g(s,x(s))ds < oo. Thus, by Lemma 5.3.1, (x) tends to zero as
t — oo and the conclusion follows from (5.3.1).
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A classical result from Yoshizawa (1966; p. 191) for a finite delay equa-
tion o’ = F(t,x;) states that if there is a V(¢,¢) and increasing functions
W, with

1) Wi(|o(0)) <V (t, ¢) < Wa(llol),
(i) V/ (£, 20) < ~Wa(J(t)]), and
(iii) | F'(t, ¢)| is bounded for ¢ bounded,

then z = 0 is uniformly asymptotically stable. Condition (iii) assures us
that a bounded solution is Lipschitz; hence, [~ W3(|z(t)|)dt < oo implies
that x(t) must tend to zero. The following result is a counterpart for
integral equations and it leads us to a priori bounds for periodic solutions.

Corollary 5.3.3. Let a(t) € L'[0,00), a(t) — 0 as t — oo, and either
Q(t,s) =0 or |g(t,z)| < J|z| for some J > 0. Also, for each ty € R and
each P > 0 let both

to
/ |Q(t,s)|[ds — 0 ast — oo and  limsup Q(¢,s) =0.
—00 t—oo, 0<s<P

Finally, suppose there are k > 1 and 8 < 2 such that (5.3.10) holds and
an M > 0 such that |a(t;) — a(t2)| < M[t; — ta|, [*__|Bs(t,s)|ds < M,
ftto |Q(t, s)|ds < M, and

ty
/ D(tr,5) — D(ts, 8)|ds < Mt1 — to] (5.3.11)
—o0
for 0 < t; <ty < 0o and |ty — ta| small. Then every solution x(t) is defined
on [tg,00) and z(t) — 0 as t — oo.

Proof. By the proof of Corollary 5.3.2 we have V bounded and
ftooo x(t)g(t, z(t))dt < co. By assumption |g1(x)| < |g(t,z)| < |g2(x)| where
xzg1(x) > 0if x # 0. If z(t) 4 0, then there is an € > 0 and a sequence
{tn} 1 0o with |z(t,)| > €. Since V is bounded, if @ = 0, then from (5.3.8)
and a(t) — 0, we have z(¢) bounded. If @ # 0, then |g(¢,z)| < J|z| so
7 z(t)g(t, x(t))dt < oo yields [ g2(t,z(t))dt < oo; and this implies that

‘ /_;Q(t’ 5)g(s, 2(s))ds

< ‘ / Oo Q(t, 9)g(s, x(s))ds

) [/ e / Q06,515 ()| )
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and this tends to zero. By (5.3.8), again, x(t) is bounded and so, in any
case, |g(t,z(t))] < L for some L > 0.

From the boundedness of z(t) and f xg1(z)dt < oo, we can suppose
that |x(¢,)| = € and choose another sequence {s,} 1 oo with |z(s,)| = €/2
and € > |z(t)| > €¢/2 for t, <t < sp.

Thus,

€/2 < |a(tn) — x(sn)| < la(tn)

‘/an (s,z( ds—/ D(sy, s)g(s,z(s))ds

+‘ / Dl s)g(s.a(s))ds - / Dl s)gls,2(s)ds

tn
§M|tn—sn|—|—L/ |D(tn, s) — D(sn, s)|ds

tn
+ ‘/ D(sy, 8)g(s,z(s))ds| < (M + LM + LB)|t,, — sy

where fs" (Sn, s )|ds < B. This yields |t, — s,| > J for some 6 > 0,

contradicting [ z(t)g1(z(t))dt < oo while |z(t)] > €/2 on [t,,s,]. This
completes the proof

There is a third way to drive x(t) to zero.

Corollary 5.3.4. Let Q(t,s) =0, a(t) — 0 as t — oo, a(t) € L'[0,00),
and fioo D,(t, s)ds be bounded. Suppose also that for each P > 0 we have
f_POO Ds(t,s)(t — s)?ds — 0 as t — oo and that there is an M independent

of P with f; Dg(t,s)(t —s)ds < M. If, in addition, for each K > 0 there is
a J > 0 such that |z| < K implies |g(t,z)| < J|z|, then z(t) — 0 ast — oo.

Proof. From (5.3.8), if V(t) — 0, so does z(t). Since x(t) is bounded by
(5.3.8) and the fact that V is bounded, we have [ g2(¢,z(t))dt < co. By
Schwarz’s inequality we obtain

(t)g[ Ds(t,s)(t—s)/ (v, 2(v))dv ds
P ¢

g[ DS(t,s)(t—s)/ *(v, z(v))dv ds

+/PD5(t,s)(t—s) /Poog2(v,x(v))dvds
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P
< J2/ Dy(t, 5)(t — 5)2ds

([ atona) [ Dty s

The last integral is bounded by M, while its coefficient tends to zero as
P — oo. This completes the proof.

In the next result, notice that the a priori bound does not require V to
be positive. The a priori bound comes from V' alone.

Corollary 5.3.5. Let (5.3.10) hold and suppose there is a T' > 0 with

a(t+T)=a(t), gt +T,x) =g(t,z), Dt+T,s+T)= D(t,s), and Bs(t +

T,s+T) = Bs(t,s). Suppose, in addition, that xg,(z) — oo as |z| — oo,

and that there is an M > 0 with |g(t,x)| < M|z|, sup fioo |D(t, s)|ds <
0<t<T

M’ |a’(t1) - a(t2)| < M|t1 - t2|’ |g(t,x1) - g(t,$2)| < M|{E1 - x2|7 and
that ["'_|D(t1,s) — D(ta,s)|ds < Mlt; — to| for 0 < t; <ty < T. Then
there is a K > 0 such that if x(t) is any T-periodic solution of (5.3.1), then
sup |z(t)| =: ||z|| < K and there is a T-periodic solution.

0<t<T

Proof. Let 0 < X <1 and write (5.3.1) as

x(t):/\a(t)—/_ D(t, $)Ag(s, 2(s))ds (5.3.1)

so that if V(¢) is defined in (5.3.7) with g replaced by Ag then we obtain,
as in Lemma 5.3.2, that

V/(t) < —crz(t)Ag(t, z(t)) + M A|a(t)].

We now show that there is an a priori bound on any T-periodic solution
x(t) of (5.3.1)). If A =0, then ||z|| = 0. If A > 0, since V is also T-periodic,

0=V(T)-V(0) < -1 fOTx(s))\g(s, x(8))ds+GA\ where G = MT||al|; thus,
A divides out and we have fOTx(s)g(s, x(s))ds < G/ey.
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Next, let 0 <3 <t9 <T, |z(t1)| = ||=||, and note that since |g(t, z)| <
M |x| we have
|z(t1) — 2(t2)] < Ma(ty) — alt2)]

+w/ Dit1,5) — D(ts, )] g(s. 2(s))ds

+w/wD@ﬁmwmw@
—/ZD%JM@MW@

ta
< Mty = ta| + M2[ty — to 2| + M||96||/ |D(t2, s)|ds
t1

< (M + M|z + BM ||z} [ty — ta] < J(1+ 2] |12 — to]

for |D(t2,s)] < Bif 0 < s < T and some J > 0. If J|t1 — ta] < 1/2,
then |z(t1)| — [a(t2)] < |a(t1) — 2(t2)] < (1+ [|2])/2 and |z(t1)| = |||
so ||z||/2 < 1/2 + |z(t2)|. If ||z|| < 2, then this is an a priori bound. If
]| > 2, then [lz|| <1+ 2Jz(tz)] < ||2[|/2 + 2|z(t2)] or [|z[|/2 < 2|z(t2)] so
that |z(t2)| > ||x||/4 if |t1 — t2] < 1/2J. But

T T
/ 2(#)g1 (2 (8))dt < / 2(B)g(t, 2(0)dt < Gfer
0 0

and zg1(z) — oo as |z| — oo, while |z(t2)| > ||z||/4 if |[t1 — t2] < 1/2J.
Thus, the required bound on ||z|| exists for 0 < A <1

Next, let (P, | - ||) be the Banach space of continuous T-periodic func-
tions with the supremum norm. Define a mapping H : P — P by ¢ € P
implies that

(HO)® =alt) - [ Dit,9)g(s,0()ds. (5.3.12)
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A translation will show that H : P — P. To show that H¢ is continuous
in ¢ and lies in a compact set we let ¢ € P with ||¢|| < K, where K is an
arbitrary positive number. Then

(He)(t1) — (Ho)(ts)| < ha(m _ afty)]
U D(t1,5) = D(t2,5)|g(s, 6(s))ds

t " D, s ot |

< M|ty — to| + MP?||¢|| [t1 — to| + D*M|||| [t2 — t2]

+

where D* = supg<,<7, o<t, < |D(t2,5)|. Hence, H¢ is equicontinuous and
bounded by a function of K. To show that H¢ is continuous in ¢, for fixed
t and for ¢; € P we have

|(Ho)(t) — )|

(Hopo)(t
‘/ D(t, 5)[g(s, 61(5)) — (s, ba(s))] ds
g/_ ID(t, 5)| M |61(s) — (5)]ds

S
< U||¢p1 — ¢p2|| for some U > 0.

Hence, H is continuous in ¢. This completes the proof.

Remark. When B(t, s) = 0, a more flexible Liapunov functional is

—k/ / D(u + s,5)|dulg(s, (s))|ds

with

t

H'(t) < -5 [|g<t,x>|+ | 1Ct9(s.x(s)las| +lato)

—0o0

and § > 0. From this we conclude that if @ € L', then |g(t,z)| and |z|
are L'. In the previous corollaries we did not yet use the term —(k —
1) fjoo |C(t,5)g(s,z(s))|ds in the derivative of V. But here it can be used
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effectively and we see that under suitable assumptions relating D to one of
its integrals we can obtain

H'(t) < —yH(t) + la(t)], v>0

and
ulle] = la@[] < HE), 1> 0,

These are old and useful relations for deriving qualitative properties.

5.3.1 A linear vector equation

Let D be a continuous n x n matrix with fjoo |D(t, s)|ds continuous, a :
R — RN™ be continuous, and consider the equation

z(t) = a(t) — /_ D(t, s)z(s)ds. (5.3.13)

It turns out that all of the work on the scalar equation can be done for
(5.3.13) except that we have been unable to obtain a counterpart of (5.3.8).
Thus, we readily prove that solutions are L?, that they converge to a(t), and
that there are periodic solutions. But we must rely on techniques indepen-
dent of (5.3.8) to show boundedness. Formal counterparts of (5.3.2)—(5.3.6)
are needed. The symbol |-| will denote absolute value as well as compatible
vector and matrix norms.
Suppose there are continuous matrix functions B and @) with

B(t,s) = D(t,s) + Q(t,s), BY(t,s)= B(t,s), (5.3.14)

2T B(t,s)x >0, a7 By(t,s)x <0, (5.3.15)

/ [1B(t, )| + |Bo(t, )|(t — ) + [Bu(t,9)] + |Q(t, 5)[] ds(5.3.16)

—0o0

is continuous,

lim |t —s||B(t,s)| =0 for fixed ¢, (5.3.17)
§——00
and
00 t o]
/ |Q(u+t,t)|du+/ / |Q(u + s, s)|duds (5.3.18)
0 —oo Jit—s

exists for ¢ > 0.
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Theorem 5.3.2. If x(t) is continuous on R and is a solution of (5.3.13)
on [tg, 00) with bounded initial function, then the functional

V(t)—/t {[/ ()] )/t (@i} ds
-|-k/ /t9 (u+ s,8)|dulz(s)|*ds (5.3.19)

satisfies

_[2—/f tskk—k/i Qu+t,8)|du] (1)
~(k-1) / 1Q(t,8)] [2(5)/2ds. (5.3.20)
Proof. We have
V'(t) §[ 227 (t) B, (t, s)/ x(q)dq ds

t

Tk / 7 1Q(u + t. 1) dula(t) — / 1Q(t, 5)] (s)Pds

— 00
s=t

r>m%1K;}%th®M%

+k/i Qu+t, )| dulz ()2 = k/ Q(t, 5)| |2(s)|2ds

:2x@ﬂdﬂ—dﬂ+/ Qusxs%]

+k/ Q(u +t,t)|du|z(t) k/ Q(t, )| |z(s)|*ds

=227 (t)

B(t,s) / +(q)dq

< 2la(®)] |2(t)] = 2l(t)* + | (t )IQL Q(t, 5)lds

+ / ; 1Q(t, )| [£(s)2ds + & / 1Qu+ )| dula(t)
—k / 1Q(t, 5)| [2(s)Pds

< 2la(t)]Ja(t)] [2— / Q(t, 5)|ds — & / 1@+ t.0)|du [2(0)?



280 5. INFINITE DELAY: SCHAEFER’S THEOREM

(k1) / 1Q(t, 9)| 2(s) [*ds,

— 00

as required.

At this point we do not have a lower bound parallel to (5.3.8); but for
linear systems this is not so crucial since solutions can always be defined
for all future time. We can prove results for the system parallel to the
ones for (5.3.1) as follows. In Corollaries 5.3.1 and 5.3.2 we conclude only
that 2 € L?[0,00). Corollaries 5.3.3 and 5.3.5 say little about the system.
Corollary 5.3.4 and Corollary 5.3.6 hold exactly as they did for (5.3.1).

The material in this section was taken from Burton (1994a), published
by Tohoku University.

5.4 A Priort Bounds

This section concerns a very intriguing problem. Consider a linear ordinary
differential equation

2 = Az, detA#0,

where A is an n X n constant matrix. If a solution is bounded for ¢ < 0,
then it might happen that it is periodic, almost periodic, or unbounded for
t > 0, as is the case when ) is a characteristic root with positive real part.
In short, knowing that solutions are bounded for t < 0 does not portend
well for obtaining boundedness for ¢ > 0.

Of course, when A = A(t) the entire matter changes, while the work
here is now a commentary on the case with memory.

Consider the equation

2(t) = a(t) — [ D(t, 8)g(x(s))ds (5.4.1)

with a, D, Dg, and g continuous. Suppose also that there exist A > 0,
B >0, and G > 0 so that

la(t)] < Ajzg(x) > 0if ¢ #0,G = max |g(z)], (5.4.2)
0<|z|<1
D(t,s) > 0,Dy(t,s) > 0, Dy(t,s) < 0,D(t,t) < B, (5.4.3)
lim (¢t —s)D(t,s) =0 for each fixed t, (5.4.4)
§——00

and

/ t [D(t,s) + (Ds(t,s) — Dal(t, s)>(t— 5)2ds. (5.4.5)

—0o0

is continuous.
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The result which motivates the section is that there is a constant L such
that if ¢ is a solution of (5.4.1) on (—o0,00) and if for ¢ < 0 it is bounded,
then |¢(t)] < L for —oo < t < o0.

In the following we will study solutions of (5.4.1) on several different
intervals: (—o0,0], (—00,00), [to,00). We always mean that the solution
satisfies Equation (5.4.1) on these intervals. In particular:

a) In the case of [tg, 00), we begin with an initial function on (—oo,tp);
from that initial function we construct a solution satisfying (5.4.1) on
[to, 0), while agreeing with the initial function on (—oo,ty). There may
be a discontinuity at to and the initial function need not satisfy (5.4.1).

b) In the other two cases, the solution is its own initial function on any
interval (—oo0, to].

We prove our results in several steps. First we show that if there is a
solution on (—oo, 0] then it can be extended to (—oo, c0) and it is bounded
by a constant L. Then we find a solution of (5.4.1) on (—oo0, 0] using a fixed
point theorem. Finally we obtain a solution on (—o0o, 00) in one step.

Thus, if (X,]|| - ||) is the space of bounded continuous functions on
(—00, 0] with the supremum norm and if

M ={¢ e X||¢l| < L}, (5.4.6)

then to find a solution in that space is to find a fixed point of the mapping
P: M — X defined by ¢ € M implies

(PO)(t) = alt) - / D(t, $)g(6(s))ds,
—oo<t<0. (5.4.7)

When we consider fixed point theorems which are not of contraction
type, we are led to the hypothesis that PM be contained in a compact
subset of X. And that seems impossible, even though PM may be equicon-
tinuous. There then arises a very interesting interplay between continuity
of P and compactness of PM, as well as several other consequences which
Wwe now enumerate.

(i) Under general conditions including (5.4.5), it is possible to find a
continuous function h : (—oo, 0] — [1,00) with h(f) tending monotonically
to 0o as t — —oo so that P is continuous on M in the norm defined by

|l == sup |¢()1/h(2)- (5.4.8)

If Y is the set of continuous functions % on (—o0,0] for which ||, < oo,
then PM may be contained in a compact subset of (Y, |- |p).
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(ii) If we consider the classical fixed point theorem of Schaefer we see
that it can be extended in a simple way to cover the present situation.
Immediately, we find that P has a fixed point in M so that (5.4.1) has a
solution ¢ which is bounded on (—o0,0] and so |¢(t)| < L on (—o0, 00).

(i) But there is another useful conclusion. Given any property S of
bounded continuous functions, if a convex and complete (in the topology of
(Y,|-|n)) subset M* of M is required to satisfy property S and if ¢ € M*
implies P¢ also has property S, then the fixed point also has property S.
Under the conditions of our basic theorem, two interesting examples are:

(a) If thereisa T' > 0 with a(t+7') = a(t) and D(t+T,s+T) = D(t, s)
then the fixed point is also T'—periodic.

(b) If a(t) is almost periodic in the space (Y,| - |n) and if D(¢,s) =
D(t — s), then the fixed point is almost periodic. This result is not given
here, but a reference is provided.

5.4.1 A Fixed Point Theorem

Let h : (—o0,0] — [1,00) be a continuous decreasing function with ~(0) =1
and h(r) — oo as r — —oo. Let

Y[~ [n)

be the Banach space of continuous ¢ : (—00,0] — R" for which
|l := sup |(t)|/h(t) < oo,
<0

and let

(X0 1D

be the Banach space of bounded continuous ¢ : (—oo,0] — R™ with the
supremum norm.

We will need a fixed point theorem patterned after the result of Schae-
fer, which will fail us here owing to problems with continuity, compactness,
norms, and global considerations. The following modification fits our cir-
cumstances.

Theorem 5.4.1. Let L > 0 and J > 0 be constants,
M ={¢ € X|||¢|]| < L},

and let P : M — X satisfy:
(i) P is continuous in | - |p.
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(ii) For each ¢ € M, |(P¢)(t1) — (Pp)(t2)| < J|t1 — to| for —oco < ta <
t1 <0.

(iii) If 0 < A < 1 and if ¢ = \P¢ for ¢ € M, then ||¢|| < L.
Then P has a fixed point in M.

Proof. Define H : M — M by

a) Hp = Po if | Po|| < L

and

b) Hp = AP¢, 0 < A< 1, ||A\P¢|| = L if ||P¢| > L.

Since P is continuous in | - |, so is H. Since h(r) — oo as r — —o0
and (ii) holds, HM is contained in a compact subset of M in the space
(Y,| - |n) (see Burton (2005b; p.172)). By Schauder’s second theorem (see
Smart (1980; p. 25)) H has a fixed point: H¢ = ¢ or AP¢ = ¢. If
IP¢|| < L then A =1 and P has the fixed point as claimed. If |P¢| > L
then ||AP¢|| = L = ||¢||, and this contradicts (iii).

Corollary 5.4.1. Let the conditions of Theorem 5.4.1 hold and let M* be
a convex subset of M. Suppose that for H defined in the proof of Theorem
5.4.1 we have H : M* — M*. Finally, suppose that if f, is a sequence in
M* and if there is an f € Y such that

nlggo“cn - flh =0
then f € M*. Under these conditions P has a fixed point in M*.

The function h plays a central role in what can be said about solutions
and the first thing we want to do is show what its properties must be.

Lemma 5.4.1. Suppose there are positive constants C' and L so that
|z;| < L for i = 1,2 imply that |g(x1) — g(x2)| < C|z1 — x2|. Suppose also
that there is an E > 0 and a continuous h : (—00,0] — [1,00) such that
h(0) = 1,h(t) — o0 as t — —oo so that

sup / " (D(t. $)h(s)/h(t)]ds < B. (5.4.9)

—00<t<0J —00o

holds. Let P be defined in (5.4.7) and M = {¢ € X|||¢|| < L}. Then P is
continuous on M in | - |p.
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Proof. For a given € > 0 we must find § > 0 such that [¢,¥ € M, |[¢—¢|, <
4] imply that |P¢ — Py|n, < e. As ¢, € M we have

19(8(5)) — g(¥(s))] < Clo(s) = (s)]

for —oo < s < 0. Hence, —oo < t < 0 implies that

[(Po)(t) — (P(t))]/h(t) S/ﬁ D(t,s)Clo(s) — ¢ (s)l/h(t)ds

s&nmmw-wm[er$M@@
< Clp —¢|nE.

For the given € we take § < ¢/CE. This completes the proof.

Given (5.4.1), we must find an appropriate & and constant E so that
(5.4.9) holds. The reader should experience little difficulty in constructing
a suitable h when D is an elementary function satisfying (5.4.5). In the
Appendix we show that it can always be done in the convolution case,
0 < D(t,s) = D(t —s).

The fixed point is a bounded continuous function. A main goal is to
refine the solution and those refinements take place in the space (Y,] - |n)
as indicated in the corollary above. We are interested in periodic solutions
which must be defined in that norm.

5.4.2 A Uniform Bound

Equation (5.4.1) can have an initial function ¢ : (—oo,tg] — R; in that
case, in order for the solution to be continuous at tg it is required that

¢%r~mm—[fD%»mw@m&

If ¢ is bounded and continuous, then (5.4.5) implies that this integral exists.
On the other hand, (5.4.1) may have a solution ¢ on all of R; in that case,
1 is its own initial function on any interval (—oo,tp]. Suitable existence
theory is found in Chapter 3. Moreover, as we have mentioned several
times before, given ¢ we can find ¢* arbitrarily close to ¢ with continuity
holding.
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Theorem 5.4.2. Let (5.4.2) - (5.4.5) hold. Then there exists a positive
constant J such that if z(t) is a continuous solution of (5.4.1) on an interval
[to, 00) with bounded continuous initial function ¢, then for

/ Dy(t,s (/ (@ (v))dv)st, (5.4.10)

V() < —x(t)g(x(t) + Jla(t)], (5.4.11)

and
(a(t) —z(t))* < D(t, )V (1). (5.4.12)
We have seen a proof of this result in both Section 5.2 and 5.3.

Theorem 5.4.3. Let (5.4.2) - (5.4.5) hold and let x(t) be a bounded,
continuous solution of (5.4.1) on an interval (—oo, t1]. If, in addition, there
is a K > 0 with

/t Dy(t,8)[(t —s)* + 1]ds < K (t € (—o0,0)) (5.4.13)

then x(t) can be defined on all of R and
(a(t) —2(t))* < Bl +2((G + JA)? + 1K]. (5.4.14)
As la(t)| < A, |z(t)| < L, for some L.

Proof. If we obtain the bound (5.4.14) on the solution so long as it can
be defined, it will follow from existence theory of Chapter 3 that it can be
defined for all ¢.

Since z is bounded and (5.4.13) holds, V (¢) is bounded on the interval
(=00, t1]. Then we have two cases.

1. If V(¢) is bounded as long as x(t) can be defined, then there exists
a t* such that V(s) < V(t*) + 1 for all s where z(s) is defined.

2. If V(t) is not bounded, then we have limsup,_,. V(s) = oo, and
hence for all ¢ we can find a t* > t such that V(s) < V(t*) for all s < ¢*.

In both cases we obtained, that for all ¢ we can find a t* such that
V() <V(E*)+1and V(s) <V (t*) 4+ 1 for all s <t*. Then we have

1< V() - V(s) < - / () g(a(w)|du + JAE — s),
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and hence (for G defined in (5.4.2))
(alt) = 2(t))* < D(t, 1)V (¢)
<D(t, t)[V(t") + 1]

<sli+ [ Oo D) R |x<u>g<x<u>>ndu>2ds}

<B _1 + /t* Dy(t*, s)(G(t* — s) + JA(t* — s) + 1)2d8}

: . .
_B 1+2(G+JA)2/ Dyt 5)(t* —5)2d5+2/ Ds(t*,s)ds}

<B[1+2[(G + JA)* + 1]K].

5.4.3 A Summary

It is easy to verify that if in (5.4.1) we replace D by AD and a(t) by Aa(t),
then (5.4.10) - (5.4.12) and (5.4.14) contain only those changes. Thus, the
conclusion of Theorem 5.4.3 is valid for

£(t) = Ma(t) - / D(t, 5)g(x(s))ds] (1)

for 0 <A< 1.

I. Let the conditions of Theorem 5.4.3 hold: (5.4.2) - (5.4.5). Then from
(5.4.14) we conclude that there is an L such that if (1)) has a solution ¢
bounded on (—o0, 0], then |¢(¢)| < L on all of R. Condition (iii) of Theorem
5.4.1 is satisfied.

IT. Let the conditions of Lemma 5.4.1 hold. That is, (5.4.9) is valid and
there is a constant C' > 0 so that |z;| < L imply that |g(z1) — g(z2)] <
Cl|z1 — x2|. Then P defined by (5.4.7) is continuous on

M = {¢ € X|||¢ll < L} (5.4.16)

in the norm | - |;. Condition (i) of Theorem 5.4.1 is satisfied.
III. Let (5.4.2) - (5.4.5) hold and suppose that a satisfies a Lipschitz
condition. In addition, let

/t | De(t, 5)|ds (5,4.17)

—00
be bounded. Then we can obtain a bound on the derivative of the integral
in (5.4.7) for ¢ € M and conclude that (ii) of Theorem 5.4.1 holds: P¢ is
Lipschitz on M. Condition (ii) of Theorem 5.4.1 is satisfied.
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Thus, if I, II, IIT hold, then (5.4.1) has a solution in M; to this point,
we then say that (5.4.1) has a solution bounded on R.

We now focus on the Corollary 5.4.1 of Theorem 5.4.1. The idea is to
refine the result that we have a bounded solution. If we add a condition S
to M and if ¢ € M implies P¢ satisfies S then there may be a solution of
(5.4.1) also satisfying S. When we do this we frequently want a condition
to hold on all of R instead of just on (—o0,0]. We can revise the above
work in a simple way. In Section 5.4.1 leave h as stated, except that it be
an even function. Then

Y[+ |n) (5.4.18)
is the Banach space of continuous ¢ : ® — R” for which

|ln = sup l¢(t)|/h(t) < o0 (5.4.19)

and (X, || -]|) is the Banach space of bounded continuous ¢ : ® — " with
the supremum norm. Then M and P are defined with these changes and
we get a fixed point in M.

Example 5.4.1. Let I, II, III hold. If there isa T > 0 so that a(t+T) =
a(t) and if D(t+T,s+T) = D(t,s), then (5.4.1) has a T-periodic solution.

With the Corollary 5.4.1 of Theorem 5.4.1 in mind, we take M™* as the
subset of M consisting of continuous T'—periodic functions. A sequence in
M* with limit in the norm |- |5 is certainly periodic. It is easy to verify
that ¢ € M implies P¢ is periodic.

In Burton Makay (2002) we continue these ideas and obtain an almost
periodic solution.

5.4.4 Appendix

We now show the details for constructing 2 when 0 < D(t,s) = D(t — s)
with [;° D(u)du < oo so that (5.4.9) will be satisfied. Under these con-
ditions on D, in Burton and Grimmer (1973; pp. 207-8) there is con-
structed a continuous increasing function ps(¢) tending to infinity with
t so that [;° D(u)pe(u)du < oco. Referring to that argument, we can
construct a sequence {t,} — oo (with ¢y = 0) and a function h so that
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tnt1 — tn, — oo with n, h(t,) = 2", h is linear on the intervals [t,, tn41]
and [~ D(u)h(u)du < oo. First of all we see that

thtr =tk + (tes1 — k) + oo + (Ehpr — thogi—1)
>t 4 (tr—to) + oo+ (t — ti—1) =t + 1.

Let a € (tg—1,tx] and b € (t;—1,t;] be arbitrary numbers, then

h(a+b) < h(ty +t1) < h(tes)
=oktl < g .9kl 9=t
= 4h(tp_1)h(ti_1) < 4h(a)h(D).

Now, let i be an even function and have

/ [D(t = s)h(s)/h(t)lds = /OOO[D(U)h(t — u)/h(t)]du

— 00

< / 1D () Ah(—w)h(E) /h(E)]du < .
0

The material in this section was taken from Burton and Makay (2002),
published by the University of Szeged.



Chapter 6

The Krasnoselskii-Schaefer
Theorem

6.1 Method and Problems

In Chapter 4 we began by discussing the work of Krasnoselskii and his
most perceptive view of the inversion of a perturbed differential operator,
obtaining the sum of a contraction and compact map. This led to his theo-
rem which is a combination of Banach’s contraction mapping principle and
Schauder’s fixed point theorem. We noted the difficulties in establishing
the exact conditions of Krasnoselskii’s theorem and the ease with which
we applied Schaefer’s theorem. That let us to a combination Krasnoselskii-
Schaefer theorem which was well suited to Liapunov’s direct method. That
result required a proposition whose proof will be needed in the work here.
Thus, we will repeat both the proposition and the theorem for ready ref-
erence.

Proposition 6.1.1. If (B,]| - ||) is a normed space, if 0 < A < 1, and
if B : B — B is a contraction mapping with contraction constant c, then
)\B% : B — B is also a contraction mapping with contraction constant «,
independent of \; in particular

[AB(z/A)|| < allz]| + [ BO.

Proof. To see that AB3 is a contraction, z € B = z/\ € B = B(z/\) €
B = AB(xz/\) € B; moreover, z, y € B=
IAB(z/A) = AB(y/M)| = Al B(x/A) = B(y/A|
< Aal|(z/A) = (y/ M) = allz = yl|.
289
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To obtain the bound, for any x € B we have

IAB(z/ M) = AlB(z/A)]l
A(||B(z/A) — B0+ BO||)
A(IB(z/A) = BO[| + [ BO|)
Alel[(z/X) = 0] +[|BO])
= (Aa/A) |zl + [ BOIl;

<
<

as required.

With this proposition we are able to prove the following result which
we call the Krasnoselskii-Schaefer theorem. See Burton and Kirk (1998).

Theorem 6.1.1. Let (B,] - ||) be a Banach space, A, B: B — B, B
a contraction with contraction constant o < 1, and A continuous with A
mapping bounded sets into compact sets. Either

(i) @ = AB(z/\) + Mz has a solution in B for A =1, or
(ii) the set of all such solutions, 0 < A < 1, is unbounded.

In this chapter we will look at a number of problems which can be
solved quite simply with that theorem. These problems are all in some
sense finite dimensional. Examples of application to infinite dimensional
problems can be seen in recent work of Belmekki, Benchohra, Ezzinbi, and
Ntouyas (2007) and Garcia-Falset (2008).

6.1.1 Duration of Heredity

Volterra emphasized that the integrals in equations of the second kind may
take the forms

t t t

/ 7/’ 7/’

—00 t—r to
43

depending on what he called the duration of “heredity:” the solution “in-
herits” the characteristics of its past. Given an equation

x(t):a(t)—[ C(t, 5)g(s, 2(s))ds (6.1.1.1)

we may seemingly shorten the duration of heredity in several ways, some
being more mathematically sound than others.
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First, given an initial function ¢ : (—oo, ty] — R we can write

to

(1) cammwwwnw]— O(t, $)g(s,2(s))ds

to

- [
:b(t)— [ C(t,9)g(s,x(s))ds

to

so that the past heredity is hidden in b(¢), an entirely mathematically valid
procedure.

Next, if C(t,s) = C(t — s) and if C(t) = 0 for t > r for some r > 0,
then the integral is fttfr C(t—s)g(s,z(s))ds.
Grimmer (1979) noted that if C(t,s) = C(t — s) then we may telescope

the integral into a sum so that under periodicity conditions on a(t) and
g(t,x) the search for a periodic solution can be conducted on an equation

2(t) = a(t) — /FT H(t — s)g(s, 2(s))ds.

Here is the way that is accomplished. Use the change of variable s = u—nT
and assume uniform convergence in the work below to obtain

/_ C(t—s)z(s)ds = Z /t—;n+1)T C(t — s)x(s)ds

n=0
t 00
= / ZC’(t —u+nT)z(u —nT)du.
=T p—o
Then notice that
t
x(t) = a(t) — / C(t — s)x(s)ds
has a T-periodic solution if and only if

) =)~ [ H(E=u)yu)du

also has such a solution where H(t —u) = " C(t — u+ nT).
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Truncation can also occur naturally from differential equations. Sup-
pose we want to prove that the scalar equation

o' = —a(t)a(t) — g(t, =(t))

has a periodic solution under periodic assumptions on a and g(t,z). We
could write

£(t) = w0 — / la(s)(s) + g(s, 2(s)))ds

and set up a mapping

(Po)(t) = zo — /O [a(s)¢(s) + g(s, o(s))]ds

for ¢ periodic. Two difficulties occur. First, we do not know how to choose
o and it is far too much to suppose there will be a periodic solution for
every xp. But what is initially worse is that the mapping will map ¢ into
a non-periodic function.

If

T
—/ a(s)ds <0 (6.1.1.2)
0

then we can avoid these problems by writing the equation as

(xexp /0 ta(s)ds>l = —g(t, )exp /0 t als)ds.

We have two choices and both are good ones. First, we can integrate
both sides from —oo to ¢, under the assumption that we are dealing with
a bounded solution, and obtain an integral equation with infinite delay
of the type considered in Chapter 5. There is no xy to consider and a
translation shows the required periodicity. But the infinite delay introduces
other questions and we may note that there is another way to handle the
equation. Integrate it from ¢t — T to t and obtain

t
2(t) = a(t — T)e™ Foral)ds _ / g(u, z(u))e Ju s dy, (6.1.1.3)

t—T
We now have a finite delay equation and the integral can define a compact

mapping, while z(t — T)e™ Jora9)ds @il define a contraction since that
last product term is smaller than one when (6.1.1.2) holds. Moreover, it
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is perfect for Theorem 6.1.1 and it allows us to demonstrate several ideas
concerning Liapunov functions for integral equations.

Compare (6.1.1.3) with (4.1.6.2) which was derived from the equation
of advanced type considered below.

Such equations will be studied in two steps. In Section 6.2 we treat
the linear convolution case which has several nice properties not seen in
the nonlinear case treated in Section 6.3. It is left as an exercise and the
references to examine the case of a contraction plus an infinite delay. It is
essentially a combination of the work in Section 6.3 and that of Chapter 5.

6.1.2 An Equation of Advanced Type

We now come to an entirely new kind of singular equation which will be
discussed in Section 6.4. An introduction to make it meaningful may be a
distraction so we are going to give it here. We will then be able to move
right into the mathematical aspects in Section 6.4 without such distrac-
tions. Let || < 1, a > 0, h > 0, ¢ be continuous and consider the neutral
functional differential equation

¥ =ax'(t —h) +azx — q(t,z,z(t — h)). (6.1.2.1)

Such equations have been studied with varying degrees of vigor since the
middle of the last century (cf. Driver (1965), Gopalsamy (1992), Gopal-
samy and Zhang (1988), El’sgol’ts (1966), Kuang (1993a,b), (1991)). Re-
cently investigators have given heuristic arguments to support their use in
describing biological phenomena and much of this is formalized in the final
chapter of each of the books by Gopalsamy (1992) and Kuang (1993). In
such studies a specific type of solution is sought, such as a periodic solution
as the attractor for a logistic equation. And effective search for particular
types of solutions is often accomplished by inverting the differential equa-
tion to an integral equation and then applying fixed point theory. Thus,
with the Krasnoselskii-Schaefer theorem we see that Liapunov functions
can play a central role.

Equations like (6.1.2.1) are extremely unstable and that will introduce
far different work than we have seen to this point. Notice that the ode part
is ' = ax with a > 0 so that solutions are exponentially unbounded. Add
to this the term ax’(t — h) where « will characteristically be positive and
we have massive increase in growth of the solution. Any boundedness must
come from the nonlinear term ¢. It is, of course, a generalization of the
stock logistic equation 2’ = ax — bx? with a and b positive constants. The
nonnegative solutions of that equation consist of two constant solutions,
2 = 0 and & = a/b, which are trivially periodic, together with solutions
approaching x = a/b asymptotically.
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Equations of this type are going to present great challenges and it is
only fair to give some heuristic reasons for being so determined to study
them. And let us be clear that the logistic equation itself is founded mainly
on heuristic arguments, in spite of the introduction of first principle ideas
like the law of mass action. A short survey of those ideas is discussed in
Burton (2006b).

Traditionally one begins with the Malthusian assumption that a certain
biomass increases at a rate proportional to itself, but then decreases at a
rate proportional to the biomass squared: z’ = ax — bz?. Such growth
has been noted in the literature since 1599. But every parent and every
gardener has seen such very different growth. A field of corn is planted
in a hot and humid region of the Midwestern United States, for example.
The plants emerge in a few days and grow so slowly that every year there
is worry that it will not mature before frost and, thus, be mainly ruined.
Early farmers developed slogans to reassure themselves: Corn should be
knee high by the fourth of July, for example. Suddenly, this seemingly
stunted corn starts to grow quickly. And growth begets growth so that
after a good rain in the first week of August the corn is growing so fast
that, in the quiet hour of midnight, one can actually hear it grow. Quite
reasonably, one advances the idea that ' = az/(t — h) 4+ az; it is the
recent growth as much as the size which is causing the growth. But, just as
quickly, a trigger point is reached and the brakes are applied in the form of
—q(t,z,z(t — h)). It is the age, the size, and the recent size which signal a
halt to the growth. The growth stops and all the energy goes into filling out
that great ear of corn containing more than 750 kernels which are packed
in so tightly that, when mature and dry, the ear is as solid as a stick of fire
wood.

The growth of a child can be described in a similar way and the clear
evidence is that trousers which were too long in September when school
started are well up the calf by Christmas and the embarrassed child prays
that Santa will bring something more appropriate.

Simple analysis of the characteristic quasi-polynomial for 2’ = ax +
ax(t — h) shows how the growth can move from e to e* with b much
larger than a, particularly when h is small and « is near 1.

If our discussion of (6.1.2.1) were restricted to such problems as just
described, only the region x > 0 would be of interest. We deal with that
at the end of Section 6.4. Moreover, in such a case, a change of variable is
often made to map the problem into a space where all points are significant.
Such an example is found in Burton (1983b; pp. 110-111), for example.
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We now review the work in Chapter 4 of inverting a differential equation
to get an integral equation. Write (6.1.2.1) as

(x —az(t —h)) = a(x — az(t — h)) + aczx(t — h) — q(t,z, z(t — h)),
multiply by e=% and group terms as

[(z — az(t — h))e*at]/ = [aaz(t — h) — q(t,z,z(t — h))]e”*".
We search for a solution having the property that

(z(t) —az(t —h))e ™ - 0ast — oo

so that an integration from ¢ to infinity yields
o0
—(2(t) —az(t—h))e” " = / [aaz(s —h) — q(s, z(s), z(s — h))] e~ *ds
t
and, finally,
(o)
x(t) = a:v(t—h)+/ [q(s,x(s),x(s—h))—aam(s—h)]e“(t_s)ds. (6.1.2.2)
¢
A general form for such equations is

x(t) = f(:v(t—h))—l—/too Q(s,x(s),x(s—h))C(t—s)ds+p(t). (6.1.2.3)

We call this a neutral delay integral equation of advanced type and it
is a very interesting equation. It may have a solution on all of ® or it may
have a solution on [0, 00) generated by an initial function ¢ on [—h,0]. In
the latter case, notice that we can not obtain a local solution: we must
get the full solution on [0, 00). Thus, we will need to employ a fixed point
theorem to get existence and that means that we will get a fixed point
in the solution space; hence, we must know in advance the form of the
solution space. We study this problem in Burton (1998b) and find that the
solution will have discontinuities at t = nh, but the jumps will tend to zero
as n — oo. (This is parallel to solutions of functional differential equations
smoothing (cf. El’sgol'ts (1966)).) Equally important is the need to know
in advance the growth of the solution so that functions in the solution space
will have a weighted norm allowing such growth.

6.2 A Linear Truncated Equation

In an effort to introduce the subject slowly we will begin with a truncated
convolution equation and a delay term which will generate a contraction.
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As discussed in Section 6.1, the delay term is typical of the example in
which we integrated an ordinary differential equation from ¢t — r to ¢t. The
truncated integral is typical of that discussed concerning Grimmer’s tele-
scoping of the infinite integral into a truncated integral.

Thus, we consider the scalar equation

t
x(t) = ax(t — h) +p(t) — / C(t — s)x(s) ds, (6.2.1)
t—T
where p and C' are continuous, and there is a T' > 0 with

T
p@+zv:pw,A p(s)ds = 0,

h > 0, h constant,
C"(t) > 0,]a < 1. (6.2.2)

Theorem 6.2.1. If (6.2.2) holds then Equation (6.2.1) has a unique
T-periodic solution.

Proof. With the parameter A of Theorem 6.1.1 we write (6.2.1) as

t
2(t) = az(t — h) + )\[p(t) _ / 2(s)C(t — s)ds} (6.2.1,)
=T
0 < A < 1. A fixed point for A = 1 will solve (6.2.1). Let (P2,] - ||) be the

Banach space of continuous T-periodic functions having mean value zero
with the supremum norm. Define P : P% — P2 by ¢ € P implies that

t
(Po) =ast-m+ Al - [ pect-sa] 623
=T
and define A : P% — P by ¢ € P2 implies that

(Ap)(t) = p(t) — /t_T w(s)C(t — s)ds. (6.2.4)

Thus, in Theorem 6.1.1 we have (Bp)(t) = ap(t —h). To see that P :
P — P, note that ¢ € P2 implies that Py is T-periodic and

/OT/uuTQO(S)C(u_S)deu:/OT/OTQO(S"'U)C(—S)CZSCZU

:/OT/OTga(s—I—u)duC(—s)ds:O

for each fixed s; hence Py € P2.
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We may note that A is continuous and maps bounded sets into equicon-
tinuous sets. Clearly, (Bp)(t) = ap(t — h) is a contraction. Thus, all that
remains to prove that (6.2.1,) has a solution in P2 is to find an a priori
bound on fixed points of P in P%. Thus, let € P solve (6.2.1,) and
define

V) = )\/ttT Co(t— 5) (/t 2(u) du>2 ds (6.2.5)

so that

2

V/(t) = =ACs(T) </:T z(u) du)

+A/LT Cor(t — s) (/stx(u)du>2ds

¢ t
+2/\a:/ Cs(t — s)/ x(u) duds.
t=T s

The first term in V' is zero because x € P%, while the second term is
not positive. Thus, we have

V'(t) < M/;T Cs(t — s) /tx(u) du ds

:2/\a:[(](t—s) / ta:(ui) du zT+ /tiTC'(t—s)x(s) ds |.

We now have
V(1) < 207 / Ot s)e(s) ds
=2z [—x +azx(t—h) + )\p(t)]

from (6.2.1). If ¢ > 0 and —2 + 2|a| + € < 0, then

V'(t) < —22% + |a|(z® + 2*(t — b)) + ex® + p° /e
= [<2+ |a| + €]lz® + |a|z®(t — h) + p*(t) Je.
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It is clear that = € P2 implies that V(T) = V(0) (write V(¢ + T) and
then s = v+ T') and so

0=V(T)-V(0) < [—2+|a|+€]/0 7%(s)ds
+ o / #(s — h) ds + T|pl|? /=

T
=[-242|a|+ E]/ z2(s)ds + T||p||*/e
0
and there is an M > 0 with
T
/ 2%(s)ds < M*. (6.2.6)
0

From (6.2.15) and (6.2.6) we have
1/2

(o) < lallote = W]+ ol + | [ iT ci-s)as [ iT () ds|

so that for ¢ satisfying |x(¢)| = ||z|| we have

Jall (1 = fal) < 1ol + M[ / T 02<—s>ds} "

a suitable a priori bound. This proves that (6.2.1) has a T-periodic so-
lution. To see that it is unique, if there are two, then the difference is
periodic and satisfies
t
x(t) = ax(t —h) — / AC(t — s)x(s)ds, A= 1.
t—h

We may proceed to get an a priori bound on all possible periodic solutions
of this equation just as before and see that in (6.2.6) we can let M — 0.

Conjecture 6.2.1. In (6.2.1) let @ 7 1 and let h = T. Notice that under
the conditions of Theorem 6.2.1 there is a periodic solution for each such
value of « and that those solutions satisfy a uniform bound. We conjecture
that there is also a T-periodic solution for e = 1. If so, then in (5.2.1) the
z(t) on each side of the equation will cancel and we will have obtained a
periodic solution of the singular Volterra equation of the first kind.

We have shown that (6.2.1) has a unique periodic solution. Does it
have other solutions and do they converge to the periodic solution? We
will answer questions of that type in later sections.

The material in this section is from Burton (1997), published by Fuzhou
University.
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6.3 A Nonlinear Truncated Equation

Motivation for this type of problem was given in Section 6.1.1. Let (Pr, ||-||)
be the Banach space of continuous T-periodic functions ¢ : ® — R with
the supremum norm. Consider

t

z(t) = f(t, z(t)) — - D(t, s)g(s,x(s))ds (6.3.1)

and suppose there is a T > 0 and an « € (0, 1) with:
f(f,—FT,J?) = f(f,,l‘),
D(t+T,s+T)=D(t,s),
g(t+Ta (E) = g(tax)a (632)

t —h < s <t implies that Dy(¢t,t —h) > 0,

Dy(t,s) <0, D(t.t—h) =0, (6.3.3)
[f(t,2) = f(t,y)l < oz —yl, wg(t,z) >0, (6.3.4)
VE>03P >038> 0 with (6.3.5)

2A[= (1 = a)zg(t, =) + klg(t, 2)|] < AP = Blg(t, x)]],

f,9, and Dy are continuous. (6.3.6)

Liu and Li (2007) offer the same problem with the same techniques
and use a Krasnoselskii-Schaefer theorem in which (6.3.4) is replaced by a
separate contraction. Liu and Li (2006) then obtain a periodic solution for
a partial differential equation with the same technique. We view the latter
as a major result which should lead to many more interesting problems.
See also Belmekki, Benchohra, Ntouas (2006) and Garcia-Falset (2008) for
other infinite dimensional work using Theorem 6.1.1.

We are going to use these conditions and Theorem 6.1.1 to prove that
(6.3.1) has a T-periodic solution. Condition (6.3.3) bears some study and
comparison to the conditions of the previous section. In that linear case we
did not need D(t,t —h) = 0. Condition (6.3.3) shows that the duration of
heredity is being dictated by the vanishing of the weighting function. It was
not needed in the last section and in that case the kernel could be obtained
from telescoping an infinite integral. But the conditions here definitely do
not suppose convexity.
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Theorem 6.3.1. If (6.3.2)—(6.3.6) hold, then (6.3.1) has a T-periodic
solution.

Proof. Define a mapping B : Pr — Pr by ¢ € Pr implies
(Be)(t) = f(t,0(t)). (6.3.7)

Lemma 6.3.1. If B is defined by (6.3.7), then B is a contraction mapping
from Pr into Pp with contraction constant « of (6.3.4).

Proof. If ¢, v € Pr, then
|Be — By|| = sup [(Bp)(t) — (BY)(t)]

t€[0,T]
te[0,T)

< sup alp(t) —Y(t)| = alle -l
te[0,T)

as required.

Define a mapping A : Pr — Pr by ¢ € Pr implies
t

(Ap)(t) = — - D(t, s)g(s, (s))ds. (6.3.8)

Lemma 6.3.2. If A is defined by (6.3.8) then A : Pp — Pr, A is
continuous, A maps bounded sets into compact sets.

Proof. Let k > 0 be given, ¢ € Pr be an arbitrary element with ||| < k.
By the continuity of D, if 0 <t < T and —h < s < T, thereis an M >0
with

|D(t,s)] < M. (I

By the uniform continuity of D on [0,T] x [—h, T, for each € > 0 there
isa d; > 0 such that u,v € [0,T], s, t € [=h,T], |[u—v|+|s—t| < §; implies

|D(u, s) — D(v,t)] <e. (IT)

Next, since g is continuous on [0, 7] x [—k, k] and periodic in ¢ there is
an L > 0 with

lg(s,x)] < L for s € R and = € [—k, k|. (III)

In fact, by the uniform continuity of g on that set, for any £ > 0 there
is a positive d2(e) < T such that if s, ¢t € [0,T] and x, y € [k, k] with
|s —t| + |x — y| < do, then |g(s,z) — g(t,y)| < e and, by the periodicity,

19(5,2) — g(t, )| < for s, € R and 2,y € [~k K] (v)
with |s —t| + |z — y| < d2.
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The assertions about A will now follow. If ¢ € Prp, a change of variable
shows that Ay is T-periodic. Clearly, if ¢ € Pr, then Ay is continuous.
Thus, Ay € Pr.

We now show that A maps bounded sets into compact sets. First,

{Ap: ¢ € Pr and ||| < k} is equicontinuous. (V)

To see this, note that if u < v, then

v—h

mmwwwmmw:—/“ D(u, 8)g(s, o(s)) ds

u—h

_/;m@@_pm@m&amw
+ [ D, )95, 0(5)) ds.

By (I)-(I1I), for all w, v € [0,T] with |u —v| < d1, if ¢ € B and ||¢|| < k,
then

[(Ap)(u) = (Ap)(v)] < ML|u—v|+ Llu —v + hle
+MLu—v|
< OMLS, + L(5; + he. (VD)

Next, for ¢ € Pr and |¢|| < k, it follows from (I) and (III) that
|(Ap)(u)| < LMh so that

|[Ap|| < LMh for ¢ € Pr and ||| < k. (VII)

By Ascoli’s theorem A maps bounded sets into compact sets.
To see that A is continuous, fix ¢ and ¢ € Pr with |[¢ — ¢¥|| < o,
lell < &, ||¢]] < k. Then for 0 < u < T we have by (I) and (IV) that

u

|(Ap)(u) — (A¢)(u)] S/ [D(u, 8)[ |g(s; (s)) — g(s,9(s))| ds

u—h
< Mhe.
This completes the proof of Lemma 6.3.2.

Next, notice that if B : Ppr — Pr is defined by

(Bz)(t) = f(t,z(t)), then <AB§>(t) - Af(t,@).
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Lemma 6.3.3. There is a K > 0 such that if 0 < A < 1 and if x € Pr
solves

2(t) = Af (t, ;) _ /\/tthD(t, $)g(s,2(s)) ds (6.3.1,)

then ||z|]| < K.
Proof. Let x € Pr solve (3.6.1,) and define

2

vy = [ Ds(t,s)</stg(v,x(v))dv> ds.

t—h
Now Dg(t,s) <0 so

t

V'(t) < —A\2Dy(t, t — h) (/t g(v,x(v))dv>2

—h
¢ ¢

+2X%g(t, x) DS(t,s)/ g(v,z(v)) dv ds.
t—h s

The first term on the right-hand-side is not positive by (6.3.3); if we inte-
grate the last term by parts and use (6.3.3) again we have

V'(t) < 2Xg(t, ) th AD(t,s)g(s,z(s))ds
—
— 2\g(t, z) [)\f(t, D) - a:(t)]
from (6.3.1,). But by the reasoning in the proof of Proposition 6.1.1,
AF(E ] < ale(®)] +1£(t,0)] < alz(t)] + k
for some k > 0. Thus,

V(1) < 20{Jg(t, o)l ale| + k] - ag(t, 2)}
— 2A[lag(t,2)| + klg(t, 2)| - zg(t, 2)]
< 2A[~(1 — a)ag(t,z) + Klg(t, 2)].

As a < 1, from (6.3.5) we have
VI(t) < Al=Blg(t, 2)] + P].

Thus, x € Pr implies V € Pr so that

T
0= V(T) = V(0) < )\[—ﬂ/o lg(t, 2(0))] dt + PT
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or

| lateaoae< prys (6.3.9)

since A > 0. As g(t,z(t)) € Pr, there is an n > 0 with

t
/ lg(t, z(t))| dt < n. (6.3.10)
t—h
Taking M = 7h£n8£g§§T|D(t,s)|, then from the proposition, (6.3.1,),
and (6.3.10) we have

|z(t)] <

Af(t,%)‘—k)\ /tthD(t, s)g(s, 2(s)) ds
< alz(t)| + k + Mn

]| < (Mn +k)/(1 - ),

as required. Application of Theorem 6.1.1 completes the proof.

This material is taken from Burton and Kirk (1998).

6.4 Neutral Integral Equations

In Section 6.1.2 we discussed the motivation for the following equation and
we suggest that the reader reviews that before proceeding.

We motivate our work by starting with an equation of interest from
biology in the form of a generalized logistic equation

¥ =azx+ax'(t — h) — q(t,z,z(t — h)) (6.4.1)

where a > 0, 0 < |a| < 1, h > 0, all are constant. We are interested in
a solution for ¢ > 0, possibly arising from a given initial function, or for
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a solution on (—o0, 00), possibly a periodic solution. In Section 6.1.2.1 we
worked with (6.4.1) and obtained

£(t) = ot — h) + / " a(s. x(s), (s — )

—aax(s — h)]e“(t_s)ds. (6.4.11)
This form motivates our study and we focus on an equation

x(t) = f(x(t = h))
+ Q(s,z(s),xz(s — h))C(t — s)ds + p(t). (6.4.2)
t
Sometimes we let C = C(t,s). Here, the forcing function p(t) can be
critical. If the equation has an equilibrium point without p(t), then the

subsequent struggle to prove the existence of a bounded or periodic solution
might simply yield that obvious equilibrium point.

We will ask that
[f@) = fW)l <alz—yl, 0<a<l, (6.4.3)

and for some fixed £k with 0 < k <1

|Q(t,$,y) - Q(tvwv Z)|
< (klz —w|+ (1 —k)|y — z|), (6.4.4)

|Q(t,0,0)[ <1, (6.4.5)

@, p, and C are continuous,

/000 |C(—u)|du =: Cy < 0. (6.4.6)

Equation (6.4.2) can be called a neutral delay integral equation of ad-
vanced type. In keeping with Krasnoselskii’s observation, note that it may
generate the sum of a contraction and compact map.

While the integral from ¢ to oo is not common, it can be found in
many places. Coddington and Levinson (1955; p. 331) write an ordinary
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differential equation in this way (without h) when studying an unstable
manifold. Also, investigators have long written differential equations

¥ = F(t,x)

as

z(t) = z(to) —|—/ F(s,z(s))ds.

to
Then, if it can be determined that every solution converges to zero as
t — 00, it is permissible to bypass z(t) and write

() = — /too F(s,a(s))ds.

While we see many equations of the form of (6.4.2) (without k), such equa-
tions usually are studied only after existence of solutions has been estab-
lished. That is a central question here.

For this equation, we must immediately establish existence on [tg, 00).
And because of this, the central problem for (6.4.2) is to determine the
space in which solutions reside. Once that is done, the actual proof of ex-
istence follows from application of a fixed point theorem. Moreover, unlike
the case just mentioned of a differential equation, the existence of a solution
of (6.4.2) in a given space endows that solution with the properties of that
space. Thus, proof of existence yields important qualitative properties as
well. We illustrate that in the examples.

Equation (6.4.2) holds many surprises. For functional differential equa-
tions of neutral type, it may be deduced from Driver (1965) that repeated
discontinuities of a solution on [tg,00) must be expected as a result of
a given initial function. We note that this is true for (6.4.2); but we also
show that the magnitude of the jumps in the discontinuities tends to zero as
t — oo. This is parallel to an interesting phenomenon for delay-differential
equations. El’sgol’ts (1966; p. 7) discusses solutions of

x = H(t,z(t),z(t —h))
in which H is in C*° and there is an initial function ¢ : [=h,0] — R
yielding a solution z(t,0, ¢) on [0, 00). He notes that z(*)(¢,0, $) may have
a discontinuity at (k — 1)h, but will be continuous for ¢ > kh; the solution
smooths with time.

When we obtain a solution on all of  then we avoid these discontinu-
ities. Consider again

z(t) = f(z(t—h)) + /tOo Q(s,z(s),z(s — h))C(t — s)ds + p(t) (6.4.2)

with (6.4.3)~(6.4.6) holding.
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Theorem 6.4.1. Let p be bounded on R, let (6.4.3)—(6.4.6) hold, and
suppose that

pwi=a+Cy <1, (6.4.7)

where o and Cy are in (6.4.3) and (6.4.6). Then (6.4.2) has a unique
bounded continuous solution on —oo <t < 0.

Proof. Let (B,] - ||) be the Banach space of bounded continuous functions
¢ : R — R with the supremum norm. Define P : B — B by ¢ € B implies
that

(Po)(t) = f(o(t—h))+ /t h Q(s,9(s), p(s—h))C(t—s)ds+p(t). (6.4.8)

As ¢ is bounded and continuous, so is Q(t, ¢(t), ¢(t — h)) using (6.4.4)—
(6.4.6); since C' is L[0,0) by (6.4.6) it follows from a theorem of Hewitt
and Stromberg (1971; p. 398) that the integral is uniformly continuous.
That integral is bounded because of (6.4.6). Hence, P¢ is bounded and
continuous.

Next, if ¢, € B then

[(Pe)(t) — (PY) ()] < all¢ — ¢
+ /t [klo(s) = ¢(s)| + (1 = K)|¢(s = h) = (s = W[|C(E = s)]ds

< allé— Bl + 16— | / C(t - 5)|ds
— ullé— .

As < 1, P is a contraction with unique fixed point. This completes the
proof.

Corollary 6.4.1. If the conditions of Theorem 6.4.1 hold and if there is a
T > 0 such that Q(t,z,y) = Q(t+T,z,y) and p(t +T) = p(t), then (6.4.2)
has a unique T-periodic solution.

Proof. A change of variable shows that if (B, | - ||) is the Banach space of
continuous T-periodic functions with the supremum norm, always denoted
by

(P (11,

then ¢ € Pr implies that P¢ € Pr. Thus, the fixed point is in Pr.
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It is natural to ask if, under the conditions of Theorem 6.4.1, (6.4.2)
might also have an unbounded solution, D(t), on (—o0,0). A study of
the work up to Theorem 6.4.2 will show this is possible only if ftoo |C(t —
s)||D(s)|ds is large. We continue this question after Example 6.4.1.

The solutions just obtained are continuous and satisfy (6.4.2) on R. A
different point of view studies (6.4.2) and an initial condition. Suppose that
there is a given initial function ¢ : [—~h, 0] — R which is continuous. The
initial value problem for (6.4.2) asks that we find a function = : [—h, c0) —
R, denoted by z(t,0, ), with 2(¢,0,¢) = &(t) on [~h,0) and z satisfies
(6.4.2) on [0, c0).

Remark 6.4.1. If z(t) = z(,0, ¢) is to be continuous at ¢ = 0, then we
must have

z(0) = ¢(0) = f(cf_>(—h))+/ooo Q(s,x(s), (s —h))C(=s)ds+p(0). (6.4.9)

Thus, for an arbitrary continuous ¢, a finite jump discontinuity at ¢t = 0
must be expected. Under conditions to be given, the integral in (6.4.2) will
be continuous whenever x is piecewise continuous and so, from (6.4.2), we
must expect z to have jump discontinuities at nh, for n = 1,2,... This
shows us how to search for a solution on [0, co).

First, examine p(t) and select a constant K > 0 and a continuous
function
D :[—h,00) — [1,00) with

sup |p(t)/D(t)| < oo and D(t — h)/D(t) < K. (6.4.10)
t>—h

The function D will be the weight for a norm on a Banach space and
notation is simplified if D is increasing, but we do not ask that. We will
see that we want D(t) to be as small as possible.

Next, for D to be compatible with C(t — s) we will need

sup /too |C(t — 9)|[D(s)/D(t)]ds < oo. (6.4.11)

t>0

If we can not satisfy (6.4.10) and (6.4.11), then we are unable to say any-
thing here about (6.4.2).
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Finally, we will want a mapping induced by (6.4.2) to map piecewise
continuous functions into piecewise continuous functions. This will lead us
to ask that

/t " Qs 6(s), 05 — M)C(t — s)ds

be continuous whenever ¢ is piecewise continuous and ¢(t)/D(t) is
bounded. We have already noted in the proof of Theorem 6.4.1 that if
¢ is bounded and continuous then a classical theorem says that this inte-
gral is uniformly continuous. We ask that

VJ >0, if0<t <ty <J, then
[ 1C(t = 5) = Cta — 5)|D(s)ds — 0 as |t — ta| — 0. (6.4.12)

In order to have a contraction mapping we also need

aK+(k+ (1 — k)K) sup /too |C(t — 9)|[D(s)/D(t)]ds

>0
=<l (6.4.13)
Define
(B,|-|p) (6.4.14)
as the Banach space of functions ¢ : [—h,c0) — R which are continuous on

[(n = 1)h,nh) with left-hand limits existing at nh and with the property
that

|o|p := sup |o(t)/D(t)] exists. (6.4.15)
t>—h

Theorem 6.4.2. Let (6.4.3)-(6.4.6) and (6.4.10)—(6.4.13) hold. Let ¢ :
[~h,0] — R be a given continuous function. Then there is a unique x € B
satistying (6.4.2) for t > 0 and z(t) = ¢(t) on [—h,0).

Proof. Let
B* = {¢ € B|¢(t) = ¢(t) on [~h,0)}.

Then (B*,|-|p) is a complete metric space. Define P : B* — B* by ¢ € B*
implies that

(Po)(t) =o(t)if —h<t<O,
(Po)(t) = f(o(t —h)) (6.4.16)
+ [ Q(s,0(s), (s — h))CO(t — s)ds +p(t), t>0.
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Notice that
|f(@)] < [£(0)] + afz|

and

1Q(t, z,y)| < [Q(t,0,0)] + klz| 4+ (1 — k)|y]
<14 Elz| + (1= k)yl

by (6.4.3)-(6.4.5) and so using (6.4.10) and (6.4.11) we have
((Pe)(t)/ D] < [IF(0)I/D(B)] + aKIlé(t — h)|/D(t — h)]

N /t“ (1/D(s)) + k(|6(s)|/D(s))

+(1 = k)K(lg(s — h)|/D(s — h))]|C(t — s)|(D(s)/D(t))ds
+ [p(®)]/D(®).

Taking the supremum for ¢ > 0 we see that |P¢|p exists. To see that the
integral in (6.4.16) is continuous, if J > 0 and if 0 < t; < ¢t < J, then

— h))C(t1 — s)ds

t1

- / " Qs, bls). (s — W)Cl(ta — s)ds

" Qs, B(5), B(s — W)C (11 — s)ds

t1

n / " 1Q(s. 6(5). 8(s — W)I|C(tr — 5) — Clta — 5)]ds.

<

The first term on the R-H-S can be made small if ¢; or ¢5 is fixed and then
[t1 — t2| is made small. The last term is bounded by

/too [1Q(s, &(s), é(s = W)/ D(s)]|C(tr = 5) = Clt2 — )| D(s)ds

The first factor in the integrand is bounded because of (6.4.4), (6.4.5), and
(6.4.10). By (6.4.12) the integral tends to zero as |t; — t2| — 0. Hence, the
integral is continuous and P¢ € B*.
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Finally, we show that P is a contraction. If ¢, € B*, then
(PO)(®) — (PY)(®I/D()
<aklo-vlp+ [ {K8(s) ~ w(s)/D(o)]
(1= B)K[6(s — ) — (s — W)|/D(s — WI}C(t — 5)|[D(s)/ D(E)}ds
< aklo — vl + (Ko~ vlo

+(1—k)K|p— wlD) /too |C(t = 5)|[D(s)/D(t)]ds
< ulg—¥lp

by (6.4.13), as required. Hence, P is a contraction with unique fixed point
¢ € B* and the proof is complete.

The first candidates which come to mind for C(¢t) are Be and /(1 +
t2”), n > 1. We illustrate the results with the first one. Consider the
equation

x(t) = ax(t — h) + B/too 2(s)e™" ™ ds + p(t) (6.4.17)

so that Q(¢,z,y) = « and k = 1. Clearly, if p is differentiable, it could be
reduced to a neutral functional differential equation. We now give three
forms for p(t).

Example 6.4.1. If p(t) is bounded and continuous on R, then (6.4.17)
has a unique bounded continuous solution on # provided that

w=a+|g /too et =ds = a + (|f]/a) < 1. (6.4.7*)

Question: Is it possible that with p(t) bounded, then (6.4.17) can have
an unbounded solution? By following the next examples we can see that
the solution of Example 6.4.1 may be the only solution of (6.4.17) which
is bounded by Mef%, 0 < § < 1, for t > 0 and some M > 0. If there are
larger solutions, questions of convergence will arise.

Example 6.4.2. If p(t) = ¢, then D(t) = ¢+ 1+ h, D(t — h)/D(t) <
1=: K, and

p = oK + || suplat + 14 a + ah]/a*(t + 1 + h). (6.4.7*)
>0

If, for example, a = 1, then p < 1 if and only if a + [8] < 1. When p < 1,
then for any continuous initial function ¢ : [—h, 0] — R, there is a unique
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solution z(t) = x(¢,0, ¢) of (6.4.17) on [0, 00) satisfying sup |z(t)/(t + 1 +
>0
h)| < 0.

Proof. Clearly, (6.4.11) will be satisfied. To verify (6.4.12) we have

oo
/ le®t1=9) _ ea(t2=9)|(s 4 1 + h)ds

to

- / e %5|e — e%2|(s + 1+ h)ds

ta

so that if J > 0 is given and if 0 < #; < t5 < J then this quantity tends to
zero as [t; — ta] — 0. For (6.4.13) we examine

/ e s+ 1+ hlds = e"*[at + 1 + a + ah]/a*
¢
so that

/ "t — 9)|(D(s)/D(b)]ds

= |B|[e™/(t + 1+ h)le”**[at + 1 + a + ah]/a*
= |8|[at + 1+ a + ah]/a*(t + 1 + h),

as required.

Example 6.4.3. Let 0 < ¢ < a, p(t) = e and D(t) = ee". Then
D(t — h)/D(t) = et Jecteh = e=°M = K and

p=ae” "+ (|8]/(a~c)). (6.4.777)

If 4 < 1, then for any given continuous é : [~h,0] — R, there is a unique
solution z(t) = z(t,0,¢) of (6.4.17) satisfying sup |z(t)/e*| < oo. The
>0

proof is a routine calculation.

Remark 6.4.2. Theorem 6.4.1 and Example 6.4.1 can be stated far
more strongly. When (6.4.3)—(6.4.6) hold, if (6.4.2) has a bounded solution
then the integral in (6.4.2) is bounded for ¢ > 0 and x(t) — f(x(t — h)) is
bounded for ¢ > 0. Hence, if we suppose that (6.4.3)—(6.4.7) hold, then
(6.4.2) has a solution bounded for ¢ > 0 if and only if p(¢) is bounded.
Parallel remarks hold for the other results.

Theorem 6.4.3. Let B* be defined in the proof of Theorem 6.4.2 and
let (6.4.12) hold. If 0 < o < 1 and x € B* satisfies (6.4.2) for t > 0, then
x(nh™) —z(nh*) — 0 as n — oco.
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Proof. In the proof of Theorem 6.4.2 we noted that the integral in (6.4.2)
is continuous. Since p is continuous, so is x(t) — f(x(¢t — h)). Thus,

z(nh”) = f(z((n — Dh™) = z(nh*) — f(z((n = h"))

|z(nh™) — x(nh ") = [f(@((n — Dh7) = fz((n — AT))|
alz((n = 1)h7) = z((n — 1)hT)|
alf(@((n —2)h7) = f(z((n — 2)h™))]
o?|z((n = 2)h7) = z((n - 2)h™)|

LN N IA TN IA
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completing the proof.

We have been looking at small kernels and now we consider large kernels
and Liapunov functionals yielding bounds. Let

a(t) =f(a:(rf—h))+/too [g(x(s)) +r(z(s— )] C(t, s)ds +p(t) (6.4.18)
in which

lf(z) = fly) <alz—y|, 0<a<l, zg(x) >0if z #0, (6.4.19)
g,7,C, Cys, Cgt, p are continuous, p(t +T) = p(t), (6.4.20)
Ct+T,s+T)=0Clts),

and

sup[/ |C(t,s)|ds
t>0 LJ+¢

o0

+/ (ICs(t, )] + [Car(t, $))[1 + (¢ — 5)2)ds| < oo, (6.4.21)

t
|C(t, s)||t — s| — 0 as s — oc.
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In addition to (6.4.18) we consider the equation

of6) = | Falt = 1)/
+ [ @) + rlals - W]C( s + (0|,
¢
0<A<I1. (6.4.22)
We will obtain an a priori bound on all T-periodic solutions of (6.4.22)

for 0 < A < 1 and then use Theorem 6.1.1 to prove that (6.4.22) has a
T-periodic solution.

Lemma 6.4.1. If x(t) is a continuous T-periodic solution of (6.4.22) and
if V' is defined by

- [ ( / lo(ew) + r(zu - h))]du)zds, (6.4.23)

then

(1) = A2 /too Canlt ) (/t [g(@(u)) + r((u— h)] du)st

+ 2)\(g(x) +r(z(t — h)))(x(t) —M(z(t—h)/N) — Ap(t)). (6.4.24)
Proof. The first term is clear. In addition we have
0 t
9N [g(x) + r(al(t — h))] / Cult, s)/ [9(e(w)) + r(a(u — h))]duds
t s
t
=2X*[g(z) + r(z(t — )] {C(t, s)/ [9(x(w)) + r(z(u — h))]du|;
/ C(t,s)[g(xz(s)) + r(z(s — h))] ds}
= 2X[g(x) +r(z(t — h))] [z = Af(x(t = h)/A) = Ap(t)],
as required.
Remark 6.4.4. As we have done before, we are going to use V' alone
(not V') to obtain a priori bounds on solutions of (6.4.22). The goal is to
show that a modification of V', say W, satisfies

W'(t) < M(—=K|zg(z)| + M), some K >0, M >0,
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or
W (t) = MK |zg ()] — M).

As x € Pr implies that W € Pr we obtain W(T) = W(0) and so an
integration of either inequality yields

/0 (g (x(t))\d < M/E.

This inequality is then parlayed into an a priori bound on the supremum of
x using (6.4.22), (6.4.21), and a Schwarz inequality. A fixed point theorem
then yields a T-periodic solution of (6.4.18).

We now specialize further and write (6.4.22) as
z(t) = ax(t—h)—i—)\[/ (b’xQ"H(s)—f—'yxm(s—h))C(t,s)ds—i—p(t)] (6.4.25)
¢

so that (6.4.24) becomes
VI(t) = A2 /t T Cults) ( / 822" () + 2™ (u — h)]du) ds
+ 20BN 4 yz™(t — h))(z — ax(t — h) — Ap(t)). (6.4.26)

We will need to work with the last term which we write as

Q : = 2\[Bx* T2 — afx® T a(t — h) + yza™(t — h)
— yax™ Tt — h) — ABz*" T p — YAz (t — h)p). (6.4.27)

We now give two lemmas with different relations between n and m
which will yield (6.4.28).

Lemma 6.4.2. IfCy <0, if 3 <0, if m is odd and if 2n > m, then there
is a constant X so that if x is a T-periodic solution of (6.4.25), 0 < A <1,
then

T
/ 2?2 (s)ds < X (6.4.28)
0
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Proof. We need two basic inequalities for Q:

@2t — b)| < [(2n+ Da® 2 + 22 2(t — b)]/(2n + 2)
and

™ (t = h)x| < [mla(t — )™ + |2/ (m + 1)
With these, from (6.4.27) we get

_laBl

<2>\ 2n+2
@=2Mpr 45 7

(2n+ 1) 2n+2

|a6| 2n+2( h)+ |7|m J)(lf—h)|m+1

2n +2 m+1
=B fam ot safate - B 4 38l

+ 129 ol e (t — h>|m].

Next, define the function

W(t)zZAK o™ |>/tth|x(s)|m+1ds

m laf| /t 2n+2
el / s+ 5 [ at )

with derivative

w0 =2A| (22 o ) (el < oo - mim?)

T vAllel <|x|m alt h)r”)

2L&f_|2 <x2n+2 _ $2n+2(t . h)):| . (6429)

If we now form V + W then the derivative has the first term in (6.4.26),
while (6.4.29) added to @ yields a quantity

Q< 2AH6+ |aﬁ|(§n1;) + 2|§f|2}x2"+2

kel m|y| m+1 2n+1
L /\ n—+
+<m+1+m+1+lwl 2™+ 78] 1p] [

el |x|m]
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or

Q < 2M\{B + [aB}a®*2 + (|y] + [yal) | ™

+ A8 pll 22+ AL ]| |2]™). (6.4.30)
Since m < 2n, and since § < 0 and |a| < 1, there is an M > 0 with
1 _
(V+W) <2 [—Mﬁm + M] : (6.4.31)

But z € Py yields V + W € Pr so
0=V(T)+W(T)-V(0)—W(0)

<2) [—M /OT "2 (s)ds + MT}

As A > 0 we get (6.4.28). This proves Lemma 6.4.2.

Lemma 6.4.3. IfCy <0,if <0, if ya >0, if2n+2=m+ 1, and if
|B| > |7|, then (6.4.28) holds.

Proof. Proceeding with V' and @, as before in the proof of Lemma 6.4.2,
we get

2n+1
<2)\ 2n—+2 2n—+2
Q < 2X| 62" + ol (3, —5)
1B onio 2n+ 1\ o540
S t—h L A ()
Tonrat R EI(G ) T =R
a2 a2 e = )+ N3 ) e

T ALl et - h>|2”“].

Define a function

_ laf| 2n+1 " oonte
Z(t)2)\{{2n+2—7a+|’y|(2n+2)}/thx *2(s)ds

t
+l el [ h |x<s>|2”“ds}
t7

with derivative

Z/(t) — 92\ |:{ |046| —ya+ |7|(M)}{$2n+2(t) _ $2n+2(t _ h)}

2n+ 2 2n+ 2

+ ALl (227 = Ja(t — B[P |
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Thus,

Q+2' <2[(B+ |ap| —ya+ [y

+(ABpll + ALl . (6.4.32)

Now, § < 0 and ya > 0 so

B+ labl+ Iyl —va=—8l(1 = o) + [y|(1 = [al)

= (=18l + YDA = |ef) <0.

This means that there are positive constants U and R with

(V +2Z) <2\[-Uz*""? + R]
and (6.4.28) will now follow, proving Lemma 6.4.3.

Theorem 6.4.4. Let (6.4.20), (6.4.21) hold, Cs < 0, Cyy < 0, |a| < 1,
and suppose that (6.4.28) holds for any T-periodic solution x of (6.4.25).
Let m = 2n+ 1. Then (6.4.25) has a T-periodic solution for A = 1.

Proof. In the notation of Theorem 6.1.1,
(Bz)(t) = ax(t — h)

and
(Az)(t) = /too(ﬁx%“(s) +yz™(s — h))C(t,s)ds + p(t),

while (B,]| - ]|) is (Pr,] - |I), the Banach space of continuous T-periodic

functions with the supremum norm. By the conditions in (6.4.20)—(6.4.21)

we can show that A is continuous. Computations will show that bounded

sets are mapped into equicontinuous sets. We will use (6.4.28) to show that

(ii) of Theorem 6.1.1 can not hold, and that will complete the proof.
From (6.4.25) we get (integrating by parts)

(x — ax(t — h) — A\p)?

{ /t 00(5962”“ (s) + 72"+ (s — h)C(t, s)ds}

2

IA

= {—C(t, s)/ (BT (u) + vz T (u — h))du};o

e} t 2
- / —C,(t, 5) / (B2*" (1) + y2* T (u — h)du ds}
t s
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(The first term on the right is zero by (6.4.21) if x € Pr.)

2

<[[7cutts [ ) 0 = s

< [ /t T eyt s) /t TR (@2 () + 022 (0 — ) + M)duds} i

for some positive constants K and M. Now, divide [t, s] into intervals of
length T'. There will be no more than 1+ (s —t)/T of them. On each such
interval the inner integration will yield no more than K(2X + MT) since
2 € Pr and (6.4.28) holds. So our integral here is bounded by

[/oo Gyt $)[1+ (t — )/T][2X + MT)ds
<Y?

for some Y > 0 by (6.4.21).
This means that

|t — ax(t —h) —Ap| <Y
and
[z(@)] <Y + [|pl| + | |z(t — h)]
=:0+ |a||z(t — h)|.
If 0 <t <T and n is a positive integer, then
[2(t +nh)| <6+ |allz(t + (n — 1)h)]|
<+ |a|(d + |af|z(t + (n = 2)h)])
<51+ |a]) + a®(6 + |a|z(t + (n — 3)h)|)

IN

<3y la" "t + o Ha(t - h)l
n=1

—§/(1 = |a]) as n — oc.
This gives the a priori bound and proves the theorem.
We conclude this section with some remarks about (6.4.1)
¥ =ax+az'(t —h) — q(t,z,x(t — h)).

Our results have all been of a global nature, while (6.4.1) is usually of
interest for only a certain range of x values, namely x > 0, since (6.4.1)
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is often a population problem. Moreover, we have dealt with a periodic
forcing function. There is a vast gulf between that search for a periodic
solution of (6.4.25) with nontrivial p(¢) and the search for a periodic solu-
tion of (6.4.1). If we seek periodic solutions of (6.4.1), then under common
assumptions one can be found by inspection as an equilibrium solution;
this means that the struggle to prove that there is a periodic solution may
simply yield an obvious one.

Equation (6.4.18) is quite general and, in that form, the infinite integral
seems to be unavoidable. But (6.4.1) is special and, if one is interested only
in periodic solutions, then (6.4.1) can be converted to a neutral integral
equation of finite delay type as follows. In Section 6.1.2 we wrote (6.4.1)
as

[(x — az(t — h))e™ ™) = [aazx(t — h) — q(t, =, x(t — h))]e” .

If © € Pr solves that equation, integrate from ¢t — T to ¢t and use z(t+7') =
z(t) to obtain

(x(t) — ax(t — h))e—at — (z(t) — ax(t — h))e_“(t—T)
- /t_T[aax(s — h) — q(s, z(s), x(s — h)]e"*ds
so that

x(t) = ax(t — h)

" Jaaa(s — h) —q(s,x(s), 2(s = 1))] s
+/t7T T et=%) (s, (6.4.33)

It is now possible to stipulate conditions so that we can find numbers
0 < ¢ < d for which the complete metric space of continuous T-periodic
functions ¢ with ¢ < ¢(t) < d will be mapped into itself by

(Po)(t) = ag(t — h)
+ /t [aad)(s — h) — Q(sv d)(S), ¢(8 - h))] ea(tfs)d
t—T

1—eoT

S

and to obtain a fixed point by Krasnoselskii’s theorem. This periodic func-
tion will satisty (6.4.1).

Good discussions of periodic solutions for (6.4.1) are found in Gopal-
samy (1992) and Kuang (1993).

This material is taken from Burton (1998b) which was published by El-
sevier. The study was continued in Burton and Hering (2000) for equations
of retarded type.



Chapter 7

Stability: Convex Memory

7.1 Introduction

In this chapter we explore the idea of stability theory for integral equa-
tions. As we have mentioned before, an integral equation can be a primary
representation of fading memory. Moreover, a convex kernel can be one of
the first approximations to a fading memory. Thus, in this introduction
we focus primarily on convex kernels, realizing that this can be extended
in ways already discussed in Chapter 5.

In the theory of stability for differential equations we begin with a so-
lution and study the behavior of other solutions which start near the given
solution. Frequently, we make a change of variable so that instead of study-
ing the behavior of solutions starting near the given solution, we study the
behavior of solutions starting near a constant solution, usually the zero
solution. We call it the equilibrium solution because the system is in equi-
librium at the zero function. And that is such a great simplification that
we quickly forget where we began and we always start with the assumption
that for @’ = f(t,z) then f(¢,0) = 0 so that we have the zero solution.
The details will help us greatly in understanding the coming definitions
and theorems.

Consider the ordinary differential equation

' = f(t,z) (7.1.1)

where f : [0,00) x " — R™ is continuous. Thus, for each (to,zo) in
the domain there is at least one solution z : [0,L) — R" and satisfying
(7.1.1); if the solution remains bounded, then L = oo. For notation here
we will denote any solution with that initial condition as ¢(t,tg,xo) or as
x(t,to, xo). Stability theory begins as follows.

320
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Definition 7.1.1. Let ¢ be a solution of (7.1.1) defined on an interval
[to, 00) with tg > 0, denoted by ¢(t, o, zo).

(i) We say that ¢ is Liapunov stable if for each t1 > to and each € > 0
there is a § > 0 such that |¢(t1) — z1| < 6 and t > t; imply that
lp(t) — z(t, t1,21)| <.

(ii) We say that ¢ is uniformly stable if ¢ is Liapunov stable and if ¢ is
independent of t1 > tg.

(iii) If ¢ is Liapunov stable and if for each t1 >ty there exists n > 0 such
that |xo — ¢(t1)| < n implies |x(t,t1,z0) — ¢(t)| — 0 as t — oo, then
¢ is asymptotically stable.

(iv) If ¢ is Liapunov stable, and if for each t1 > to and each o € R™ we
have limy_,o0 |2(t,t1,20) — ¢(t)| = 0, then x = ¢ is globally asymp-
totically stable.

We are confronted with two realities. One is good news, the other is
so bad that the stability theory investigator frequently defines away the
difficulty and moves ahead without another thought. First, in so many
real-world problems there are constant solutions (called equilibrium solu-
tions) which are central. The system is at equilibrium and we must study
the behavior of solutions when the equilibrium is disturbed. Thus, rather
than study the complicated definition just given, we would translate that
constant solution to the origin and study stability of the zero solution; in
the definition, ¢ would be replaced by zero for great simplicity. Next, there
is also the bitter reality that if the solution is not constant, then it is more
than likely so complicated that it can not even be expressed by elementary
functions. Thus, the definitions are now far more complicated than they
appeared. Our solution is to combine the two cases as follows.

Let ¢'(t) = f(t, #(t)) and make the substitution y = x — ¢ to obtain

y' =2 —¢ =ft,x) - ¢'(t)
=flt,y+ (1) — ¢'(¢)
= g(ta y)

and we see that when y = 0 then
y' =9(t,0) = f(t.4(t)) — ¢'(t) = 0.

Our new equation has the zero solution and we will discuss stability of
the zero solution instead of stability of ¢. With some very significant
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exceptions, mainline stability investigators approach 3y’ = g(¢,y) asking
that g(¢,0) = 0 without any focus on that forgotten function ¢.
Integral equations offer even more challenges. Consider the integral
equation
t

z(t) = a(t) — Q(t,s,xz(s))ds (7.1.2)
o(t)

where a(t) > ap > —oco. We focus on functions which are analogous to
equilibrium points of ordinary differential equations and obtain results, by
way of Liapunov’s direct method, concerning the long-time behavior of
solutions. So seldom is it the case that a(t) is constant and even more
seldom 1is it the case that there is a constant solution. If we are going
to give a stability analysis which will tell us the long-time behavior of all
solutions, then we are going to have to learn to focus on functions which
are in some sense almost solutions. What we offer here is one possibility
and it begins with behavior which we discussed early in this book. The
classical view is that if the kernel is nice, then the solution follows a(t).
As we know, sometimes it does, and sometimes it does not. The most
tractable case is the one in which a(t) € L[0, 00) which we have discussed
at length. Thus, if the integral equation is linear, if a € L', and if = follows
a, then z is near zero much of the time for large time. Hence, zero is
approximately an asymptotic equilibrium for the integral equation and the
solution approaches that asymptotic equilibrium.

There is a very fruitful way to formalize and generalize this idea. That
is the topic of the rest of the chapter. It provides one type of stability
theory for integral equations. As a simple case, we outline how the process
works in the linear finite delay equation

t
z(t) = a(t) — C(t,s)x(s)ds (7.1.3)
t—h
under convexity conditions on C(t,s) of the type discussed several times
before.

First, suppose we can find a pair of functions (v, ¥) for (7.1.3) with the
property that 1) is an approximate solution of (7.1.3) in the sense that if
we substitute 1 into (7.1.3) then it fails to satisfy it by the amount of an
L'-function ¥. That is

t
U(t) :=a(t) —v(t) — C(t,s)¢(s)ds € L'[0, 00). (7.1.4)
t—h

This is the analog of trying to find an exact solution of (7.1.1). We will
call (¢, ¥) an L'-near equilibrium for (7.1.3). We also consider LP-near
equilibria for 1 < p < co. The case p = oo can be treated with some ease.
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If we can find such an equilibrium it will turn out to be absolutely fun-
damental. We will be able to show that if (¢, 0, ¢) is a continuous solution
of (7.1.3) with a continuous initial function ¢ then |z(¢) — () — ()] — 0
as t — oo. This means that even though 1 is only an approximate solution
of (7.1.3), missing by an L!-function, ¥, every exact solution of (7.1.3) will
converge to t(t) to within the same L!-function, V.

Here is the reason that this is significant. The function a(t) may be
large and badly behaved, but if we can find an L!-near equilibrium (z, ¥)
then we never have to deal with ¢ or a(t). Let us review the details.

Subtract (7.1.4) from (7.1.3) and obtain

o) =00 = ¥() = [ Clt9lals) = w(s)lds

which we denote by

t
y(t) =V (t) — C(t, s)y(s)ds. (7.1.5)
t—h
Now, use a Liapunov function and the convexity condition to show that
U € L'[0,00) implies that for every continuous initial function yielding a
continuous solution y(t¢) of (7.1.5) we have

ly(t) — W(t)]| small in some sense.

See Corollary 7.2.3.
Recall also that we studied many problems

x(t) = a(t) —/0 C(t, s)x(s)ds

in which a(t) was very large and badly behaved, yet we found that there
was a solution in LP. That solution can be taken as i) and the stability
problem will involve the unforced equation alone; a(t) can be completely
ignored.

We give several ways of finding an L'-near equilibrium, but readily
concede that it can be arduous, exactly as is the problem of finding ¢ in
the original ode problem described above. On the other hand, the other
extreme case of L°°-near equilibrium is almost trivial to achieve and that
yields

|[(t) — () = V()] =0

where ¥(t) is a bounded function; every exact solution for every continuous
initial function eventually resides in a ball around ) (t).
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7.1.1 Open Problems

This is just one short chapter in one book and we merely introduce one pos-
sibility for stability theory of integral equations. We mention only LP-near
equilibria and develop the necessary inequalities in Theorems 7.2.1A,B;
those inequalities need to be developed for the other LP cases; we would
expect this to be a significant and rewarding study. The case in which
U(t) — 0 as t — oo is not even touched and it is as important as any-
thing mentioned here. One would need to examine Theorems 7.2.1A.B
and determine the corresponding functions needed in this case. We barely
touch on nonlinearities. The L case yields what can be called uniform
boundedness and that is known to promote periodic solutions under certain
conditions as may be seen in Burton and Zhang (1990); there is a beautiful
theory waiting to be developed here. In our Liapunov theorems we use only
convexity; yet, earlier chapters show a number of other kinds of Liapunov
functions. Moreover, we have not even mentioned fixed point techniques
for stability as developed throughout Burton (2006b).

7.2 Near Equilibria

In this section we offer one choice for equilibrium points and we show that
it is a good choice by developing a Liapunov theory around it and use it to
obtain new results on limit sets for three problems of classical interest.

In particular, we study three forms of the integral equation

2(t) = at) — /(t)Q(t,s,x(s))ds (7.2.1)

with a constant « satisfying a(t) > a > —oco. We focus on functions which
are analogous to equilibrium points of ordinary differential equations and
obtain results, by way of Liapunov’s direct method, concerning the long-
time behavior of solutions.

Definition 7.2.1. A pair of functions (¢, ¥), each mapping [«, c0) — R™
with o < 0, is said to be an LP-near equilibrium for (7.2.1) if there is a
p € [1,00] with

W(t) = a(t) — () — /(t) Q(t, 5, 0(s)) ds € LP[0, 50). (7.2.2)

Thus, for p = 1, if (7.2.1) is perturbed by the L! function —W, then 1
is a solution of (7.2.1); in other words, v fails to be a solution of (7.2.1) by
an amount of an L! function.
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Example 7.2.1. Here are some L!-near equilibria.

(i) If a € L'[0,00) and Q(t,s,0) = 0, then (t) = 0 and ¥(t) = a(t) so
(0, V) is a near L'-equilibrium for (7.2.1).

(i) If m() = ) + ft C(t — s)z(s)ds where a € L'0,00) and
e dt = 1 then for every constant g, ¥(t) = z¢ and ¥(¢) =
a(t), s (xo, (t )) is an L'-near equilibrium for this equation.

(iii) If 2(t) = a+ a1 (t) + fioo C(t — s)z(s)ds where a is constant, a; €

L'[0,00), [;°C(t)dt = ¢ # 1, then for 8 defined by B(1 — ¢) = a,
it follows that (t) = B and ¥(t) = a1(t) so (1, V) is an L'-near
equilibrium.

(iv) If ¢ is an L' solution of z(t) = a(t) + fjoo D(t,s)g(x(s)) ds and if
E € L', then (v, ¥) is a near equilibrium for

+/_ D(t,s)g(x(s))ds+/0 Bt — 5)2(s) ds

where U (t fo (t — s)u(s) ds.

(v) Finally, it must be remembered that throughout Chapter 2 we worked

with
- / C(t,s)x(s)ds
0

in which a(t) was a very large function, yet x € LP[0,00). Thus,
(2(¢),0) is an LP-near equilibrium and the transformation yielding
(7.1.5) will rid us completely of that large a(t); similar results are
found in Section 3.3 for nonlinear problems.

Remark. In the next subsection we deal with p = 1 in the first two
theorems. We frequently ask that not only ¥, but powers of ¥ be L[0, 00).
A number of transformations may be used to achieve this. In the equation

+ /t C(t —s)x(s)ds

with @ and C' in L'[0,00) and C(t) — 0 as t — oo, let y = x — a(t) so that

¢
t):/C(t—s ds+/Ct—s
0

The first term on the right is L'[0,00) and it tends to zero. Hence, all
powers are L]0, c0).
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For a given ¢, we require a continuous initial function ¢ : [a, ] — R”
and seek a solution z(¢, tg, ¢) of (7.2.1) with 2 continuous on [a, 00), z(t) =
©(t) on [a, tg], and (¢, to, @) satisfying (7.2.1) for ¢ > to. While existence
theory may be given for (7.2.1) which allows a discontinuity in z at tg, in
most of our work we perform certain integration by parts which requires
continuity; thus, ¢ must be selected with care.

Definition 7.2.2. A metric space (2(to), p) of continuous functions @ :
[, 8] — R™ is said to be admissible for (7.2.1) if for each ¢ € Q(to) there
is a solution x(t,tq, @) of (7.2.1) with x(t,tg, ) = @(t) for a < t < to,
x(t, o, p) satisfies (7.2.1) for t > to and x(t,to, @) is continuous on [a, 00).

Thus, given ¢ € Q(to), Equation (7.2.1) is usually written as

to

x(t) = a(t) — Q(t,s,0(s))ds — t Q(t,s,2(s)) ds

a(t)

and the first two terms on the right are taken as the inhomogeneous term.
In this form there is much existence theory, as may be seen in Chapter
3 or in Corduneanu (1991) and Gripenberg, Londen, Staffans (1990), for
example.

Notation. The symbol Q(ty) will always denote an admissible set. If
v € Qtp) and ¥ : [a,00) — R™, then p(p, V) means U is restricted to
[Oé, to] .

Clearly, ¢ must be chosen so that

to

o(to) = a(to) — . )Q(tm&@(é’))d& (7.2.3)

However, if for large ¢t we have a(t) > a(to) then (7.2.3) can be avoided, as
we will see in the next section.

But what is important here is that any bounded continuous ¢ on
(—00,0] can be approximated arbitrarily well by a function satisfying
(7.2.3) with to = 0.

Proposition 7.2.1. Let Q : Rx R xR" — R" be continuous and suppose
that ffm Q(0, s,¢(s)) ds converges for each bounded and continuous ¢ :
(—=00,0] — R". Let ¢ : (—00,0] — R™ be an arbitrary bounded and
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continuous function. For each € > 0 there is a t; < 0, t; near 0, and
@1 @ (—00,0] — R™ which is continuous, which satisfies

o1 ( / Q(0, s, ¢1(s)) ds (7.2.3%)

p(t) = p1(t) for — oo <t <ty, and [5(0) — 1(0)] <€

- [ 0@@(&57@(5))@

Proof. For any x € R™ and any t; < 0 define

«_ Je(s), if s <tq,
7Tt = )+ sp(t)]/t,  ift < s <0.

where

Now, let ¢; be any number such that for any € R™ with |z — ¢(0)| < e
we have

‘/Ooo Q(O’S’“"(S”ds‘/OOOQ(Ovsvwx(s))ds <e. *)

By the continuity of @ and the assumed convergence, () can be satisfied.
Also, t; is as near 0 as we please.
Next, let S ={x € R": |z — ¢(0)] < e} and define P: S — Sbyxz € S

implies that
0
_/ Q(O,S,(px(S)) ds
— 0o

Now P is continuous and, by construction, maps S into S. By Brouwer’s
theorem, there is a fixed point z; and ¢** is the required function.

Definition 7.2.3. An L'-near equilibrium (¢, ¥) for (7.2.1) is said to be
stable relative to § if there is a wedge W and continuous functions ~(t)
and p(t), where v € L'[0,00), while p(t) — 0 and W (t) — oo as t — oo,
and for each € > 0 and ty € R there is a § > 0 such that [¢ € Q(to),
p(p, 1 + W) < §] imply that

W ([z(t, to, p) = 9(t) = ¥(D)]) <€+p(to)+/1t (s)ds

where x(t, to, ¢) solves (7.2.1). If, in addition, |z(t,tg, ) —¢(t) — ¥ (t)] — 0
as t — oo, then (1, ) is asymptotically stable relative to ).
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To relate this to differential equations, first note in (7.2.1) that if a(t) =
0 and Q(t,s,0) = 0, then ¢ and ¥ may be both zero so (0,0) is an L!-near
equilibrium. If we take W as the identity function and p(t) = y(t) = 0
then our definition is the usual one for stability of an integrodifferential
equation

t

2/ (t) = Q(t,s,z(s))ds, Q(t,s,0) =0,

a(t)

so that the zero function is a solution (equilibrium point). See, for example,
Yoshizawa (1996; pp. 27-31, 183-190), Burton (1983b; pp. 12-3, 33-34,
227-237).

Next, if ¢(t) is a solution of (7.2.1) and we wish to study the behavior
of solutions starting near it, we can write = y + ¢ so that

y(t) = — /(t) [Q(E,5,y(s) + ¢(s)) = Q(t; 5, ¢(s))] ds (7.2.17)

has the L!-near equilibrium (0,0).

Early in the book we discussed the classical idea that for a nice kernel
then the solution follows a(t). We considered cases in which it is true and
cases in which it is not true at all. It failed mainly when a(t) is large. Here,
we will look again at cases in which it is true. For example, consider

(1) :a(t)+[ D(t — s)a(s) ds (7.2.17%)

where D € L[0,00). Three facts are derived by elementary considerations
which motivated Definitions 7.2.1 and 7.2.3:

(1) Does (7.2.1**) have any constant solutions?
It does if a(t) is constant and [J° D(u)du # 1. It does only if a(t) is
constant.

(ii) Does (7.2.1**) have a solution in L'[0, 00)?
It does only if a(t) € L]0, 00).

(iii) Does (7.2.1**) have any solutions tending to zero?
It does only if a(t) — 0 as t — oo.

Part (ii) is the most interesting. We frequently show that there is not
only a solution in L!, but it converges pointwise to a(t) as t — oc.

7.2.1 A Finite Delay Problem

In our discussions we always consider a pair of equations: one is linear, one
nonlinear. The linear equation will be the prototype and will lead us to the
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results; in effect, it will be an example. But the basic theory is nonlinear
and we provide nonlinear examples.

Let h be a positive constant, () be continuous, and consider the scalar
equations

z(t) = a(t) — - D(t, s)x(s) ds (7.2.4)

and

t
z(t) = a(t) — / Q(t,s,z(s))ds (7.24N)
t—h
with
a: R — R being continuous, a and a* € L*[0, 00), (7.2.5)
and suppose there is a P > 0 with

D(t,t) <P,D(t,s) > 0,Ds(t,s) >0,
Dy(t,s) <0,D(t,t —h) = 0. (7.2.6)

Let a(t) be bounded and consider the convolution equation

x(t) = a(t) — - C(t — s)x(s) ds.

If C(t) < 0 and large, for a positive initial function we readily expect x(t)
to grow; thus, we ask C(¢t) > 0. But this is an equation with memory and,
although the memory is lost on each interval of length h, we still expect
the memory to immediately begin to fade with time; thus, we ask that
C'(t) < 0. To ask that C(t) = 0 for t > h makes it a finite memory problem.
Hence, there is an uncontrived reason for D(t,s) > 0, D4(t,s) > 0, and
D(t,t —h) = 0, and investigators traditionally ask Ds; < 0 out of technical
necessity, but which is fully consistent with the perceived problems. One
of our goals is to reduce Dy < 0.

The discussion here is the same for any tg so we take t{o = 0 and Q =
2(0) to be the set of continuous ¢ : [—h,0] — R with

0
©(0) = a(0) — /4L D(0,s)p(s)ds (7.2.7)

for the stability statements. But (7.2.7) will not be needed for the study
of limit sets.
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The metric p on Q will be the L2-norm, ||| -|||. Also, if ¢ : [~h, A) — R,
A > 0, then ¢:(s) = q(t + s) for —h < s <0 and

0
ol = [ a2+ s)as. (7.25)

Clearly, the pair (0,a(t)) is an L'-near equilibrium for (7.2.4) and we
will show that it is asymptotically stable relative to €. In addition, it will
motivate a general theorem. It is convenient to give them in reverse order
and to prove Theorem 7.2.1B first.

In preparation for that work we remind the reader that a wedge is a
scalar function W : [0,00) — [0,00), W(0) = 0, W is continuous and
strictly increasing. Usually, we ask that W(r) — oo as r — co. Wedges
are denoted by W;.

Theorem 7.2.1A. Suppose that x,T" : [—h,00) — R are continuous and
that p,q : [0,00) — [0,00) are also continuous with p(t) — 0 ast — oo and
q € L'[0,00). If there is a differentiable scalar functional V (t,z(-)) and
wedges W; for which

(D) Wi(lz(t) —=T@)]) <V (¢t 2()) < Wa([[l(z = T)ell]) + p(t), and
(i) V't x(-)) < =Wa(|x(t) = T(#)]) + q(t)

then fort > 0, ¢ € Q, and x solving (7.2.4yn) we have

Wi (l(t) — ()] < Wa(lllé — Tlllo) + p(0) + / a(s)ds

and |z(t) — T'(t)] — 0 as t — oo.

In the next theorem there is the tacit assumption that there was a (¢, ¥)
which was an L!-near equilibrium and the transformation yielding (7.1.5)
has already been made. This is the same as saying that a € L'[0, c0).

Theorem 7.2.1B. Let (7.2.5), (7.2.6), (7.2.7) hold and let a € L'[0, c0)
so that (0,a(t)) is an L'-near equilibrium. Then there exist a constant
P, continuous functions p,q : [0,00) — [0,00), p(t) — 0 ast — oo, ¢ €
L'[0,00), a continuous functional V (t,z(-)) defined for a solution x(t) =
x(t,0,¢) of (7.2.4) with ¢ € Q, and wedges W; such that W1(r) — oo as
r— 00,

(i) Wi(lz(t) —a(t)]) < PV(t, (")) < Wa((l[(z — a)dll]) + p(1),
and
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(i) V', 2()) < =Ws(jz(t) — a(®)]) + q(t)-

Thus, the L'-near equilibrium (0, a(t)) of (7.2.4) is asymptotically stable
relative to 2.

Notice in these expressions we have |z(t) — ¢ (t) — a(t)| where ¢ = 0.

Proof. To prove Theorem 7.2.1B, let ¢ € Q, z(t) = z(t,0, ), and define

— V(i 2() = /tthDs(t,s)</:a:(v)dv)2ds. (7.2.9)

Then (ii) holds because

V'(t) =

22(t)[a(t) — (t)]
—a?(t) = (2(t) — a(t))* + a*(t) < —(2(t) — a(t))® + a*(1)
= Wa(lz(t) — a(®)]) + q(t).

Next, from (7.2.4) we have, upon finding P with D(¢,t) < P,

Wi (J2(t) — a(t)) (/ Dt ) s>ds)2
{ /5 d’ut . /ti Dy( ts/ dvds}2
/ Dtsds/ Dts</ v) ds < PV (1)

(e [

§2P/t_th (t,s)( /|a: (v)|? dv

([ paen ds) ([ e |dv>

< 2z(t) [D(t, s) /St x(v) dv t
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< 2P2h/tt lz(v) — a(v)|* dv + 2P? </tth la(v)| dv>2

—h
=: Wa(|||(z — a)e|||) + p(t)

where p(t) — 0 as t — oo; hence, (i) holds and Theorem 7.2.1B will be
proved when we have proved Theorem 1A.

To that end, in Theorem 7.2.1A we note that an integration of (ii)
yields V (t) bounded and, since Wy (r) — oo as r — oo, in (i) we see that
|x(t) — I'(t)| is bounded. This means that (i) can be sharpened to

V/(t) < =Wa(lz(t) = T(@)[*) + (1) (%)
where Wy is convex downward. (See Natanson (1960; pp. 36-46) for a

good discussion of convexity and Jensen’s inequality. In particular, if W is
a wedge, then for 0 < r <1 we have

W) = | W(s)ds = W(E)r < W(r)

for some ¢ in [0,7] and W* is convex downward.)
From (i) and (ii) we have

Wi(lz(t) = ¥ (@)]) < V(E,2(-)) <V(0) +/0 q(s) ds

< Wa(lll(e - Dolll) + p(0) +/0 a(s) ds,

(as we have taken ¢y to be zero for convenience) and this is the required
stability.

We now show that |z(t) —T'(t)| — 0 as t — oo. If it does not, then there
isane > 0and {¢t,} 7 oo with h < &, tn41 > tn+h, and |z(t,)—T(t,)] > €.
Using (i) and the fact that p(t) — 0, we can say that there is a 6 > 0 with
[[|[(x=T);, |||* > 6 for large n, say n > 1. Using (ii*) and Jensen’s inequality,
we take N large, integrate (éi*) from ¢; to ty and obtain

tN

Vitn) = V(t) < — [ Wille(s) — w(s)[?) ds + / " g(s) ds

t1

N ., .
<=3 [ wile v+ [ aas

t1

—éhM(% [ e —weras)+ [ aas

IN

t1

IA

N tN
=S hWas/h) + / a(s) ds,
i=2 3}
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a contradiction for large N since V(t) > 0 and ¢ € L'[0,0). This proves
Theorem 7.2.1A, so 7.2.1B is also true.

The only place (7.2.7) was used was in the integration by parts when
differentiating V. For any continuous ¢ there is a solution z(¢, 0, ¢) for t > 0
of (7.2.4) which may have a discontinuity at ¢ = 0 but V is differentiable
for ¢t > h. There is the question of stability, but it can be resolved using
continuous dependence of solutions on initial conditions in conjunction with
the following result.

Corollary 7.2.1. If (7.2.5) and (7.2.6) hold then there exist continuous
functions p,q : [0,00) — [0,00), p(t) — 0 as t — oo, ¢ € L'[0,00), and
wedges W, such that if ¢ : [—h,0] — R is continuous and z(t) = z(t,0, ¢)
solves (7.2.4), then there is a continuous functional V' (t, z(-)) satistying (i)
of Theorem 7.2.1B for t > 0 and (ii) for t > h. In particular, |z(t) —a(t)| —
0 ast — oo.

In Burton and Furumochi (1994), Corollary 2, p. 455, it is shown how
to reduce D < 0.

Remark 7.2.1. A Reversal of Roles The terminology we have used
about the solution staying near ¥ can be disturbing. We have used it
because all of that work centered on a € L'[0,00) so that (0, ¥) is a near
identity and the solution stays near v = a. All of that changes when
we step out and actually find a nontrivial function v which may even be
unbounded and then show that z(t) stays close to ¥ + W. In effect, x(¢)
will stay W close to v and that is exactly what we intuitively draw from
the definition.

Corollary 7.2.2. Suppose that (¢, V) is an L'-near equilibrium for
(7.2.4) and that (7.2.5-7.2.7) hold. Then

Wi(lz(t) —o(t) = 0(@)]) < PV(t,2(-) < Wa(lllz — o — |le) + p(t),
VIt 2() < =Ws(Jz(t) — ¥(t) — U())]) + q(t),

and |x(t) — ¥(t) — U (t)] — 0 as t — 0.

Proof. We have

U(t) =alt) —y(t) — - C(t, s)y(s)ds € L']0,0)

and

x(t) = a(t) — /tih C(t, s)x(s)ds.
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Thus,
ot) =00 =00 - [ C(t.5)fals) ~ v,
t—h
Let
vy =90 = [ Cleuis)ds

so the inequalities in Theorem 7.2.1B hold with ¥(¢) replacing a(t). Hence,
ly(t) — ¥(t)] — 0 and that is what was to be proved.

Theorem 7.2.1A emphasizes that linearity is not essential; it merely
serves as a convenient example with fewer hypotheses. We now give exam-
ples of superlinear and sublinear cases. The wedges in the theorems still
arise in a natural way.

Consider the equation

z(t) = a(t) — /tih D(t,s)g(s,z(s))ds (7.2.4%)

with (7.2.5), (7.2.6) holding and with g bounded for = bounded. Let the
initial function ¢ € 2 satisfy

0
£(0) = a(0) - /_hD(O,s)g(s,go(s))ds. (7.2.7%)

Then for x(t,0, ¢) a solution of (7.2.4*) and

2

Vo) = [ Ds(t,s)</stg(v,x(v))dv> ds

t—h
we have
(x(t) = a(t))* < D(t, )V (t, ("))
and
VI(t,a() < —29(t, x)[z — a(t)].

Example 7.2.2. 1t is easily verified that Theorem 7.2.1A is still true
if in (i) we have |x — I'|* and in (ii) we have |x(t) — T'(#)|*¥ for & > 0. If
(7.2.5), (7.2.6), and (7.2.7*) hold and if both a® and a* € L[0,00), then
conditions (i) and (ii) of Theorem 7.2.1A hold when g(t,s) = 2 in (4%)
and |z(t) —a(t)] — 0 as t — oo.
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Proof. We have just defined V' and we have

V'(t) < =2z + 2a(t)z?
=2t — (z —a(t))* = 2a(t)z® + 62%a*(t) — daa®(t) + a*(t).

Use Holder’s inequality to parlay that into

V'(t) < —(z — a(t))* + Ma*(t) — Nz*
for some positive constants M and N. This will take care of (ii) in Theorem
7.2.1A. Moreover, it yields fooo x*(t)dt < oo. From that we can argue that

ftt_h |37(5)|3d8 — 0 ast — oo.

We now work toward (ii). If we take
r(s) = 3(x(s) — a(s))*|a(s)| + 3la(s) — a(s)|a®(s) + la(s)|%,

we may note that |z|*> = |z —a+al? < |z —al3+r. Working with the terms
of r, we have

| lasnas< ([ woras) . ([ ras)
<wr( [ ih a(s)]" ds>1/2 (/ ih als)as) v

—0ast— o0

1/3

and

[ oo ([ ra) ([ o)

— 0 ast — oo.

Clearly,

¢
/ la(s)]>ds — 0 as t — oo.
t—h
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Thus, we have, for r defined above,

Vit 2() = /tth D.(t, 5) (/t m3(v)dv)2 ds
< /tth Du(t, 3)2{ (/t 2(v) — a(v)]? dv) :
4 (/Str(w dv)Q}ds
< /tth D(t, 5)2{h1/4 (/tth lz(v) — a(v)|4dv) T
+ </tih7"(v) dv>2}ds
3/4

< 2D(t,t)h'/* (/tth(a:(v) —a(v))* dv) +p(t)

where we have verified that p(t) — 0 as t — oo, so that (i) of Theorem
7.2.1A is satisfied and the conclusion follows.

Example 7.2.3. If (7.2.5), (7.2.6), and (7.2.7*) hold for (7.2.4*) and
if g(t,x) = 2'/3, while a(t) is bounded, then the conditions of Theorem
7.2.1A hold and |z(t) — a(t)| — 0 as t — oc.

Proof. We have V(t) := V (¢, z(-)) and
V'(t) < =223 + 221 3a(t)
so that

0< V()< V(0)— 2/t 23(s) ds
0

o o) ()

and so the terms in V'’ are L'[0,00). Moreover, familiar arguments yield
(i). Hence, V is bounded so (x(t) — a(t))? is bounded; but a(t) bounded
yields x(t) bounded. Thus, there exists M > 0 with

¢ ¢ ¢
/ z2(s)ds = / 2?3 (s)23 (s) ds < M/ 23 (s) ds.
0 0 0
Hence, (x — a)? = 2% — 2ax + a? is in L'[0, 00) and we can write
V(1) < = ((t) — a(t))* +q(t)
so that (ii) of Theorem 7.2.1A holds and the proof is complete.
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Exercise 7.2.1. The ideas in Corollary 7.2.3 also work for (7.2.4*) if

o) ~ g(t,9) = 52(0.6)(z ),

where we are using the mean value theorem for derivatives, and where
that partial derivative is bounded and continuous. In particular, assume
that 0 < v < %(t, s) < T. Suppose that (¢, ¥) is a near equilibrium for
(7.2.4*). We then have

t

P(t) =at) = () = [ D(t s)g(s,¢(s))ds.

t—h

Thus, there is a fixed continuous function G(s) with

s, a() — g5, 0(5)) = 22D () )

and G(s) = W lies in the interval [y, I]. Then for
y(t) = a(t) — (t)

we have

Use

v = [ s [ cenom) a

and obtain the conditions of Theorem 7.2.1B. State the appropriate con-
clusion.

Theorem 7.2.1A is predicated on finding a near equilibrium; once that
is found, the limit set of all solutions is specified by Corollary 7.2.1. To
find a near equilibrium is to find a function which fails to solve (7.2.4) only
by an amount of an L'-function. If we can find a function which fails to
solve (7.2.4) only by an amount of a bounded function, then we can locate
a bounded set which contains the limit set of all solutions of (7.2.4). When
the conditions of this theorem hold, then we are assured that all stable
near equilibria are a bounded distance from that function.

Theorem 7.2.2A. Let x(t) solve (7.2.4x) with x(t) = z(,0,¢) and ¢ :
[-h,0] — R be continuous. Suppose there is a continuous function ¥ :
[—h,00) — R, positive constants Q and L, wedges W; with W1 (r) — oo as
r — 00, and a continuous functional V (t,z(-)) so that fort > h
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(1) Wa(lz(t) =w@)]) < V(¢ 2()) < Wa(l[l(z = V)e]l]) + Q
and
(ii) V'(t,2(-)) < =Wa(|z(t) — (t)[*) + L
with W3 convex downward. Then there is a number B independent of ¢

with |z(t)| < B for large t.

Proof. Consider the intervals I, = [(n — 1)h,nh] for n = 2,3,.... Let
V(t) :=V(t,z(-)). Either
(a) V(nh) > V((n — 1)h) — 1 so that from (ii)

U< V() = V(= D) <~ (FlGe = W)l +

or

_ 1
e = W)anllP < 5 (24 )

so from (i)

Vinh) < Wa(hW5 (L + 3)V%) + Q=2 C )

or
(b) V(nh) <V((n—1)h) — 1.
Since (b) can not hold for all n, there is a k& with (*) holding for n = k:

V(kh) < C.
From (ii) we have
V() <CH+ Lhif kh <t < (k+1)h.
But by the arguments in (a) and (b), either
V((k+1)h) <V(kh) —1 < C by (b)
or
V((k+1)h) <C by (*).
Hence,
Wi(le(t) =¥ (@)]) <V(t) <C+ Lh
for all large ¢ and we take
B =W, (C+Lh).
This completes the proof.
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Suppose there is an A > 0 with
a:  — R is continuous and |a(t)| < A for t > 0. (7.2.5%)

When (7.2.5%) holds then (0,a(t)) is an L*-near equilibrium for (7.2.4).
In effect, there was an L°-near equilibrium, say (¢, a(t)) and the transfor-
mation yielding (7.1.5) has already been made.

Theorem 7.2.2B. Let (7.2.5%) and (7.2.6) hold. Then there are con-
stants Q@ and L, wedges W; with W1 (r) — oo as r — oo and a continuous
functional V' with the following properties. If ¢ : [—h,0] — R is continuous
and if x(t) = x(t,0, ¢) satisfies (7.2.4) then

(i) Wi(lz(t) —a(t)]) < PV (t,2()) < Wa(lll(z — a)ell]) + @
and for t > h

(i) V'(t, () < =Wa(|lz(t) — a(t)]*) + L

where W3 is convex downward. Thus, there is a B > 0, independent of ¢,
with |z(t)| < B for large t.

Proof. The proof of (i) proceeds by familiar arguments. We have

Q =2P%h*A% and in (ii) L = A%

Remark 7.2.2. When we study the proof of Theorem 7.2.2A, part (b),
we see that for each By > 0 there is a Ba > 0 such that |||(¢ — ¥)ol|| < B1
and ¢ > 0 imply |z(¢,0,¢)| < Bs. Also, for each Bs > 0 thereisa T > 0
such that |||(¢ — ¥)ol|| < Bs and ¢t > T imply |z(¢)| < B. This may be
called uniform boundedness and uniform ultimate boundedness.

The material for this section was taken from Burton and Furumochi
(1994) which was published by the Rocky Mountain Consortium. The
study is continued there with consideration of

x(t):a(t)—/_ D(t, $)a(s) ds (7.2.10)
and

z(t) = a(t) — /7 Q(t,s,x(s)) ds (7.2.10n)
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as well as for
¢
x(t) = alt) — / D(t, s)x(s)ds (7.2.11)
0
and
¢
z(t) = a(t) —/ Q(t,s,x(s))ds. (7.2.11y)
0

Finally, the study is continued for some partial integral equations in
Burton, Furumochi, Huang (1995) illustrating stability in several measures.



Chapter 8

Appendix: Preparing the
Kernel

8.1 Introduction

In order to present a unified treatment of a large class of problems we have
consistently started with

(t) = a(t) — /O/C(t,s)x(s)ds, (8.1.1)

asking that C have a set of derivatives of certain signs, as in Theorem
2.1.10 or Theorem 2.2.7, or that [ |C(u+t,t)|du < o < 1 as in Theorem
2.1.7, or that [~ |Cy(u + t,t)|du < C(t,t) as in Theorem 2.2.5. Parallel
conditions were asked concerning the resolvent equation

R(t,s) =C(t,s) — /t C(t,u)R(u, s)du (8.1.2)

in Section 2.6.

It can happen that all of these conditions fail and yet investigators are
able to make certain changes which bring the problem in line with the stan-
dard theory. In the next section we will present an example illustrating one
such modification. The methods here concern fully nonconvolution prob-
lems, but the work becomes so much more transparent in the convolution
case that good communication would seem preferable to generality. We
will offer a technique applied to the kernel C(t,s) = (1 4+t — s)~2 which,
together with specified a(t), offer difficulties for all the Liapunov function-
als previously discussed. We will show how to bring it into line with earlier
work.

341
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We then turn to a question raised throughout the book of just how to use
our Liapunov functionals to show that the resolvent, R(¢,s), is integrable
with respect to s, as opposed to being integrable with respect to ¢.

8.2 Adding r and 2’

Consider the scalar equation

t
z(t) = a(t) — / (1+t—s)%x(s)ds (8.2.1)
0
where we first suppose that
a € L'[0,00) and ' € L0, 00). (8.2.2)
Observe that
oo
/ (1+u)2du=1
0
and that
oo
/ 2(1+u)3du=1=C(t,1).
0

A study of these relations suggests that our Liapunov theorems will not
yield z € L' and neither will our Razumikhin techniques. We show how to
rectify the situation.

From (8.2.1) we have

2'(t) =d(t) — x(t) — t— — §)3x(s)ds
(0 =) =at) = [ —200+ =) a(5)d
and for k > 0 we have
x(t) = ka(t) — t — 8)2x(s)ds
kx(t) = ka(t) /0 k(1+t ) (s)d
so that
2/ (t) + kx(t) = d'(t) + ka(t) — z(t)

/ (Lt —8)2 — 2(1 4+t — 5)}a(s)ds
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2'(t) = a'(t) + ka(t) — (1 + k)z(t)

/ {(k(141t—5)"2=2(1 +t—s) 3}a(s)ds. (8.2.3)

While there are other ways to proceed, it is easiest here to observe that
if we select £ = 2 then the kernel does not change sign; the second term
in the new kernel continually subtracts from the first term, decreasing the
integral of the kernel and, at the same time, the ode part of —z is increased
to —3x so that the fact that we multiplied by 2 is balanced in the ode term.
In view of our Liapunov theory, we win in both crucial places.

Thus, for £ = 2 we define a Liapunov functional for (8.2.3) as

V) = |2(0)| +/O /:O 12C(u + 5, 5) + Cy(u + 5, 5)|dulz(s)|ds

= |z(t)] + /0 Oo{2(1 +u)"? = 2(1 +u) " }dulz(s)|ds

t—s

and that integrand is non-negative. We have
V/(t) < |2a(t) + a'(t)] — 3[a(0)
t
+/ (20141 =52 = 2(1 + 1 — 5) "} ]a(s)|ds

/ {201+ )% = 2(1 + u) > }dula(t)]

_/ 201+t —5)2 =201+ — 5)}|a(s)|ds
0
= [2a(t) +a'(t)] = 3Jz(t)] + |z(t)]-

Theorem 8.2.1. If (8.2.2) holds then the solution of (8.2.1) and any
solution of (8.2.3) for k = 2 satisfies x is bounded, x € L'[0,00), and
2’ € L0, 0).

Proof. A solution of (8.2.1) also solves (8.2.3). From V and V' we have

lz(t)] < V(t) < V(0) —1-/0 [2a(s) + a’(s)|ds — 2/0 |z(s)|ds.

This yields the first two conclusions. As x € L', it is readily verified from
(8.2.3) that 2/ € L!.
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Theorem 8.2.2. If
2a(t) + d’(t) is bounded (8.2.4)

then the solution of (8.2.1) and any solution of (8.2.3) on [0, 00) for k = 2
is bounded.

Proof. We use the Razumikhin function V() = |z| and notice that if (¢) is
any fixed unbounded solution of (8.2.3) then there is a sequence {t,} T oo
with |x(t)| < |2(t,)| for 0 <t < ¢, and |z(t,)| T co. Let [2a(t)+d'(t)| < M
and note that for 0 < ¢ < t,, we have

V/(t) < [2a(t) + a'(t)] = 3la(t)] + [(tn)]

and at t = t, we must have V'(¢,) > 0. But V'(¢t,) < M — 3|z(t,)| +
|z(tn)] < 0 if M < 2|z(t,)|. This is a contradiction and completes the
proof.

Recall that we were often interested in moving from an a(t) = In(t + 1)
to a’(t) € L?[0,00). We can avoid the properties of a(t) itself by performing
these same kinds of operations on the resolvent equation which we treated in
Section 2.6 by means of Liapunov functionals, thereby obtaining qualitative
properties of R which, in turn, can then be applied directly to the original
equation by means of the variation of parameters formula. We can also
avoid a(t) itself by adding the pair of equations from z”(¢) and ka’(¢).

Here is a very enlightening exercise. Take d > 0 and
C(t,s) = de= =% cos(t — ).
Form 2/ + kx with k = 2 and divide [0,00) into [0, 7] and [m,00). Ap-
proximate the new kernel on [r,00) by the exponential part. Determine

how large d can be chosen so that our Liapunov functional given above will
satisfy

VI(t) < la'(t) + 2a(t)] — Blx(1)]

for some B > 0. This will show how understated our theorems are unless
the kernel is prepared by careful considerations.
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8.3 Uniform Boundedness

In the first ten pages of Chapter 1 we outlined the following material. For
the equation

x(t) = a(t) —/0 C(t, s)x(s)ds (8.3.1)

there is the resolvent equation with solution R(¢,s) and the variation of
parameters formula

x(t) = a(t) —/0 R(t, s)a(s)ds. (8.3.2)

Two of the major goals were to give conditions under which

t
sup/ |R(t, s)|ds < o0 (8.3.3)
>0 Jo

and/or

t
sup / |R(u, s)|du < oo (8.3.4)
0<s<t<oo J g

which are useful in so many contexts discussed in this book.
Moreover, when we differentiate (8.3.1) we obtain

2'(t) =d (t) — C(t, t)z(t) — /0 Ci(t, s)x(s)ds (8.3.5)

and we construct another resolvent equation with solution Z(¢, s) and ob-
tain the variation of parameters formula for (8.3.5) given by

t
z(t) = Z(t,0)z(0) —|—/ Z(t,s)d (s)ds. (8.3.6)
0
We were then able to write (1.2.14), stated here as

2(t) = a(t) /0 Zu(t, s)a(s)ds, (8.3.7)

and sought the counterpart of (8.3.3) in the form

t
sup/ |Zs(t, s)|ds < oc. (8.3.8)
0

t>0

which was exploited in Theorems 2.1.3, 2.2.10, and 2.6.2.1.
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Relation (8.3.8) was achieved mainly by using a Razumikhin technique
by integrating the second coordinate of C, of Cy, or of Cj, followed by an
argument with Perron’s theorem. But our Liapunov functionals tend to
integrate the first coordinate of C or its derivatives and yield (8.3.4).

If we could replace a/(¢) in (8.3.5) by an arbitrary bounded continuous
function b(t) and prove that every solution of the resulting equation is
bounded for every bounded continuous function b(t), then it would follow
from (8.3.6) and Perron’s theorem that

t
sup/ |Z(t,s)|ds < 0. (8.3.9)
>0 Jo

This could then be parlayed into (8.3.8) as we did in Theorem 2.2.10(ii).
We now present a theorem which allows us to use most of our Liapunov
functionals to do exactly that.

Definition 8.3.1. Solutions of an equation
t
Z'(t) = b(t) + A(t)z(t) + / C(t, s)z(s)ds (8.3.10)
0

are said to be uniformly bounded at t = 0 if for each By > 0 there is a
By > 0 such that [|xo| < Biy,t > 0] imply that |x(t,0,20)| < Ba.

In the next result the W; are wedges and it is assumed that every
W;(r) — oo as r — oo. Here is part of Theorem 4.4.4 from p. 321 of Burton
(2005b), modified for (8.3.10). The reader may consult the reference for a
proof and many related results.

Theorem 8.3.1. Let V(¢,2(:)) be a scalar Liapunov functional. Suppose
there is a continuous function ® : [0, 00) — [0, 00) which is in L'[0, ) and
®'(t) <0 with

(2) Wi(le(®)]) < V(t,2(-) < Wa(|le(®)]) + Ws( [y ®(t — 5)Wa(|a(s)])ds
and

(b) Vly 109 (t:2()) < ~Wa(lz(®))) + M
for some M > 0.
Then solutions of (8.3.10) are uniformly bounded at t = 0.

It is critical to understand that Wy is the same in both places.
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For a typical application refer back to Theorem 2.2.5, as well as the
suggestions for preparation of the kernel in Section 8.2, with

o0 < Vi) = e+ [ [ G+ s.5)ldula(o)lds
and
V'(t,2() < —ala(t)] + la' ()]

To obtain properties of Z(t, s) let M > 0 be arbitrary and take a’(t) to
be any bounded continuous function with |a’(¢)] < M. The only additional
assumption we need is that there is a continuous function ® with ® € L!,
P’ <0, and ®(t —5) > [~ |Cr(u+s,s)|du.

Thus, if By > 0 is given then there is a By > 0 such that if |2(0)| < By
then |x(t,0,2(0)] < Bg for t > 0. Each solution of (8.3.5) is bounded for
each bounded and continuous a/(t); by Perron’s theorem fg |Z(t,s)|ds is
bounded and this can be parlayed into (8.3.8) under the kind of conditions
used in the proof of Theorem 2.2.10.

A major goal is to advance Theorem 8.3.1 to cover Liapunov functionals
of the Levin type, as seen in the proof of Theorem 2.2.7.

8.4 Another Unusual Equation

In Chapter 2 we cleansed the kernel through differentiation with respect
to ¢t and also with respect to s. That led us to a number of results based
on a variety of Liapunov functionals, Razumikhin functions, and contrac-
tion mappings. The work here does not seem to offer as many avenues of
investigation, but it yields some very different kinds of results.

If the kernel has an additive constant, then we can remove that constant
without differentiation. At the same time, we can work with a’(¢) instead of
a(t) and show that o’ € L? implies # € L2. Interestingly, we can then show
that a € L? implies that € L? under almost the same conditions. This
work follows some seen in Burton (2005b), Section 1.6, and can actually
be done for vector systems. Consider the scalar equation

z(t) = a(t) — /0 [k + C(t,s)]z(s)ds (8.4.1)

with @’ and C continuous and k a positive constant. Then write (8.4.1) as

2 (8) = a/ () — ka(t) — % /0 C(t, 5)a(s)ds. (84.2)
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Theorem 8.4.1. Suppose there are positive constants « and € with
o} t
€~ 2 (et k)/ 1O, )| du + k/ Ot 8)|ds < —a.  (84.3)
t 0

Ifa’ € L?[0, ), so is z.

Proof. Let J = e+ k and define

V() = (x(t)—f—/otC(t,s)x ds) —|—J/ / (u, 8)|duz?(s)ds.

We can find M > 0, depending on ¢, so that the derivative of V' along a
solution of (8.4.2) satisfies

V'(t) = 2(3:(75) + /t C(t, s)x(s)ds) (a'(t) — kx(t))

+J/ (u, )| dua® (¢ )—J/Ot IC(t, )| (s)ds

< M) + )+ [ 106 6) + M)
—9ka?(t) + k / O 9)1(@2(5) + #2(1))ds
+J/tOO|C(ut|dux /|Cts|x

< M<1 +/0 |C(t,s)|ds> (@(6) — az?(1).

An integration completes the proof.

Theorem 8.4.2. Suppose there are € > 0 and « > 0 with
t o)
e—2k—|—k‘/ |C(t,s)|d8+k/ |C(u, t)|du < —a (8.4.4)
0 t

Ifa € L?*[0,00), so is x.
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Proof. Write (8.4.1) as

2/ (t) = —ka(t) < / C(t, s) ) (8.4.5)

and define

V() = (a:(t)—a(t)—l—/ot C(t, s)xz(s) s) —I—k:/ / (u, 5)|duz®(s)ds.

Then for the € > 0 we can find M > 0 so that

V'(t) = 2(3:(75) —a(t) + /t C(t, s)x(s)ds) (—kz(t))
+k/too|C(ut|dux /|Cts|x

< —2ka?(t) + Ma®(t) + ex®(t) + k;/ |C(t, s)|(z%(s) + 22(t))ds
+k/OO|C(ut|dux /|Cts|x

= Ma*(t) + (e—Zk—i—k:/ |C’ts|ds—|—k/ ut|du)

< Ma?(t) — az’(t),
from which the result follows.

Study of Section 6.1 of Burton (2005b) might lead one to be able to
apply the result of Section 8.3 to these results, yielding an Adam and Eve
type conclusion.

We leave it to the reader to treat

2(t)=d(t) + % (b(t) - /Ot C(t, s)x(s)ds)

where ¢’ € L? and b € L2.
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