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Preface

The current book is an introduction to the theory of differential equa-
tions with “maxima.” Differential equations with “maxima’” are a spe-
cial type of differential equations that contain the maximum of the un-
known function over a previous interval(s). Such equations adequately
model real world processes whose present state significantly depends on
the maximum value of the state on a past time interval. For example, in
the theory of automatic control in various technical systems, often the
law of regulation depends on the maximum values of some regulated
state parameters over certain time intervals and their behavior is mod-
eled by differential equations with “maxima.” Recently, the interest
in differential equations with “maxima” has increased exponentially.
The theoretical results and investigations of differential equations with
“maxima” opens the door to enormous possibilities for their applica-
tions to real world processes and phenomena.

This book presents the qualitative theory and develops some ap-
proximate methods for differential equations with “maxima.”

Chapter 2 gives an introduction to the mathematical apparatus of
integral inequalities, involving maxima of unknown functions. Different
types of linear and nonlinear integral inequalities with “maxima” are
solved. Both cases of single integral inequalities and double integral
inequalities are studied. Several direct applications of the solved in-
equalities are illustrated on various types of differential equations with
“maxima.”

In Chapter 3 are studied some general properties of the solutions
of differential equations with “maxima.” Several existence results for
initial value problems and boundary value problems are presented.

In Chapter 4 several stability results for differential equations with
“maxima’” are given. The investigations are based on appropriate modi-
fications of the Razumikhin technique by applying Lyapunov functions.

X



b'e Preface

Appropriate definitions about different types of stability are given and
sufficient conditions are obtained.

Chapter 5 deals with the theory of oscillation for differential equa-
tions with “maxima.” The asymptotic and oscillatory behavior of so-
lutions of n-th order differential equations with “maxima” is studied.
Several sufficient conditions for oscillation as well as almost oscilla-
tion are obtained. Several differential equations with “maxima” and
their corresponding delay differential equations are examined and the
oscillatory properties of their solutions are studied. The influence of
the presence of maxima function on the behavior of the solutions is
demonstrated.

In Chapter 6 two approximate methods for solving differential equa-
tions with “maxima” are applied to initial value problems as well as
boundary value problems for differential equations with “maxima.” The
considered methods combine the method of lower and upper solutions
with appropriate monotone methods. Algorithms for constructing se-
quences of successive approximation to the solutions are introduced.
Fach term of the constructed sequences is a solution of an appropri-
ately chosen linear equation.

In Chapter 7 a systematic development of the average method for
differential equations with “maxima” is given. This method is applied
to first-order differential equations with “maxima” and neutral differ-
ential equations with “maxima.” Different schemes for averaging, such
as ordinary averaging, partial averaging, partially additive averaging,
and partially multiplicative averaging are suggested.

This book, being the first one in the field, gives a good overview of
the entire field of differential equations with “maxima” and serves as a
stimulating guide for the theoretical and applied researchers in math-
ematics. It is a helpful tool for further investigations and applications
of these equations for better and more adequate studying of real world
problems.

The current book is intended for a wide audience, including mathe-
maticians, applied researchers and practitioners, whose interest extends
beyond the boundaries of qualitative analysis of well-known differential
equations.

Sofia, Bulgaria Drumi D. Bainov
July, 2010 Snezhana G. Hristova



Chapter 1

Introduction

Differential equations are a basic yet powerful mathematical apparatus
for studying real world objects and phenomena. These equations, when
used as models and combined with information technology tools, allow
us to conduct theoretical investigations and to predict the behavior of
real systems. However, since real life processes are quite intricate, com-
plex mathematical equations are required to study them. One natural
setting is the case of evolutionary equations using past history. These
equations are now referred to as functional differential equations. Pi-
card (1908), at the international congress of mathematicians, stressed
the importance of functional differential equations in physical prob-
lems. Interest in this topic increased after 1940, but there was little
progress on qualitative theory until the mid-1950s. Perhaps the reason
was that even though the evolution of the system at present time was
determined by some of the past history, the primary object of study
was where the system was at the present time. In 1956 Krasovskii made
the important observation that the state of a system at any time de-
scribed by a functional differential equations should be the system at
that time together with the past history that is required to determine
the future evolution of the system. With his contribution, he made a
huge impact on the qualitative investigations of functional differential
equations. By the early 1970s, a framework for the qualitative theory of
functional differential equations had been outlined. In the last decades,
different qualitative properties of the solutions of functional differential
equations have been obtained (see, for example, monographs [El’sgol’ts
and Norkin 1973], [Hale 1977], [Hale and Lune 1993], [Kolmanovski and
Nosov 1986] and references cited therein).

1



2 Chapter 1. Introduction

One special type of functional differential equations is the case when
the evolutionary equations use the maximum of the studied function
on a past time interval. Since the maximum function has very specific
properties, it makes the equations strongly nonlinear. As a result these
equations gain an important place in the theory of differential equations
and are called differential equations with “maxima.” Differential equa-
tions with “maxima” first appeared as an object of investigation about
thirty years ago in connection with modeling of some applied problems.

For example, in the theory of automatic control of various tech-
nical systems, it often occurs that the law of regulation depends on
the maximum values of some regulated state parameters over certain
time intervals. E. P. Popov (see [Popov 1966]) in 1966 considered the
system for regulating the voltage of a generator of constant current.
The object of the experiment was a generator of constant current with
parallel simulation and the regulated quantity was the voltage at the
source electric current. The equation describing the work of the reg-
ulator involves the maximum of the unknown function and it has the
form (see [Popov 1966])

Tou'(t) +u(t) +q max u(s) = f(t),
SE[t—h,t]
where T and ¢ are constants characterizing the object, u(t) is the
regulated voltage and f(t) is the perturbed effect.

Note that some modifications of the above differential equation are
used to model the vision process in the compound eye ( [Hadeler 1979]),
the Hausrath equation (see [Hale 1977]). Also differential equations are
used in optimal control theory in [Kichmarenko 2006] and [Plotnikov
and Kichmarenko 2006].

On the other hand, it is relevant to mention here the opinion of
A. D. Myshkis, who in his survey ( [Myshkis 1977]) also distinguished
the equations with “maxima” as differential equations with deviating
argument of complex structure.

At the same time differential equations with “maxima” have very
different properties than the well-known in the literature differential
equations with delay. For example, let us consider the following two
scalar equations:

(A) differential equation with delay

= (m(t - T(t)))2,

where the function 7 € C(R4,Ry), 7(t) £ 0;



Introduction 3

(B) differential equation with “maxima”

v = (mox a()

where h is a positive constant.

Note that equation (A) seems to be very similar to (B), especially in
the case of 7(t) = h. In both equations the right part is nonnegative and
the solution z(t) is nondecreasing. However, the equation (B) reduces
to the ordinary differential equation 2’ = 22 and the initial condition
is required only at one single point. On the other hand, the equation
(A) could not be reduced to an ordinary differential equation for any
nontrivial function 7(t).

Generally, differential equations with “maxima” are characterized
by two main parts:

1. differential equations;

2. maximum of the unknown function over a past time interval.

The first part, differential equations, could be ordinary differential
equations of any order, linear or nonlinear, partial differential equa-
tions, etc.

The second part makes the set of differential equations with “max-
ima” too wide since the maximum of the unknown function z(¢) could
be given

— on an interval with fixed length, i.e., max,c;_,.4 (s), r = const >
0;

— on aretarded interval with variable length, i.e., maXc ()1 ©(5),
where o(t) < 7(t) < t;

— on several different intervals with fixed lengths or variable lengths;
ete.

Remark 1.0.1. If o(t) = 7(t) for some value(s) of t from the domain
of the functions, then we will assume that max (o), ry ©(s) = z(7(t)).

We will give a brief description of the main types of differential
equations with “maxima.”



4 Chapter 1. Introduction

Let first order ordinary differential equations be used to describe
the differential equations with “maxima:”

r = f<t,a:(t), max x(s)), t € [a,b), (1.1)
seS(t)
where x € R", S(t) = [0(t), 7(t)], 0, T: R — R, a =const., b < co.
Note that in the multidimensional case x € R", x = (x1,x2,...,Ty),
the following notation

285°0) = (s 2100) mag 200 gy )
is used.

The right side of the equation (1.1) could be very complex and the
initial conditions for the differential equations with “maxima” depend
significantly on the type of the interval S(t).

We emphasize that if S(¢t) C [a,b) for all ¢ € [a,b), then the ini-
tial condition to the differential equation with “maxima” (1.1) will be
x(a) = xo. In the opposite case, however, one can expect different types
of additional initial conditions depending on applications. For example,
it can be required that z(t) = ¢(t) outside the interval [a,b), where
¢ € R™ is a given function, or z(t) = x(a) for t < a and z(t) = z(b)
for t > b (if b < oo). Furthermore, the right side of the differential
equation in (1.1) can also be more complex, e.g., there can occur the
dependence on maximum values of different components of the state
vector z on different time intervals. It is also worth noting that in some
real systems the law of regulation depends only on the past and present
state, and thus S(t) C (—o0,t].

In this book we will consider only the case of retarded intervals, i.e.,
S(t) C (—o0,t], i.e., o(t) < 7(t) <t for all values of t from the domain
of the functions o(t), 7(t).

Now we will give some particular cases of differential equations with
“maxima” (1.1).

Let h > 0 be a constant, o(t) = t—h, 7(t) = t. Then S(t) = [t—h, t]
and the differential equation with “maxima” is written in the form

/
i > . .
x f<t,a:(t), ser[?—af}i ; x(s)), t >t (1.2)

The initial condition for the equation (1.2) is in the form
:E(t) = So(t)a te [tO - h7t0]7 (13)

where ¢ : [tg — h, to] — R.
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Let typ > 0 be a given point, functions o(t), 7(t) € C(R4,Ry) be
such that o(t) < 7(t) <t for t > 0. Then the differential equation with
“maxima” (1.1) is written in the form

x’:f(t,x(t) max (s)), t> to. (1.4)

, x
s€lo(t), (1))
The initial condition for the equation (1.4) is in the form
z(t) = (t), tely, (1.5)

where ¢ : I;;, — R, I, is an initial interval, which depends significantly
on the functions o(t) and 7(t).

We will consider some particular examples of functions o (t) and 7(¢)
to illustrate the complexity of the initial interval I;, in condition (1.5).

Let o(t) = sin(t), 7(t) = [sin(t)], to = F.

On the interval [F, 7] the equation (1.4) reduces to the following
functional differential equation

2 = f(t, (t), a(sin(t).
On the interval |7, 27] the equation (1.4) has the form

= f(t,:n(t), max m(s))
s€lsin(t),— sin(¢)]

Since the interval [sin(t),—sin(t)] € [—1,1] for ¢ € [m,27] and
sin(t) € [0,1] for ¢t € [, 7], in this case the initial interval for the
equation (1.4) is I, = [~1,1] U {5}, i.e., the initial condition (1.5) is
x(t) = () for t € [-1,1], 2(5) = xo.

Note that if the function z(t) is an increasing /decreasing function,
then its maximum is at the right/left end of the interval and the differ-
ential equation with “maxima” (1.1) reduces to the well-known in the
literature differential equation.

Note that if first order differential equations are used and the max-
imum of the first derivative of the unknown function is included in the
right-hand side of the equations, then the differential equations with
“maxima” could be written in the form:

"= f(t,z(t), , "(s)), t>to, 1.6
o = (12(0), mas a(s), max /(5), ¢ 210 (1.6)
where x € R", z = (21,22, ... ,x,) and the notation
/ . / / !
Srg%w(S) = (Srélg(}g)ml(sxsrggg) z5(s), .. ,Srélg(}g)mn(S))

is used.
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The initial condition for the equation (1.6) could be

'r(t) = (p(t), x/(t) - Qpl(t)7 te It07 (1‘7)

where Iy, is the initial interval.
We will illustrate the influence of the maximum of the function on
the behavior of the solution.

Example 1. Consider the scalar differential equation with “max-
ima”

2(t)= max xz(s) fort>0, (1.8)

s€ft—73,1

with the initial condition
x(t) = —asin(t) fort e [—g,O} , (1.9)

where a > 0 is a constant.
The solution of the initial value problem (1.8), (1.9) is given by

—asin(t) forte[—-%,0],

z(t) = ¢ asin(t) for t € [0, 7], (1.10)
“Tﬁ el for t > 7.

The solution of the initial value problem (1.8), (1.9) is unbounded.
Now let us consider the differential equation with “maxima” (1.8)
with initial condition

x(t) = asin(t) fort € [— g,()}, (1.11)

where a > 0 is a constant.
The solution of the initial value problems (1.8) and (1.11) is given
by

—asin(t forte [ 2
z(t) = asin(f) ort € =50, (1.12)
0 for t > 0.

Now let us consider the differential equation with delay
P(t) ==z (t - g) for t >0, (1.13)

with initial condition (1.9). The solution of the initial value problems
(1.9) and (1.13) is z(t) = asin(t) for t > —%F and it is bounded. O
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The above example illustrates the differences between the behav-
ior of the solutions of the differential equations with “maxima” and
differential equations with delay. It proves the necessity of separately
deeply studying the properties of solutions of differential equations with
“maxima.”

We emphasize that several types of differential equations, known in
the literature, could be obtained as partial cases of differential equations
with “maxima:”

1. if o(t) = 7(t) = t, then the differential equations with “maxima”
(1.6) reduce to ordinary differential equations 2’ = f (¢, z(t), z(t));

2. if o(t) = 7(t) = t — h, h = const > 0, then the differential
equations with “maxima” (1.6) reduce to differential equations
with a constant delay =’ = f(¢, z(t),z(t — h));

3. if o(t) = 7(t) < t for all t > ty, then the differential equations
with “maxima” (1.6) reduce to differential equations with variable

delay =’ = f(t,z(t), z(7(t))).

In the last few decades the mathematical importance of various
types of differential equations with “maxima” has grown exponentially.
It is mostly due to their applications in investigations of multiple prob-
lems in optimal control theory. The study of equations which includes
a maximum of the unknown function is spread to various types of dif-
ferential and difference equations. We will mention only some of them:

- differential equations with “mazxima:” Some properties of the so-
lutions are studied by A. R. Magomedov et al. ([Magomedov
1993], [Magomedov and Ryabov 1975], [Magomedov and Na-
biev 1986], [Rjabov and Magomedov 1978]). Differential equa-
tions with “maxima” are also studied by D. D. Bainov and his
scholars, and several properties are investigated such as:

— oscillatory properties (see [Bainov et al. 1997], [Bainov et al.
1995¢], [Bainov and Zahariev 1984], [Dontchev et al. 2010a],
[Kolev et al. 2010a], [Kolev et al. 2010b], [Kolev and Markova
2010], [Markova and Nenov 2010], [Markova and Simeonov
2010]);

— stability (see [Bainov and Hristova 2010], [Henderson and
Hristova 2010], [Hristova 2009b], [Hristova 2010d], [Hristova
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and Gluhcheva 2010], [Voulov 1995], [Voulov and Bainov
1991));

— periodicity (see [Arolska and Bainov 1980], [Teryokhin and
Kiryushkin 2010));

— approximate solutions (see [Bainov and Hristova 1995],
[Bainov and Kazakova 1992], [Bainov and Sarafova 1981],
[Golev et al. 2010], [Sarafova and Bainov 1981], [Simeonov
and Bainov 1985]); averaging (see [Bainov and Milusheva
1983], [Milusheva and Bainov 1986a], [Milusheva and Bainov
1986b], [Plotnokov and Kichmarenko 2009], [Plotnikov and
Kichmarenko 2006], [Plotnikov and Kichmarenko 2002]).

Qualitative properties of the solutions of differential equations
with “maxima” are also studied by many other authors (see
[Bantsur and Trofimchuk 1998], [Gonzalez and Pinto 2007], [Gon-
zalez and Pinto 2002], [Hristova 1982], [Hristova and Roberts
2000a], [Jankowski 2002], [Jankowski 1997], [Kichmarenko 2009],
[Muntyan and Shpakovich 1987], [Nabiev 1985], [Nabiev 1984b],
[Otrocol and Ioan 2008a], [Otrocol and Ioan 2008b], [Petrov 1998],
[Plotnikov and Kichmarenko 2002], [Ronto 1999], [Samoilenko et
al. 1998], [Sarafova 1984], [Shabadikov and Yuldashev 1989], [Sh-
pakovich and Muntyan 1987], [Shpakovich and Muntyan 1986],
[Sobeih and Aly 1991], [Stepanov 1997], [Voulov 1995], [Voulov
1991], [Xu and Liz 1996], [Yuldashev 1995], [Zhang and Petrov
2000], [Zhang and Zhang 2000], [Zhang and Zhang 1999));

integro-differential equations with “mazima:” Some results are
published in [Bainov et al. 1993], [Muntyan 1987];

partial differential equations with “mazima:” Qualitative investi-
gations of solutions are obtained in [Bainov and Minchev 1999],
[Bainov and Minchev 1998], [Bainov and Mishev 1991], [Donchev
et al. 2010b], [Mishev 1989], [Mishev 1990], [Mishev 1986], [Mi-
shev and Musa 2007];

impulsive differential equations with supremum: At the beginning
of the 1990s, D.D. Bainov and his collaborators S. Hristova and
S. Milusheva combined the ideas of impulsive differential equa-
tions with differential equations with “maxima” and initiated the
investigations of these types of equations. These equations are
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adequate models of real processes whose present state has instan-
taneous changes at certain moments and it depends significantly
on the maximal value of the state on a past time interval. Several
results for impulsive differential equations with supremum are
obtained in [Bainov et al. 1996], [Bainov et al. 1994al, [Bainov
et al. 1994b], [Bainov et al. 1993], [He et al. 2003], [Hristova
2010b], [Hristova 2010c|, [Hristova 2010d], [Hristova 2009¢], [Hris-
tova 2009d], [Hristova 2000], [Hristova and Bainov 1993, [Hris-
tova and Bainov 1991], [Hristova and Markova 2010], [Hristova
and Roberts 2001], [Milusheva and Bainov 1991], [Oyelami and
Ale 2010], [Qi 2004], [Qi and Chen 2008], [Shi and Wang 2010];

- integral equations with supremum: Some properties of the solu-
tions are studied in [Caballero et al. 2005], [Darwish 2008];

- difference equations with “mazima:” Some investigations of prop-
erties of the solutions are done in [Atici et al. 2006], [Atici et al.
2002], [Berenhaut et al. 2006], [Cinar et al. 2005], [Fan 2004], [Fan
et al. 2005], [Gelisken and Cinar 2009], [Gelisken et al. 2010], [Ge-
lisken et al. 2008] , [Iricanin and Elsayed 2010], [Li et al. 2008], [Li
and Zhou 2007], [Liu et al. 2006, [Liz et al. 2003], [Luo 2000], [Luo
and Bainov 2001], [Migda and Zhang 2006], [Mishev et al. 2002],
[Stevic 2010], [Stevic 2009], [Sun 2008], [Voulov 2008], [Voulov
2003], [Yalcinkaya et al. 2007], [Yang et al. 2006], [Wu 2003],
[Zhang and Liu 2007];

- integral equations with “maxima” and fractional derivatives: For
some results see [El-Borai at al. 2006];

- stochatic differential equations with “mazrima.” Some theoretical
results and applications to the financial market are done in [Ap-
pleby and Wu 2008].

The purpose of this monograph is to present a general method of
analysis for nonlinear differential equations with “maxima.” This mono-
graph is the first in which basic qualitative results for differential equa-
tions with “maxima” are given as well as some approximate methods
for their solution are presented.

In Chapter 2, we develop the method of integral inequalities as
a mathematical tool in the investigations of qualitative properties of
the solutions of differential equations with “maxima.” In connections
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with the main goal of the book, different types of integral inequalities
involving the maximum of the unknown functions are solved. These re-
sults generalize the classical integral inequalities of Gronwall-Bellman
[Gronwall 1919], [Bellman 1943] and Bihari types [Bihari 1956], which
are well studied for ordinary differential equations and delay differential
equations (see, for example, [Bainov and Simeonov 1989, [Lakshmikan-
tham and Leela 1969], [Walter 1970] and references cited therein). At
the same time, the investigation of differential equations with “max-
ima” requires a new type of inequalities, since the known ones are not
applicable. Several results for integral inequalities containing a maxi-
mum value of the unknown function are solved in (see [Hristova and
Stefanova 2010a], [Hristova and Stefanova 2010b]).

Section 2.1 deals with linear integral inequalities that involve the
maximum of the unknown function. In Section 2.2 several nonlinear in-
tegral inequalities for scalar functions are studied. Linear and nonlinear
integral inequalities involving a maximum of the unknown scalar func-
tion of two variables are solved in Section 2.3. Note that the integral
inequalities are successfully employed for studying existence, unique-
ness, continuous dependence, comparison, perturbation, boundedness,
and stability of the solutions of differential and integral equations. Sec-
tion 2.4 demonstrates the direct applications of the integral inequalities
solved in previous sections for investigation of some properties of the
solutions of differential equations with “maxima.” Nonlinear differen-
tial equations with “maxima” and partial differential equations with
“maxima’” are studied.

Chapter 3 introduces some fundamental concepts and theorems in
the qualitative analysis of the solutions of several types of differential
equations with “maxima.” Some qualitative properties of the solutions
of different types of differential equations with “maxima,” such as exis-
tence and continuous dependence, are studied in [Angelov and Bainov
1983], [Bantsur and Trofimchuk 1998], [Georgiev and Angelov 2002],
[Gonzalez and Pinto 2007], [Gonzalez and Pinto 2002], [Muntyan and
Shpakovich 1987], [Sobeih and Aly 1991], [Voulov and Bainov 1995],
[Zhang and Zhang 1999].

In Section 3.1 some existence results for initial value problems for
differential equations with “maxima” are given. Both scalar case and
multidimensional case are studied.

In Section 3.2 the existence of solutions of a boundary value prob-
lem for first order nonlinear differential equations with “maxima’” is
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proven. The method of a priori estimate, based on the Leray-Schader
topological degree theory, is developed and applied to the main proofs.

In Section 3.3 the existence, uniqueness, and data dependence re-
sults for the initial value problem for a nonlinear scalar differential
equation with “maxima” are studied. The main proofs are based on
the weakly Picard operator theory.

In Chapter 4, we establish notations, definitions, and develop sta-
bility theory for nonlinear differential equations with “maxima.” Our
focus is on Lyapunov functions used as means to investigate stability
properties of solutions of differential equations with “maxima.” A. M.
Lyapunov introduced and began systematically to apply this special
type of functions in his famous studies [Lyapunov 1956]. Later, B.
S. Razumikhin proposed in 1956 (see [Razumikhin 1956]) a method
to investigate the stability of solutions of systems with delays. This
method is based on the application of Lyapunov functions in combina-
tion with the general concept of “impossibility of the first breakdown.”
The method allowed to “rehabilitate” an application of Lyapunov func-
tions to functional differential equations to a considerable extent. Such
application was found in some cases to be simpler and more visual than
an application of general functional. As a result the method was later
developed both by Razumikhin himself (in the most explained form
in monograph [Razumikhin 1988]) and by other authors (see mono-
graphs [El’'sgol’ts and Norkin 1973], [Hale 1977], [Hale and Lune 1993],
papers [Myshkis 1977], [Myshkis 1995]). In Chapter 4, the extension
of the Razumikhin method to differential equations with “maxima’” is
studied. In order to generalize considerations, two different measures
for the initial data and for the solutions are used and fundamental
results for different types of stability are obtained.

Section 4.1 deals with the stability and uniform stability of differ-
ential equations with “maxima.” Several sufficient conditions, based on
Lyapunov’s functions and comparison results, are obtained. Both cases
of regular norm and two different measures are studied.

In Section 4.2 the definition of integral stability in terms of two
measures is modified to differential equations with “maxima’” and sev-
eral sufficient conditions are given. Integral stability for ordinary dif-
ferential equations was introduced by I. Vrkoc (see [Vrkoc 1959]) and
later studied for various types of differential equations by many authors
(see, for example, [Hristova 2010al, [Hristova 2009al, [Soliman and Ab-
dalla 2008]). The concept of integral stability occurs in connection with
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the stability under persistent perturbations when the perturbations are
small enough everywhere except on a small interval. The presence of
maximum in the equation requires initially a well-defined and proven
comparison result. In this section scalar comparison differential equa-
tions and perturbed Lyapunov functions are used.

In Section 4.3 the case of cone valued Lyapunov functions is studied.
A new type of stability is defined. The introduced stability is based on
the application of two different measures and a dot product on a cone.
The fixed vector included in the definitions serves as a proxy for the
weight of the components of the solution. Several sufficient conditions
are obtained. Some examples illustrate the advantages of the introduced
type of stability.

In Section 4.4 the practical stability and the eventual practical sta-
bility for differential equations with “maxima” is defined. The defini-
tions are based on the application of two different measures as well as
on the application of a scalar product on a cone. This allows us to use
cone valued Lyapunov functions for investigation of stability proper-
ties of the solutions. Some sufficient conditions for d-practical stability
and for d-eventual practical stability in terms of two measures of non-
linear differential equations with “maxima” are obtained. An example
illustrates the application of some of the proven results.

The main purpose of Chapter 5 is to give a brief overview of the
oscillation theory of differential equations with “maxima.” In recent
years the literature on oscillation theory of differential equations has
started growing very fast. This applies even more so for neutral de-
lay differential equations which is a relatively new field with intriguing
applications in real world problems. In fact, the neutral delay differen-
tial equations appear in modeling of the networks containing lossless
transmission lines (as in high-speed computers where the lossless trans-
mission lines are used to interconnect switching circuits), in the study
of vibrating masses attached to an elastic bar, as the Euler equation
in some variation problems, theory of automatic control and in neuro-
mechanical systems in which inertia plays an important role (see [Hale
1977], [Popov 1966] and reference cited therein). The systematic in-
vestigation of the oscillatory properties and asymptotic behavior of
the solutions of functional-differential equations has been published in
some literature already (see [Bainov and Mishev 1991], [Gopalsamy
1992], [Ladde et al. 1987]). Also several works about oscillatory prop-
erties of the solutions of neutral differential equations with “maxima”
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have been conducted by Bainov et al. (see [Bainov et al. 1997], [Bainov
et al. 1995¢]).

In Section 5.1 both linear delay differential equations with “max-
ima” and corresponding linear delay-differential equation are studied.
The behavior of their solutions is investigated. The influence of the
presence of maximum of the solution in the right side of the equation
on the oscillatory behavior of the solutions is demonstrated.

The main goal of Section 5.2 is to comprehensively discuss the os-
cillation and nonoscillation of differential equations with “maxima.”

Sections 5.3 and 5.4 are concerned with n-th order differential equa-
tions with “maxima.” The asymptotic and oscillatory behavior of their
solutions is studied. Several sufficient conditions for oscillation as well
as almost oscillation are obtained.

In Section 5.5 sufficient conditions for oscillation of all bounded
solutions of differential inequalities with “maxima’” are obtained.

Chapter 6 deals with some approximate methods for solving various
types of problems for differential equations with “maxima.” Note that
the finite difference method for differential equations with “maxima”
is considered in [Kazakova 1990a], [Kazakova 1990b]. In the book two
different methods, based on an application of the method of lower and
upper solutions, are analyzed.

In Sections 6.1 through 6.3 a monotone iterative technique is ap-
plied to initial value problems and periodic boundary value problems
for first and second order differential equations with “maxima.” The
method of upper and lower solutions together with a monotone iterative
technique offers monotone sequences which converge to the solution of
the considered problem. This technique is precisely developed to ordi-
nary differential equations by G. S. Ladde, V. Lakshmikantham and A.
Vatsala (see [Ladde et al. 1985]).

In Sections 6.4 and 6.5 the method of quasilinearization is applied to
first order scalar nonlinear differential equations with “maxima.” The
origin of this method lies in the theory of dynamic programming and
was initially applied by R. Belman and R. Kalaba (see [Bellman and
Kalaba 1965]). A systematic development of this method to ordinary
differential equations is done by V. Lakshmikantham and A. S. Vatsala
(see [Lakshmikantham and Vatsala 1998]). The main advantage of this
method is the ability to find easily the successive approximations of
the unknown solution as well as the quadratic convergence. In Section
6.4 an initial value problem for differential equations with “maxima” is
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considered. An algorithm for an appropriate construction of the initial
conditions and the linear differential equations with “maxima,” whose
unique solutions are successive approximations, is given. The quadratic
convergence of the successive approximations is proven. An example
illustrates the application of the suggested algorithm. In Section 6.5 a
boundary value problem is studied and a procedure for obtaining two
monotone quadratically convergent sequences is suggested. Each term
of both sequences is equal to the unique solution of an appropriately
constructed boundary value problem for a linear differential equation
with “maxima.”

In Chapter 7, the averaging method is generalized to differential
equations with “maxima.” The study of qualitative and approximate
properties of the solutions of differential equations with “maxima” is
subject to specific difficulties. At the same time, the preliminary appli-
cations of the methods for theoretical approximation of the solutions
may considerably simplify the problem. One very powerful method for
theoretical approximation is the averaging method. In this chapter sev-
eral different schemes for averaging are suggested and applied to var-
ious types of problems for differential equations with “maxima.” The
main characteristic of the studied differential equations is the presence
of the maximum of the unknown functions as well as the maximum
of its derivative in the right side of the equations. At the same time
the averaged equations do not contain the maximum of the unknown
function.

Sections 7.1 is devoted to the justification of the averaging method
for an initial value problem for a nonlinear system of differential equa-
tions with “maxima.” Section 7.2 deals with the averaging method of
a multipoint boundary value problem associated to differential equa-
tion with “maxima.” In both suggested schemes the averaged equations
are ordinary differential equations, whose solutions could be obtained
comparatively easier than the given equations with “maxima.”

In Sections 7.3 and 7.4 several schemes for various types of partial
averaging are suggested. Regular partial averaging, partially additive
averaging, and partially multiplicative averaging method are applied to
differential equations with “maxima.”
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Throughout the book we use the notation

R = (—00,00), Ry =1[0,00), R_ = (—00,0],
RY =Ry x -+ xRy,
Dom(f) is the domain of the functionf,

1,n is the set of all naturals from 1 to n inclusive.

Acknowledgments. The authors are immensely thankful to Prof.
Dr. A. Dishliev, Prof. Dr. D. Kolev, Prof. Dr. M. Konstantinov and

Prof. Dr. S. Nenov for proofreading of the manuscript and their valuable
suggestions.






Chapter 2

Integral Inequalities with
Maxima

Integral inequalities which provide explicit bounds for unknown func-
tions play a fundamental role in the development of the theory of dif-
ferential and integral equations. In the past few years, a number of
integral inequalities have been established by many scholars who are
motivated by certain applications such as existence, uniqueness, contin-
uous dependence, comparison, perturbation, boundedness, and stability
of solutions of differential and integral equations. Among these integral
inequalities, we cite the famous Gronwall inequality and its different
generalizations (see for example [Bainov and Simeonov 1989] and the
references cited therein).

In connection with the development of the theory of differential
equations with “maxima,” a new type of integral inequalities is re-
quired. The main purpose of this chapter is to establish some new in-
tegral inequalities in the case when a maximum of the unknown scalar
function is involved into the integral.

In this chapter we will assume that tg > 0 and T > t( are fixed
points. Note that T" could be equal to co.

2.1 Linear Integral Inequalities with Maxima
for Scalar Functions of One Variable

We will solve several linear integral inequalities of Gronwall’s type
whose main characteristic is the presence of the maximum of the un-

17
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known function in the integral.
Theorem 2.1.1. Let the following conditions be fulfilled:
1. The function o € C1([tg,T),Ry) is nondecreasing and o(t) < t.

2. The functions p,q € C([to,T),R+) and a,b € C([a(ty),T),Ry).

o

The function ¢ € C([a(to) — h,to], Ry).

-.R

The function u € C([a(ty) — h,T),Ry) satisfies the inequalities

t

ut) < b+ [ pls)us) +a(s) _max u(©)lds

a(t)
+/a(to)[a(8)u(8) +b(8)£€?;§2<781u(§)]ds for teto,T),

u(t) < @(t) for te€lalty) — h,to], (2.2)
where h = const > 0, k = const > 0.

Then for t € [to,T) the inequality

u(t) <M exp ( /tt {p(s)-i-Q(S)]ds—i— /a z(t)) [a(s)—l—b(s)]ds) (2.3)

holds, where M = max (k:, MaX e[ (to)—hto] ¢(s)).

Proof. Let us define a function v : [a(tg) — h,T) — Ry by

M—i—/t [p(s)u(s) + q(s) max wu(&)]ds

0 £€[s—h,s]
'U(t) — ot
+/ [a(s)u(s) +b(s) max wu(&)]ds, te€ [to,T),
a(to) EE[S—h,S]
M, t € [a(to) — h,tol.

Note the function w(t) is nondecreasing, u(t) < wv(t) for t €
[a(to) — h, T') and maxse;_pq v(s) = v(t) for t € [a(to), T). Then from
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inequality (2.1) we get for ¢ € [to, T)

oft) <M + / [p(s)0(s) + q(s) max v(€)]ds

to EG[S—h,S]
a(t)
+/ [a(s)v(s) +b(s) max v(§)]|ds (2.4)
a(to) §€[s—h,s]

t a(t)
=M —i—/t [p(s) + q(s)]v(s)ds +/ [a(s) + b(s)]v(s)ds.

0 a(to)

Change the variable s = a(n) in the second integral of inequality
(2.4), use condition 1 of Theorem 2.1.1 for the function a(t) and we
obtain

o<t [ )+ a(0) o5

to

- [a(aw) n b(a(n»]v(a(n))a’(n)dn (2.5)

0

<M + /t [p(s) +q(s) + ala(s))d/ (s) +b<a(s>)a’(s>]v(s>d8-

We apply Gronwall inequality to (2.5) and obtain

o(t) <hrex / 9+ 4(6) + ala(s)a'(5) + bals))e'(s) | s

(2.6)
t a(t)
=M exp (/to [p(s) + q(s)] ds + /a(to) [a(s) + b(s)] ds) .
Inequality (2.6) with u(t) < v(t) imply the validity of (2.3).
U

As a partial case, we obtain the following result for integral inequal-
ity with “maxima:”

Corollary 2.1.1. Let the following conditions be fulfilled:
1. The condition 1 of Theorem 2.1.1 is satisfied.
2. The functions p,q € C([tg,T),R4).
3. The function ¢ € C([a(to) — h,to],R+).
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4. The function u € C([a(to) — h,T),Ry) satisfies the inequalities

u(t) <k + t [p(s)u(s) +qls) max w(S)lds  for ¢ € [to, T),

u(t) < ¢(t) for t € [alto) — h,to],

where h = const > 0, k = const > 0 such that k >
MAX ge[q(tg)—h,to] P(5)-

Then for t € [to,T) the inequality

utt) < Mesp / )+ 465 )

holds, where M = max (k, MaX e[ (to)—hto] ¢(s)).

Remark 2.1.1. As a partial case of Theorem 2.1.1 we obtain a re-
sult for integral inequalities without mazimum (see [Pachpatte 2002],
Theorem 1).

In the case when an increasing function is involved in the right-hand
side of inequality (2.1) instead of a constant, we obtain the following
upper bound for u(t):

Theorem 2.1.2. Let the following conditions be fulfilled:

~

The function o € C1([tg, T), R, ) is nondecreasing and o(t) < t.
The functions p,q € C([to,T),R+) and a,b € C([a(ty),T),Ry).
The function ¢ € C([a(to) — h,to], R4).

The function k € C([tg,T), (0,00)) is nondecreasing.

SR

The function u € C(Ja(ty) — h,T),Ry) satisfies the inequalities

ult) < k(t) + / [p(s)u(s) + qls) max u(€)lds

0 £€[s—h,s]
a(t)
—|—/( )[a(s)u(s)—i—b(s) max u(§)|ds for t e [ty,T),
a(to

£€[s—h,s]
(2.7)
u(t) < 6(t)  for t€ [alty) — hytol, 2.8

where h = const > 0.
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Then for t € [to,T) the inequality

u(t) < ME(t) exp ( /tt {p(S) + q(s)] ds + /a z(t)) [a(s) 4 b(s)] ds>

holds, where M = max (1, mane[a%(()t);)h,to] ¢(£)).

Proof. From inequality (2.7) we obtain for ¢ € [tp,T') the inequality

% <1+ /t [p(S)Z(j)) + q(s)maxge[;(‘t’;’s]u(@]ds
a(t) uls maXec(s_p o U
+/q(to)[a(s)% +b(s)—= ;{(51 (5)]d8' (2.10)

Let us define functions w : [a(tg) — h,T) — Ry and k : [a(ty) —
h, T) — R+ by

~ k(t), for te [to,T),
k(t) = { k(to), for te [O?(to) = hytol,

u(t)
w(t) === for t € a(ty) —h,T).
0=t a(to) . 7)
The function k is continuous nondecreasing on [a(ty) — h, T).
From monotonicity of k(t) we obtain for t € [tg,T) and s € [a(ty), t]
the inequality

maxﬁe[s—h,s]u(é) <maXE€[s—h,s]u(£) —  max @< max M
k(t) - k(s) ecls—h.s] k(s) ~ gels—hsl k(€)
(2.11)

From inequalities (2.10) and (2.11) and the definition of the function
w(t) it follows that

ge[s—h,s]

wy st [ §p00) + a(s) max w(©)]as

for t € [a(ty) — h,to]. (2.13)
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From the definition of the function k(t), and inequalities (2.12) and
(2.13) according to Theorem 2.1.1 it follows that for ¢t € [to,T) the
inequality

w(t) < M exp ( /t: [p(s) + q(s)] ds + /a (::)) [a(s) 4 b(s)] ds> (2.14)

holds.
From inequality (2.14), the definition of functions k(t) and w(t) we
obtain inequality (2.9).
U

Corollary 2.1.2. Let the conditions of Theorem 2.1.2 be satisfied, and
equality k(to) = Mmagc(a(ty)—h,to)P(5) holds.
Then for t € [to,T) the inequality

u(t) < k(t) exp (/t: {p(s) + q(s)] ds + /:(1: {a(s) + b(s)] ds> (2.15)
holds.

In the case when the function involved in the right-hand side of
inequality (2.1) is not monotonic, we obtain the following result:

Theorem 2.1.3. Let the following conditions be fulfilled:

~

The function o € C1([tg, T), R, ) is nondecreasing and o(t) < t.
2. The functions p,q € C([to,T),R+) and a,b € C([a(ty),T),Ry).

3. The function ¢ € C([a(to) —h,T),Ry), marse(a(iy)—h,to]P(S) > 0.
4

. The function u € C(Ja(ty) — h,T),Ry) satisfies the inequalities

u(t) <o(t) + ) [p(s)u(s) + Q(S)éeI[Islg}is]U(ﬁ)]ds

a(t)
+A(t0)[a(8)u(8) + b(s)ge?sé_lﬁs]u(f)]ds for t € [to,T),

(2.16)
u(t) <o(t) for t € [ato) — h,tol, (2.17)

where h = const > 0.
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Then for t € [to,T) the inequality

u(t) <o(t)

+e(t) exp ( /t t {p(s) + q(s)] ds + /a z(t)) [a(s) 4 b(s)] ds>

holds, where e : [ty,T) — Ry is defined by

et)= max  g(s)+ / p()6(s) + a(s) max H(€))ds

= ax
s€la(to)—h,to] to £€[s—h,s]

+ /tomax( o <a(s)¢(s)+b(s) max ¢(§)>ds. (2.19)

EG [S_h»s]

Proof. Let us define a function z : [a(tg) — h,T) — Ry by

/ pu(s) +ale) (o) as

E€[s—h,s]
2(t) = —l—/ [a(s)u(s) + b(s) max u(f)] ds, t € [to,T) (2.20)

(to) £€[s—h,s]
0, t € [alto) — hto).

From inequality (2.16) and the definition of function z(¢) we have

for t € [a(ty) — h,T)
u(t) < o(t) + 2(1). (2.21)

Let t € [tg,T) be such that «(t) > tg. Then from inequality (2.21)
it follows the validity of the inequality

a(t) a(s)u(s) + b(s) max u(€)|ds
[ |

(to) §€[s—h,s]

<[ a(5)2(5) +0(s) _max<(6)]ds

(to) £€[s—h,s]

+ /t:(t) {a(s)(gﬁ(s)—i—z(s))—i—b(s)( max (€) + max z(f))]ds

ge[s_hvs] EG[S—}L,S]

_ /tomx(a(t)’t(’) (as1006) 469 s 0(6) ) s

E€[s—h,s]

+ /aa(t) <a(s)z(5) +b(s) max Z(f)) ds. (2.22)

(to) §€[s—h,s]
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Let t € [to,T) be such that a(t) < tg. Then from the definition of
function z(t) we get

" a(s)u(s) +b(s) max u(€)|ds
[ |

alto) §€[s—h,s]

" a(s)z(s) +b(s) max z(€))ds
o )

(to) £€[s—h,s]

/to < (5)0(5) + b(s)  mmax ¢(€)> ds

L (st g ) e

From the definition of the function z(t) and inequalities (2.22) and
(2.23), it follows that

IN

A0 <)+ [ =060+ a(s) ()]s

to £€[s—h,s]

a(t)
+ /a . [a(s)z(s)+b(s)£€?;§2<’s]z(§)] ds, tcty,T), (2.24)

2(t) <¢(t), t € [a(to) = h,to], (2.25)

where function e(t) is defined by equality (2.19). Note that function
e(t) : [to,T) — (0,00) is nondecreasing for t € [tg,T) and e(ty) =
maxse[to—h,to] ¢(8)

From inequalities (2.24) and (2.25) according to Theorem 2.1.2 we

get
t) < eft) exp ( / )+ o) s+ [ ((j as) + 005 ds) .

(2.26)
From inequalities (2.21) and (2.26) we obtain inequality (2.18).
U

Remark 2.1.2. Note that in the case when the function ¢(t) is non-
decreasing the inequality (2.15) gives us better than (2.18) upper bound
for function u(t), since inequality e* < 1+ xze®, x > 0 holds.

Now we will consider an inequality in which the unknown function
in the left-hand side is in a power.
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Theorem 2.1.4. Let the following conditions be fulfilled:
1. The conditions 1, 2, 3 of Theorem 2.1.2 are satisfied.

2. The function k € C([ty,T),(0,00)) is nondecreasing and the in-
equality M = maXge(q(t9)— ht0]¢ ) < Vk(ty) holds.

3. The function u € C([a(tyg) — h,T),Ry) satisfies the inequalities

un(t) <k(t) + / [p(s)u(s) + qls) max u()]ds

£€[s—h,s]
—|—/a s)+b(s )gel[lslz—%ﬁ,s]u(g)]ds for t€ty,T),
(2.27)
u(t) <o(t) for t € [alty) — h,to], (2.28)

where h > 0, n > 1.

Then for t € [ty,T) the inequality

u(t) < Vk(t) + <M+ ¢)ef‘(t)+3(t) (2.29)

holds, where

A /tmaX(Oé(t)»tO) (a(s)w(s)-i—b(s) max w(€)> s (230

\ k(t)a le (tO,T)a
M, tE[to—h,to].

A(t) :% /t t (k(s)) " [pts) + ()] s (2.31)
B(t) :% /a z(t)) <K(s)>Tn [afs) + b(s)) s (2.32)
K0 ={ 5o, 1 <letnrio
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Proof. Let us define a function z : [a(ty) — h,T) — R4 by

(k) </t (p(s)u(s) +¢q(s) max u(f))ds

nk(t) W to E€[s—h,s]

z2(t) = +/O¢(t0) (a(s)u(s) + b(s)gg&g’gzcjﬂu(ﬁ))ds), (2.33)
t e [to, T)

0, t e [a(to) — h,to).

From inequality (2.27) we have for ¢ € [to, T)

un(t) < k(t)(l +n "ZE:()t)>’

or
1

. 2(t) \"
u(t) < k() (1+nnk<t)> .

Apply Bernoulli’s inequality (1 4+ z)* < 1+ ax, where 0 < a < 1 and
—1 < z, and observe that

u(t) < \”/k:(t)(lﬁ— &%) = Vk(t) + 2(t) = w(t) + 2(t), te [224))

and

u(t) < o(t) < o(t) + 2(t) Sw(t) + 2(t), telalto) — h,to], (2.35)

where
VEk(t), t € [to,T)
t) =
“{t) { v k(to), t € [a(to) — h, o).
Therefore

max u < max w(é)+ max z(£), sE€E |ty,T). 2.36
£€[s—h,s] (g) £€[s—h,s] (g) €€[s—h, s3] (5) [0 ) ( )

Let t € [to, T) be such that «(t) > to. Then from inequalities (2.34)
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and (2.35) we get

/ato) { ) +bls &;g%gs]u(é)] ds
S/ :o) {“( )2(8) b(s)  max Z(E)] ds

£€[s—h,s]
[ <w > +b(s )<§€I[Isla}l~f S]w(f) ger[?ff,s]z(é)ﬂ ds
max a(t),to)
< )+ b(s geI[Islz_u’;S]w(é))ds
+ /a(to) <a(s)z(s) + b(S) {61[13%}15,5]Z(£)> ds. (237)

Let t € [to,T) be such that a(t) < tp. Then from the definition of
function z(t) and inequalities (2.34) and (2.35) we get

/ ?(t) [a(s)u(s) +b(s) max u(g)] ds

«@ to) {6[5—]1,5]

™ (a(s)as) 1+ b(s) max () ) ds
Lo ( )

a(to) EE[S—h,S]
max(a(t),to)

g/ (a(s)w(s)—i—b(s) max w(§)>
to §€[s—h,s]

+/a(t) (a(s)z(s) + b(s) max z(§)> ds. (2.38)

a(to) §€[s—h,s]

Let C = Mn k(to)l_% > 0. Note the function v : [tg,T) — (0, 00),
v(t) = —— <C’ + e(t)> is nondecreasing and the equality v(ty) =

n k(to)!~ %

k(tl)lfl (C+ e(to)) = M holds, where the function e(¢) is defined by
n k(to

2.30). From the definition of the function z(¢) and inequalities (2.37)
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and (2.38) it follows that

e GOk [ Jporsr oo e )]s
“f ttz { ) ge?;égs]z@)] ds>

W <c + e(t)>

TR PR ——

0 E€[s—h,s]
q(s)

1 o(t)
T
n k‘(t)l_z /a(to
z(s) + ————+ max z(g)] ds

)
t 1 (3
<o(t) + /t 7 [<kp)>11 (k:(s))l_}l ¢€ls—h,s]

2(t) < !
t)

a(s)z(s) + b(s) max z(f)] ds

E€[s—h,s]

~—

(2.39)

alt) 1 a(s) b(s)
Lol (k) o W&eﬂaﬁsﬁ@]

t e [to, T),
Z(t) =0, te [a(to) — h,to]. (2.40)

From inequalities (2.39) and (2.40) according to Theorem 2.1.2 we
get

2(t) < v(t)eAOFBO = [ M+ L) eA+BE) 241
o= ( (k(t0))' o

where A(t) and B(t) are defined by (2.31) and (2.32), respectively.
Substitute bound (2.41) for z(t) in the right-hand side of (2.34) and
obtain inequality (2.29).
U

Remark 2.1.3. As partial cases of Theorem 2.1.8 and Theorem 2.1.J

we obtain results for integral inequality without maximum (see [Kim
2005], Theorem 2.1 and Theorem 2.2).
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2.2 Nonlinear Integral Inequalities with Max-
ima for Scalar Functions of One Variable

In this section some new nonlinear integral inequalities of Bihari type
will be solved. The main characteristic of the considered integral in-
equalities is the presence of the maximum of the unknown scalar func-
tion in the integral.

Theorem 2.2.1. Let the following conditions be fulfilled:
1. The function o € C([tg,T),Ry) is nondecreasing and a(t) < t.
2. The functions p, q € C([to,T),Ry) and a, b € C([a(ty),T),Ry).
3. The function ¢ € C([a(to) — h,to],Ry) .
4. The function g € C(R4, (0,00)) is increasing, [~ g(s)ds = co.

5. The function u € C([a(ty) — h,T),Ry) and satisfies the inequal-
1ties

iy sk + [ 90(u0) + 0619 (o ut)) |as 202

to §€[s—h,s]
a(t)
o[ et (ue) v (| gpa ey
fort € [to,T),
u(t) <¢(t) for t e la(ty) — h,to], (2.43)

where h, k = const > 0.

Then, fort € [to,t1) the inequality

to a(to)

u(t) <G (G(M)+ / t [p(s)+q(s)]ds+ / " [a(s)+b(s)]ds>,
(2.44)
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holds, where M = max (k,maxte[a(to)_hjto] ¢(t)), the function G is de-
fined by

" ds
G(r) :/TO 76) ro > 0, (2.45)

t; =sup {7‘ € (to,T) : G(M) + /t [p(s) + q(s)}ds

to

[t <ot o]

and the function G™1 is the inverse function of G.

Proof. Let us define a function z : [a(ty) — h,T) — R4 by

M / 9 (u(6)) + ats)o(( e 0(6)) s

¢€[s—h,s]
=1 4 / th)) [a(s)g(u(s)) +b(s)g<££%s]u(g)>]ds, (2.46)
o te 7[t0,T)
M, t € [alto) — hito).

\

The function z(t) is nondecreasing and the inequality u(t) < z(t)
holds for ¢ € [a(to) — h,T). Note max,cp_pq2(s) = 2(t) for t €
[a(to),T). Then from inequality (2.42) we get for ¢ € [to,T)

z(t) <M + /tt :p(S)g(Z(S)) +Q(5)9<§61[1815_ﬂ’;5]z( ))]ds
* [ [ 09) #5000
<at+ [ [o66) + )]+ s
+ /O::)) :a(s) + b(s)}g(z(s))ds. (2.47)

Define a function w : [a(tg) — h,T) — [M,o0) by

w(t) = M—i—/t [p(s) +q(s)}g<z(s)>ds+/a(t) [a(s) +b(s)]g<z(s)>ds.

to a(to)
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Differentiate the function w(t), use the monotonicity of w(t) and obtain

I

(w(®) =[p®) +a®)]g(=(t))
+ [ala®) +b(a®) |g(2(a) ) (o)

!/ ’

<a(w(9) [p(0) + 4(0) + aal®) (a(0) + b(at®) (a(0)
(2.48)

!/

From definition (2.45) and inequality (2.48) it follows that

d (w(®)’
—Glw(t)) = ——~
(+10) 9(w)
< p(t) + q(t) + a(a(®)) () +bla(®)) (a(t) . (2.49)

We integrate inequality (2.49) from tg to ¢ for t € [tg,T), change
the variable n = «(s) and we obtain

a(t)

6(w) <0+ [ ot +am]ans [

to a(to)

[a(n)+b(n) | dn. (2.50)

Since G is an increasing function, we obtain from inequality (2.50)
and u(t) < z(t)] < w(t) the required inequality (2.44) for t € [to,t1).
O

Remark 2.2.1. In the case when h = 0 the result of the Theorem 2.2.1
reduces to the classical Bihari inequality.

In connection with the nonlinearity of the considered integral in-
equality, we introduce the following class of functions.

Definition 2.2.1. We will say that a function g € C(R4+,Ry) is from
the class Q2 if the following conditions are satisfied:

(i) g is a nondecreasing function;
(ii) g(x) >0 for x > 0;
(117) g(tz) > tg(x) for 0 <t <1, x > 0;

(iv) g(x) + g(y) > g(x +y) for x,y > 0;
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Remark 2.2.2. Note that the function g(x) = ¢/x € Q, where p is a
natural number.

Theorem 2.2.2. Let the following conditions be fulfilled:
1. The function o € C1([tg,T),Ry) is nondecreasing and o(t) < t.

2. The functions p, q € C([to,T),Ry) and a, b € C([a(ty),T),Ry).

3. The function k € C([a(ty) — h,T),Ry).
4. The function g € C(R4,Ry) and g € Q.
5. The function u € C([a(ty) — h,T),Ry) and satisfies the inequal-
ities
t
utt) <k + [ |p(s)o (ut)) + (| e u(e)) ]
(2.51)
a(t)
[ 09(009) =000 g w0
for t € [to,T),
u(t) <k(t) for t e [a(to) — h,to] (2.52)

where h = const > 0.

Then for t € [to,t2) the inequality

u(t) <k(t) + e(t)G? (G(l)

+ /tt [p(s) + q(s)}ds + /a(:t)) [a(s) + b(s)]ds) (2.53)
holds, where e(t) : [tg, T) — Ry is defined by
ety <1+ [ [pt61a (k05)) + atsla max 1)) ]as

£€[s—h,s]

+ /t Omax (et [0(8)9@'(5)) +b(8)g< ger[rs}gﬁs]k(ﬁ))]ds,
(2.54)
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the function G is defined by equality (2.45), the function G~! is the
mmverse of G,

to =sup {7’ € (to,T) : G(1)+ /t [p(s) + q(s)}ds

to

+/O::t)) als) +0(s)|ds € Dom(G™") for 1 ¢ [tO’T]}'

Proof. Let us define a function z : [a(tg) — h,T) — Ry by

( /t: [p(S)g(u(S)) + Q(S)g<§er[rs}§r,;8]u(€))]ds
=1+ " a0l (u(3)) + b9 ( o u(©)) ] s

(o) £€[s—h,s]
t e (to,T),
0, t € [a(ty) — h,to).

From inequality (2.51) and the definition of z(¢) we have for t €
[alto) = h,T)

u(t) < k(t) + z(t). (2.55)

) > to. Then from inequality (2.55),

Let t € [to,T) such that «a(t
t), and condition 4 of Theorem 2.2.2 we

the definition of the function z(
have the inequality

/ (()) sl (u()) + 80519 (e (@) )]s
< [ ata(=(0) + eoro( e =(6)) s
+ /:(t) [a(s)g(k‘(s) +2(s))
+b(s)g ( e K(E) + max z(&))] ds
< /tom”(a(t)’m 919 (k(5)) 80519 o K©)|as

£€[s—h,s]

vf " a0l (+(5)) + o) max +(6)) |as. (2.56)

(to) £€[s—h,s]
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Let t € [to,T) such that a(t) < to. Then from the definition of
function z(t), we get

/ (()) a1 (u()) + 80519 (o u(©) )]s
)

)
_ /a z: [a(s)g(z(s)) + b(s)g<§£§}’;8] z(g)>] ds

< /tomx(a(t)’t(’) (519 (1(6)) + 89 (oK) |

E€[s—h,s]
+ /a z(t)) {a(s)g(z(s)) + b(s)g(ger[rslz_ulis] z(g)>] ds. (2.57)

From the definition of function z(t) and inequalities (2.52), (2.56),
and (2.57) it follows that

(0 e+ [ [p1a(=0)) + a0 max =©)]as 239

to £€[s—h,s]
+ /O::)) [a(s)g <z(s)> + b(s)g <EEI[151§}}’1(75] z(§)>]ds for t € [to, T),
z(t) <k(t) for t € [a(ty) — h,to), (2.59)

where the function e(t) is defined by (2.54). Note the function e(t) is
nondecreasing for ¢ € [tg,T') and e(tg) = 1.

From inequalities (2.58) and (2.59), condition 4 of Theorem 2.2.2
and Wlt) < 1 we obtain for ¢ € [ty,T) the inequality

% <1+ /t: [p(s)gc(—z;) + Q(S)g<max&zé’;’5] Z(g))]ds

L ) (235 o

From monotonicity of e(t) we obtain for ¢ € [tp,T) and s € [a(to), t]
the inequality

maXee(s—p,s 2(§) - maXee(s—p,s] 2(§) 2(€) 2(€)
e(t) - é(s) gels—h,s] €(8) ~ gels—h,s] é(§)’
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where the continuous nondecreasing function é : [a(tg) — h,T) — Ry
is defined by

o | oe(t), for tety,T),
eft) = { e(ty), for te [(;(to) — h, to).

From (2.60) and (2.61) follows that for ¢ € [tg,T") the inequality

= [ () + ot o, 26

+ /a (::)) {a(s)g(ég > +b(3)9<5€%§§’s]%>]ds (2.62)
holds.

Let us define a function uy : [a(tg) —h,T) — Ry by uy(t) = % Set
the right-hand side of inequality (2.62) by function z; : [tg,T) — R.
Note that function z;(t) is increasing, z1(tg) = 1 and for ¢ € [ty,T) the
inequality u;(t) < z1(¢) holds.

Therefore

I

a0 <1+ [ o) +a]otatoas + [

to a(to)

Define a function w : [a(tg) — h,T) — [1,00) by

wt) =1+ [ *[plo) +a(s)] a1 (s + / "

to a(to)

[a(s) n b(s)} 9(z1(s))ds.

Differentiate the function w(t) and we obtain

’

(w(®) <[pt) +a(t)] g ()
+ [ae®) +ba@®)]g (2 (@)) (). (2:64)

From inequality (2.64) and condition 1 of Theorem 2.2.2 we get

!

(w()' <o(w(®) [5(0) + alt) + (o) a(0)

I

+b(a(t)) (a(t))'] : (2.65)
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From the definition of G and inequality (2.65) we obtain

’

L6 (w(n) = (E‘“?i) p(0) + a(®) + ala(®) (a(t)
+bla(t))(alt) (2.66)

Integrating inequality (2.66) from to to t we get for ¢ € [to,T') the
following inequality

GOM0>§G0)+/¢{( d&+lt b(a(s)|(a(s)) ds

to 0

gG(1)+/t:[ (n) +/ato) )}dn.

Since G1(t) is an increasing function, from inequalities (2.67) and
ui(t) < z1(t) < w(t) it follows that for ¢ € [tg,T) the inequality

68 <t (G(1)+ /t t [b(s)+a(s)|ds+ /a Z(tz Ja(s)+b(s)] ds) (2.68)

0

(2.67)

I

holds.
Inequalities (2.55) and (2.68) and the definition of é(t) imply the
validity of inequality (2.53).
U

In the nonlinear case when the unknown function is in a power, the
following result is valid:

Theorem 2.2.3. Let the following conditions be fulfilled:
1. The function o € C1([tg,T),Ry) is nondecreasing and a(t) < t.
2. The functions p, q € C([to, T),Ry) and a, b € C([a(ty),T),R4).
3. The function ¢ € C([a(to) — h,to),Ry).

4. The function k € C([to,T), (0, oo)) is nondecreasing and the in-
equality M = maxXe(a(ty)—h,to] P(5) = ¥/ k(to) holds.

5. The function g € Q.
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6. The function u € C([a(ty) — h,T),Ry) and satisfies the inequal-
ities

(u)" <k(t)

+ /tt [p(S)g(U(S)) +q(8)9(5€€§§’s]U(§)>]ds
O fort e [to, T), (2.69)

u(t) <¢(t) fort € [alto) — h,to] (2.70)
where h = const > 0, n = const > 1.

Then for t € [to,t3) the inequality

u(t) < V) + el(t){% <k(t)) e <G(1) + A+ By (t)) }
(2.71)
holds, where

) =1+ [ [o01a(006)) + atora(( e 59))|as

E€[s—h,s]
# [ a0 as + om0 o
(2.72)
0 =1 [ [ (k00) ™ ate) e (59) T a2

Bu(t) =1 /a o {a(s)(K(s))lnn +b(s) max (K(f))l"n]ds,

£€[s—h,s]
(2.74)
k), teltoT)
K(t) —{ k(tg), t€ [£(t0)7t0)7
[ /E®), te (t,T)
Y(t) = { M, te [t(())— h, to].

the function G is defined by (2.45), the function G™1 is the inverse of
G,

ts = sup {T € [to,T) : G(1)+ A(t) + Bi(t) € Dom(G_l)

for te [to,T]}.
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Proof. Let us define a function z(t) : [a(tg) — h,T) — Ry by

; :((tt)) (/to [p(8)9<u(5)) +Q(5)9<Eelf[2’fﬁs]u(€)>]d5
g +0b

alt)
2(t) = +/a(t0) [a(s) (u(s)) (8)9<Eer[§a;l<75]U(€)>]c[18>,)
t e t(),T s

0, t e [a(to) — h,to).

\

By inequality (2.69) and the definition of z(¢) we have for ¢ € [to, T)

<u(t))n < k(t) (1 +n j%))

or

) 0\
ult) < k:(t)<1+nnk(t)) .

Apply Bernoulli’s inequality (1+x)* < 1+ ax where 0 < a < 1 and
—1 < z, and observe that

<\/—< \/—) V() + ()

=(t) + z(t), te[to,T), (2.75)
u(t) <o(t) < ¢(t) + 2(t) < ¥(t) + 2(t), t € [alto) —h,to], (2.76)

where
wity =4 VHO, te [t T)
Vk(to), t € [a(to) — h to).
Therefore,
max u(§) < max + max 2z s € [to, T). 977
Jmax w(@) < max g0+ max =€), sl T). (270

Let t € [to,T) such that a(t) > typ. Then from inequalities (2.75)
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and (2.76) we get

/ ((j o)y (u()) + 80529 max u(©) )]s
< [ () a1 (x(5)) + 6s)a gmax 2©)) |
# [ atsra(v0s) +260)

#ols)a( s 0(©)+ max +(6)) |as

ge[s_hvs] EG[S—}L,S]

:/tomax(oc(t),to) [a(s)g<w(5)) +b(s)g<ger[rs13<7$]¢(f)>]ds

v ((j a1 (+(0)) + 00l o(0)|as. 279

Now, let t € [tg,T') such that «(t) < to. This time, from the defini-
tion of function z(t) and inequalities (2.75) and (2.76), we get

/ { g<u g€ls—h.sl
= [ [0 60 g 0)

maxat)t0|: g(\/¢— +b()< I n¢(§)>]d$

£€[s—h,s]

+ ((t) a1 (+(5)) + (o) _max_+(6)) |as. (279

« t()) EG[S—}L,S]

oo max )]s

It follows from the definition of the function z(t) and inequalities
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(2.78) and (2.79) that

() S—— = (el<t> [ [pors(e9) + atora e )]

rats) (16)) o e 2©))|as

£€[s—h,s]

1-n

a(t) 1=n
ta o e () o (x0)

—I—b(s)(K(s))l"ng( max z(§))}ds, te fto, T), (2.80)

E€[s—h,s]
z(t) <¢(t), te€ [to— h,tol. (2.81)

According to Theorem 2.2.2 from inequalities (2.80) and (2.81) we
get

2(t) < el(t){ n ]’:((Lf)) + GG + A1) + Bi(v)) } (2.82)

where A; and B; are defined by equalities (2.73) and (2.74), respec-
tively.
Substitute bound (2.82) for z(¢) into the right-hand side of (2.75)
and obtain required inequality (2.71).
O

2.3 Integral Inequalities with Maxima for
Scalar Functions of Two Variables

In the present section we solve some new Gronwall’s type integral in-
equalities for continuous scalar functions of two variables. The main
characteristic of the studied inequalities is the presence of the maxi-
mum of the unknown function in the integral. The obtained inequalities
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are used to investigate qualitative properties of the solutions of partial
differential equations with “maxima.”

Let points a, b, xg, yo € Ry be fixed such that a > z¢, b > yo.
Let function «: Ry — Ry be such that a(x) < z.

Consider following sets

G(zo,y0) = {(z,y) ER?: = >0, y > o},
G ={(z,y) eR?*: z € [xo,al, y € [yo, ]}, (2.83)
Q={(z,y) e R?: z € [afxo) — h, o), ¥ > yo},

where h > 0 is a constant.

We will study inequalities of the type

w(z, ) <pl(z,y) + / 7 s, (s, tydeds
o Y Yo

alz) ry
+ / / g(s,t) max wP(€,t)dtds for (z,y) € G(zo o),
a(l’o) Yo EE[S—h,S]

(2.84)
u(z,y) <Y(z,y) for (x,y) € Q, (2.85)

where u : G(a(zg) — h,yo) — Ry, functions ¢, f,g: G(zo,y0) — Ry,
and ¥ : Q — R4, p € (0,1] is a real number.

We will prove some linear integral inequalities of Gronwall-Belman
type for scalar continuous functions of two variables in the case when
maxima of the unknown function is involved into the integral.

Initially we will study inequalities (2.84) and (2.85) in the case when
p=1.

Theorem 2.3.1. Let the following conditions be fulfilled:
1. The functions f,g € C(G(x0,y0), Ry ).

2. The function a € C([zg,0),Ry) is nondecreasing and a(x) < x
for x > xg.
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3. The function u € C(G(a(zo)—h,y0), R4) satisfies the inequalities
z oy
u(z,y) Sc—l—/ f(s,t)u(s,t)dtds
o Y Yo

a(z)  ry
+/ /g(s,t) max u(&,t)dtds
af Yo

1’0) {E[S—h,s]
fOT’ («T,y) € G('r07y0)7 (286)
u(z,y) <c for (z,y) €, (2.87)

where h = const > 0,c = const > 0.

Then for (x,y) € G(xo,yo) the inequality

() < celoo Tl Ha(a)0a’ () deds (2.88)

holds.

Proof. Let us define a function v : G(a(xg) — h,y0) — (0,00) by

c—l—/m yf (s,t)u(s,t)dtds

yo
a(zo) yo

,t) max w(&,t)dtds, for (x,y) € G(xo,yo),
¢, for (z,y) € Q.

EES h,s]

The function v € C?2[G(zo—h, yo), (0, 00)] is nondecreasing in both
its arguments and

U(IE()?y) =c for yE [yOab]a U($7y0) =c forz € [ZL’O,(Z], (289)
vz(z,y0) = 0 for x € [z, al, vy(zo,y) =0 for y € [yo,b], (2.90)
vp(z,y) >0,  wvy(z,y) >0 on G(zo,yo). (2.91)

From the definition of the function v it follows that for (z,y) €
G(z0,yo) the inequalities u(x,y) < v(x,y) and

max u < max v =v(x
cepex w&y) s max v(Sy) = v(@,y)

hold.
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6), (2.91) and the definition of function v(z,y) we
(:E()a yO)

Then from
obtain for (z,

(28
) €

vy (@) < (f (@) + glala), )’ @) ) vl y)
=

fla,y) + glal@), y)a/(x))v(x7y)+w

v(z,y)
(2.92)
or
( ) f(e.y) + glalz).y)a’ (@). (2.93)
Integrate 1nequahty ( .93) from g to y, use (2.90) and obtain

vmmy

y
< / 7@, 1) + gla(s), )’ (5)) . (2.94)
Integrate inequality (2.94) from z( to x, use (2.89) and obtain

Inv(z,y) — Inv(xg,y) < /: /yy (f(s,t) +g(a(s),t)a’(s))dtds. (2.95)

From inequality (2.95) it follows that

o(z,y) < celo TG0 Taa() 00 ())dids (2.96)

Inequality (2.96) proves the validity of (2.88).
U

In the case when the constant ¢ in the inequalities (2.86) and (2.87)
is zero, the following result is true:

Corollary 2.3.1. Let the following conditions be fulfilled:
1. The conditions 1, 2 of Theorem 2.3.1 are satisfied.

2. The function u € C|G(a(xg) — h,yo), Ry] satisfies

z oy
u(z,y) S/ f(s,t)u(s,t)dtds

Yo
/ g(s,t) max u(&, t)dtds for (z,y) € G(xo,y0),
(o) yo £€ s—h.s]
(2.97)
u(z,y) =0 for (z,y) €Q, (2.98)

where h = const > 0.
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Then
U(IE,y) =0 fOT’ (IE,y) € G(l’o,yo). (299)

Proof. Let € > 0 be an arbitrary number. Then function u(z, y) satisfies
inequalities (2.86) and (2.87) for the constant ¢ = e.

According to Theorem 2.3.1, the inequality (2.88) is true. Since
€ > 0 is an arbitrary number, we could take ¢ — 0 that proves the
validity of (2.99).

O

Corollary 2.3.2. Let the following conditions be fulfilled:
1. The conditions 1, 2 of Theorem 2.3.1 are satisfied.

2. The function ¢ € C(G(xo,%0),(0,00)) is nondecreasing in both
1ts arguments.

3. The function ¢ € C(Q,Ry) and ¥(x,y) < ¥(xo,y) < @(zo,y) for
(x,y) € Q.

4. The function v € C(G(a(xo)—h,yo), R+) satisfies the inequalities
z oy
u(eow) < ela) + [ [ fs.tpuls drds
zo0 Jyo

alz) ry
+ / / g(s,t) max (€ D)dtds for (z,y) € Clzo,y0),
a(zo) Jyo

£€[s—h,s]
(2.100)
u(z,y) <P(z,y), for (z,y) € Q, (2.101)
where h = const > 0.
Then for (x,y) € G(xo,y0) the inequality
u(z,y) < gp(x,y)efjo Jyo L (s:)+g(als),t)a’ (s)}dtds (2.102)

holds.
Proof. We define a function m : G(a(xo) — h,yo) — R4 by

m(xvy) =
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Let (z,y) € G(z0,y0) and s € [zg,x], t € [yo,y].
If s > 29+ h then from the monotonicity of the function ¢(x,y) we
obtain

maXeefs—h,s) UE 1) = max u(€;?) < max m(&,t). (2.103)
o(w,y) ¢els—hs) (2, y) ~ gels—hs)

If s € [xg, 20 + h] then we obtain

MaXe¢e(s—h,s) u(€7 t) — max (maXEG[s—h,xo] u(€7 t) maXeelxg,s) u(&, t))
e(z,y) e(x,y) ’ e(z,y)
gmax( max ws,t) , max ws,t) >
gels—hzo] P(,Y) €€lwo.s] (2, y)
< max m(§,1). (2.104)

T &€[s—h,s]

From inequalities (2.100), (2.103) and (2.104) we obtain for (x,y) €
G(zg,yo) the validity of the inequality

z oy
m(z,y) <1 —I—/ f(s,tym(s,t)dtds
zo Jyo
a(z)  ry
+/ /g(s,t) max m(,t)dtds. (2.105)
a(zo) Jyo §€[s—h,s]

Let (z,y) € Q. Then from condition 3 and inequality (2.101) follows

u(z,y) _ Y(z,y)
oz0,y) = p(@0y)

m(x,y) = <1 (2.106)

From Theorem 2.3.1 and inequalities (2.105) and (2.106) we obtain
the validity of inequality (2.102).
O

Now we will solve the nonlinear integral inequalities (2.84) and
(2.85) in the case when 0 < p < 1, i.e., in the case when the unknown
function and its maximum are involved nonlinearly into the integrals.

Theorem 2.3.2. Let the following conditions be fulfilled:

1. The conditions 1, 2 of Theorem 2.3.1 are satisfied.
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2. The function u € C(G(a(zo)—h,y0), R4) satisfies the inequalities

x oy
u(z,y) < c+/ f(s,t)uP (s, t)dsdt
Zo Y Yo

a(@) ry
# [ [Catet) max wretdsdt for (29) € Glan.n),
a(zo) Jyo £€[s—h,s]
(2.107)
u(s,y) <c for (s,y) € Q, (2.108)

where 0 < p <1, h = const <0, ¢ = const > 0.

Then for (z,y) € G(xo,yo) the inequality

u(z,y) < (cl_p + (1 —p)/

zo Y Yo

T

"1(5,6) + glals) Do’ (s)}dtds )

(2.109)
holds.
Proof. We define a function v : G(a(zo) — h,yo) — (0,00) by
v(z,y) =
x Yy a(z) )
c+/ / f(s,t)uP (s, t)dsdt +/ / g(s,t) max uP(§,t)dsdt
zo /Yo a(zo) Y yo E€ls—h,s]

for (x,y) € G(zo, o),
¢ for (s,y) €.

The function v € C%%(G(x0,%0), (0,00)) is nondecreasing in both
its arguments and

v(xo,y) = ¢ for y € [yo, ], v(z,yo) = ¢ for x € [zg,a], (2.110)
vz(z,y0) = 0 for x € [z, al, vy(zo,y) =0 for y € [yo,b], (2.111)
vz(x,y) >0,  wy(z,y) >0 on G(xo,yo). (2.112)

From the definition of the function v it follows that the func-
tion vP(z,y) is nondecreasing and for (x,y) € G(xo,y0) the inequal-
ities u(xvy) < U(.’L’7y), up('r7y) < Up(xvy) and maXec(z—h,z] up(fvy) <
maXee(z—h,z] Up(€7 y) = Up($v y) hold.

Then from the inequality (2.107) we obtain

vy (@) < (F(2,9) + glala),y)a! (@) )o"(,y),  (2,y) € Glao,po).
(2.113)
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From inequalities (2.112) and (2.113) it follows that

ny('r7y) _pvy(xvy)vx(x7y) Sf(a:,y)—i—g(a(x),y)a’(x)

vP(z,y) vz, y)
or
5y (2 < ) + gla(@h)a’ @), (.9) € Glav. o).
(2.114)
Integrate inequality (2.114) from yg to y, use (2.111) and obtain
vz(2,y)  va(@o,y) Y ’
e < [ () + glotw), 0o/ @) b
or .0) .
VT, Y /
o (2.1) < /yo (f(x,t) + g(a(z),t)a (m))dt. (2.115)
Integrate inequality (2.115) from xg to x, use (2.110) and obtain
(@) 0 Pwon) < [ (16,0 + otote) 00 )t
or
é(vq(m,y) - cq> < /mj /yj (f(s,t) + g(a(s),t)a'(s))dtds, (2.116)

where p+q =1
From inequality (2.116) follows that

v(z,y) < (cq + (1 —p) /x y{f(s,t) + g(a(s),t)a’(s)}dtds) P
o (2.117)

Inequality (2.117) proves the validity of (2.109).
]

In the case when constant ¢ in inequalities (2.107) and (2.108) is
zero, we obtain the following result:

Corollary 2.3.3. Let the following conditions be fulfilled:

1. The conditions 1,2 of Theorem 2.3.1 are satisfied.
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2. The function u € C(G(a(zo)—h,y0), R4) satisfies the inequalities

& ry
u(z,y) §/ f(s,t)uP(s,t)dtds
zo Jyo

a(x) ry
—l—/ / g(s,t) max uP (& t)dtds
a(l’o) Yo EE[S—h,S]

for (z,y) € G(zo,v0),
(2.118)

u(s,y) =0 for (s,y) € Q, (2.119)
where h = const > 0, p € (0,1).
Then for (xz,y) € G(xo,yo) the inequality

] 1
w(z,y) << (1— s, a(s),t)a (s)dtds P (2,120
e < {0-n) [ (5604 g0, 00 @)abs} 7 2120
holds.

Proof. Choose an arbitrary number € > 0. Then the function u(z,y)
satisfies inequalities (2.107) and (2.108) for ¢ = e.
According to Theorem 2.3.2 we obtain the validity of the inequality

T ry 1
vw) < (74 =) [ {560+ glals), 0 (s))deds) 7
zo Jyo
(2.121)
Since € is an arbitrary number, it follows from (2.121) the validity
of inequality (2.120) for (z,y) € G(zo,yo)-
U
Corollary 2.3.4. Let the following conditions be fulfilled:

1. The conditions 1, 2, 8 of Corollary 2.5.2 are satisfied.
2. The function u € C(G(a(zo)—h,y0), R4) satisfies the inequalities

w(z,y) <pl(z,y) + / 7 s, 0 (s, tydeas
o Y Yo

a(z) ry
—l—/ / g(s,t) max uP (& t)dtds
a(l’o) Yo EE[S—h,S]

for (z,y) € G(zo,v0),
(2.122)

u(s,y) <v(s,y) for (s,y) €Q, (2.123)
where h = const > 0, p € (0,1).
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Then for (x,y) € G(xo,yo) the inequality

u(@,y) < ¢(x,y)

1 +(1- / / 1 =T t Splg—(z?((;g;?t)a/(s)>dtds}ﬁ
(2.124)

holds.

Proof. We define functions m(z,y) : G(a(xg) — h,y0) — Ry and F, P :
G(z0,y0) — Ry by

- M z.y) = M
F(x7y) - SDl—p(x,y)v P( 7y) = ng_p(;L-7y)’
and -
uzx,y
m(x,y) = SD((x’y)) for - (zy) € Glzo,v0),
uzx,y
QD({L'O,y) for (xvy) € Q.

From inequalities (2.122) and (2.123), using the monotonicity of the
function ¢(z,y) we obtain the inequalities

T [y
e <14 [ [ Bttt
Yo

/ / (s,t) rnax mP(§,t)dtds for (z,y) € G(zo,v0),
a(zo) Jyo £€[s—h,s]
(2.125)

m(s,y) <1 for (s,y)e . (2.126)

Applying Theorem 2.3.2 to inequalities (2.125) and (2.126), we ob-
tain the inequality

m(z,y) < (1 +(1-p) /’” /y{F(S,t) + P(Oz(s),t)a’(s)}dtds)lf
e (2.127)

Inequality (2.127) proves the validity of (2.124).
O
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2.4 Applications of the Integral Inequalities
with Maxima

We will apply some of the proved above inequalities to study various
properties of solutions of differential equations with “maxima.”
Consider the following system of differential equations with “max-

ima”

"= f(ta(t for t>t 2.12
= fbalt), max () for t=to (2.128)

with initial condition

z(t) = ¢(t) for te€ [a(to) — h,tol, (2.129)

where z € R™, ¢ : [a(ty) — h,to] — R™, f : [0,00) X R" x R" — R",
h > 0 is a constant, tg > 0.

Theorem 2.4.1. [Uniqueness] Let the following conditions be fulfilled:

1. The functions o, 3 € C([tg,0),R), a(t) is an increasing func-
tion, B(t) < a(t) <t, and at) — B(t) < h fort > tg.

2. The function f € C([tg,00) x R" xR™ R™) and satisfies for t > tg
and x;,y; € R™ i =1,2 the condition

£t 21,91) — f(t, 22, 92)[| < g(F) |21 — 22| +7(F) ly1 — w2,
where g(t),r(t) € C([to,0), Ry).

3. For any function ¢ € C([a(ty) — h,to], R") the initial value prob-
lem (2.128), (2.129) has at least one solution x(t;ty, ) defined
fort > a(ty) — h.

Then the initial problem (2.128), (2.129) has an unique solution.

Proof. Let ¢ € C([a(ty) — h, to], R™) be a fixed initial function. Assume
there exist two different solutions u(t) = u(t;tg, ¢) and v(t) = v(t; to, @)
of the initial value problems (2.128) and (2.129), which are defined for
t > a(to)—h. Both functions u(t) and v(t) satisfy the integral equations

€))ds for t > to,

t
u(t) =¢(to) + $,Uls), onax U
(t) =9(to) . £ ()ée[B(S),a(S)] (

t
v(t) =¢(to) + [ f(s,v(s), max v(§))ds for t>t
to £EB(s),0x(s)]
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and u(t) = v(t) = ¢(t) for t € [a(to) — h, to].
Then the norm of the difference of both solutions w(t) and v(t)
satisfies the inequalities

[u(t) = v(®)]]

t
< s,u(s), max u — f(s,v(s), max v ds
< [ IS e (@) = F(s,0(s) e (€]

t
< s)|u(s) —v(s)||lds + r(s max u(f) — max wv(xi)l||)ds
| (oute) —vtsplds )l _mase a©)~_max ot

t t
< [ 9@ uo) —e@lds+ [ 1) _max ule) - o©lds,
to to 56[/8(5)7a(s)]
t>ty,  (2.130)
Ju(t) —v(®)| =0, € [alto) — h,to].
Set p(t) = ||u(t) —v(t)| for t € [to — h,00), change the variable
n = «(s) in the second integral of (2.130), use the inequality

max < max
EEB(t), a(t))] p(f) T gefa(t)—h, alt)] p(&)

that follows from condition 1 of Theorem 2.4.1 and obtain the inequality

t a(t) ,
p(t) < / g(mp(n)dn + / o ) (@ () max p(€)ds,

to a(to) 56[77—}%77]
t>t. (2.131)
According to Theorem 2.1.1 from inequality (2.131) and p(t) =
0, t € [a(ty) — h,tg] we obtain p(t) < 0 for ¢t > ty that proves the
validity of equality ||u(t) — v(t)|| = 0 for t >ty or u(t) = v(t).
U

Now we will obtain bounds for the solution of the initial problem
(2.128), (2.129) in the case when the right-hand side is nonlinear.

Theorem 2.4.2. [Bounds] Let the following conditions be fulfilled:

1. The functions o, € C*([tg,0),R), a(t) is a nondecreasing
function, B(t) < a(t) <t and a(t) — B(t) < h fort > to.

2. The function f € C([tg,00) x R™ x R™, R™) and satisfies fort >t
and x,y € R™ the condition

£ = )| < POVIT + BOVI
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where P(t), B(t) € C([to, ), Ry).
3. The function ¢ € C([a(to) — h,to], Ry).

4. The function u(t;to,d) is the solution of initial value problem
(2.128), (2.129) defined for t > a(ty) — h.

Then the solution of initial value problem (2.128), (2.129) satisfies for
t > to the inequality

: 2
|u®)|| < %(m/}@(to)] +/t [P(s)+B(s)]ds) . (2.132)

Proof. The solution u(t) = u(t;tg, ¢) of initial value problem (2.128),
(2.129) satisfies the integral equations

t
u(t) = ¢(to) + /to f<8, u(s), e BT )]u(f))ds for t > to,

and
u(t) = ¢(t) for te [a(to) — h,tol.

Then for the norm of the solution u(t) we obtain

ol <llotal |+ [ [|1(s. wton _pmox | u(@) s

£e[B(s),(s)]

<H¢tOH+/< Vil + 2 \/ng[éns?xsﬂ H)ds

Sch(to)H—i—/tOP( u(s)||ds

t
+ B(s max U ds for t > t, 2.133
/to QU SO ° (2.133)

and
u@®)|| = [|ot)|| for te€ [alto) — h,to). (2.134)

Set ¥(t) = ||u(t)|| for t € [a(to) — h,00). Then we get for t > to.

0 <l + | PTG+ [ BG) O i O

(2.135)
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Change the variable 7 = a(s) into the second integral of (2.135),

use the inequality maxec(s(r), a(r) ¥(€) < MmaXeeia(t)—h, ar) P(§) that
follows from condition 1 of Theorem 2.4.2 and obtam

1 < ||otto)]| + /t P(n)v/Fm)ds

+/ Mt)B(O‘_l(”))(a‘l(n))/ max_(E)dy. (2.136)

alto) £€ln—h.n]
Note conditions of Theorem 2.2.1 are satisfied for & = H (to) ’
and p(t) = P(t), q(t) = 0 for t € [tg,00), a(t) = 0, b(s) =
B(a~t(s))(a"!(s)) for t € [a(ty),0), g(u) = Vu, Gu) = 2/u,

Gl (u) = u?, Dom(G™1) =Ry and ¢ = oo
According to Theorem 2.2.1 from inequality (2.136) we obtain for
t >t

‘ 2
si(%/w(to)r + [ [P<s>+B<s>}ds) SRS

Substitute the bound (2.137) for v (t) into the right-hand side of equal-
ity Hu H = 9(t) and obtain the required inequality (2.132).
U

Consider the following scalar differential equations with “maxi-

mum”

P f(t’x(t)’se[%i}é(t)]x(s)) for t >t (2.138)

with initial condition
z(t) = ¢(t) for t€ lalty) — h,tol, (2.139)

where z € R, : [to — h,tg] = R, f : [0,00) x RxR - R, h>0isa
constant.

Theorem 2.4.3. [Bounds] Let the following conditions be fulfilled:

1. The functions o, 3 € C([tg,0),Ry), a(t) is an increasing func-
tion, B(t) < a(t) <t and a(t) — B(t) < h fort > ty.
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2. The function f € C([tg,00) x RxR,R), f(¢,0,0) =0 and satisfies
fort >to, x;,y; € R, (i =1,2) the condition

’f(twrl?yl) - f(twr?vy?)‘ < g(t)’xl - x?‘ + T(t)’yl - y2’7
where g(t),r(t) € C([tp,00),R4).
3. The function ¢ € C([a(ty) — h,to],R), |¢(to)| > 0.

4. The solution x(t;to, ) of initial value problem (2.138), (2.139)
is defined for t > a(tg) — h.

Then for t > ty the inequality

|z (t; to, )| < [(to)]

¢ \¢(i0)| ftto (9(8)4-7"(8)) ds

+ M(l + (g(s) + r(s))ds)e (2.140)

lp(to)] Jio
holds, where M = max se(a(to)—h,to] [ (5)]-

Proof. The solution x(t) = z(t;to, ) satisfies the following integral
equation

£€[B(s),a(s)]
z(t) =p(t), t € [alto) — h,to].

(ac(t)>2 :<g0(to))2 —l—/tt 2f(s,z(s), max x(£))ds for t>t,

According to condition 2 of Theorem 2.4.3 we get

|z (t)[?
¢
< to)]? + 2 s,x(s), max x ds
R0 +2 [ 1f(sa(o), _ max  2(6))
t t
< lelwP+2 [ glaolds+2 [ o) _max jo()lds
to to EG[,B(S),CM(S)]

t > t. (2.141)

Set u(t) = |x(t)| for t € [ty — h,0), change the variable s = a~!(n)
in the second integral of (2.141), use the inequality

max U < max U
EEB(), a(t))] (5) T gefa(t)—h, a(t)] (5)
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that follows from condition 1 of Theorem 2.4.3 and obtain for ¢ > tg
the following inequality

(u)” < lotto)? + [ 29(s)utsas

to
!

a(t) . B
+ /a o 2r(a™"(n)(a™"(n)) 56?3%,77]“(5”77‘ (2.142)

From inequality (2.142) according to Theorem 2.1.4 for n = 2,
() = lp(t)] on [to — h,to], k(t) = [@(to)]* > 0, p(t) = 29(t), q(t) =
on [tg,00), and a(t) = 0, b(t) = 2r(a1(t))(a1(t)) on [a(ty),o0) we
obtain the inequality

u(t) < |¢(to)| + <M+ 2@((2)')6%”50 (9(5)”(5)>d5, (2.143)

hold, where

e(t) < 2M t(g(s)+r(s))ds.

to

Inequality (2.143) proves the validity of inequality (2.140).
U

We apply some of the solved integral inequalities in Section 2.3 to
investigate qualitative properties of partial differential equations with
“maxima’.

Consider the nonlinear partial differential equation with “maxima”

uxy('r7y) - F(xvyvu(x7y)7£€[ar(li?“”}é(m)] U(f,y)) fOI‘ ('r7y) € g

(2.144)
with initial conditions

u(zo,y) = v1(y), uz(x0,y) = w2(y) for y e [yo,b],

u(z,y) = @3(z,y) for x€[B(xg)— h,z0], ¥y E [yo,b], (2.145)

and boundary conditions

u(z,yo) = U1 (z), u(z,b) = o(z) for z € [x0,qal, (2.146)



56 Chapter 2. Integral Inequalities with Maxima

where u : R? — R, h = sup{B(s) — a(s) : s € [zo,a]}, and the sets
G(x0,Y0), G, are defined by (2.83).

We will assume that the solution of (2.144)—(2.146) exists on the
rectangular G.

We will say that conditions (H2.4) are satisfied if

H2.4.1. Functions «a, § € C([xo, a],R) are such that a(x) < f(z) < = for
x € [zo,a], B(x) is a nondecreasing function;

H2.4.2. Functions ¢1, 2 € C1([yo, b], R);
H2.4.3. Functions 11, 19 € C1([x0,a],R) and ¢1(yo) = ¥1(70);

H2.4.4. Function p3(x,y) € C([xo — h,xo] X [yo,b],R) and the equality
@3(20,y) = ¢1(y) holds for y € [yo, b].

H2.4.5. The mixed problem (2.144)-(2.146) has a solution, defined in G.

If conditions (H2.4) are satisfied, then the solution u(z,y) of
(2.144)-(2.146) satisfies for (x,y) € G the integral equation

u(z,y) = ¢1(y) + ¥1(x) — P1(zo)

Ty
+ F(s,t,u(s,t), max u(&,t))dtds (2.147
[ [ Fetate . ma e o)as @140

u(z,y) = p3(z,y) for z € [B(zo) — h, zo]. (2.148)

We will apply directly the above-solved integral inequalities involv-
ing a maximum of the unknown function to obtain some qualitative
properties of the solutions of the partial differential equations (2.144)-
(2.146).

Initially we will prove the uniqueness of the solution of (2.144)-
(2.146).

Theorem 2.4.4. [Uniqueness] Let the following conditions be fulfilled:

1. The function F(z,y,u,v) € C(G x R%2,R) and there exists f,g €
C(ng-‘r) such that \F(x,y,ul,vl)—F(x,y,ug,vz)\ < f(x7y)‘u1_
ug| + g(@,y)|v1 —va| for (z,y) € G and uy,uz,v1,v2 € R.

2. The conditions H2.4 are satisfied.

Then the mized problem for the partial differential equations with “maz-
ima” (2.144)-(2.146) has an unique solution.
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Proof. Assume that there are two solutions u(zx,y),v(x,y) of (2.144)-
(2.146) defined in G. Both functions satisfy the integral equations
(2.147) and (2.148). Then we obtain the inequalities

lu(z,y) — v(z,y)
Ty
g/ |F(s,t,u(s,t), max u(,t))

Yo ¢€la(s),B(s)]
— F(s,t,v(s,t), max v(£,t))|dtds
( (s:%) £€la(s),B(s)] &)l

<[ [ (it s

+g(z, max w(&,t)—  max (&, t)|)dtds.
9@ y)l o e w0 = mmax vl )D

From the continuity of the function u(z,y) it follows that for any
fixed points s € [xg,a] and t € [y, y] there exists a point n € [a(s), B(s)]
such that the inequality maxec(a(s),8(s)) “(§,t) = u(n, ) holds and there-
fore

max u(&,t)— max (&, t)| =|u(n,t)— max v(, T
|£E[O¢(S),B(S)1 &1 £€a(s),B(s)] (&) = fuln. ) £€a(s),B(s)] (&0

< |u(n,t) —v(n,t)] < max w(&,t) —v(&t)]. (2.149
< fu(n.t) ~ (.0 < _max | fu(€.1) ~v(E D). (2149

Then we obtain

() — v, )] < / ’ / " f ) uls ) — (s, 1)

[a(s)

We change the variable n = (s ) in the second integral of (2.150),
use the inequality

56[051(18%,}[(3(8)] ‘U(f,t) (5 t)’ < §€r[§’]lax ‘ (fvt) - "U(f,t)‘,

and obtain

() — vz, )] < / ’ / " f ) uls ) — (s, 1)

/ / m o lu(&,t) —v(&, t)|dtds  (2.150)
Yo

o st B () t t)|dtd
n /ﬁ(m) /yog< 0 0) (5 () na_[al€, ) — ol O
(2.151)
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From inequality (2.151) and Corollary 2.3.1 we obtain |u(x,y) —

v(z,y)| = 0.
O

We will obtain some bounds of the solution w(z,y) of (2.144)-
(2.146).

Theorem 2.4.5. Let the following conditions be fulfilled:

1. The function F(z,y,u,v) € C(G x R%2,R) and there exists f,g €
C(G,R,) such that

|F(2,y,u,0)| < f(z,y)|ul+g(z,9)lv| for (v,y) €G, wu,veER.

2. The conditions H2.4 are satisfied.

Then for (z,y) € G the solution u(x,y) of the partial differential equa-
tion with “mazxima” (2.144)-(2.146) satisfies the inequality

[ue,y)| < lp1 () + (@) = (o) elo o LTI O PEDT N
(2.152)
where v(s) is the inverse of ((s).

Proof. The solution u(x,y) of (2.144)-(2.146) satisfies on G the inequal-
ity
y

fu(z, )] < 1 () + 1(2) — 1 (z0)] + / ’ / F(s,6)lu(s, 1) dbds

0

// max |u(&,t)|dtds. (2.153)
Yo ée[as B(s)]

From the continuity of the function u(x, y) follows that for any fixed
points s € [zg,a] and t € [yp, y| there exists a point n € [«(s), 5(s)] such
that

max t)| =lu(n, ,
Iée[a(s) o w(&, 1) =luln,t)] < celnx u(€, t)]

rnax u(&,t)|. 2.154
< (e ) (2154)

From inequalities (2.153) and (2.154) we obtain

)] < o) + 1) = 1 ()| + [ 7 p(s ) luls. 1) deds
o Y Yo

B@) ry
+/,3(l"0) /yo g(v(s),t)Y'(s)| max |u(&, t)|dtds. (2.155)

ge[s—h,s]



2.4. Applications 59

From inequality (2.155) and Corollary 2.3.4 follows the validity of
(2.152).
O

Theorem 2.4.6. Let the following conditions be fulfilled:

1. The function F(z,y,u,v) € C(G x R?,R) and there erists f,g €
C(G,Ry) such that

|F(z,y,u,0)| < f(z,y)|ul” +g(z,y)[” for (z,y) € G, u,veR,
where 0 < p < 1.
2. The conditions H2.4 are satisfied.
Then for (z,y) € G the solution u(x,y) of the partial differential equa-

tion with “maxima” (2.144)-(2.146) satisfies the inequality

lu(z,y)| < q(z,y) {1

1

g(s,t) , ) .
4 / /yo (s, t 1 - q(g(s)’t)l_p’Y(ﬁ(S))ﬁ (S)dtds} ,
(2.156)

where q(z,y) = |p1(y) + ¥1(x) — Y1(x0)|, v(s) is the inverse of B(s).

The proof of inequality (2.156) follows from the Corollary 2.3.4 and
equalities (2.147) and (2.148).






Chapter 3

General Theory

Some fundamental concepts and theorems in the qualitative analysis
of various types of differential equations with “maxima” will be intro-
duced in this chapter.

3.1 Existence Theory for Initial Value
Problems

We will prove some existence results for differential equations with
“maxima.” The main characteristic of the considered equations is the
presence of maximum of the derivative of the unknown function in the
right side of the equation. Both scalar and multidimensional cases are
studied.

Consider the scalar differential equation with “maxima”

'(t) = F(t, max s), max /(s for ¢>0 -
s s€[p(t), q(t)]y ) s€[B(t), a(t)]y( )) (3.1)

with initial condition

y(t) =), y't) =¢'(t) for t<0, (3.2)

where y € R, 5(t) < a(t) <t and p(t) < q(t) <t for t > 0.

Let B; be Banach spaces with norms ||.||;, i =1,2.

In our further investigations we will use the following existence re-
sults:

Proposition 3.1.1. (see [Angelov and Bainov 1981]) Let the following
conditions be fulfilled:

61
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1. On B; the nonlinear continuous operators N; : B; — B; satisfy

(27 = 2a) T+ AN o = (1427 = Aa) T +AN; )y

1

2 e

i
for some v, a >0 and z, y € B;.
2. The linear mapping j : By — Bo has the property j(Nlac) =
Ng(j), T € By.

Then for every x € By and y € Bo for which jr = (N2 —l—fyl)y, there
exists a unique element z € By satisfying the inequalities (Nl —|—’y])z =
z, jz=y.

Proposition 3.1.2. (see [Angelov and Bainov 1981]) Under the as-
sumptions of Proposition 3.1.1, if

jr=(No+~l)y, jz=(Na+~I)y
and
(Mi+ryl)z=z, jz=y, (M+~yl)z2=2z, jz=7,
then 1
= =l[, < gl 2,
1 o 1

After the change of variables x(t) = ¢/(t) for t > 0 and ¢(t) = ¢/(t)
for t <01in (3.1), (3.2), we obtain the following initial value problem

z(t) = F(t, max z(0)dd, max xz(s)]), t>0, 3.3
() < SG[p(t),q(t)]/o ©) s€[uB(t),at)] ( )> (33)
z(t) = (t), t<0. (3.4)

Remark 3.1.1. Note the function M(t) = maxye[y(), o)) f(8) s con-
tinuous if f,p,q € C(R,R). In order to emphasize this fact we shall
introduce the following metric in the set of all intervals

J=A{lp, d: p,aeR; p<q},

p([p, 4, [P, @) =max{|p—pl|, |¢—aq|}-

It is now obvious that the map P : Ry — J such that P(t) = [p(t), q(t)]
is continuous when p(t) and q(t) are continuous. In an analogous
way we can establish the continuity of the map Q : J — R such that
Q([p, q]) = maXyc[p, g f(5). Then M(t) is the superposition of P and
Q, i.e, M(t) =Q(P(t)).

)
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Theorem 3.1.1. Let the following conditions be fulfilled:

1. The functions p,q,a, 3 : Ry — R are continuous, p(t) < q(t) <t
and B(t) < a(t) < t.

2. The function F(t,:z‘,y) : Ry x R? = R is continuous and there
exist constants ¥ > m > 0 such that

P (t2.0)] <= n(t.Jol o))

F(ta,y) - F(t, 2, 5) STt =] |y~ 3),

where p(t,u,v), \(t,u,v) : Ri — R4 are nondecreasing in
u, v, the function p(t) = u(t,q(t)u,u) is bounded in t and
A(t, q(t)u,u) < wu for every u € Ry.

3. The initial function ¢(t) : R_ — R is bounded, continuous and
satisfies the condition

0)=F(0, max / 0)df, max s).
#(0) < s€[p(0),q(0)] Jo #l0) s€(8(0),a(0)] els)

Then there exists a unique continuous and bounded solution of the
initial value problem (3.3), (3.4).

Proof. Let B be Banach space of all bounded and continuous functions
f(t) : R — R with supremum norm and B be Banach space of all
bounded and continuous functions ¢(t) : R — R with supremum
norm.

Define the operators N; : B; — B;, (i = 1, 2), by equalities

—vF(t, max / T)dT, max s)|, t>0
7 < s€lp(t),a(®)] Jo fr) se[ﬁ(t)»a(t)]f( )>

—vF (0, max /deT, max f(s)), t<O0,
K ( s€[p(0),q(0)] Jo (7) s€[8(0),(0)] ()>

(NLF)(t) =
for f € B; and

Nog)(t) = —vF (0, max / T)dT, max s), t <O0.
( 29)() ! < s€[p(0),q(0)] Jo a(r) 56[5(0)70!(0)]9()

The linear map j : By — Bs is defined as a restriction of the function
f € By on the semi-axis R_.
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Then the operators N; : B; — B;. Indeed, if follows from the
estimates

(an) @] <u(t aollflls 171]L), t>0
() 0] <o, a@|I £l [1£]],), #<0

that (N1 f)(t) is bounded. The continuity of the functions

M () = dr,
) sem%?}fw)]/o frydr

P (t) =
1) = Xy T

implies the continuity of the function (N f)(¢) that is (N1 f)(¢t) € By.
Let f, g € B;1. Then for t > 0 we obtain

(N1)(O) = (Nig) 0
gmA( rnax /} g(T)‘dT, max }f(s)—g(s)})

s€lp(t),q(t s€[B(t),a(t)]

<mA(t, a1 = ollys 11 = oll,) <mll7 =gl

and for t <0

(VM) @) = (Mg)(6)] <mA(0, a)]]f g
<m||f - gl|,

7 =dll,)

i

that is
[Nof = dag|| < mllf =gl

It is easy to verify that the operator N; + (7 — a)[ is an accretive
one where o = v — m.
Finally, define the function

0, t>0,
ht) :{ (No+4D)p(t),  t<o.

Then Proposition 3.1.1 implies an existence of a unique function z(t) €
B1 such that

(N1 4+ ~+1)z(t) = h(t)
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and jz(t) = ¢(t), i.e., the initial value problem (3.3), (3.4) has a unique
solution.
Thus Theorem 3.1.1 is proved.

As a consequence of Proposition 3.1.2, we obtain:

Theorem 3.1.2. Let x(t; 1) and x(t; p2) be two solutions of the initial
value problem (3.1),(3.2).
Then

2(t: 1) = 2l )| < 2 [l1(0) ~ 2200) + sup [pa(1) - ea(t)]]-

Now we will consider a scalar differential equation with “maxima”
which is more general than (3.1) and (3.2):

’tzF(t max  y(s),..., max s),
v () s€[p1(t),q1 ()] u(e) Se[pm(t)ﬂm(t)]y( )
(3.5)
max "(s),..., max ’s), t >0,
SE[al(t)»ﬁl(t)]y( ) s€lan(t),fn (t)]y( )
y(t) =), y't)=v'(t), t<0, (3.6)
where y € R, pg, g, aj, ﬂ] Ry = R, (k =1 2,...,m j =

1, 2,..., n), pe(t) < qe(t) <t, ay(t) < B;(t) <t
Changing the variables z(t) = ¢/(t) and ¢(t) = ¢/(t), we obtain the
following initial value problem

z(t) =F <t, max / z(T)dr,. .. max / x(7)dr,
Se[pl(t), Q1(t)] 0 Se[pnt(t)v qm( )] 0

max  z(s),... max IL‘(S)), t>0,
s€[B1(t),01 (1) " S€[Bn ()0 ()]
(3.7)
z(t) = o(t), t<O0. (3.8)

The analogous result is valid.
Theorem 3.1.3. Let the following conditions be fulfilled:

1. The functions p;(t), ¢(t), a;(t), Bi(t) : Ry — R are continuous,
pi(t) < @i(t) <t, Bi(t) < au(t) < t.
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2. The functions F(t, x1,..., Tm, Y1,-.., Yn) : Ry x R™T™ - R
are continuous and
‘F(t7 Tlyevy Tmy Yl ooy yn)
1
< _,U’(tv ’ }yl}v"'v Yn )7
Y
’F(t7 Liyeevs Tmy Yls- oy yn)_F(ta Tl Tmy Y15+ gn)
m _ _ _
S;A<t7 xl_xl}v"w }xm Y1 — Y1y, ’ }yn_yn})

for some v > m > 0 where the function [p(t) =
,u(t, aWu,..., gnt)u, u,..., u) is bounded in t and
)\(t, a(®)u, ..., gn(t)u, u,..., u) < wu for every u € R,..

3. The initial function o(t) : R — R satisfies condition 3 of
Theorem 3.1.1 (with obvious modification on the conformity
condition).

Then there exists a unique continuous and bounded solution of the
initial value problem (3.7), (3.8).

The proof is analogous to the one of Theorem 3.1.1.

Theorem 3.1.4. Let z(t; 1) and x(t; p2) be two solutions of the initial
value problem (3.7), (3.8).
Then

|zt 1) — x(t; @2)| <

1910 = 20| + s [1(1) — e2(0)]]

Now we will consider the following system of differential equations
with “maxima:”

/t:F<t, max ) PN max n(s),
o) g s€[p1(t),q1(t)] (s) SEPn(t),qn(t )]y (=)
max yi(s), ..., max ’s), t>0, (3.9
Se[ﬁl(t)val(t)] 1( ) Se[ﬁn(t)van(t)]y ( ) ( )

ye(t) = vn(t),  yi(t) = Up(), t<0, (3.10)
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where Yk S Rv Diy i, aj7 ﬁ] :R-‘r _>R7 (k,Z,j = 17 277”)7pk(t) S

i (t) < t, B;(t) < a;(t) <t
Change the variables in the initial value problem (3.9), (3.10) and
obtain the system

ri(t) = F(t, max z1(r)drT,. .., max /andT,
#(®) k< Se[Pl(t)»‘Il(t)]/O 1(r) s€[pn(t),an ()] Jo ™

max z1(8),..., max Tn(s) ), t>0, (3.11
s€[B(t),01(t)] 1(s) SE€[Bn(t),on (t)] ( )> ( )

with initial condition
xk(t) = (pk(t), t < 0. (3.12)
Theorem 3.1.5. Let the following conditions be fulfilled:

1. The functions pg(t), qi(t), ar(t), Br(t) : Ry — R are continu-
ous, and p(t) < qr(t) <t, Br(t) < ai(t) <t, (k=1, 2,...,n).

2. The functions Fk(t,ml,...,xn,yl,...,yn) : Ry x R?™ — R are
continuous and

1
’Fk(t,ml,...,xn,yl,...,yn) gw(t,ymly,...,y%y,yyl;,...,;yn;),
)Fk(tvxlw”7xn7y17"’7yn) _Fk(twi:lv"'7‘%717@17"'7@71)
m _ _ _ _
< ;Ak(t,}ml —Z1)y s [T = Tn|, |01 —yl},---,}yn—ynD

for some v >m > 0;

() = (b (®)y, - an®)ys ¥, -, y)

18 bounded in t and

n n
S (b ek @Yk Y- Uk) <D Une
k=1 k=1

3. The initial functions ¢i(t) : R_ — R are continuous, bounded
and satisfy the condition

0) = Fi( 0, max / T)dT, ..., max ns).
#x(0) '“< e on Jy 710 R
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Then there exists a unique continuous and bounded solution of the
initial value problem (3.11), (3.12).

Proof. Let By be Banach space CB (]R) x---xCB (R) with norm

e b Ml = Alles + -+ fallos

where CB (]R) is Banach space of all continuous and bounded functions

f(t) : R — R with supremum norm || - HCB. Let By be Banach space

CB (]R) x CB (R) X... xCB (]R_) with the corresponding norm.
Define the operators N; : B; — B; (z =1, 2) by the formulas

Nl{fl,..., fn}:{hl,..., hn}, {fl,..., fn}EBh

—7F max / fi(r / fn(T)dT,
F S€[p1 t),qu(t sG[Pn()Qn( N Jo ")

max  fi(s), max fp , t>0,
hi(t) = { *EBL®O ()] 1) " s€[Bn (1), (1) ())

—vF (0, max T)dr, ..., max / n(T)dT,
K k( Se[Pl(O)»‘h(O)]/ fi(7) 5€[pn(0),qn(0)] Jo fnlT)

MaX e[, (0),a1 (0)] f1(5); - - - s MAX (8, (0),0n (0)] fn(s))a t<0
(k:l, 2,..., n);

Nz{gl,..., gn}:{]_ll,..., }_Ln},

hi(t) = —vFi( t, max / Tydr,. .., max / n(T)dT,
1(0) = =18 setrto o Jo O ettty Jo 7

max ) PN max n(S) ), t <0,
5€[1(0),a1(0)] a1(s) se[ﬁn(o)»an(o)lg ( )>

{917- ce gn} € Bo.

The linear map j : By — Bo is defined as a restriction of the function
f € By on the semi-axis R_.

As in the proof of Theorem 3.1.1, it can be established that N; :
B; — B;. We shall show only the Lipschitz continuity of IVj.
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Indeed, for ¢t > 0 and {f1,..., fn}, {fl, e fn} € B; we have
N L fad = N {F s T}
<3 [hu) ~ ele)
k=1

7---7Qn(t)}’fk_fk

)

szyﬂtmwmh—ﬂ

k=1

}m—ﬁmmﬂﬁ—ﬁm
<m» || fi = fxl]
k=1
=m||{f1,..., fa} = {fr.-- s Fu}]ly-

An analogous estimate for ¢ < 0 together with the last inequalities
implies

[N fses fud = Na s R} ], <
m|| {fi-os fad={F-s T}l

which completes the proof of Theorem 3.1.5.

As a consequence of Proposition 3.1.2 we obtain:

Theorem 3.1.6. Let the conditions of Theorem 8.1.5 be satisfied and

the functions {x1(p),...,zn(v)} and {x1(@),...,xn(p)} be two solu-
tions of the initial value problem (3.11), (3.12).
Then we have

n

> le@)(t) — 2 @) )
k=1

< 2 D lor(0) = 1(0)] + 37 sup |u(r) — @0 |
=1tER-

k=1

where o = {p1,..., ©n}, P@={P1,..., Pn}
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3.2 Existence Theory for Boundary Value
Problems

In this section the method of a priori estimates based on the Leray-
Schauder topological degree theory is developed to establish the exis-
tence of solutions of general boundary value problems for differential
equations with “maxima.”

Consider the following differential equation with “maxima:”

2 = f(t, x(t), Trgng(}g)m(T)), t € [a,b],
z(t) =0, t ¢ la,b], (3.13)
p(z) =0,

where x :€ R"™, S(t) C (—o0,t], f : [a,b] x R" x R" — R™, ¢ is a vector
functional over a space of vector functions on [a,b] to be specified in
the sequel, which represents the boundary conditions.

We emphasize that the additional assumption z(t) = 0 for ¢ ¢ [a, b]
is unnecessary if S(t) C [a,b] for all ¢ € [a,b]. In the opposite case,
however, one can expect different types of such additional assumption
depending on the concrete applications. For example, instead of x = 0
it can be required that x(t) = @(t) outside the interval [a,b], where
©(.) € R™ is some given vector function, or z(t) = x(a) for ¢t < a and
x(t) = x(b) for t > b. Furthermore, the right side of the differential
equation in (3.13) can also be more complex, e.g., there can occur the
dependence on maximum values of different components of the state
vector x on different time intervals.

Initially we will develop the Leray-Schauder topological degree the-
ory, which will be the mathematical tool in the existence results for
different types of boundary value problems for differential equations
with “maxima.”

Let LP(a,b) stand for the standard Lebesgue space of functions
integrable on the interval (a, b) with exponent 1 < p < oo (or essentially
bounded when p = o0). In the sequel we make an extensive use of
the space LP((a,b); R™) (denoted by L, for brevity) of functions with
values in R™ with components in L (a,b), equipped with its usual norm

/}m }pdT p, 1<p<oo,

2]

esssup}:z: } p = 00,
(ab)
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where ‘ . } stands for the norm in R™. We denote by AC} the space
of vector functions with absolutely continuous components and with
derivatives in L%, equipped with the norm

|2l acg = l2(@)] + |[2"]],.

Also we denote by Cyla,b] (Cy, for short) the space of all R"-valued
functions with continuous components, equipped with the usual maxi-
mum norm.

Suppose we have to solve a nonlinear boundary value problem

Lx = F(x),
{ (x) = 0, (3.14)

where x € X is an unknown, L : X — Y is some linear operator,
F : X — Y is a nonlinear operator, ¢ : X — R" is a vector functional,
and X and Y are given Banach spaces.

Let X be isomorphic to the direct product of some Banach space E
and the finite-dimensional space R™ by an isomorphism J : £ x R" —
X, by J(u,\) = Au+ DX, where A : E — X and D : R" — X.
Assuming that Q = LA : E — FE is invertible, we can then reduce the
problem (3.14) to the form

u=F(u, ),
{ D(u, \) = 0, (3.15)

where u € F and A € R” are unknowns, F : £ x R" — F is a nonlinear
operator and D : F x R™ — R"™ a nonlinear vector functional. To study
the solvability of the latter we apply the topological degree theory.
For the purpose of the investigations in this section, the Leray-
Schauder topological degree theory will be applied to mappings of the

form
U(u, \) :{ ]ZS(_UJZ\(;L A } (3.16)

Introduce regions (open bounded subsets) ;3 C E and Qo C R™ and
denote their boundaries by 0€); and 029, respectively. Also, let ) =
Ql X QQ.

To develop the Leray-Schauder topological degree theory, one needs
the compactness of W, which is provided by the following assumption:

H3.2.1. F is a compact and continuous operator, and D is a continuous
vector functional which maps bounded sets into bounded sets.
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In fact, the condition (H3.2.1) clearly implies that the mapping ¥ is a
compact perturbation of the identity in £ x R™. Then the additional
requirement of nondegeneracy of the mapping ¥ on 0f2 is enough to
define correctly the topological degree deg (\I/, Q, 0), having all the
ordinary properties (see [Nirenberg 1974]). We say that the mapping ¥
(the system (3.15)) is topologically nontrivial on the regions Oy C E
and Qy C R™ (is V(Ql,Qz), for short) whenever deg (\I/, Q, 0) # 0.
Thus, if the system (3.15) is V(€1,€2), then it admits at least one
solution (u, \) € €.

To calculate the topological degree of ¥, we will use the following
result that extends the analogous statements by S.A. Vavilov ( [Vavilov
1993)).

Consider an auxiliary finite-dimensional continuous vector field
Dy(A) : R™ — R™. In the sequel we will always take Dg(\) := D(0, A).

Theorem 3.2.1. Suppose 1 C E is convex, F is a compact and
continuous operator, D is a continuous vector functional which maps
bounded sets into bounded sets, and:

(’i) f(@Ql,leQ) C Ql;

(ii) for allu € cly and for all X € 9y the inequality 0 < |D(u, A) —
Do(A)| < |Do(A)| holds.

Then deg(¥, Q, 0) = deg(Dyg, Qa, 0). In particular, when the latter
is not zero, then the system (3.15) has at least one solution (u',\') € Q.
The set of such solutions can be approximated by the Galerkin numerical
scheme applied to (3.15).

Proof. Choose some ug € €21 and consider the homotopy

B u— (1 —t)ug — tF(u, \)
Wi(u, A) —{ Do) + £(D(u, A) — Do) } te0.1]

Since 02 = 91 x cl2o U cl€)y x 0y, we observe that U; # 0 on 0f)

for all ¢t € [0, 1]. Furthermore, clearly deg(¥y, €, 0) = deg(Dy, 2, 0)

by the properties of the degree [Krasnoselskii and Zabreiiko 1975].

Thus, noting the compactness of the above homotopy and applying
the homotopy invariance of the degree, we conclude the proof.

O
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Remark 3.2.1. Suppose 0 € Q. The statement of Theorem 3.2.1
remains valid if (1) is replaced by

A€, te€[0,1], u=tF(u,\) = u¢ 0.

If, in particular, Q1 is an open ball with center zero, then the latter
condition follows from the existence of a uniform a priori estimate for
u € E from the first equation of (3.15).

To calculate the topological degree of ¥ we will also use the iterated
mapping

o (, 2) :{ g(}i (“A)A)A) } (3.17)

Theorem 3.2.2. If both U and U have the compactness property
(C), and one of them is nondegenerate on OS), then so is the other.
Moreover, in this case

deg (¥, Q, 0) =deg (¥, Q, 0).

Proof. The first part of the statement is obvious, for the sets of ze-
ros of U and ¥ coincide. To prove the second part, note that the
vector fields U and U™ can have opposite directions on 9 only if
u = F(u, ). But in this case their finite-dimensional components are
equal and nonzero due to nondegeneracy. Therefore ¥ and U never
have opposite directions, which implies the statement.

O

Now we will apply the obtained above theoretical result to investi-
gate the solvability of the system (3.13) with a boundary condition

¢<)\ + /a tm(s)ds) o, (3.18)

where the boundary condition (3.18) is represented by a nonlinear vec-
tor functional ¢ : ACY — R™, 1 < g < oo. Applying the isomorphism
between AC) and L x R™ given by the formula

t
J:L%XRnB(u,)\)'—M’L‘:/u(T)dT—{—)\ € ACH,
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we reduce the original problem (3.13), (3.18) to the following system
of type (3.15):

u(t) = f(t, A+ /at u(T)dr, max <05, A+ max /aT u(s)ds)),

reS(t)
¢<)\ + /tu(T)dT) = 0.

Here and in the sequel we write for brevity S(t) := S(t) N [a, b] and

_ [0, S #5@),
0s(t) = { o0, S(t) = 5(1).

(3.19)

Assume, further, that the set of functions S(.) takes closed values and
is measurable in the sense that for any open V' C R the set

STHV) = {t ]| St)NV #0}

is measurable. Note that there are various measurability criteria for
set functions (see, for instance, Chapter III of [Castaing and Valadier
1977]). In particular, our assumptions hold when S(t) := [r(t), s(t)],
where r(.) and s(.) are measurable (not necessarily almost everywhere
finite) functions. Finally, define

. (Sup Usea) S(t) - a) (=/a

b—a

To get a solvability result for the original problem, we can now use the
topological degree theory by applying Theorems 3.2.1 and 3.2.2.

We now pass to important particular examples of the boundary
value problem (3.13).

Consider a general nonlinear two-point boundary value problem for
a differential equation with “maxima.”

' = f(t, z(t), Trgngm(}g)m(T)), t € [a,b],
x(t) =0,  t¢]a,b], (3.20)

h(x(a), x(b)) =0,

where h : R2" — R™,
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After the above reduction, the system (3.20) could be written in
the form

u(t) = f(t, A+ /at u(7T)dr, max (03, A+ Tlggg) /aT u(s)ds)>,
h()\, A+ /bu(T)ah') = 0.

Theorem 3.2.3. Let the following conditions be fulfilled:

(3.21)

(i) f(t, x, y) is a Carathéodory vector function (i.e., continuous in
(z,y) € R?" for a.e. t € [a,b] and measurable in t for each (z,v)),
while for a.e. t € [a,b] the inequalities }m} <U, ’y} <V imply

[t @y <alt, U, V), |la(, U, V)], <@U,V),

|| < U, |ao| <U }

| <V, |y <V

=

/b (f(t, z1, 1) — f(t, z2, y2))dt' <& (U, V).

(ii) The vector function h(z,y) is continuous, and

|| < U, | <V, |ye
<V = |h(z,p1) — h(z,y2)| < 8U, V) |y — yal-

(iii) |Do(N)| > B(p2) > 0 if |A| = pa, while deg (Do, |A| < p2, 0) #0,
where

Do()\) :h<)\, A+/abf(r, A, max (0g(7), A))dr).

(iv) We have

®(p2+ p1, p2+p1) < pr/(b—a) 4=V,

5(p2, p2+®(p2+ p1, p2+701)) P12+ p1, p2+vp1) < B(p2).
(3.22)
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Then the two-point boundary value problem (3.20) has at least one
solution x € ACY, 1 < q < oo, satisfying Hx’Hq < p1/(b—a) @D/ and

|z(a)| < po.

Proof. Substituting the first equation of (3.21) into the second, we ob-
tain the system

u(t) = f(t, A+ /atu(T)dT, max (Os, A+ max /aT u(s)ds)),

TeS(t)

h<>\, At /abf(t’ At / tu(T)dT,maX(OS,)\+TI€ng(}t{) /aTu(s)ds))dt):Q
(3.23)

Therefore, to any solution (u,\) € Li x R™ of the latter there
corresponds a solution x € AC} of the original problem (3.20). Consider
the open balls By C L, and By C R,

Bre={u | [ull, < o/ -5} Byi= {3 |7 < ).

The statement will be proven if we show that the system (3.23) is
V (B, Bg). For this purpose we apply Theorem 3.2.1.

To verify the compactness assumption (C'), note that according to
(i) the Nemytskii operator

N : Ly x Ly? 3 (vi,v2) = f (5 vi(.), va(.)) € LY

is continuous and maps bounded sets into bounded sets. Now define
formally an operator M on the space C,, by
(Mw)(t) :== max v(t).

TES(t)

For any v € C,, clearly (M U) (t) is measurable due to the Krasnosel’skii-
Ladyzhenskii lemma (see Theorem 6.2 of [Appell and Zabrejko 1990])
and bounded. Thus M : C,, — L;° and obviously it maps bounded sets
into bounded sets. The continuity of M follows from the fact that if
a sequence of continuous functions converges uniformly on [a,b], then
their maxima on any compact subset of [a, b] converge to the maximum
of the limit function on the same subset, the rate of the latter conver-
gence being independent of the choice of the subset. Hence one easily
shows that the compactness of the nonlinear operator on the right side



3.2. Existence Theory for Boundary Value Problems 77

of the first equation of (3.23) is ensured by the compactness of the
imbedding AC C C,,, while the continuity of the vector functional
corresponding to the second equation is provided by (ii). To conclude
the proof it remains to observe that conditions (i) and (ii) of Theorem
3.2.1 are ensured by (3.22).

O

Remark 3.2.2. In (i) one may choose ®1(U, V) = 2(b —
a)a=V/1®(U, V). However, in applications one can often get sharper
estimates.

Remark 3.2.3. The theorem also opens the way to numerical treat-
ment of the original value problem (3.20). Namely, the set of pairs
(u, \) in appropriate regions (see the proof), which corresponds to the
solutions of (3.20) found in the theorem, can be approrimated by the
Galerkin numerical scheme applied to (3.21). The same refers to all
the statements below.

As an important particular case consider the boundary value prob-
lem

« = f(t, m(t),Trggg)ﬂﬁ(T)), t € [a,b],

z(t) =0, t ¢ [a,b], (3.24)
z(a) = z(b) + £hy(z(a), (b)),

where h; : R?™ — R" and ¢ € R is a perturbation parameter. For £ = 0
this is a periodic-type boundary value problem (however, one should
not speak of periodic solutions unless S(t) C (—o0,t]). One is therefore
interested both in existence of solutions for £ = 0 and in whether they
do not disappear for small values of &.

Theorem 3.2.4. Let the following conditions be fulfilled:

(i) f(t, x, y) is a Carathéodory vector function, and for a.e. t € [a,b]
the inequalities }x} <U, ‘y‘ <V imply

[ft, 2, )| <a(t, U V), la(, U, V)[|, <20, V),
and the inequalities

21| < U, || <U

‘yl}gv7 ‘QQ‘SV
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imply

b
/a <f(t, x1, y1) — f(E, @2, yz))dt’ < ®(U,V).

(i) The vector function hq(x,y) is continuous.

(iii) |Do(A)| > B(p2) > 0 if |A| = pa, while deg (Dy, |A| < p2, 0) #0,
where

Do(\) :/jf(r, A, max (0s(7), A) ) dr.

(iv) We have

{ ®(pa + p1, p2 +p1) < p1/(b—a)@V/a,

D1(p2 + p1, p2+p1) < B(p2)-

(3.25)

Then there is £ > 0 such that for each £ with ‘f} < & the boundary
value problem (3.24) has at least one solution z¢ € ACY, 1 < g < oo,
satisfying Haclqu < p1/(b—a)aV/1 and |ze(a)| < pa.

Proof. Write out the system of type (3.15) corresponding to the original
problem:

ult) :f(t, >\+/:U(T)dﬂ max (0, /\+Tr£g(}§) /aTU(S)dS)), (3.26)

/b u(T)dr + Ehy <)\, A+ /bu(T)dT) =0,

and consider the iteration, as it was introduced by (3.17), of the system
obtained by setting & = O:

u(t) = f(t, )\+/atu(7-)d7', max (0g, A+ max /aT u(s)d5)>,

TES(t)
b t T
/ f(t, )\—i—/ u(r)dr, max (0g, A+ mgx/ u(s)ds))dt:&
a a T€S(t) Ja
(3.27)

Let B; and By be the balls introduced in the proof of Theorem
3.2.3. The assumptions imply that (3.27) is V (B, B2) according to



3.2. Existence Theory for Boundary Value Problems 79

Theorem 3.2.1. Applying the iteration Theorem 3.2.2, one observes that
the system (3.26) for £ = 0 is also V(Bj, Bs). The desired conclusion
follows now from the stability of topological degree with respect to
small perturbations of the mapping.

O

Remark 3.2.4. As will be clear from the proof, one can in fact also
assert that as & — 0, the sets of solutions to (3.24) found in the the-
orem are uniformly attracted to the set of solutions to the unperturbed
problem with & = 0.

Another classical application is the Cauchy problem

a = f(t, ac(t),Treng(}g)m(T)), t € la,b],

z(t) =0, t ¢ la,b), (3.28)
z(a) = Ao,

where \g € R™. It is worth noting that the system (3.21) in this case is
reduced to a single equation:

u(t) = f(t, Xo+ / ' (r)dr, max <05, o+ max / Tu(s)ds))

res(t
(3.29)
The following statement can be obtained either as a simple corollary of
Theorem 3.2.3 or independently by applying the Schauder fixed point
principle to (3.29).

Theorem 3.2.5. Let the following conditions be fulfilled:

(i) f(t, z, y) is a Carathéodory vector function, and for a.e. t € [a, b]
the inequalities }m} <U, ’y’ <V implies

[t @y <alt, U, V), la(, U, V)|, < @U,V).
(ii)) We have

‘I)<P\o} + p1,

Xo| + m) < p1/(b—a)a=V/a. (3.30)

Then the Cauchy problem (3.28) admits at least one solution x €
ACE, 1 < q < oo, satisfying H:n’Hq < p1/(b—a)leV/a,
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Note that the operator M introduced in the proof of Theorem 3.2.3
is a Volterra operator. To show this, we consider the following simple
example which rather frequently appears in applications:

o' = F(t) + B(t) max z(1), t € [a,b],
TES(t) (331)
z(t) = z(a) = z(b), t <a,

where B(.) is an n x n matrix function, and F(.) is a vector function.
For brevity set B := fabB(t)dt, F = f;}"(t)dt, B = fab H’B(t)mdt,
f(t) == |F@)|, b(t) := |||B(t)]||, where ||| - ||| stands for the matrix
norm compatible with the norm in R™. Also, let

J(t) = b(t) exp < / t b(T)dT).

Theorem 3.2.6. Let f € LY, be L and 0 := inf)y—; }B)\’ > 0. Then
the problem (3.31) admits at least one solution x € ACE, 1 < q < oo,
provided that

(b—a) @D/ |ul] Br < 6.

Proof. Write out the system of equations of type (3.15) corresponding
to the problem (3.31):

u(t) = F(t) + B(t) ()\ + max (05, Trélgé()/a u(s)ds))7
(3.32)

b T
F+ BX+ / B(t) max (0g, max / u(s)ds)dt = 0.
a TES(t) a

We will prove that for some By C L, and By C R™ this system is
V(Bi1, B2) according to Theorem 2.2.1, and thus show the statement.
In fact, let By be as in the proof of Theorem 2.2.3 and By C R" be the
ball ’)\ — )\*} < pa2, ¥ := —B7!F. Consider the auxiliary vector field

Dy(\) := F + BA.

It is clear that deg(Do, Ba, 0) # 0 and |Dg(A)| > 6ps when |A—\*| =
p2. Condition (ii) of Theorem 2.2.1 holds provided that

Bipr < Op2. (3.33)
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Now turn to the first equation of (3.32). To abbreviate the notation,
let y(t) := ’u(t)} and yg 1= })\} Obviously this equation implies

y(0) < £0)-+50) (0 + | t yiryir )

and constructing the Cauchy majorant problem and using a Chaplygin
type result on differential inequalities one easily concludes that

o0 < 10+ w6) (w0 + [ (70t ar ).

Hence if A € cIBsy, then Hqu <+ Hqu(m + 62), where ¢1, cs

are some positive constants. Condition (i) of Theorem 3.2.1 will hold
provided that

cr+ [|ul], (o2 + e2) < p1/(b—a)ls=D/4. (3.34)

It remains to note that, under the conditions of the theorem being
proved, the relations (3.33) and (3.34) are valid simultaneously for suf-
ficiently large ps > 0.

O

Analogous results can be easily provided for more general problems

' =F(t)+ A(t)x ()—i—B()max z(1), tE€la,b,
€s(®) (3.35)
z(t) =z(a) =z(b), t<a,

where A(.) is an n X n matrix function. In this case seeking solutions
in the form

z(t) = XN+ X(t) /tX—l

where X (t) is the fundamental matrix of the system 2’ — A(t)x = 0,
we obtain an auxiliary system of type (3.32) to be analyzed

u(t) = F(t) + B(t) max (A,X( DA+ max X(r " x- )
TES

F 4 (X(b) - ))\+X /B max()\ X(H)A

+ max X(7 X ds) dt =0,
reS(t)

where F = X (b f X~ t)dt and I,, is the n x n identity matrix.



82 Chapter 3. General Theory

3.3 Differential Equations with “Maxima” via
Weakly Picard Operator Theory

Consider the following initial value problem for a scalar differential
equation with “maxima”

' (t) :f(t, x(t),grg{z;gx(ﬁ)), t € [a,b], (3.36)
z(a) =a, (3.37)

where x € R, a, be R, a < b, a € R.
We will say that conditions H3.3 are satisfied if:

H3.3.1 The function f € C([a,b] x R?, R);

H3.3.2 There exists L > 0 such that
|f(t, w1, ug) — f(t, vi, v2)] < Lmax (}ul — vt |ug — ’UQD

for all ¢t € [a,b] and u;, v; € R, i =1, 2;
H3.3.3 The inequality L(b —a) < 1 holds.
Note the initial value problem (3.36), (3.37) is equivalent to the integral

equation

z(t) =a+ /:f(s, x(s), max m(ﬁ))ds, t € la,b]. (3.38)

£€la,s]

Let us consider the operators By, Ef : Cla,b] — Cla,b] defined by

By(z(t)) = o+ /atf(s, x(s), max m(f))ds

£€la,s]

and

E¢(z(t)) = x(a) + /atf<s, x(s), max ac(&))ds.

§€la,s]

For any o € R, we consider the set X, = {z € C[a,b] : z(a) = a}.
We note that Cla,b] = Uyer X, is a partition of Cla, b].

Lemma 3.3.1. Let conditions H3.3 be fulfilled.
Then
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(a) Bf(Cla,b]) C Xy and E¢(X,) C Xo, Va € R;
(b) Bf‘Xa = Ef‘Xa’ Va € R.

In this section we shall prove that if conditions H3.3.1 and H3.3.2
are satisfied and if L is small enough, then the operator Ey is weakly
Picard operator in (Cla,b], |.[|) where ||z| := max,cf, #(t), and we
study the equation (3.36) in the terms of the weakly Picard operator
theory.

Let (X,d) be a metric space and A : X — X be an operator. We
shall use the following notations:

FA— {xGX } Az —ac} — the fixed point set of A;

={Y CX|A®Y)CY, Y #0} — the family of the nonempty
invariant subsets of A.

Consider the Pompeiu-Housdorff functional H : P(X) x P(X) —

Ry U {+o0} defined by

H(Y,Z) = max { sup inf d(y, z), sup inf d(y, )}
yeyY 2€Z 2€Z YEY

Definition 3.3.1. ( [Rus 2001]) Let (X, d) be a metric space. An oper-
ator A : X — X is called a Picard operator (PO) if there ezists v* € X
such that:

(1) Fa={z"};
(ii) the sequence (A”(mo))neN approaches x* for all zg € X.

Definition 3.3.2. ( [Rus 2001]). Let (X,d) be a metric space. An
operator A : X — X is a weakly Picard operator (W PO) if the sequence
(A”(:C))neN converges for all x € X, and its limit (which may depend
on x) is a fized point of A.

Let A be a weakly Picard operator. Consider the operator A% :
X — X defined by A*(z) := lim,, .o A"(x) ( [Rus 2001]).
It is clear that A®(X) = Fj.

Definition 3.3.3. ( [Rus 2001]) Let A be a weakly Picard operator
and ¢ > 0. The operator A is called a c-weakly Picard operator if
d(z, A (x)) < cd(x,A(z)), VaoeX.

Now we will prove the following existence result:
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Theorem 3.3.1. Let conditions HS3.3 be fulfilled.
Then the problem (3.36), (3.87) has a unique solution in C|[a,b] and
this solution is the uniform limit of the successive approximations.

Proof. The problem (3.36), (3.37) is equivalent to the following opera-
tor equation

Bi(x) =z, x¢€Cla,b

and the solution of (3.36), (3.37) is a fixed point of the above equation.
On the other hand we have

By (@)(t) — Br(y)()|

<Ly /atmax (\m(s) —y(s)],

max z(£) — max ds.
£€las] © &€la, s]y(é)D
But

max
s€la,b]

max x — max y < max .CC S S)|.
é€la,s] (f) §€[as] 5 ' s€la,b] ( ) y( )’

So,
HBf(CC) - Bf(y)H < Lgb—a)|lz—y||, Vz, y€Cla,b],

i.e., By is a contraction w.r.t. Chebyshev norm on Cla,b]. The proof
follows from the contraction principle.
O

Remark 3.3.1. The operator By in Theorem 3.3.1 is PO. But

Bf’Xa:Ef}Xa’ Va € R.

Hence, the operator Ey is WPO and Fg, N X, = {:n;‘;}, Va € R, where
x} is the unique solution of the problem (3.36), (3.37).

(0%
We will prove the following comparison result:
Theorem 3.3.2. Let the following conditions be fulfilled:
1. The conditions H3.3 are satisfied.

2. The function f : [a,b] x R? — R is increasing in its second and
third argument.
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3. The function z(t) is a solution of the equation (3.36) and y(t) is
a solution of the inequality

v < St o), max©), telabl  (339)

Then y(a) < x(a) implies that y(t) < x(t) fort € [a,b].

Proof. In the terms of the operator Ey, the equation (3.36) and in-
equality (3.39) could be written in the form

x=Ef(z) and y < E¢(y).
and
z(a) < y(a).

From the conditions H3.3 we have that the operator Ey is W PO.
From the condition 2, E%° is increasing (see [Rus 2001]). If a € R, then
we denote by & the following function

a:la,b) =R, a(t)=a, Vte]a,b].

y < Ef(y) <... <EF(y) =EX(§(a)) < EF(2(a)) = =

In our further investigations, we need the following result:

Lemma 3.3.2. (Comparison principle, see [Rus 2001]) Let (X, d, <)
be an ordered metric space and A, B, C : X — X be such that:

1. A< B
2. The operators A, B, C are W POs;
3. The operator B is increasing.
Then x <y < z imply that A>®(x) < B®(y) < C™(z).
From the above result we obtain:

Theorem 3.3.3. Let the following conditions be fulfilled:
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1. The conditions HS3.3 are satisfied for the functions f; : [a,b] X
R?2 - R,i=1,23 and
(Z) flz(t7$7y) < f2(t7$7y) < fg(t,l',y) fOT’ any (t,m,y) € [aab] X
R=;
(ii) the function fo(t,x,y) is increasing in its second and third

arguments;

2. The functions x; € C*([a,b],R), (i = 1,2,3), are solutions of the
equations

#4(t) = £i(: mz»(t),gg[gﬁ]mi(e)), for telab], i=1,23.

Then the inequalities x1(a) < xo(a) < x3(a) imply x1(t) < x9(t) <
x3(t) fort € [a,b].

Proof. From Theorem 3.3.1 we have that the operators Ey,, i = 1, 2, 3,
are W POs. From the condition (¢7) the operator Ef, is monotone in-
creasing. From the condition (4) it follows that Ef < Ey, < Ey,.

Let z;(a) € Cla,b] be defined by Z;(a)(t) = x;(a), Vt € [a,b]. It is
clear that

T1(a)(t) < T2(a)(t) < Z3(a)(t), V€ [a,b].
From Lemma 3.3.2 we obtain that
E (%1(a)) < EY (T2(a)) < ER(Z3(a)). (3.40)

Since z; = E° (Zi(a)) we obtain from the inequalities (3.40) z1(t) <
xo(t) < x3(t) for t € [a, b].

O

Denote by z*( - ; «, f) the solution of the Cauchy problem (3.36),
(3.37).
We need the following well-known result:

Theorem 3.3.4. ( [Rus 2001]). Let (X,d) be a complete metric space
and A, B: X — X two operators. We suppose that

(i) the operator A is an a-contraction;

(ii) Fp # 0;
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(iii) there exists n > 0 such that

d(A(z),B(z)) <n, VzelX.

Then, if Fq = {x*A} and x € F, we have

n
1—a’

d(ay, 2p) <
We will prove the following result:
Theorem 3.3.5. Let the following conditions be fulfilled:
1. Conditions HS3.8 are satisfied for the functions f;, 1 =1, 2.

2. There exists n > 0 such that

| f1(t, uy, ug)—fa(t, w1, ug)| <mo fort € [a,b], u; € R,i=1,2.
Then

* * 771+(b_a)772

Hxl(t§ i, f1) — z3(t; a27f2)H < m

where xf(t; o, fi), i = 1, 2 are the solution of the problem (3.36),
(8.37) with respect to o, f; and L = max (Ll, Lz).

Proof. Consider the operators B,,, f,, i = 1, 2. According to Theorem
3.3.1 both operators are contractions.
Additionally

[1Ban, 11 (%) = Bay, o (@)| <+ (b= a)na, V€ Cla,b].

Now the proof follows from Theorem 3.3.4, with A = B,, ,, B =
Ba,, o, =m1+ (b—a)ne and o = L(b—tg), where L = max (Ll, LQ).
O

Theorem 3.3.6. (see [Rus 2001]) Let (X,d) be a metric space and
A X — X,i=1, 2. Suppose that

(i) the operator A; is a c;-weakly Picard operator, i =1, 2;
(i) there exists n > 0 such that

d(Ai(z), As(z)) <7, VzeX.



88 Chapter 3. General Theory

Then H(FAI,FAz) < nmax (cl, 02).
We obtain the following result:
Theorem 3.3.7. Let the following conditions be fulfilled:

1. The functions f; € C([a,b] x R%2,R), i = 1, 2, satisfy the condi-
tions H3.5.

2. SEfl’ SEf2 be the solution set of system (3.36) corresponding to
f1 and fa.

3. There exists n > 0, such that
|1t w1, ug) — fa(t, ui, ug)| <7 (3.41)
forallt € [a,b], u; eR, i =1, 2.

Then

(b—a)
Hyj <SEf1’SEf2) STz Li(b—a)

where Ly = max (Ly,, Ly,) and Hy.|, denotes the Pompeiu-Housdor(f

functional with respect to || - ||c on Cla,b].

Proof. According to condition 1 the operators Ey and Ey, are c;-

weakly Picard operators, i =1, 2.
Consider the set of functions X, := {z € Cla,b] : z(a) = a}.

It is clear that Ey |, = By, Fy, |, = By,. Therefore

’Xa }Xa

B, (2) = By, (@) < Ly, (b — )| By, (2) — 2,
B, (@) = Ep(0)] < Ly (b— )| Bpy(2) — 2,

for all z € Cla, b].
Now, choosing

a;=Lg(b—a) and as= Ly, (b—a),

we get that Ey and Ey, are ¢;-weakly Picard operators, i = 1,2 with
c1=(1—a;) tand c3 = (1 — ag)~!. From (3.41) we obtain that

1Ep (2) = Ep()llc < (b—a)n, Vo€ Cla,b].
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Applying Theorem 3.3.6 we have that

(b—a)m
H < —
e (SEfl’SEf2> ST-L,0—a)
where Ly = max (Ly,, Ly,) and H)., is the Pompeiu-Housdorff func-

tional with respect to | - ||¢ on Cla, b].
U






Chapter 4

Stability Theory and
Lyapunov Functions

In this chapter the basic results in the stability theory for differential
equations with “maxima” are presented. The basic methods of inves-
tigations are the method of Lyapunov functions and its modification
of Razumikhin. Different types of stability are defined and sufficient
conditions are obtained.

Some stability properties of solutions of differential equations with
“maxima” are studied in [Ivanov et al. 2002], [Magomedov 1991],
[Magomedov 1983b], [Magomedov 1981], [Magomedov and Nabiev
1986], [Magomedov and Ryabov 1991], [Nabiev 1985], [Nabiev 1984al,
[Nabiev 1984b], [Pinto and Trofimchuk 2000], [Voulov 1995], [Voulov
1992a], [Voulov 1992b], [Voulov 1991], [Voulov and Bainov 1992],
[Voulov and Bainov 1991], [Yuldashev and Kuldashev 1994], and [Zhang
and Cheng 1999].

The main object of investigations in this chapter is the following
nonlinear differential equations with “maxima”

¥ = F(t,x(t), max xz(s)) for t>tg (4.1)
set—r,t]

)

with initial condition
w(t + tO) = ¢(t)7 te [—7’, 0]7 (42)

where z € R”, F: Ry x R* x R*  R™, F = (F\, Fy,...,Fy), 7> 0 is
a given fixed number, ¢ty € Ry, and ¢ € C([—r,0],R™).

We denote by x(t;tp,¢) the solution of the initial value prob-
lem (4.1), (4.2). In our further investigations we will assume that

91
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solution x(t;tg, ) is defined on [ty — r,00) for any initial function
¢ € C([—T‘, 0],Rn)
Introduce the following set of functions:

K ={a e C(R4,R:) : a(s) is strictly increasing and a(0) = 0}.
(4.3)

4.1 Stability and Uniform Stability

The problems of stability of solutions of differential equations via Lya-
punov functions have been successfully investigated in the past. One
type of stability, very useful in real world problems, deals with two dif-
ferent measures. Stability in terms of two measures of differential equa-
tions has been studied by means of various types of Lyapunov functions
(see [Lakshmikantham and Liu 1993] and references cited therein). In
this section the stability in terms of two measures will be defined and
studied for differential equations with “maxima.”
We will introduce the class A of Lyapunov functions:

Definition 4.1.1. We will say that the function V(t,x) : QxR"™ — R,
Q C Ry, belongs to class A if

1. V(t,x) is a continuous function in  x R™;

2. Function V (t,z) is Lipschitz with respect to its second argument.

Let the function V € A, t € Q, and ¢ € C([t — r,t], R™). We define
derivative of the function V'(t,z) along the trajectory of solution of
(4.1) as follows

DV (1, 9(1)) = limsup (V{1 + ¢, 0(1)

e—0

+€F(t,¢(t), max ¢(t+s))) —V(t,o(t)}. (4.4)

s€[—r,0]

Note that V(¢,x) is a function, and its derivative defined by (4.4)
is a functional.

We will study the stability in the regular case as well as in the case
when two different measures are used for the initial conditions and for
the solutions. We will obtain some sufficient conditions in both cases.
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4.1.1 Stability in Terms of Two Measures

Consider the set of measures

F'={heC([-r,oc0)xR",Ry) : inﬂ{ h(t,x) = 0 for each t € [—r,00)}.
z€R™

(4.5)
Let p > be a constant, h € I'. Define sets:

S(h,p) = {(tvx) eRL xR": h(t,x) < p};

SC(h,p) ={(t,z) e Ry xR™: h(t,z) > p}. (4.6)

Definition 4.1.2. Let h,hg € I'. The system of differential equations
with “maxima” (4.1), (4.2) is said to be

(S4.1.1) equi-stable in terms of measures (hg, h) if for every e > 0 and for
any ty > 0, there exists § = 0(tg,€) > 0 such that for any ¢ €
C([-7,0],R"™) inequality max,e[_r o ho(to + s,9(s)) < & implies
h(t, (x(t;to, @) < € for t > to, where x(t;to, @) is a solution of
the initial value problem for differential equations with “maxima”

(4:-1), (4-2);

(S4.1.2) uniformly stable in terms of measures (hg,h) if 6 in (S4.1.1) is
independent on tgy;

In our further investigations we will use a comparison scalar ordi-
nary differential equation

!/

u = g1(t,u), (4.7)
where u € R.

Definition 4.1.3. ( [Lakshmikantham and Liu 1993]). Let h € T.
Function V(t,xz) € A is said to be h-decrescent if there exists a con-
stant 0 > 0 and a function a € K such that h(t,z) < § implies that
V(t,z) < a(h(t,z)).

Definition 4.1.4. ( [Lakshmikantham and Liu 1993]). Let h,hg € T.
Function ho(t,x) is uniformly finer than h(t,z), if there exists a con-
stant § > 0 and a function a € K such that ho(t,z) < § implies that
h(t,x) < a(ho(t,z)).

In our further investigations, we need the following comparison re-
sult:
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Lemma 4.1.1. Let the following conditions be fulfilled:

1. The function F € C([tg,T] x R™ x R™,R"™), where to, T € R,
to < T.

2. The function V : [tg, T] x R" - R,, V € A and

(i) for any number t € [to,T] and any function ¢ € C([t —
r, t],R™) such that V(t,(t)) > V(t + s,¢(t + s)) for s €
[—7,0) the inequality

holds, where g1 € C([to,T] x Ry, Ry), ¢1(¢,0) = 0.

3. The function x(t; to, @) is a solution of (4.1) with initial condition
(4.2), which is defined fort € [to—r,T|, where ¢ € C([—r,0],R"™).

4. The function u*(t) = u*(t;to, up) is the maximal solution of (4.7)
with initial condition u*(to) = up, which is defined for t € [to, T).

Then the inequality maxse(—p0)V (to + s, ¢(s)) < ug implies the va-
lidity of the inequality V (t,z(t; to, ) < u*(t) fort € [to, T].

Proof. Let ug € R4y and ¢ € C([-r,0,R") be such that
mazsei—r0V (to + 5,6(s)) < ug. Let n be a natural number and v, (t)
be the maximal solution of the initial value problem

1

/
= g1 (¢ -
U gl(7u)+n7

1
to) = —.
u( 0) ug + n

Define a function m(t) € C([fto — r,T],R4) : m(t) =
V(ta l’(t, lo, ¢))

Because of the fact that u*(t;t9,up) = limp—covn(t), it is enough
to prove that for any natural number n the inequality

m(t) < wvy(t) for t e [to,T] (4.8)

holds.
Note that for any natural number n inequality m(to) < vy (to) holds.
Assume inequality (4.8) is not true. Let n be a natural number such
that there exists a point n € (to,T]: m(n) > vy (n). Let t* = sup{t €
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[to, T] : m(s) < wvy(s) for s € [to,t)}. According to the assumption
tr <T.
Therefore

m(t") = v ("), m(t) <w,(t) for te [ty,t"), (4.9)

m(t) > v, (t) for te (t*,t"+9), '
where § > 0 is a small enough number.
From inequality (4.9) it follows that

() 2 () = (1 o) + = g (m(E) + . (410)

From g1 (¢,u) + 2 > 0 on [t* — r,t*] N [to, T] it follows the function
v, (t) is nondecreasing on [t* — r, t*] N [to, T.

If t* —r > to then m(t*) = v, (t*) > vn(s) > m(s) for s € [t* —r,t*).

If t* —r < tg, then as above m(t*) > mf(s) for s € [tp,t*) and
m(t*) = vn(t*) 2> vn(to) = uo + % > ug 2 Supse[—r,O]V(tO +5,0(s)) >
m(s) for s € [t* — 1, to).

Therefore m(t*) > m(s) for s € [t* —r,t*).

According to condition (i) of Lemma 4.1.1 and definition of function
m(t) we get m'(t*) < g1(t*, m(t*)) < g1(t*, m(t*)) + 1 that contradicts
(4.10).

Therefore the inequality (4.8) holds and hence the conclusion of
Lemma 4.1.1 follows.

O

We will illustrate the importance of the condition maxge[_,.o) V (to+
s,9(s)) < ug for the claim of Lemma 4.1.1.

Example 4.1.1. Consider the scalar differential equation with “max-

ima”

2'(t) = max x(s) fort >0, (4.11)
teft—1 1)

with the initial condition
x(s) = —asin(t) for te [—g,O], (4.12)

where a > 0 is a constant.
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The solution of the inital value problem (4.11), (4.12) is given by

—asin(t) forte [—g, 0],
w(t)={ asin(t)  forte 0,7, (4.13)
a_\/§ el fort > %
Let V(t,z) = 22, t € [0, %] and the function ¢ € C([t — 5,t],R) be
such that ((t))* > ( (t+s))? for s € [=%,0). Then the inequality
DV (t,9(t) = 20(t) max (s) < 2(4(1)* = i(t, V (1, 4(1)))

s€ft—7F,t]

holds, where g1 (t,u) = 2u.

Consider the scalar differential equation u' = 2u with the initial
condition u(0) = ug, which solution is u(t) = uge?.

It is easy to check that if V(0,asin0) = 0 < ug and a® > ug, then
the inequality (—asin(t))? < ug does not hold for t € [-5,0). At the
same time the inequality V (t,x(t)) = (asint)? < upe?® does not hold
fort €0, %], and the conclusion ot Lemma 4.1.1 is not true, i.c., the
initial inequality is necessary to be satisfied on the whole initial interval,

not only at one single point.

We will give some sufficient conditions for stability of the consid-
ered differential equations with “maxima’” based on the applications of
Lyapunov functions and the Razumikhin method.

Theorem 4.1.1. Let the following conditions be fulfilled:
1. The function F € C(Ry x R™ x R",R"™), F(t,0,0) = 0.
2. The function g1 € C(Ry x R,Ry), g1(¢,0) = 0.
8. The functions hg,h € I, hy is uniformy finer than h.
4. There exists a function V (t,z) € A such that:

(1) for any numbert € Ry and any function ¢ € C([t—r,t],R™)
such that (t,(t)) € S(h,p) and V(t,9(t)) > V(t + s,9(t +
s)) for s € [=r,0) the inequality

holds.
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(ii) b(h(t,z)) < V(t,x) < alho(t,z)) for (t,z) € S(h,p), where
functions a,b € K and the constant p > 0.

5. The zero solution of the scalar differential equation (4.7) is equi-
stable.

Then differential equations with “maxima” (4.1) is equi-stable in
terms of measures (ho, h).

Proof. Let € > 0 be a number such that € < p.
From condition 5 of Theorem 4.1.1 follows that there exists §; =
01(to, €) > 0 such that |vg| < &1 implies

|v(t;to, vo| < b(e), for t > to, (4.14)

where v(t; to, vp) is a solution of the scalar ordinary differential equation
(4.7) with initial condition v(ty) = vp.

From condition 3 of Theorem 4.1.1 follows that there exists do > 0
and a function ¢ € K such that the inequality

ho(t,x) < 0y (4.15)
implies
h(t,z) < 1(ho(t, x)). (4.16)

Since a € K and ¥ € K we can find d3 = d3(tg,€) > 0, d3 < 2
such that the inequalities

(l((Sg) < 41, wl(ég) <€ (4.17)
hold.
Let to € Ry and ¢ € C([—r,0],R™) be such that
n[aaxo] ho(to + s, ¢(s)) < d3. (4.18)
se|—r,

From (4.16) and (4.18) we get

h(to+ s,¢(s)) < ¥1(ho(to + s,0(s))) < Y1(d3) <€, for se[—r,0].
(4.19)

We will prove that inequality

h(t,x(t;to,p)) <€ for t >ty (4.20)
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holds, where x(t; g, ¢) is a solution of the initial value problem (4.1),
(4.2) with the chosen-above initial function ¢.

Assume that inequality (4.20) is not true. From the assumption and
inequality (4.19) follows that there exists a point t* > ¢y such that

At 2zt t0, ) =€ h(t,z(tito, ) <€, tE€fto—rt). (4.21)

Therefore (¢, 2(t)) € S(h,€) for t € [ty,t*). Since € < p the inclusion
(t,x(t)) € S(h,p) is valid for ¢ € [to — r,t*].

Let v*(t;to,vp) be the maximal solution of (4.7) with initial condi-
tion v(to) = vo, where vg = max,c(_, ) V(to + 5, ¢(s)). Therefore, from
Lemma 4.1.1 we obtain

V(t,x(t;to,tp)) < U*(t;to,vo), tc [to,t*]. (4.22)

From condition (ii) of Theorem 4.1.1 and inequalities (4.17) and
(4.18) follows

vo = max V(tg+s,0(s)) < alho(to+ s,0(s)) < a(ds) < dp. (4.23)

s€[—r,0
From inequality (4.23) according to (4.14) we get
[v*(t;t0, v0)| < b(e) for t > to. (4.24)

From inequalities (4.22) and (4.24), the choice of the point t*, and
condition (ii) of Theorem 4.1.1 follows

b(e) = b(h(t", z(t"; to, ))) < V(£7,2(t; 20, ) < v (75 t0, v0) < b(e).

The obtained contradiction proves the validity of the inequality
(4.20), which proves equi-stability in terms of measures (hg,h) of the
considered differential equations with “maxima.”

O

Sufficient conditions for uniform stability in terms of two measures
for diferential equations with “maxima” are given in the following the-
orem:

Theorem 4.1.2. Let the conditions 1, 2, 8, 4 of Theorem 4.1.1 be
fulfilled and the zero solution of the scalar differential equation (4.7) be
uniform-stable.

Then differential equations with “mazima” (4.1) is uniformly stable
in terms of measures (hg,h).
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The proof of Theorem 4.1.2 is similar to the one for Theorem 4.1.1,
where 91 depends only on € but not on .

The most difficult part in the application of the method of Lyapunov
and its modification of Razimikhin is the construction of Lyapunov
functions, provided the necessary conditions. In connection with this,
sometimes it is more applicable to use sufficient conditions employing
so-called perturbing Lyapunov function. In this case we will use the
comparison scalar ordinary differential equation (4.7) combined with
another comparison differential equation

/

v = go(t,v), (4.25)
where v € R, g2(t,0) = 0.
Theorem 4.1.3. Let the following conditions be fulfilled:
1. The function F' € C(Ry x R™ x R", R™), F(¢,0,0) = 0.
2. The functions g1,g2 € C(Ry x R,R,), g1(¢,0) =0, g2(¢,0) = 0.
3. The functions hg,h € I, hgy is uniformy finer than h.

4. There exists a function Vi € A which is hg-decrescent and

(i) fort > 0 andp € C([t—r,t],R™) such that Vi (t,(t)) > Vi(t+
s, 0(t+s)) for s € [-r,0) and (t,¢(t)) € S(h,p) the inequality

holds, where p > 0 is a constant.

5. For any number p > 0 there exists a function VQ(“) € A such that

(ii) bh(t,z)) < VMtx) < alholt,z)) for (t,z) €
S(h,p) NS (ho, ),

where a,b € K.

(iii) for any number t > 0 and for any function ¢ € C([t —
r,t],R") such that (t,9(t)) € S(h,p) (S (ho, ) and

Vit 0(6) + Vi (1,9(8)) > Vi(t+s, 0(t+5))+ Vol (45,9 (t+5))
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for s € [=r,0) the inequality

Dy Vit (1)) + Diay Vs (8.26(0)
< oo (8 VAt 0 () + 13" (1, 0(1)))

holds;

6. The zero solution of scalar differential equation (4.7) is equi-
stable.

7. The zero solution of scalar differential equation (4.25) is uni-
formly stable.

Then differential equations with “maxima” (4.1) is equi-stable in
terms of measures (ho, h).

Proof. Since function Vi (¢, x) is ho-decrescent, there exists a constant
p1 > 0 and a function ¢; € K such that ho(t,x) < p; implies that

Vi(t,x) < 1(ho(t, x)). (4.26)

Without loss of generality we assume that p; < p.

Since ho(t, x) is uniformly finer than h(t,z), there exists a constant
po > 0 and a function 1y € K such that inequality ho(t,z) < po implies
h(t,x) < apa(ho(t,z)). We will assume that py < p and 92(po) < p1.

Let € > 0 be a fixed number, € < p, and ty > 0 be a fixed point.

Since the zero solution of scalar impulsive differential equation
(4.25) is uniformly stable there exists 6; = d1(¢) € K such that the
inequality |vg| < 1 implies

|v(t;to,v0)| < b(e), t > to, (4.27)
where v(t; tg,v9) is a solution of equation (4.25) with initial condition
’U(to) = 0.

Since the functions a € K and ¢ € K we can find d2 = da(€) > 0,
da < po such that the inequalities

a(b) < L. Wad) < e (4.28)

hold.
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Since the zero solution of scalar impulsive differential equation (4.7)
is equi-stable there exists d3 = d3(to, €) > 0 such that inequality |ug| <
03 implies

)
|u(t; to, uo)| < 31 t > to, (4.29)
where u(t; tg, up) is a solution of (4.7) with initial condition u(tg) = uy.

Since the function ¢, € K there exists 04 = d4(tg,€) > 0 such that
for |u| < d4 the inequality

Ll)l(u) < 43 (4.30)
holds.
Now let function ¢ € C([—r,0],R™) be such that
II[]&XO] hO(tO + s, ¢(5)) < 567 (431)
se|—r,

where g = min{52, 54,p1}, 0 = (56(t0,6) > 0.
From inequality (4.31) follows that hg(to + s,¢(s)) < d¢ < p1 for
s € [-r,0]. From inequalities (4.26) and (4.30) we obtain

Vl(to + s, ¢(5)) < wl(ho(to + s, ¢(S))) < 53 for s € [—’l“, O]. (4.32)

From condition 2, inequality (4.31), and the choice of J, and d¢
follows that

h(to+s, ¢(s)) < th2(ho(tots, d(s))) < 1h2(de) < ¥2(02) <€, s € [-r,0].
(4.33)
We will prove that if inequality (4.31) is satisfied, then

h(t,xz(t;to, ) <€, t>to, (4.34)

where z(t;tp, ¢) is a solution of initial value problem (4.1), (4.2).
Suppose inequality (4.34) is not true. Therefore there exists a point
t* > ty such that

h(t*7$(t*at07¢)) =6 and h(t7$(ta t07¢)) <€ te [to_ra t*) (435)

Denote z(s) = x(s;to, ¢), s € [to — 7, t*].

If we assume that ho(t*, z(t*)) < d2 < p then from the choice of
9o follows h(t*, z(t*)) < ha(ho(t*, z(t*))) < 12(d2) < € that contradicts
(4.35).
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Therefore
ho(t*, z(t*)) > 02. (4.36)
From inequality (4.36) and ho(to+s, ¢(s)) < d¢ < o9 for s € [—r,0] it
follows that there exists a point tf; € (to,t*) such that do = ho (5, z(t5))
and (t,z(t)) € S(h,e€) for ¢t € [t§,t*). From the choice of € follows that

(t,z(t) € S(h,p) (S (ho,82), t € [t5,t]. (4.37)

Let r1(t; to, up) be the maximal solution of differential equation (4.7)
where ug = supse—p0)Vi(to + s, ¢(s)). From inequality (4.32) follows
ug < 03 and according to inequality (4.29) we get

)
|71 (£ o, uo)| < 51 for t € [to, t*]. (4.38)

From condition 4 of Theorem 4.1.3 follows that the condition 1 of
Lemma 4.1.1 is satisfied for T' = t*. According to Lemma 4.1.1 the
inequality

Vi(s,z(s)) < ri(s;to,up), s € [to,t"] (4.39)
holds.
Inequalities (4.38) and (4.39) imply
)
Vi(th + s, z(t5 + ) < 51 for s € [—r,0]. (4.40)
(62)

Consider the function V,™*’(t,z) that is defined in condition 5 of
Theorem 4.1.3 and define the function m : [tg — r,00) X R — R" by
equality

m(t,z) = Vi(t,z) + VL% (¢, 2). (4.41)

From condition 5 of Theorem 4.1.3 follows that condition 1 of
Lemma 4.1.1 is satisfied for the function V(t,z) = m(t,z), T = t*,
and ¢y = ;. According to Lemma 4.1.1 the inequality

m(t, z(t;to, @) < r¥(t; 65, wp), t € [tg,t7] (4.42)

holds, where r*(¢; ¢, wg) is the maximal solution of (4.25) through the
point (tg, wS)? wS = SUPs¢[—r,0] m(tzk) + s, 1‘(753 + 55 %0, ¢))

From inequality (4.28) and condition (#i4) of Theorem 4.1.3 it follows
that

Y
VO (5 4 s, m(th + 5)) < alho(th + s, 2(t5 + 5))) < a(Sa) < 317
s € [-r,0].

(4.43)
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From inequalities (4.40) and (4.43) we obtain
m(ty + s,z(t5 +s)) < & for s € [-r,0]. (4.44)

From inequality (4.44) follows that |w| < ; and therefore accord-
ing to inequality (4.27)

r*(t; ty, wp) < Ble), t>tg. (4.45)

From inequalities (4.42) and (4.45) the choice of the point t*, and
condition (4ii) of Theorem 4.1.3 we obtain

b(e)

S P wh) > mtt, 1(t to, )
> VP a(t5t0, 8)) > b(h(t*,a(tsto, $))) = ble).

The obtained contradiction proves the validity of inequality (4.34)
for t > tg.

Inequality (4.34) proves the equi-stability in terms of measures
(ho, h) of the considered system of differential equations with “max-

ima.”

O

Theorem 4.1.4. Let the conditions 1, 2, 8, 4, 5 and 7 of Theorem
4.1.3 be satisfied, and the zero solution of scalar differential equation
(4.7) be uniformly stable.

Then the system of differential equations with “maxima” (4.1) is
uniformly stable in terms of measures (hg,h).

The proof of Theorem 4.1.4 is similar to the proof of Theorem 4.1.3
but in this case d3, and therefore, 44 and dg depend only on e.

Remark 4.1.1. Note that in the case v = 0 results in this section
reduce to sufficient conditions for stability in terms of two measures
for ordinary differential equations (see [Lakshmikantham and Liu 1993]
and references cited therein).

4.1.2 Stability of Zero Solution

Let p > be a constant. Define sets:

S(p) ={(t,z) e Ry xR" = lz|| < p};
S%p) = {(t,x) e Ry xR™ ¢zl = p}.
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Definition 4.1.5. The zero solution of the system of differential equa-
tions with “mazima” (4.1), (4.2) is said to be

(S4.1.3) equi-stable if for every € > 0 and for any ty > 0, there exists
d = 0(tg,€) > 0 such that for any ¢ € C([—r,0],R™) inequality

tas [[6(s)]| <8 implies [[a(t;to, )] < ¢
se|—r,

fort > tg, where x(t;to, @) is a solution of the initial value prob-
lem for the system of differential equations with “maxima”(4.1),

(4.-2);
(S4.1.4) uniformly stable if 6 in (S4.1.3) is independent on ty;

Definition 4.1.6. The function V(t,x) € A is said to be weakly de-
crescent if there exists a constant 6 > 0 and a function a € CK such
that ||z|| < & implies that V(t,z) < a(t,||z]]).

Definition 4.1.7. Function V(t,x) € A is said to be decrescent if
there exists a constant 6 > 0 and a function a € K such that ||z|| < ¢
implies that V (t,z) < a(||z|]).

In the case when both measures, used in Subsection 4.1.1, are equal
to the regular norm in R™ as a particular case of results in the Subsec-
tion 4.1.1 we obtain sufficient conditions for equi-stability and uniform
stability of the zero solution of differential equations with “maxima”.
The proofs of the results are similar to the proofs of the corresponding
Theorems in Subsection 4.1.1 and we omit them.

Theorem 4.1.5. Let the following conditions be fulfilled:
1. The function F € C(R,. x R" x R*, R™), F(t,0,0) = 0.
2. The function g1 € C(Ry x R,R,), ¢1(¢,0) = 0.
3. There ezists a function V(t,x) € A such that:

(i) for any number t € [to,T] and any function ¢ € C([t —
r, t],R™) such that V(t,(t)) > V(t + s,¢(t + s)) for s €
[—7,0) the inequality

DiyayV (£, 4(t) < 91tV (E,9(1)))

holds.
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(i) b([[=]]) < V(t,z) < a(llz]]) for (t,z) € S(p), where func-
tions a,b € K and the constant p > 0.

4. The zero solution of the scalar differential equation (4.7) is equi-
stable.

Then the zero solution of the differential equations with “maxima”
(4.1) is equi-stable.

Theorem 4.1.6. Let the conditions 1, 2, & of Theorem 4.1.5 be sat-
isfied and the zero solution of the scalar differential equation (4.7) be
uniformly stable.

Then the zero solution of the differential equations with “maxima”
(4.1) is uniformly stable.

As a partial case of Theorem 4.1.6 we get the following result:
Corollary 4.1.1. Let the following conditions be fulfilled:

1. The function F € C(Ry x R™ x R",R"), F(t,0,0) = 0.

2. There ezists a function V(t,x) € A such that:

(i) for any number t € [to,T] and any function p € C([t —
r, t],R™) such that V(t,(t)) > V(t + s,¥(t + s)) for s €
[—7,0) the inequality

D)V (t9(t) <0

holds.

(ii) b(|[z]]) < V(t,z) < a(llz]]) for (t,x) € S(p), where func-
tions a,b € K and the constant p > 0.

Then the zero solution of the differential equations with “maxima”

(4.1) is uniformly stable.

The proof the Corollary 4.1.1 follows from Theorem 4.1.6 for
g1(t,u) = 0 and the fact that the zero solution of the scalar ordinary
differential equation u’' = 0 is uniformly stable.

In the case, when two different Lyapunov function are employed, the
following two theorems are partial cases of Theorem 4.1.3 and Theorem
4.1.4 correspondingly.

Theorem 4.1.7. Let the following conditions be fulfilled:
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1. The conditions 1, 2, 6, 7 of Theorem 4.1.3 are satisfied.
2. There exists a function Vi € A that is weakly decrescent and

(i) for t > 0 and ¢ € C([t — r,t],R™) such that (t,1(t))) €
S(p) and Vi(t,(t)) > Vi(t + s,¢(t + s)) for s € [-1,0) the
inequality

DuyVi(t,v(t) < g1(t, Va(t, ¥(t)))

holds, where p > 0 s a constant;

3. For any number p > 0 there exists a function VQ(“) € A such that

(ii) b(lzl)) < V3" (t.2) < a(lal) for (t,2) € S(p)NST (1),
where a,b € K.

(iii) for any number t > 0 and any function ¢ € C([t —
7, ], R™) such that (t,(t)) € S(p) NS (1) and Vi (t,(0))+
VI, 1p(8) > Vit + s,9(t+ ) + Vi (E+ 5,9(E + 5)) for
s € [-1,0) the inequality

DuyVa(t, (1)) + Dy, 1)V2 ( Y(t))
< go(t VA0 () + 13" (1, 0(1)))
holds.

Then the zero solution of the differential equations with “mazima”
(4.1) is equi-stable.
Theorem 4.1.8. Let the conditions 1, 2 and 8 of Theorem 4.1.8 and
condition (i) of Theorem 4.1.6 be satisfied, where the function V (t,x)
be decrescent.

If the zero solution of scalar differential equation (4.7) is uniformly
stable, then the zero solution of the differential equations with “maz-
ima” (4.1) is uniformly stable.

Now we will apply some of the obtained sufficient conditions to
study stability properties of the solutions of differential equations with
“maxima.”

Example 4.1.2. Consider the linear system of differential equations
¥ =—x+2y

, (4.46)
Yy =—x—y.
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The general solution of (4.46) is

z(t) = e 'V2(ey sin V2t — ¢ cos V/2t)
y(t) = e t(cy cos V2t + ¢ sin V2t).

The solution of the system (4.46) with initial condition z(0) =
L oy(0)=1

z(t) = V2e (sin V2t + g cos V/2t)

y(t) = e t(cos V2t — g sin v/2t)

approaches 0 as t increases without bound.
The solution of the system (4.46) with initial condition x(0) =

3 y(0) =3
x(t) = ﬂe‘t(% sin V2t + g cos V/2t)
y(t) = e‘t(% cos V2t — g sin v/2t)

approaches 0 as t increases without bound.
Now let the system (4.46) be perturbed by the maximum function,
i.e., consider the system of differential equations with “maxima”

' =—z+2y+C; max x(s)
s€[—r,0]

(4.47)

Yy =—x—y+Cy max y(s).
s€[—r,0]

We will apply Theorem 4.1.1 to investigate the stability of the so-
lution of the system with maximum (4.47). Note that the solution of
(4.47) could not be obtained in a closed form.

Consider the function V : R? — Ry, V(z,y) = 22% + y? and
the measures h(t,z,y) = /a2 + y2, ho(t,z,y) = |z| + |y|. Using the
inequality /22 +y2 < |z| + |y| it is easy to check the validity of the
condition (ii) of Theorem 4.1.1 for a(u) = u* and b(u) = Fu?.

Let t > 0 be a number and ¢ € C([t — r,t],R?), ¢ = (¥1,12) be
such that

SO+ 030 > uR( 4 5) 1 Ut +s), s€[n0).  (448)
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From (4.48) follows that the derivative the function V' among the
trajectory of the system (4.47) is

D4.4m)V (1(t),¥2(t))
= —7 (£) =203 (t)+e11 (t) Sglffo] V1 (t+8)+2c212(t) n[ﬂaX Yo (t+s).

Note that

Yr(t) max vt +s)

S i)l | max da(t + )| =/ (Y1 (t))? (a1t +3))?

< VW1 (5)% + 24t 2\/ a1t +5))?

= V(1 (1)2 +2(¢2(1)? /(11 (€))?

< V()2 + 2(02(8)? v/ (¥1(€))? +2(¥1(€))? < (1(1))” + 2(2(1))°

and

2o (t )sg[l_af Pt +s) < (P1(t)” + 2(va(t))?
where & € [t — 1, t].
Hence

Dgan)V (1(t),92(t)) <
—pF () — 205 (t) + e (Y7 () + 205 (1)) + ca (i () + 245 (1)) =
= (WF(t) + 205 (1)) (—1 + c1 + c2).

Since 93 (t) + 2¢3(t) > 0, then for (=1 +¢; +c2) <0, or ¢ + ¢ < 1,
we get

Dgar)V (41 (1), 92(t)) <0

Consider the scalar equation (4.7) for ¢;(t,u) = 0 which solution
is u(t;to, ug) = wug. The zero solution of v = 0 is uniformly stable.
Therefore according to Theorem 4.1.2 the solution of (4.47) is uniformly
stable in terms of measures (hg, h), i.e., for € > 0 there exists 6 = d(e) >
0 such that the inequality [i1(s)| + |12(s)] < 0, s € [—r,0] implies

22(s) + y2(s) < e for t > t.
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4.2 Integral Stability in Terms of
Two Measures

In this section, we study the integral stability in terms of two differ-
ent measures for differential equations involving the maximum of the
unknown function. Integral stability for ordinary differential equations
was introduced by I.Vrkoc ( [Vrkoc 1959]) and later studied for various
types of differential equations by many authors (see for example, [Hris-
tova 2009a], [Hristova 2010a, and [Soliman and Abdalla 2008]). The
concept of integral stability occurs in connection with the stability un-
der persistent perturbations when the perturbations are small enough
everywhere except on a small interval. The presence of maximum in the
equation requires initially well-defined and proved comparison result.
An appropriate definition for integral stability of differential equations
with “maxima’” is given. Sufficient conditions for uniformly integral sta-
bility in terms of two measures are obtained. These results are derived
using Lyapunov functions, Razumikhin method and comparison results
for scalar differential equations.

In this section we will study stability properties of the system of
nonlinear differential equations with “maxima” (4.1) with initial con-
dition (4.2), the solution of which is x(¢; g, ¢).

Consider the perturbed system of differential equations with “max-

7

ima

' = F(t,z(t), max z(s))+G(t, x(t), max z(s)) for t>ty, (4.49)
seft—r,t] set—r,t]

where z € R", F,G : Ry x R" x R" — R"™.

In our further investigations we will use Lyapunov functions from
the class A, introduced by Defintion 4.1.1 , and derivative of functions
from A, defined by equality (4.4).

Similarly we define a derivative of the function V(¢,x) € A along

the trajectory of solution of the perturbed system (4.49) for t € R,
and ¢ € C([t —r,t],R™) as follows

e—0 s€[—r,0]

D(4.49)V (t, #(t)) = limsup %{V(t +e,0(t) + e(F(t, o(t), max o(t+s))

+G(t, (1), max ¢(t+s)))> - V(t,d)(t))}.

s€[—r,0]
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Consider the set K, defined by(4.3) and the set of measures T,
defined by (4.5).

Let p,t,T > 0 be constants, h € T'. Consider the sets S(h,p),
SC(h, p), defined by equality (4.6) and the set

Q(t,h,p) ={(z,y) e R"XR™ : h(t,z) < p and h(s,y) < p, s € [t—r,t]}.

We will use the following comparison scalar ordinary differential
equations
o' = f(t), (4.50)

and
u' = g(t,u), (4.51)

and its perturbed scalar ordinary differential equation
w' = g(t,w) +qt), (4.52)

where u,w € R, f,g: R xR—->R, ¢g:R; —R.

In our further investigations we will assume that solutions of the
scalar differential equations (4.50), (4.51), and (4.52) exist on [ty, 00)
for any initial values.

Definition 4.2.1. ( [Soliman and Abdalla 2008]) The ordinary differ-
ential equation (4.51) is said to be uniform-integrally stable if for every
a > 0 and for any ty > 0, there exists § = f(a) € K such that for any
initial value |wy| < «, and for any perturbation g € C(R4,R) such that
for every T > 0 : ft°+ s)lds < a the inequality |w(t;to, wo)| < B
holds for t > tg, where w(t to,wo) is a solution of (4.52) with initial
condition w(tg) = wy.

Based on the definition of integral stability for ordinary differential
equations we will introduce integral stability in terms of two measures
for differential equations with “maxima.”

Definition 4.2.2. Let h,hy € T'. System of differential equations with
“mazima” (4.1) is said to be uniform-integrally stable in terms of
measures (hg, h) if for every a > 0 and for any ty > 0, there exists
B = Bla) € K such that for any initial function ¢ € C([—r,0],R™)
such that maxe[_r ho(to + 5,9(s)) < a, and for any perturbation
G € C(Ry x R™ x R™,R™) which satisfies for every T > 0 the inequal-
ity ft°+T SUD (3, e0(s,h,8) [|G(8: 7, y)||ds < «, it follows the validity of
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h(t,y(t;to,d)) < B for t > to, where y(t;to, ) is the solution of the
initial value problem for the perturbed system of differential equations
with “mazxima” (4.49), (4.2).

We will give an example to illustrate the integral stability.

Example 4.2.1. Consider the scalar differential equation ' = 0,
where © € R and its perturbed differential equation y' = 0 + ye™!
The solution of the perturbed equation is y(t;to,yo) = yoeeito e for
t > to. Applying the inequalities e ¢ < 1 and ¢ ° < e we obtain
ly(t;to, vo)| < |yole, i.e., for any o > 0 the inequality |y(t;to,yo)| < «
holds provided |yo| < =<

e "

On the other side, for any a > 0, T' > 0 and 3 = § the inequality

to+T
/ 3upw:|w|<ﬂ‘we_8’ds - ﬁe_to(l - e_T) <=«
to
holds. Therefore, the differential equation =’ = 0 is uniform-integrally
stable.

O

In our further investigations we need some properties of both mea-
sures and the functions from the class A, defined by Definition 4.1.1.

We will use the properties h-decrescent and uniformly finer defined
in Definition 4.1.3 and Definition 4.1.4 correspondingly.

We will obtain sufficient conditions for integral stability in terms of
two measures for systems of differential equations with “maxima.” We
will apply two different types of Lyapunov functions from the class A
and comparison results for scalar ordinary differential equations.

Theorem 4.2.1. Let the following conditions be fulfilled:
1. The function F € C[R4 x R™ x R™",R"], F(t,0,0) =0.
2. The functions hg,h € ', hg is uniformly finer than h.

3. There exists a function Vi : [-r,00) x R" — Ry, Vi € A, it is
ho-decrescent and

(i) for any number t > 0 and any function ¢ € C([t — r,t],R"™)
such that Vi(t,(t)) > Vi(t+s,¢9(t+s)) for s € [-r,0) and
(t,0(t)) € S(h, p) the inequality

Dya9)Vi(t,¥(t)) < f(t, Va(t, (1))
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holds, where f € C(Ry x R,R4], f(t,0) =0, p > 0 is a
constant.

4. For any number p > 0 there exists a function Vz(”) : [—r,00) X
R" — Ry, V" € A such that

(ii) b(h(t,z)) < Vi(t,2) < alho(t,z)) for (t,z) € [—r,00) X
R,
where a,b € K and limy—o.b(u) = oo.

(iii) for any number t > 0 and any function ¢ € C([—r,0],R"™)
such that (t,(t)) € S(h, p) (S (ho, ) and

Vi(t, () +Vo (£,(8)) > Vi(t4s, ¥ (t+8)+Va" (t+s, (t+5))

for s € [=r,0) the inequality

DiayVa(t46(8)) + Deay Vi (1, 46(1))
< g(t Vil w(0) + Vi (1)

holds, where g € C(Ry x R, R4], g(¢,0) = 0;

5. The zero solution of the scalar differential equation (4.50) is equi-
stable.

6. The scalar differential equation (4.51) is uniform-integrally sta-
ble.

Then the system of differential equations with “mazima” (4.1) is
uniform-integrally stable in terms of measures (hg, h).

Proof. Since the function Vj(t,x) is hg-decrescent, there exist a con-
stant p; € (0,p) and a function ¢; € K such that for any point
(t,z) € [-r,00) x R™ such that ho(t,x) < p1 the inequality

Vi(t, z) < i (ho(t, z)) (4.53)

holds.
Since ho(t, x) is uniformly finer than h(t, z), there exist pg € (0, p1)

and a function 1y € K : 15(po) < p1 such that ho(t,z) < po implies

h(t, ) < 1ba(ho(t, z)). (4.54)
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Let g > 0 be a fixed point and a > 0 be a number such that o < pg.

According to condition 4 of Theorem 4.2.1 there exists a function
VQ(Q) (t,z) with Lipschitz constant M,. Let M; be Lipschitz constant of
the function Vi (¢, x).

Denote (M; + My)a = ay. Without loss of generality we assume
a1 < b(p).

From condition 5 of Theorem 4.2.1 it follows there exists §; =
01(to, a1) > 0 such that the inequality |ug| < 01 implies that

u®)l < = t=to, (4.55)

where u(t) is a solution of (4.50) with the initial condition u(tg) = uo.
Since the function ¢y € K, there exists d2 = d2(d1) > 0, dy < p1
such that for |u| < d2 the inequality

P1(u) < 6 (4.56)

holds.

From condition 6 of Theorem 4.2.1 it follows that there exists 81 =
Bi(a1) € K, b(p) > 1 > aq such that, for every solution w(t) of the
perturbed equation (4.52) with the initial condition w(ty) = wq, the
inequality

]w(t))] < B, t>tg, (457)

to+T

o 14(8)]ds <

holds, provided that |wg| < ;1 and for every T' > 0 :
.
Since the function b € K , lims_.oob(s) = 00, and ¢a(a) < 92(po) <

p1 < p, we choose 3 = B(61) >0, p> > «a, B> 1(a) such that
b(B) > bi. (4.58)

Since the functions a € K, ¥ € K, and 8 > 19(«), we can find
03 = 03(aq, 8) > 0, a < d3 < min(da, po) such that the inequalities

!
a(s) < 5 a(ds) <P (4.59)
hold.

Now let the initial function ¢ € C(|—r,0],R™) and perturbation
G(t,x,y) of the right-hand side of the system of differential equations

(4.49) be such that

max hO(tO + S,¢(5)) < a,

s€[—r,0]



114 Chapter 4. Stability Theory and Lyapunov Functions

and for every T > 0 :

to+T
/ swp |G,z 9)|lds < a
to (x,y)€Q(s,h,B)

We will prove that
h(t,yt)) < B, t=to. (4.60)

From (4.54) and the choice of 3 it follows that ho(tg + s, ¢(s)) <
a < po implies that h(to + s, ¢(s)) < Ya(ho(to + s, é(s))) < ¢a(a) < B,
i.e.,
h(to +s,¢(s)) < B for se[-r0].
Suppose inequality (4.60) is not true. Therefore, there exists a point
t* > tg such that

B y() =B, hlty®) < B, telto—rt?).  (461)

From inequality (4.61) and 8 < p it follows the validity of the
inclusions

(t,y(t)) € S(h,p), t€ [to,t"], and (y(t)vsg[tgft]y(S)) € Q(t, h, ),
t € [to, t*]. (4.62)

If we assume that ho(t*,y(t*)) < d3 then from the choice of d3 and
inequality (4.54) it follows h(t*, y(t*)) < ¥a(ho(t*, y(t*)) < ¥2(d3) < S,
which contradicts (4.61).

Therefore,

ho(t*,y(t*)) > 03, ho(to+s,0(s)) <a<ds for se[—r0]. (4.63)

Then there exists a point tj € (to,t*) such that d3 = ho(t§, y(t5))
and (t,y(t)) € S(h,B)()Sho,d3) for t € [t§,t*). Since B < p and
03 > « it follows that

(t, (1)) € S(h.p) () S(ho, ), t € [t5,17]. (4.64)

Let r1(t) be the maximal solution of scalar differential equa-
tion (4.50) with the initial condition 7(t9) = wup where uy =
maxee(_, 0 Vi(to + 8, (to + s)). From condition (7) of Theorem 4.2.1,
according to Lemma 4.1.1, we obtain

Vit,y(t)) < rilt), t€ [to,t"]. (4.65)
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From inequality (4.56), we obtain
up = Vi(§, 0(€)) < Pi(ho(€, ¢(£))) < ¢r(e) <¢u(da2) <1,  (4.66)

where £ € [to — 1, 0]
From inequalities (4.55), (4.65), and (4.66) it follows that
Vi(t,y(t) <ri(t) < S for t € [to,t*], or

max Vi(t + s, y(th + 5)) < 2. (4.67)
se[—r,0] 2

From inequality (4.59) and condition (4i) of Theorem 4.2.1 it follows
that

Vi (t5+s,y(t5+5)) < alho(ti+s, y(ti+s))) = a(d3) < % se[—r0.

(4.68)
Consider the function V : Ry x R” — R4, V € A defined by

V(t.a) = Vi(t,z) + VO (t, z). (4.69)

From inequalities (4.67) and (4.68) it follows that

n[laxo] V(ts+s,y(ts+s)) < aq. (4.70)
se|—r.

Let the point ¢ € [t§,t*] and the function ¢ € C([—r,0],R™) be such
that

(t,%(0)) € S(h, B) () S°(ho, ), ((0), max w(s)) € Q(t, h, B),

s€[—r,0]

and V(t,4(0)) > V(t + s,9(s)) for s € [-r,0).
Using Lipschitz conditions for functions Vi (¢, z) and VQ(Q) (t,z), and
condition (%) of Theorem 4.2.1 we obtain

D4.49)V (t,90(t )) D4.49)V1(t,9(t)) + D4.49) V- (¢, (t))
< limsup — {{ (t+e9(t —I—eF(t,w(t),Sé][a_a}O]@b(t—l— s)))

e—0

—Vi(t, ¥(t)) }
VO + e () + eF(tp(0), max gt +5)) = ViV (5 0(0) )]

s€[—r,0]

+ lim sup — {{Vl t+€,9(t)

e—0
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el 0(t), maxyep ) 00t + 5)) + Gl 0{t), max,e g 00+ 5))
Vit + €, 9(t) + eF(t,9(t), maxee[ o P(t +5)))}
+{V2(a) (t+ &, 9(t) + e[F(t,9(t), maxe—p,0 Y(t + 5))
+G(t, (t), maxge o) P(t + 5))])

Vi (b + €, () + €F (1, (), max e g (t + 3)))}}

< Dy Vit (1) + DuyVa™ (£, (1))
+(My + Ma)||G(¢,9(t), max e[ Y (t + 5))]|
< g(t, V(t,(t)) + (My + Mz)sup yyeqnp [1GE 2, )]
=gt V(t, (1)) +q(t).

Consider the scalar differential equation (4.52) where the per-
turbation on the right-hand side is given by q(t) = (M; +
MQ) SUP (,y)eQ(t,h,3) HG(tv €, y)” for t € [tg,t*]‘

Let 7*(t) be the maximal solution of (4.52) with the initial condition
r*(t5) = wy, where w§ = maxge[—. o V(5 + s, y(t5 + s)). According to
Lemma 4.1.1 the inequality

V(t,yt) <), teZ( it t] (4.72)

holds, where = C [t§, c0) is the interval of existence of r*(¢).
Choose a point T* > t* such that

/: o(s)ds + %(T* — #)q(t) < an.

*

Now define the continuous function ¢*(t) : [t§,00) — R by

q(t) for t e [tj,t¥]
¢(t) =< ALt —T*) for te[t*,T] (4.73)
0 for ¢ > T*.

From the choice of the perturbation G(t,z,y) it follows that for
every 1" > 0 the inequality

ty+T to+T
/ q*(s)ds < (M + Mg)/ sup l|G(s,z,y)||lds < aq
tg to (z,y)€Q(s,h,B)

holds.
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Let 7**(t) be the maximal solution of scalar differential equation
(4.52) with the initial condition r**(¢§) = wyg, where the perturbation
of the right-hand side is defined above function ¢*(¢). We note that
() = it tg, wg), te [t tY).

From inequality (4.70) it follows that |wi| < «; and therefore in-
equality (4.57) holds, i.e.,

P) < Br, >t (4.74)

From inequalities (4.72) and (4.74), the choice of the point ¢*, and
condition (4ii) of Theorem 4.2.1 we obtain

b(B) > By > () = () = VI(E () = Vi (7 y(t)
> b(h(t", y(t"))) = b(B)-

The obtained contradiction proves the validity of inequality (4.60)
for t > tg.

Inequality (4.60) proves uniform-integral stability in terms of mea-
sures (hg,h) of the considered system of differential equations with
“maxima.”

O

In the case when the Lyapunov function is bounded both from above
and from below, the following result is true:

Theorem 4.2.2. Let the following conditions be fulfilled:

1. The function F € C|[Ry x R™ x R™ R"], F(t,0,0) = 0.

2. The function g € C[Ry x R,R.], ¢(¢t,0) = 0.

3. The functions hg,h € I', hgy are uniformly finer than h.

4. There exists a function V : [—r,00) x R" — Ry, V € A such
that

(i) b(h(t,x)) < V(t,z) < a(ho(t,x)) for (t,z) € [0,00) x R™,

where a,b € K and limy_b(u) = oo;

(ii) for any point t > 0 and for any function ¢ € C([t — r,t],R™)
such that (t,74(t))) € S(h,p) and V(t,9(t)) > V(t + s,¢(t + s)) for
s € [=1,0) the inequality

Dy V (£, 9(t) < g(t, V(E,9(1)))

holds, where p > 0 is a constant.
5. The scalar differential equation (4.51) is uniform-integrally sta-
ble.
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Then the system of differential equations with “maxima” (4.1) is
uniform-integrally stable in terms of measures (hg, h).

The proof of Theorem 4.2.2 is similar to the one of Theorem 4.2.1
and we omit it.

Remark 4.2.1. In the case r = 0 the obtained results reduce to results
for integral stability in terms of two measures of ordinary differential
equations studied in [Lakshmikantham and Liu 1993].

In the case h(t,x) = ho(t,z) = ||z|| the obtained results reduce to
results for integral stability of differential equations with “mazxima.”

In the case h(t,x) = ho(t,z) = ||z|| and r = 0 the obtained results
reduce to results for integral stability of ordinary differential equations
studied in [Soliman and Abdalla 2008].

4.3 Stability and Cone Valued Lyapunov
Functions

One of the main problems of Lyapunov’s second method is related to
the construction of an appropriate Lyapunov function. Often, it is eas-
ier to construct a vector Lyapunov function rather than a scalar one.
However, vector functions require comparison systems of differential
equations. In order to involve scalar differential equations in the com-
parison method instead of comparison systems, we use a special type
of stability that combines the ideas of two different measures and a dot
product.

In this section we will study the system of nonlinear differential
equations with “maxima” (4.1) with initial condition (4.2), where z €
R™, F :[0,00) x R" x R™ — R™, r > 0 is a constant, ¢ € C'([—r,0],R")
and tg € R, is a fixed point.

Let x,y € R™. Denote by (z e y) the dot product of both vectors z
and y, L.e., Y i | Ty

Let I C R” be a cone. Consider the set

K'={peR": (pex) >0 for any = € K}. (4.75)

We assume that * is a cone.
Consider the set of measures

Glo) = {h € C([=r,00) x R".K) & inf (¢ @ hit,2)) =0

for each t > —r},  (4.76)
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where g € K*.
Note, for example, K = R} is a cone, ¢ is the unit vector, and the
function

h(t,z) = (e Ha1|, e aal, ..., e Han), z€R™, o= (x1,72,...,2,)

is from the set G(pp).
Let p be positive constant, ¢y € K*, h € G(pg). Define set:

S(h, p, o) = {(t,z) € [0,00) x R™ : (po & h(t,z)) < p}.

We will introduce the definition of a new type of stability for dif-
ferential equations with “maxima,” which combines the ideas of sta-
bility in terms of two measures (see [Lakshmikantham and Liu 1993]
and [Movchan 1960]) and a dot product.

Definition 4.3.1. Let ¢y € K*, h,ho € G(po). The system of differ-
ential equations with “mazima” (4.1) is said to be

(S4.53.1) d-stable in terms of two measures hg and h with a vector yq if
for every e > 0 and ty > 0 there exists § = §(tg,€) > 0 such that
for any ¢ € C([—r,0],R™) inequality (po ® ho(to + s, d(s))) < &
for s € [—r,0] implies (¢ ® h(t,z(t;to, d))) < € fort > ty, where
x(t;to, @) is a solution of differential equations with “maxima”
(4.1) with initial condition (4.2);

(S4.3.2) uniformly d-stable in terms of two measures hg and h with a
vector g if (S4.3.1) is satisfied, where 0 is independent on ty;

Remark 4.3.1. The vector g, which is introduced in Definition 4.3.1,
s a proxy for the weights of the solution’s components.

Remark 4.3.2. In the partial case of one-dimensional cone K = R,
the measures h and hg are scalar valued nonnegative functions. The
above defined d-stability in terms of two measures reduces to stability
in terms of two measures for differential equations with “maxima.”

In our further investigations we will use the following comparison
scalar ordinary differential equations

/

u = g(t,u), (4.77)

where u € R, ¢(¢,0) = 0.
We will use some properties of the functions from class G.
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Definition 4.3.2. Let the vector @9 € K* and the functions h,hy €
G(@o). The function hg is uniformly po-finer than the function h if there
exist a constant o > 0 and a function p € K such that for any point
(t,z) € [-r,00) xR™: (poehy(t,z)) < o the inequality (poeh(t,z)) <
p((¢o ® ho(t,x)) holds.

We will introduce the following class of functions:

Definition 4.3.3. We will say that function V(t,x) : @ x R" —
K, QCRy, V=>04,V,,...,V,), belongs to the class L if:
1. V(t,z) € C1(Q x R* K);
2. There exist constants M; > 0, i = 1,2,...,n, such that |V;(t,xz)—
Vilt,y)| < Mil|z — yl| for any t € Q, x,y € R™.

Let function V € £, V = (V1,Va,...,V,), t € Ry, and ¢ € C([t —
7,t],R"). We define a derivative Dy 1)V (¢, x) of the function V' among
the system (4.1) by the equalities

Vi(t, ¢(t))
Vit o10)) = T
Z ( (ta ¢(t)7 Supse[_r’0]¢(t + S)) (478)
=1

fori=1,2,...,n, where
D(4A1)V(t7 .'L') = (D(41)‘/1(t7 .13), D(41)‘/é(t7 .13), SRR D(4A1) Vn(tv .'L'))

In the further investigations we will use the following comparison
result:

Lemma 4.3.1. Let the following conditions be fulfilled:
1. The condition 1 of Lemma 4.1.1 is satisfied.

2. Vector g € K* and function V(t,x) : [to,T] Xx R" - K, V € L
are such that for any function ¢ € C(|—r,0],R™) and any number

t € [to, T] such that (po @ V(t,1(0))) > (o @ V(t + s,9(s))) for
s € [=7,0) the inequality

(100 # Dy V£ 1(0))) < gt (00 @ V(£ 1(0))))

holds, where g € C(R4 x Ry, Ry), ¢(¢,0) = 0.
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3. Function x(t) = z(t;to,p) is a solution of (4.1) with initial
condition x(to + s) = ¢(s), s € [—r,0], which is defined for
t € [to—r,T| where ¢ € C([—r,0], R™).

4. Function u*(t) = u*(t;to,up) s the maximal solution of (4.77)
with initial condition u*(ty) = wg, which is defined for t € [to,T].

Then the inequality max,c[ . o)(¢o ® V(to + s,0(s))) < uo implies
the validity of the inequality (oo @ V (t,x(t))) < u*(t) fort € [to, T].

Proof. Let v, (t) be the maximal solution of the initial value problem

1
u’ :g(t7u) + —,
n (4.79)

1
u(to) =up + —,
(to) =uo -

where max¢c|_, ](¢0 ® V(o +5,¢(s))) < up and n is a natural number.
Assume that v, (t) is defined for ¢ € [to, T.
Define a function m(t) € C([tg — r,T],Ry) by m(t) = (¢o ®
V(t,xz(t))).
The rest of the proof is similar to the proof of Lemma 4.1.1.
U

We will consider the cone I C R®, n > 1 and we will obtain suffi-
cient conditions for d-stability in terms of two measures of systems of
differential equations with “maxima.” We will employ cone-valued Lya-
punov functions from class £. The proofs are based on the Razumikhin
method and the comparison method with scalar ordinary differential
equations.

Theorem 4.3.1. Let the following conditions be fulfilled:
1. The function F' € C(Ry x R™ x R", R™), F(¢,0,0) = 0.

2. The vector ¢y € K* and the functions ho,h € G(po), ho is uni-
formly po-finer than h.

3. There exists a function V(t,x) : Ry x R" — K, V € L such that

(i) b((¢o ® h(t,x))) < (po @ V(t,x)) < a((vo ® ho(t, x)))
for (t,x) € S(h,p, ¢o), where a,b € K, the set K is defined
by (4.3);
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(i1) For any number t > 0 and any function ¢ € C([t —r,t],R"™)
such that (po @ V(t,9(t))) > (po @ V(t + s,9%(t + s))) for
s € [-r,0) and (t,¢(t)) € S(h,p,po) the inequality

(w0 8 Dy V(1) < gl (00 0 VIE ()

holds, where g € C(Ry x R,Ry), g(¢t,0) =0, p > 0 is a
constant.

4. For any initial function ¢ € C([—r,0],R"™) the solution of the
initial value problem for the system of differential equations with
“mazima” (4.1) and (4.2) exists on [ty —r,00), to > 0.

5. For any initial point (tg,up) € Ry x R the solution of scalar
differential equation (4.77) exists on [ty,0), to > 0.

6. Zero solution of scalar differential equation (4.77) is equi-stable.

Then system of differential equations with “maxima” (4.1) is d-
stable in terms of two measures hg and h with a vector vg.

Proof. Let € > 0 be a fixed number, € < p, and tg > 0 be a fixed point.

From condition 2 of Theorem 4.3.1 it follows that there exist a
constant o > 0 and a function p € K such that for any point (¢,z) €
[—7,00) X R™: (o ® ho(t,x)) < o the inequality

(¢o ® h(t,z)) < p((¢o ® ho(t,))) (4.80)

holds.
We can find d; = d1(e) > 0, 41 < p such that the inequality

p(d1) <e (4.81)

holds.

Since the zero solution of scalar differential equation (4.77) is equi-
stable there exists 0o = da(tg,€) > 0 such that inequality |ug| < 02
implies

lu(t; to, uo)| < ble), t > to, (4.82)

where u(t; tg, ug) is the maximal solution of (4.77) with initial condition
u(to) = Uugp.
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Since the function a € K, which is defined in condition (i), we can

find d3 = d3(to,€) > 0, d3 < p such that the inequality
CL((53) < & (483)

holds.
Now let function ¢ € C([—r,0],R™) be such that

(o ® ho(to + 5, 0(s))) < 84 for s e [—r,0], (4.84)

where 04 = min{él, 53, U}, 04 = 54(t0,6) > 0.
From condition 2, inequalities (4.81) and (4.84), and the choice of
d4, it follows that for s € [—r, 0] the inequality

(0 ® h(to + s,z(to + s3t0,8))) < p((¢o ® ho(to + s,9(s))))
< p(54) < p(él) < € (4.85)

holds.
We will prove that if inequality (4.84) is satisfied, then

(o ® h(t, z(t;to, 9))) < e for t > to. (4.86)

Suppose inequality (4.86) is not true. From inequality (4.85) it fol-
lows that there exists a point t* > ¢y such that

(pooh(t™, z(t*;to,0))) =€, (poeh(t,z(t;tg,9))) <e€, teE[to—r,t").

(4.87)

Inequalities (4.85) and (4.87), € < p and the inclusion S(h, €, ¢g) C
S(h, p, o) prove that

(t,x(t;to, @) € S(h,p, o) for te [tog—r,t*]. (4.88)

From inequality (4.83), condition (i) and the inclusion (4.88) it
follows that

mazse(—ro) (o @ V(to + s,0(s))) < al(po @ ho(to + s,z(to + s;to, 9))))
< CL((53) < (52. (489)

Therefore according to inequalities (4.81) and (4.89) we get
u*(t;to, up) < ble), t > to, (4.90)

where u*(t; o, ugy) is the maximal solution of the scalar equation (4.77)
with initial condition u(to) = ug, uy = Mmaxsei—0)(wo®V (to+s,¥(s))).
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According to a suitable modification of Lemma 4.1.1 the inequality
(po @ V(t,x(t;to, 9))) < u(t;to,uy) for t e [to,t"] (4.91)

holds.
From inequalities (4.90) and (4.91), the choice of the point ¢*, and
condition (%) of Theorem 4.3.1 we obtain

ble) > uw (t";tg,up) = (wo o V(" z(t";5t0, ¢)))
> b((po @ A(t", 2(t%; t0, 9)))) = b(e).

The obtained contradiction proves the validity of inequality (4.86)
for t > ty.
O

Inequality (4.86) proves d-stability in terms of two measures of the
considered system of differential equations with “maxima”.

Theorem 4.3.2. Let the following conditions be fulfilled:
1. Conditions 1, 2, 8, 4, 5 of Theorem 4.3.1 are satisfied.

2. Zero solution of scalar differential equation (4.77) is uniformly
stable.

Then the system of differential equations with “maxima” (4.1) is
uniformly d-stable in terms of two measures hg and h with a vector yq.

The proof of Theorem 4.3.2 is similar to the one of Theorem 4.3.1
and we omit it.

Now we will illustrate the application of the above-defined stability
in terms of two measures and the obtained sufficient conditions on an
example.

Example 4.3.1. Consider the system of differential equations with
“maxima’”

2 (t) = —x(t) + 4y(t) + ! max xz(s) (4.92)
2 selt—nt
1
y'(t) = —x(t) —y(t) + 5 max y(s), t=>to, (4.93)
2 selt—nt

with initial conditions
z(t) = ¢1(t —to), y(t) = ¢a(t —to) fort e [to—r to], (4.94)

where x,y € R, r > 0 is a small fived constant, tg > 0.
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We will study the stability of the solution of (4.92) and (4.93) by
applying different Lyapunov functions and two measures for the initial
function and the solution.

Case 1. (vector Lyapunov function and a dot product).

Consider the cone K = {(z,y) : x > 0,y > 0} C R2

Let functions ho(t,z,vy) = (|2, |y]), h(t,z,y) = (22,y?) and vector
Yo = (17 4)

Note that the vector ¢y € K*, the functions h,hy € G(go), and
the function hg is uniformly ¢g-finer than the function A since there
exist a constant 6 = i > 0 and a function p € K, p(u) = u such that
for any point (t,z,y) € [-r,00) x R? : |z| + 4|y| < J the inequality
22 + 4y? < |z| + 4]y| holds.

Consider the set S(h,1,09) = {(z,y) € R?: 2% +4y? < 1}.

Define the Lyapunov function V:R? = K, V=(V,V), where

Vi(z,y) = 3%, Va(z,y) = 39>

Then the condltlon (7) of Theorem 4.3.1 is fulfilled for functions
b(s) = 3s € K and a(s) = 3s* € K since (2% + 4y?) < $(|z| + 4|y[)?
for (z,y) € S(h,1,¢0).

Let t € Ry and the function ¢ € C([t — r,t],R?), 1 = (11,12) be
such that the inequality

(g0 V{a(8), 92(0))) = 3U3(0) + 203(1)
> SO+ )+ 2030+ 5) = (g0 o Vb (t+ )l + )
(4.95)

holds for s € [—7,0).
Then

Pi(t) max ahi(s) < [¢u(8)] [ max ¢(s)]

sE[t—r,t] seft—rt]

= (Yt \/ max t1(s))?

Elt—ry]

< V2(po o V(¥1(1), ¥2(1))) V2(p0 o V(¥1(t), ¥2(1))))
< 2(po @ V(11 (t), wz(t)))
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and

Po(t) max ha(s) < [o(t)] | max 1ha(s)]

sE[t—r,t] s€ft—r,1]
=V (¥2(t) \/ max 1y(s))?
s€t—r,t]

A

< |/ S0 V(0. () J (0 # V(1(5), ()
(g0 o V(1) 4a(0).

Therefore, if inequality (4.95) is fulfilled, then

IN

( 00D (4.92),(4.93)V (¥1(2), %(ﬂ))
—<w1<t>>2—4<w2<t>>2+§wl<> X u(s) + 20a(t) max i(s)

[t rt] SE[t—r,t]

~ (1)) ~ A2 (0)* + 5 (g0 0 V(& (0), 92(0)
%(800 o V(1(0),62(4))
(900 ® D4.92),(4.03) V (¥1(t), %Z)z(t))) < —(po o V(¥1(1),v2(1))) <

(4.96)

Consider the scalar comparison equation v’ = 0 which zero solution

is uniformly stable and according to Theorem 4.3.2 the system of differ-
ential equations with “maxima” (4.92) and (4.93) is uniformly d- stable
in terms of two measures, i.e., for every € > 0 there exists § = d(e) > 0

such that inequality maxc[_. g (|¢1(s)| + 4|¢2(s)|> < 0 implies

(z(t)* + 4(y(t))? < e for t>tg, (4.97)

where z(t),y(t) is the solution of initial value problems (4.92)-(4.94).
Case 2. (scalar Lyapunov function).
Now we will apply a scalar Lyapunov function to study the stability
of the system of differential equations with “maxima” (4.92) and (4.93)
Consider the scalar Lyapunov function V(m,y) = %xz + 2y? and
both measures ho(t,z,y) = |z| + |y|, h(t,z,y) = 2? + y*. As above,
if (4.125) is satisfied then the derivative of Lyapunov function, de-
fined by (4.4) satisfies the inequality D(4,92),(4,93)f/(¢1(t),¢2(t)) =
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61(8) (= 61 (D) +402(t) + § maxsepy 1y 61(5)) +402(t) ( —01(6) — 62()+
% maXge(y—p ] gbg(S)) < 0. According to Theorem 4.1.1 the solution of

the initial value problems (4.92)-(4.94) is stable since the zero solution
of the scalar equation v’ = 0 is stable, i.e.,

h(t,x(t),y(1)) = ((t)* + (y(1))* < e (4.98)

provided that |¢1(s)] + [p2(s)] < 9.

Note that the estimate (4.97) is better than (4.98) and the appli-
cation of a dot product gives us an opportunity to use various weights
to components of the solution. This is very applicable in the case when
some of the components of the solution play a more important role on
the stability than others.

4.4 Practical Stability on a Cone

It is well known (see [Salle and Lefschetz 1961]) that stability and
even asymptotic stabilities themselves are neither necessary nor suffi-
cient to ensure practical stability. The desired state of a system may be
mathematically unstable; however, the system may oscillate sufficiently
close to the desired state, and its performance is deemed acceptable.
The practical stability is neither weaker nor stronger than the usual
stability; an equilibrium can be stable in the usual sense, but not prac-
tically stable, and vice versa. For example an aircraft may oscillate
around a mathematically unstable path, yet its performance may be
acceptable. Practical stability is, in a sense, a uniform boundedness of
the solution relative to the initial conditions, but the bound must be
sufficiently small.

In this section we apply cone-valued multidimentional Lypunov
functions to study practical stability of differential equations with
“maxima.” Note that in the applications, such kinds of functions are
comparatively easier for construction. To avoid applications of compar-
ison systems of differential equations and to apply scalar differential
equations, we introduce a scalar product on a cone and appropriate
modifications of stability definitions.

Consider the initial value problem for the system of nonlinear
differential equations with “maxima” (4.1), (4.2), where € R",
F :[0,00) x R" x R" — R", F = (F1,F,...,F,), r > 0 is a con-
stant, ¢ € C([—r,0],R™) and to € Ry is a fixed point.
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Let I C R™ be a cone. Consider the sets £* and G(¢p), defined by
(4.75) and (4.76) correspondingly.

We assume that £* is a cone.

Consider the set of functions K, defined by (4.3), the set £ of mea-
sures, defined by (4.76) and the vector ¢ € K*.

Let p be positive constant, ¢g € K*, h € G(gpg). Define set:

S(h, p,po) = {(t,x) € [0,00) X R™ : (po & h(t, 2)) < p}.

In our further investigations we will use the following comparison
scalar ordinary differential equation

u' = g(t,u), (4.99)

where u € R, ¢(¢,0) = 0.

We will use the property uniformly (o-finer of functions from class
G which is given in Definition 4.3.2.

We will consider the class of functions £, introduced by Definition
4.3.3 and we will define a derivative D4 1)V (¢, z) of the function V € L
along the system (4.1) by the equality (4.78).

4.4.1 Practical Stability

We will introduce the definition of a practical stability for differential
equations with “maxima,” based on the ideas of stability in terms of
two measures (see [Lakshmikantham and Liu 1993]) and a dot product.

Definition 4.4.1. Let ¢y € K*, h,hg € G(po), \,A =const: 0 < A <
A be given. The system of differential equations with “mazima” (4.1)
is said to be

(S4.4.1) d-practically stable with respect to (A, A) in terms of measures
ho and h with a vector ¢q if there exists tg > 0 such that for any
¢ € C([—r,0],R") inequality max,c[.0(w0 ® ho(to+ s, ¢0(s))) <
X implies (oo ® h(t,z(t;to,9))) < A for t > to, where z(t;tg, P)
is a solution of differential equations with “mazima” (4.1) with
initial condition (4.2);

(S4.4.2) d-uniformly practically stable with respect to (A, A) in terms of
measures hy and h with a vector ¢q if for any point tg > 0 and
function ¢ € C([-r,0],R") inequality max,c_,o(¢o ® ho(to +
s,0(s)) < A implies (po ® h(t,z(t;to,d))) < A fort > tg.
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Note that as a partial case of Definition 4.4.1, we obtain the defi-
nition for practical stability of differential equations with “maxima:”

Definition 4.4.2. The system of differential equations with “mazxima”
(4.1) is said to be

(S4.4.3) practically stable with respect to (A, A) if there exists a
point tg > 0 such that for any ¢ € C([—r,0],R™) inequality
supse(—ro[¢(s)|| < A implies ||x(t;to, ¢)|| < A for t > to,where
x(t;to, @) is a solution of the initial value problem for differential
equations with “mazima” (4.1), (4.2);

(S4.4.4) uniformly practically stable with respect to (X, A) if for any tg >
0 and ¢ € C([~7,0],R") inequality max e[ [|¢(s)| < A implies
|x(t;to, ¢))[| < A fort > to.

Note that in the case r = 0, the above given Definition 4.4.2 reduces
to a definition for practical stability of ordinary differential equations,
given in the book by [Lakshmikantham et al. 1990].

We will obtain sufficient conditions for d-practical stability in terms
of two measures of systems of differential equations with “maxima.” We
will employ Lyapunov functions from class £. The proof is based on the
Razumikhin method combined with the comparison method, employed
scalar ordinary differential equations.

Theorem 4.4.1. Let the following conditions be fulfilled:
1. The function F € C(R; x R™ x R™,R™), F(¢,0,0) = 0.

2. The vector ¢y € K*, the functions ho,h € G(po), the positive
constants \, A are such that A < A.

3. There exists a function V(t,z) : Ry x R" — I, V(t,z) : Ry X
R" = IC, V € L such that

(1) b((w0 @ h(t,2))) < (poe V(¢ x)) < al(o @ ho(t, 2))), (t,2) €

S(h, A, po) where a,b € K and a(\) < b(A);
(ii) for any number t > 0 and any function ¢ € C([t — r,t],R™)

such that (¢o @ V(t,7(t))) > (o ® V(t + 5,9(t + s5))) for
s € [-r,0) and (t,9(t))) € S(h, A, o) the inequality

(0 0 Dty V(E (1)) < gl (00 » VIE ()

holds, where g € C(Ry x R,Ry), g(¢,0) =0, p > 0 is a
constant.
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4. For any initial function ¢ € C([—r,0],R™) and any initial point
to > 0 the solution of the initial value problem for the system of
differential equations with “maxima” (4.1),(4.2) exists on [ty —
r,00), tg > 0.

5. For any initial point (tg,up) € Ry x R the solution of scalar
equation (4.77) exists on [ty,00), to > 0.

6. The scalar differential equation (4.77) is practically stable with
respect to (a(\),b(A)).

Then the system of differential equations with “maxima” (4.1) is
d-practically stable with respect to (X, A) in terms of measures hy and
h with a vector g.

Proof. From condition 5 it follows that there exists a point ¢y > 0 such
that |ug| < a(\) implies

|u(t; to, uo)| < b(A) for t> to, (4.100)

where u(t; to, up) is a solution of scalar differential equation (4.77) with
initial condition wu(tg) = uy.
Choose a function ¢ € C([—r,0],R™) such that

n[laXO](goo o ho(to+s,0(s)) < A (4.101)
se|—r,

and let x(t; g, ¢) be a solution of (4.1) with initial condition (4.2).
Let up = mazsc(—p0)(¢o0 ® V(to + s, ¢(s))). From a suitable modifi-
cation of Lemma 4.1.1 follows the validity of the inequality

(po @ V(t,x(t;to, d))) < u*(t;tg,ug) for t > to, (4.102)
From condition (i) and inequality (4.101) we obtain
(o @ V(to +5,8(s))) < al(wo @ ho(to + s,¢(s)))) <a(A).  (4.103)
From inequalities (4.100) and (4.103) it follows that
(po @ V(t,x(t;to, ¢))) < u(t;to,up) < b(A) for t>ty,  (4.104)
From inequality (4.104) and condition (i) we get

b((o @ h(t, z(t; to, 9)))) < (po o V(E,2(t;t0, ¢)))
< u*(t;to, up) < b(A) for t > tp,(4.105)
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or
(po @ h(t,z(t;tg,p))) < A for t > tp. (4.106)

Theorem 4.4.2. Let the following conditions be fulfilled:
1. The conditions 1, 2, 3, 4, and 5 of Theorem 4.4.1 are satisfied.

2. The scalar differential equation (4.77) is uniformly practically
stable with respect to (a(X),b(A)).

Then the system of differential equations with “maxima” (4.1) is
uniformly d-practically stable with respect to (A, A) in terms of measures
ho and h with the vector vg.

Proof. From condition 2 of Theorem 4.4.2 it follows that for every point
to > 0 and |ug| < a(A) the inequality

|u(t; to, uo)| < b(A) for t > to, (4.107)

holds, where u(t; to, ug) is a solution of scalar differential equation (4.77)
with initial condition u(tg) = up.

From condition (i) we get that for every function ¢ € C([—r, 0], R™)
such that maxge(_,q](¢0 ® ho(to + s, ¢(s)) < A the inequalities

b((poeh(to+s, d(to+s)))) < a((woeho(to+s,d(to+s)))) < a(A) < b(A)
holds, for s € [—r,0], or
(po ® h(to + s,¢(s))) < A on the interval [—r,0]. (4.108)

We will prove that for every point ty > 0 and every function ¢ €
C([—r,0],R™) such that

H[laxo](%  ho(to +5,9(s))) <A (4.109)
se|—r,
the inequality

(po ® h(t,z(t;to,9))) < A for t >ty (4.110)

holds, where x(t; tg, ¢) is a solution of (4.1) with initial condition (4.2).
Assume the claim is not true. Therefore, there exist a point tg > 0
and a function ¢ € C'([—r,0],R™) such that the inequality (4.109) holds
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and inequality (4.110) is not true. According to the assumption and
inequality (4.108) there exists a point t* > ¢y such that

(po ® h(t,z(t;to,0))) < A for t € [tg—rt")
(¢o ® h(t*,z(t";t0,¢))) = A (4.111)
(po ® h(t,z(t;to,0))) > A for t e (t",t*+ A,

where A > 0 is a small enough number.

Let ufy = mazsc(—r0)(¢o ® V(to + s, ¢(s))). From a suitable modifi-
cation of Lemma 4.1.1 and condition (i¢) it follows the validity of the
inequality

(po @ V(t,x(t;to, ¢))) < u*(t;to,up) for t e [to,t"], (4.112)

where u*(t; to, ug) is a solution of scalar differential equation (4.77) with
initial condition u(tg) = ug.
From condition (i) we obtain for s € [—r, 0]

(o @ V(to +s,6(s))) < a((po ® ho(to + 5,9(5)))) <a(A). (4113)

Inequality (4.113) proves that |uj| < a()) and therefore, according
to inequality (4.107) we get

u*(t;to,uo) < b(A) for t e [to,t*]. (4.114)

From inequality (4.114), the choice of the point t*, and condition
(i) we get

b(A) = b((wo ® h(t*,z(t"1t0,9)))) < (o @ V(¢ 2(t"t0,9)))
< u* ('3 to, ug) < b(A). (4.115)

The obtained contradiction proves the validity of inequality (4.110).
]

In the case when both measures are equal to a regular norm in R"
and the vector g is the unit vector, we obtain the following result:

Theorem 4.4.3. Let the following conditions be fulfilled:
1. The function F € C(Ry x R™ x R",R"™), F(¢,0,0) = 0.

2. There exists a function V(t,x) : Ry x R" — I, V(t,z) : Ry x
R"™ — IC, V € L such that
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(i) b(ll=l)) < 22, Vit z) < a(le]]) for t € Ry, [la] < A,
where a,b € K and a(\) < b(A);

(ii) for any number t > 0 and any function ¢ € C([t —r,t],R™)
such that if

En:‘/;(t, an Vi(t + s,(t +s)) for s e [—r,0)
i=1 i=1
and |[$(t)|| < A
then the inequality
S Dy Vil (1) < (e, 3 Vit (1)
i=1 =1
holds, where g € C(Ry x R,Ry), g(¢t,0) =0, p > 0 is a

constant.

3. For any initial function ¢ € C([—r,0],R™) the solution of the
initial value problem for the system of differential equations with
“mazima” (4.1), (4.2) exists on [ty — r,00), tg > 0.

4. For any initial point (to,ug) € Ry x R the solution of scalar
equation (4.77) exists on [tg,o0), tg > 0.

Then the (uniform) practical stability with respect to (a(\),b(A))
of scalar differential equation (4.77) implies (uniform) practical stabil-
ity with respect to (X, A) of the system of differential equations with
“mazima” (4.1).

The proof of Theorem 4.4.3 is similar to the proofs of Theorem 4.4.1
and Theorem 4.4.2 and we omit it.

4.4.2 Eventual Practical Stability

We will introduce the definition of a new type of eventual practical
stability for differential equations with “maxima”, based on the ideas of
stability in terms of two measures (see [Lakshmikantham and Liu 1993])
and a dot product. The application of a dot product allows us to use
scalar comparison ordinary differential equations for investigation of
stability properties of the solutions. At the same time, the fixed vector,
involved in the definition, plays the role of a weight of components of
the solution.
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Consider the system of differential equations with “maxima” (4.1)
with initial condition (4.2).
We introduce the following set (H4.4) of conditions:

H44.1.

H4.4.2.

H4.4.3.

H444.

H 4.4.5.

H 4.4.6.

The function F € C[R, x R™ x R",R"], F(t,0,0) = 0.

For any initial function ¢ € C([—r,0],R™) the solution of the
initial value problem for the system of differential equations
with “maxima” (4.1),(4.2) exists on [ty — r,00), tg > 0.

For any initial point (to,up) € Ry x R the solution of scalar
differential equation (4.77) exists on [tg,00), tg > 0.

The vector ¢y € K* and the functions hg, h € G(po).

The functions hg,h € G(pg) are such that h is eventually
po-stronger than hg.

The functions hg,h € G(po) are such that, for (¢,z) €

S(ho, po, o), the inequality (¢g e h(t,z)) < Q((¢o ® ho(t, )))
holds, where @ € K such that Q(s) < s and pg > 0 is a
constant.

Definition 4.4.3. Let @9 € K*, h,hy € G(¢o). The system of differ-
ential equations with “mazima” (4.1) is said to be

(84.4.5)

(S4.4.6)

d-eventually practically stable in terms of measures hg and h
with a vector ¢q if for any couple (N, A) such that 0 < X\ < A
there exists T(\, A) > 0, such that for some ty > 7(\, A) and
¢ € C([~r,0],R™) such that maxsc[_rq](vo®ho(to+s,¢(s)) <
A the inequality (po ® h(t,x(t;to,¢))) < A holds for t > ty,
where x(t; tg, ) is a solution of the initial value problem (4.1),

(4-2);

uniformly d-eventually practically stable in terms of mea-
sures hg and h with a vector @q if for any couple (A, A)
such that 0 < X\ < A there exists T(A\,A) > 0, such that
for any point tyg > 7(\, A) and function ¢ € C([—r,0],R™)
such that maxc(_r. o (o ® ho(to + s,6(s)) < A the inequality
(po @ h(t,xz(t;tg,P))) < A holds fort >ty > 1(\, A).
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The vector (g, introduced in Definition 4.4.3, plays the role of a
weight of components of the solution.

As a partial case of Definition 4.4.3 we obtain a definition for even-
tually practical stability of differential equations with “maxima:”

Definition 4.4.4. The system of differential equations with “mazxima”
(4.1) is said to be

(S4.4.7) eventually practically stable if for any (\,A): 0< A< A
there exists (A, A) > 0, such that for some point tg > T(\, A)
and a function ¢ € C([~r,0[,R™) 1 supe|_pq)llo(t)|| < A the
inequality ||x(t;to, d)|| < A holds for t > to, where z(t;to, P)
is a solution of the initial value problem (4.1), (4.2);

(S4.4.8) uniformly eventually practically stable if for any couple
(A\A) : 0 < A < A there exists T(A\,A) > 0, such that
for any tg > T7(\,A) and any function ¢ € C([-r,0],R") :
supie|—r0)l6(#)[| < A the inequality ||x(t;to, ¢)|| < A holds for
tZto ZT()\,A)

We will obtain sufficient conditions for d-eventual practical stabil-
ity in terms of two measures of systems of differential equations with
“maxima.” We will employ Lyapunov functions from class £. The proof
is based on the Razumikhin method combined with the comparison
method and employed scalar ordinary differential equations.

Theorem 4.4.4. Let the following conditions be fulfilled:
1. The conditions H 4.4.1-H 4.4.5 are satisfied.

2. There ezists a function V(t,z): Ry x R™ — IC, with V' € L such
that

(i) b((po @ h(t,2))) < (w0 @ V(t,z)) < al(po ® ho(t, x)))
for (t,x) € S(h, p, o), where a,b € K;

(ii) for any number t > 0 and any function ¢ € C([t — r,t],R™)
such that (¢o @ V(t,(t))) > (o ® V(t + 5,9(t + s))) for
s € [-r,0) and (t,9(t))) € S(h, p, o) the inequality

(0 8 Dty V(£ (1) < gl (20 # VIE (1))

holds, where g € C(Ry x R,Ry), g(¢,0) =0, p > 0 is a
constant.
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3. For any initial point (to,ug) € Ry x R the solution of scalar
equation (4.99) exists on [ty,00), to > 0.

4. The scalar differential equation (4.99) is eventually practically
stable.

Then the system of differential equations with “maxima” (4.1) is
d-eventually practically stable in terms of measures hg and h with a
vector g .

Proof.  Let the couple (), A) such that 0 < A < A be given.
Case 1. Let A < p. From condition 4, it follows that there exist
7(A\, A) > 0 and a point typ > 7(A, A) such that |ug| < a(\) implies

lu(t; to,uo)| < b(A)  for t > to, (4.116)

where u(t; g, ug) is a solution of the scalar differential equation (4.99)
with initial condition u(tg) = ug.

Choose a function ¢ € C([-r,0],R") such that sup,c_, o (%0 ®
ho(to+s,6(s))) < A, where tg is defined above. Let x(t) = x(t; to, ¢) be
a solution of differential equations with “maxima” (4.1) with the initial
function ¢.

From assumption H 4.4.5, it follows that the inequality

(SDO ° h(t, ¢(t — to))) <A for te [to -, to] (4.117)

holds.
We claim that

(po @ h(t,z(t)) < A for t >t (4.118)

holds.
Assume the claim is not true. From the choice of the initial function
¢ and inequality (4.117), it follows there exists a point t* > t( such that

(po @ h(t,z(t)) < A, for t€[to—rt"),
(w0 @ R(t", 2(t7))) = A.

Since A < p, the inclusion z(t;tg,¢) € S(h,p, ©p) is valid for ¢ €
[to — 7, t*].

Let ugy = mazse|—r0)(¢o ® V(to + 5,¢(s))). From Lemma 4.3.1 and
condition (ii), it follows the validity of the inequality

(4.119)

(po o V(t,x(t))) <u*(t;to,uy) for te [to,t], (4.120)
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where u*(t; to, ug) is a solution of scalar differential equation (4.99) with
initial condition u(to) = ug.

From condition (i) and the choice of the initial function ¢, we obtain
for s € [—r,0]

(o @ V(to +5,8(s))) < al(wo ® ho(to +5,6(s)))) <a(N). (4.121)

Inequality (4.121) proves that |uj| < a()), and therefore, according to
inequalities (4.116) and (4.120), we get

(po @ V(to+s,¢(s))) < u*(t;to,up) < b(A) for t e [to,t*]. (4.122)
From inequality (4.122), the choice of t*, and condition (i), we get
b(A) = b((poeh(t", z(t")))) < (pooV(t",2(t"))) < u*(t"; to, uo) < b(A).

This is a contradiction, which proves the validity of inequality
(4.118).
Case 2. Let A > p. We repeat the proof of Case 1, but instead of
the number a, we use the number p everywhere.
O

Note the condition H 4.4.5 could be replaced by the condition H
4.4.6 in the sufficient condition for d-eventual practical stability in
terms of two measures:

Theorem 4.4.5. Let the conditions H 4.4.1-H 4.4.4, H/.4.6 and con-
ditions 2, 3, 4 of Theorem 4.4.4 be fulfilled.

Then the system of differential equations with “maxima” (4.1) is
d-eventually practically stable in terms of measures hy and h with a
vector ¢g.

The proof of Theorem 4.4.5 is similar to the one of Theorem 4.4.4. In
this case we consider the constant py = min{p, po}, and from the choice
of the initial function ¢, it follows that (to+ s, $(s)) € S(ho, p1, o) for
s € [—r,0], and then condition H 4.4.6 immediately shows the validity
of inequality (4.117).

Theorem 4.4.6. Let the following conditions be fulfilled:
1. The conditions 1, 2, 8 and 4 of Theorem 4.4.4 are satisfied.

2. The scalar differential equation (4.99) is uniformly eventually
practically stable.
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Then the system of differential equations with “maxima” (4.1) is
uniformly d-eventually practically stable in terms of measures hg and
h with the vector g.

The proof of Theorem 4.4.6 is similar to the proof of Theorem 4.4.4
and we omit it.

Note that condition H 4.4.5 could be replaced by condition H 4.4.6
in Theorem 4.4.6:

Theorem 4.4.7. Let the conditions H 4.4.1-H 4.4.4, H 4.4.6, condi-
tions 2, 8, 4 of Theorem 4.4.4, and condition 2 of Theorem 4.4.5 be
fulfilled.

Then the system of differential equations with “maxima” (4.1) is
uniformly d-eventually practically stable in terms of measures hg and
h with a vector ¢q.

Now we will illustrate the application of the above-obtained suffi-
cient conditions on an example.

Example 4.4.1. Consider the following system of differential equa-
tions with “maxima”

"t)=—= 22 2 sin? e ! max xz(s

#(0) = = () (1) + 42 (0)) i’ t 7" max a(s).

y() =~y (70 + 50 sin’t + e max yls), 1>
(4.123)

with initial conditions

z(t) = ¢1(t —to), y(t) =¢a(t —to)  for te€lfto—rto], (4.124)
where x,y € R, r > 0 is small enough a constant, tg > 0.

Let ho(t,z,y) = (|z[, ly]). h(t,z,y) = (2%, 4%).

Consider V : R?2 — K, V = (Vi,Va), Vi(z,y) = %(x +
2y)?, Va(z,y) = 3(z — y)?, where K = {(z,y) :2 >0,y > 0} CR?is a
cone.

For the vector ¢o = (1,2), then (g ® h(t,z,y)) = 2% + 292, (po
Viz,y) = 3(z+2y)* + (z —y)? = 3 (22 +2y?) and (po @ ho(t, z,y)) =
=] + 2yl
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It is easy to check the validity of condition (i) of Theorem 4.4.4
for functions a(s) = 3s € K and b(s) = 35 € K. Let t € R} and
Y € C([t —r,t],R?), v = (11,12) be such that

(o » Va(t), wal0))) = 5 (43(1) + 203(1)

SRt 4 )+ 203+ 5)) = (po o VWt +5),ualt +5)) (4125)
for s € [-r,0).

[\ I

Then for ¢ = 1,2, we obtain

set—r,t] sEt—r,t] s€t—r,t]

i) max wi(s) < [i(6)| | max i(s)| = v/ (@i(6))%, /( ¢ max_1);(s

IN

2 o0e Vi, ) |/ ;(300 V(4 3), 20t +)

g(% e V(11 (t), a2(t))).

IN

Therefore, if inequality (4.125) is fulfilled, we have

( 0 ® Dia.g2)V (¥1(2), ¢2(t)))
= 3e_t(1/11(t) max 11(s) 4+ 21p2(t) max o(s ))

sE[t—r,t] sE[t—r,t]

< 6 (o o V(¥1(t), ¥a(t))).

Now, consider the scalar comparison equation u' = 6e~'u with ini-

tial condition wu(tp) = ug, whose solution is u(t) = uoeG(eito_eit) and
lu(t)| < |ugle®® ™ for t > to. For any numbers 0 < A\ < A, we choose
a number 7 > max{0,In6 — ln(ln( ))} > 0. Note 7 = 7(\, 4) > 0.
It is easy to check that for ¢z > 7 and |ug|] < A the inequality
lu(t)| < A holds, i.e., the scalar comparison equation is uniformly even-
tually practically stable, and therefore, according to Theorem 4.4.5 the
system of differential equations with “maxima” (4.92) is uniformly d-
eventually practically stable in terms of two measures, i.e., for any
numbers 0 < A < A, there exists a number 7 = 7(\, A) > 0 such that,
if to > 7 then the inequality sup,ec(_,. g (|¢1(s)| + 2|¢2(s)]) < A implies
22(t; g, @) + 202 (t; to, ) < A, for t > tg.

Note that the choice of the vector g has a huge influence on the
sufficient conditions. Let us, for example, consider the vector g =
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(1,1). In this case

(po @ V() = 5o +20) + 3w —y)? =2+ 2y + 2y
and condition (7) of Theorem 4.4.4 is not satisfied for the above-defined
function V' (z,y).

Now, let us consider the Lyapunov function V: RS KV =
(‘71,‘72), defined by ffl(ac,y) = %(ac +y)? and Vz(ac,y) = %(ac —y)%. In
this case (oo @ V(z,y)) = 22 + y? and condition (i) of Theorem 4.4.4 is
satisfied. But in this case condition (#7) is not satisfied.



Chapter 5

Oscillation Theory

The oscillation and nonoscillation of solutions of various types of dif-
ferential equations have been the object of intensive studies in the last
decades. The monographs of [Agarwal et al. 2000], [Bainov and Mishev
1991], and [Ladde et al. 1987] are devoted to the systematic investiga-
tion on this subject. However, the results for oscillation and nonoscil-
lation are relatively scarce in literature, especially for differential equa-
tions with “maxima.”

5.1 Differential Equations with “Maxima” ver-
sus Differential Equations with Delay

In this section, the oscillatory properties of various types of differen-

tial equations will be studied and the behavior of their solutions will

be compared with the behavior of the corresponding delay differential

equations. It will be demonstrated that the presence of the maximum

function into the equation changes totally the behavior of the solution.
Initially we will give the basic definition in this chapter.

Definition 5.1.1. The solution z(t) of a scalar differential equation
with “mazima” in the interval J C Ry is said to be:

1. A proper solution, if there exists a number T, € J such that

sup{|z(t)| : t >T1} >0 forall Ty>T,.

2. Nomnoscillatory solution, if it is a proper solution and it is either
positive or negative for t > T,.

141



142 Chapter 5. Oscillation Theory

3. Oscillatory solution, if it is a proper solution and there is an
infinite number of points on J at which the solution changes its
sign.

The differential equation with “maxima’” is said to be oscillatory if
all its proper solutions are oscillatory.

We will consider delay differential equations versus differential equa-
tions with “maxima.”

Consider the differential equation with “maxima”

2 (t) + q(t) [?E%,},f] x(s) =0, (5.1)

and its corresponding delay differential equation
2 (t) + a(®)z(t — 1) =0, (5.2)
where z € R, ¢ € C(R4,R), r > 0.

Definition 5.1.2. A solution of a differential equation is called from
Z-type if it either monpositive or nonnegative.

Theorem 5.1.1. If q(t) is of one sign, then all solutions of equation
(5.1) are nonoscillatory.

Proof. When ¢(t) = 0 or r = 0, the conclusion of Theorem 5.1.1 is
obvious. Therefore, we assume that ¢(t) # 0 and r > 0.

If q(t) > 0, suppose that x(t) is an oscillatory solution of Equation
(5.1). Then z(t) is not a Z-type solution and otherwise x(t) = 0 even-
tually. Therefore, there exist ¢;, ty and t3 such that x(t1) = z(t2) =
x(t3) =0 and x(t) < 0 for t € (t1,t2) and z(t) > 0 for t € (to,t3). Thus,
' (t2) = —q(t2) maxp, ,4,) 2(s) < 0, which is a contradiction.

For ¢(t) <0, Theorem 5.1.1 can be proved similarly.

U

Remark 5.1.1. If q(t) has the same sign, by Theorem 5.1.1, the solu-
tions of (5.1) are more nonoscillatory in nature than those of (5.2).

When ¢(t) is oscillatory, then differential equation with “maxima”
(5.1) may have oscillatory solutions.
For example, consider the equation

2'(t) +sint max x(s) =0, (5.3)
[t—2m,t]
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where x € R.
The differential equation with “maxima” (5.3) has an oscillatory so-
lution x = cost, but it also has a nonoscillatory solution x = —2—cost.

It is obviously different than the corresponding ordinary differential
equation z’(t) + (sint)z = 0.

This example shows that the solution of (5.1) is different from
the behavior of the solutions of the corresponding ordinary differen-
tial equation.

Theorem 5.1.2. If q(t) is oscillatory, then (5.1) has at least one
nonoscillatory solution.

Proof. Assume that ¢(t,) = 0 for {tn}zozl and lim,,_ ., t, = oo and
q(t) >0 for t € (t1,t2), q(t) <0 for t € (t2,t3), q(t) > 0 for t € (t3,t4),
. We define a function ¢(t) for ¢t € [ty —r,¢1], which is nondecreasing
and negative; then (5.1) has a solution y(t) = ¢(t1) exp ( ft1 .4
for t € [t1 — 7, t2]. It is obvious that y(t) < 0 for ¢t € [t; — 7, t2] and
maxp,_,4 y(s) = y(t). By the method of steps, we can obtain y(t) for
t > t; —r. In view of ¢(t) < 0 for t € (t2,t3), we know that y(t) < 0
for t € [t; — r,t3]. We note that ¢(¢t) > 0 for t € [t3,t4]. If there exists
§ € (t3,t4) such that maxp_, qy(s) = y(t2), then we have y/(t) =
—q(t) maxp_, 4 y(s) = —q(t)y(t) for £ <t < t4. By induction we know
that y(t) < 0 fort > t; —r.

O
Now, consider the differential equation with “maxima”
')+ q1(¢) seIﬁ%}r{,t] z(s) + q2(t)x(t —h) =0 (5.4)
and its corresponding delay differential equations
a'(t) + qu(t)x(t — ) + g2(t)x(t —h) =0 (5.5)
and
2'(t) + @ (t)z(t) + g2(t)z(t — h) =0, (5.6)

where x € R, q1, ¢2 € C([tg,0),Ry), r, h > 0.

It is obvious that if x(¢) is an eventually positive solution of the
differential equation with “maxima” (5.4), then it is a solution of (5.5).

If 2(t) is an eventually negative solution of the equation with “max-
ima” (5.4) then it is a solution of (5.6).

By the comparison result, we obtain the following result.
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Theorem 5.1.3. If the delay differential equation (5.6) is oscillatory,
then so is the differential equation with “maxima” (5.5).

By comparing (5.5) and (5.6), we know that the solutions of (5.4)
are more nonoscillatory in nature that those of equation (5.6). For
example, it is well known that the equation

2(t) + (W)t — ) + qa(t)z(t) =0, (5.7)

may have oscillatory solutions (see [Ladde et al. 1987]). But the equa-
tion

' (t) + (qu(t) + qa(t)) z(t) = 0, (5.8)
is nonoscillatory. By Theorem 5.1.3, the equation
2'(t) + q1(t) max z(s) + q2(t)z(t) = 0, (5.9)

has nonoscillatory solutions.
Now, consider the forced differential equation with “maxima”

2'(t) +q(t) max z(s) = f(t) (5.10)

s€t—r,t

and its corresponding delay differential equation

2(t) +at)x(t —r) = f(t), (5.11)
where xz € R, f € C([tg,>),R), ¢ and r are the same as above.

Theorem 5.1.4. Assume that q( ) > 0 and that there exists P(t)
such that P’( ) = f(t). Let PL(t) = (|P(t)| + P(t))/2 and P_(t) =
(‘P ‘ - )/2 such that

/ q(t) max P, (s)dt = oo,
T s€t—r,t] (5 12)
/ q(t) max P_(s)dt = —oc.

T SE[t—r,t]
Then all solutions of differential equation with “mazima” (5.10)
oscillate.

Since the proof is standard (see [Erbe et al. 1987]), we omit it.
Consider the differential equation with “maxima”

2'(t) + max z(s) = cost, (5.13)
s€t—m,t]
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where z € R.

Theorem 5.1.4 does not hold for the differential equation with “max-
ima” (5.13) because max,cf_rq P-(s) = 0. In fact, x = sint — ¢t is a
nonoscillatory solution of (5.13). But, by the known result (see [Erbe
et al. 1987]), all solutions of the equation

2'(t) + x(t — ) = cost (5.14)

oscillate.

5.2 Oscillations of Differential Equations with
“Maxima” and Delay

Now we will study the oscillatory properties for various types of
first order differential equations with “maxima.”
Consider the differential equations with “maxima”

[2()) = p(a(t = )] +q(t) max a(s) =0, (5.15)

and the corresponding differential equations with “minima”
[y(t) = p(t)y(t — 1)) + q(t) mins €;_.y y(s) =0, (5.16)

where z € R, h > 0, r > 0 and p, g € C([tg,),R).

In our further investigations we will need the following result:
Lemma 5.2.1. Let the following condition be fulfilled:

(i) p(t) > 0 for t >ty and there exists a T > to such that

p(T+jr) <1, j=0,1,2...; (5.17)

(i) q(t) = O(# 0) for t > to;
(111) z(t) is an eventually positive solution of (5.15), or (5.16).
Then y(t) is eventually positive, where

y(t) = z(t) — p(t)x(t — h). (5.18)
The proof is standard (see [Chuanxi et al. 1990]) and we omit it.

Theorem 5.2.1. Let the conditions of Lemma 5.2.1 hold and either
p(t) >0 or h >0 and q(t) > 0(3 0) fort € [u—r,u] for all large u.
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Then equation (5.15) has eventually positive solutions if and only
if
[2(t) — p(t)z(t — B)] + q(t) max ]m(s) <0 (5.19)
selt—r,t

has eventually positive solutions and equation (5.16) has eventually pos-
itive solutions if and only if

[2(t) — p(t)z(t — B)] + ¢(t) min z(s) <0 (5.20)

s€t—r,t]
also has eventually positive solutions.

The proof of Theorem 5.2.1 is similar to Theorem 1 in [Zhang et
al. 1995].

Theorem 5.2.2. Let the conditions (i) and (ii) of Lemma 5.2.1 hold
and there exists an integer N such that

t J
lim inf max Z Hp (u—ih)ds > - (5.21)

t—o0 t—h uG[s rs] =0 -0

Then each solution of differential equation with “maxima” (5.15)
oscillates.

Proof. 1f x(t) is an eventually positive solution of equation (5.15), then
y'(t) <0 and y(t) = z(t) — p(t)z(t — h) > 0 eventually. Then

r = y(t)+p(t)z(t—h)
= y(t) +pt)y(t —h) +p(t)p(t — h)z(t — 2h)
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Hence,
N-1 g
Jhax x(s) > hax [[p(s —ih)y(s — h)
7=0 =0
N-1 g
= max Z Hp(s —ih)y(t —r —h)
sGﬁ—mJ]jZOi:O
N-1 7
> max Z Hp(s —ih)y(t — h)
s€t—r,t] —0 i—0
Substituting the last inequality into (5.15), we have
N-1 7
"(t) + q(t) max s —ih)y(t —h) <0, 5.22
o0+ o0) o, 3 Tt = b= (5:22)

which contradicts the fact that, under condition (5.21), the inequality
(5.22) has no eventually positive solution [Ladde et al. 1987].

If Z(t) is an eventually negative solution of (5.15), then z(t) =
—Z(t) is an eventually positive solution of (5.16). Similarly, we have

N-1 3

y'(t) + q(t) [?—13«%] Z Hp(s —ih)y(t —h) <0
=0 i=0
That is,
N—-1 J
[=y(®) +a(t) max 3 T (s = i) =yt = )] 2 0
=0 i=0

This is also a contradiction for the same reason as the positive solution.
The proof is complete.

O

In the partial case p(t) = 1 the differential equations with “maxima”
(5.15) reduces to the following differential equation with “maxima:”

[z(t) — z(t — h)]/ +q(t) max xz(s) =0, (5.23)

set—r,t]

where z € R.
For the equation (5.23) we obtain the following result:
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Theorem 5.2.3. Let q(t) > 0.
Then (5.23) has nonoscillatory solutions if and only if

Z"(t) + —qt)Z(t) = 0 (5.24)

also has nonoscillatory solutions.

Proof. Assume that z(t) is an eventually positive solution of (5.23). Let
y(t) = x(t) —x(t — h). Then y(t) > 0 and ¥/ (t) < 0 eventually. Let T be
a large number so that z(t) > 0, y(t) > 0 and y/(¢) <0 for t > T — h.
Set m = min_p<;<7 2(t). When N <t < N + h we have

t+h
2(t) = y(t) + 2(t — h) > %/t y(s)ds + m.

By induction, for T+ kh <t < T + (k+ 1)h,

1 t+h
x(t) > — y(s)ds + m.
h Jekn
Hence,
1 t+h
x(t)zﬁ/ y(s)ds+m, t>T">T+h,
and
1 t
x(t) > —/ y(s)ds+m, t>T"+h.
h Jresn
Set
1 t
Z(t) = —/ y(s)ds + m.
h Jrein
Thus, we have
1
Z"(t) + ﬁq(t)z(t) <0, (5.25)

which implies that (5.24) has an eventually positive solution.
If z(t) is an eventually positive solution of the equation

[:E(t) —x(t— h)]’ +q(t) Ser[?ie,t] x(s) =0, (5.26)
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we can also prove that (5.24) has an eventually positive solution by the
above method.

If (5.24) has an eventually positive solution Z(t), then Z"(t) < 0
and Z'(t) > 0 eventually. Therefore, there exist T'and M > 0 such that
Z(t) > M and Z'(t) < M eventually.

Define a function H : R — R, by

hZ'(t) t>1T,
H(t)={ (t—-T+h)Z(T) T-h<t<T,
0 t<T—h.
Define
y(t)=>_ H(t—ih) >0
i=0
and obtain
y(t) —y(t—h)=H(t) fort>T.
That is,

y(t) —y(t —h) = hZ'(t).
Setting p = maxy_p<;<7 y(t), we have
y(t) = hZ'(t)+ylt—h) g/ Z/(s)ds + y(t — )

t—h
t

t
< / Z(s)ds + y(t — 2h) < / Z/(s)ds + y(t — nh).
t—2h t—nh
Therefore, we get
t
y(t) < / Z'(s)ds+p < Z(t) fort>T
T

and

max y(s) < Z(t) and  min y(s) < Z(t) fort>T.
SE[t—pt] sE[t—pt]

Then we obtain

[y(t) —y(t — )] +q(t) max, y(s) <0



150 Chapter 5. Oscillation Theory

and

[y(®) =yt =m)]"+ () min y(s) <0,

According to Theorem 5.2.1 the differential equation with “max-
ima” (5.23) has nonoscillatory solutions. The proof is complete.
O

Theorem 5.2.4. Let p(t) =p, p # —1, q(t) > 0, and

/oo q(s)ds = oo. (5.27)

to

Then any nonoscillatory solution x(t) of (5.15) satisfies limy_oo x(t) =
0.

Theorem 5.2.5. Let p(t) = —1, ¢(t) > 0, Q(t) = min {q(¢),q(t — h)}
and

b Q(t)dt = oco.

to

Then any eventually positive solution x(t) of (5.15) satisfies
limy_, o z(t) = 0.

The proofs of Theorem 5.2.4 and Theorem 5.2.5 are similar to the
proofs of Theorem 2 and Theorem 1 in [Shabadikov and Yuldashev
1989)].

Now we will give the existence and growth conditions of nonoscilla-
tory solutions of equation (5.15). We begin with the following theorem.

Theorem 5.2.6. ( [Zhang and Migda 2005]) Let p(t) = p, where p > 0.
Then equation (5.15) has an eventually positive solution.

Proof. Choose a positive continuous function H(t) such that

/ T GO H )t = (5.28)

0

and

= 0. (5.29)
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Define a function v by

o(t) = exp [ /tt exp < /t q(u)H(u)du) ds] . (5.30)

Let BC be the Banach space of all bounded and continuous func-
tions y : [tg,00) — R with the sup norm. Define a subset Q of BC' as
follows:

Q:{yEBC:OSy(t)Sl, t0§t<oo}.

Clearly € is a bounded, closed and convex subset of BC. Now we
define a mapping S on (2 as follows:

(Sy)(t) =
ot —hjyt-h 1 [ BN
{pt v(t) Jtr v(t) AQ(S)ueﬁ§§,S]U(u)y(u)ds Toay 2
7T+ (1= 7). to<t<T,

(5.31)
where T is sufficiently large so that t —h > tg, t —r > tg, v(t) > 1, and

v(t — h) 1 /t 1
D 4+ — q(s) max v(u)ds < = fort>1T. 5.32
U(t) U(t) T ( )ue[s—r,s] ( ) 2 ( )

In fact, from (5.28), (5.29) and (5.30) it is easy to see that

— 0 and fti} q(s) maxyefs—,s) v(u)ds

v(t) v(t)

which shows that (5.32) is true for large ¢. Thus we have SQ C Q. Let
y1 and yo be two functions in . Then

—0 ast — o

s - S| < 2t - - - m)

T u€[s—r,s]

IN

Sl = wall 12T,
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and
H5y2 - SylH = f§£ (Sy2)(t) — (Syl)(t))
= ?E%F)’(Syz)() (Sy1)(t ) < 2Hy2—y1 t>T

which shows that S is a contraction on 2. Hence there is a function
y €  such that Sy = y. That is

pw + L fT q(s) max,efs—rs v(u)y(u)ds + Tl(t)’
y(t) = t=1
(M) +(0—7), tost<T

Obviously y(t) > 0 for t > to. Set x(t) = v(t)y(t). Then
¢
x(t) — pz(t — h) = / q(s) I%laX ]a:(u)ds + %, t>T. (5.33)
T ue|s—r,s

Therefore x(t) is a positive solution of (5.15) for ¢ > T'. The proof is
complete.
U

Lemma 5.2.2. ( [Erbe et al. 1987]). Let z, z € C([ty, ), R) satisfy
2(t) = x(t) — px(t — h), t>to+max{0,h},

where p, h € R. Assume that x is bounded on [tg, 00) and limy_, 2(t) =
l exists.
Then the following statements hold:

(a) If p=1, then |l =0;
(b) If p # £1, then limy_ z(t) exists.

Lemma 5.2.3. ( [Zhang and Migda 2005]). Let p(t) = p, p > 0 and
x(t) be a positive solution of equation (5.15) such that x(t) —px(t—h) >
0.

Then the solution x(t) satisfies

(@) Jim a(t) = L #0.
or

(b) lim z(t) = oo.

t—o0
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Proof. Let z(t) be a positive solution of equation (5.15). Set z(t) =
x(t) —px(t—h). Then z(t) > 0 and 2/(¢) > 0 and is not identically zero.
Hence 0 < limy_.oo 2(t) =1 < 00. If I = o0, then z(t) > z(t) — oo as
t — o0, i.e., (b) holds.

If | < oo and z(t) is bounded, Lemma 5.2.2 implies that lim;_,o z(t)
exists when p # 1. But limy_,o, 2(¢) = 0 is impossible. When p = 1,
Lemma 5.2.2 implies [ = 0. This is a contradiction.

If | < oo and z(t) is unbounded, then there exists {tn} such that
x(tn) =
max<¢, (t) — 0o as n — oo. For p € (0,1), z(t,) > x(tn)(1 —p) — o0
as n — oo, which contradicts the boundedness of z. For p = 1,
z(t) > x(t—h)+1/2 > ... > x(t —nh)+nl/2 — o0 as n — oc.
For p > 1, we have

xz(t) > px(t—h) > ... >p"z(t —nh)

which implies that (b) holds. The proof is complete.
O

Remark 5.2.1. In Lemma 5.2.8, the condition x(t) — px(t —h) > 0
18 necessary. For example, we consider the differential equation with
“mazxima”

, -1
(z(t)—2z(t—1)) = (2e— 1)e_t{ max _(¢(s) +6_5)} max z(s),

set—1,t set—1,t
(5.34)
where r € R and

_[2M(t-n),  tentg] _
Sp(t)—{Z”(n—i—l—t), te+inty > "0 Lo

The differential equation with “mazima” (5.34) has an eventually
positive solution x(t) = p(t)+e~t. In fact, z(t) satisfies limsup,_, . z(t)
= o0 and liminf;_, x(t) = 0. As if r =0, the condition x(t) — pz(t —
h) >0 is also necessary.

Consider the delay differential equation

(z(t) — 2x(t — 1)), = (2e — 1)e " (p(s) + e_t)_la:(t), (5.35)

where x € R.

The delay differential equation (5.35) has also a positive solution
x(t) = @(t) +e~t. Thus, we see that Lemma 5.3.1 in [Erbe et al. 1987]
1s false.
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By Theorem 5.2.6 and Lemma 5.2.3 we obtain immediately the
following result.

Theorem 5.2.7. ( [Zhang and Migda 2005]). Let p(t) = p, where p is
a constant.
Then the conclusions hold:

(a) If p =1, then the differential equation with “maxima” (5.15) has
an unbounded solution x(t) satisfying lim;_,~ x(t) = oo;

(b) If p > 1, then the differential equation with “mazima” (5.15)
has an unbounded positive solution x(t) which tends to infinity
exponentially;

(c) If 0<p<1and
/ q(s)ds = oo, (5.36)
t

0

then the differential equation with “mazima” (5.15) has an un-
bounded positive solution.

Proof. By (5.33) the inequality
z(t) —pzr(t—h)>0 fort>T

holds.
The proofs of (a) and (b) are obvious.
In the case that p > 1 we have

x(t) > px(t—h) > ... >p"x(t —nh),
z(t) > z(to)exp(u(t —to)), for t > to,

where p = thp > 0, which shows that (i7) is true. The proof is complete.
U

Remark 5.2.2. For eventually negative solutions of equation (5.15),
we can also obtain similar results. They are omitted.

Now we will study asymptotic properties of nonoscillatory solutions
of differential equation with “maxima”(5.15).
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Theorem 5.2.8. ( [Zhang and Migda 2005]). Let p(t) =p, 0 <p <1
and (5.86) holds.
If x(t) is a nonoscillatory solution of equation (5.15), then either

Jim [o(0)] =

or
lim z(t) = 0.

t—o0

Proof. Let z(t) be an eventually positive solution of (5.15) and set
z(t) = x(t) — pz(t — h). (5.37)

Then we have either z(t) > 0 or z(t) < 0. If z(¢) > 0 holds, then there
exists ¢ > 0 such that x(t) > z(t) > c. Integrating (5.15) we have

t t
z(t) :/ q(s) max z(u)ds+ z(T) > c/ q(s)ds.
T u€[s—r,s] T
It is clear that limy_ .~ 2(t) = co. Thus, we have lim; o, 2(t) = cc.
If z(t) < 0 holds, then p # 0 and lim;_. 2(t) = L < 0 is finite.
Integrating (5.15) we have

L—2z(t)= / q(s) max xz(u)ds.
t u€[s—r,s]
Thus, we have lim inf;_,«, z(t) = 0. Note that —pz(t—h) < z(t), we have
lim;_,o0 2(t) = 0. On the other hand, z(t) < pz(t—h) < xz(t—h) implies
that x(t) is bounded above. By Lemma 4.1.2 we get that lim;_. z(t)
exists. Let limy_,o z(t) = I. In view of (5.37), we get that

0= tlim x(t) —ptlirn z(t—h)=1(1-p)

which implies I = 0. The case where () is eventually negative is proved

in a similar way. The proof is complete.
O

Corollary 5.2.1. Let p(t) =p, 0 < p <1 and (5.36) holds.
If 2(t) is a bounded nonoscillatory solution of differential equation
with “maxima” (5.15), then lim;_,o x(t) = 0.

Theorem 5.2.9. Let p(t) =p, p > 1 and (5.36) holds.
If x(t) is a bounded nonoscillatory solution of differential equation
with “mazima” (5.15), then lim;_,o x(t) = 0.
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Proof. Let z(t) be a bounded positive solution of (5.15) and z(t) is
defined by (5.37).

Then z(t) > 0 is impossible.

Indeed, then we have lim; . x(t) = oo which is a contradiction.
Thus, we have z(t) < 0. In view of the proof of Theorem 5.2.8 we have
lim;_, 2(t) = 0. Similarly, we have

0= tlim x(t) — ptlim z(t—h)=1(1—-p)

which implies [ = 0. The case where z(t) is eventually negative solution

is similarly proved. The proof is complete.
O

Theorem 5.2.10. Let p(t) =p, p > 1 and 0 < g < ¢(t).
If x(t) is an eventually positive solution of differential equation with
“mazima” (5.15) then either lim;_,o x(t) = 0o or lim;_,o z(t) = 0.

Proof. If z(t) > 0, we have similarly lim; .. x(t) = oco. If 2(¢t) < 0
holds, then lim; . z(t)= L < 0 is finite. Suppose that z(t) does not
tend to zero as t — oo. Then ¢ = limsup, . z(t) > 0 (if z(¢) is
unbounded, set ¢ to be an arbitrarily positive constant). There exists
a sequence {tn}io such that t,+1 — t, > r and x(t,) > ¢/2 for each
n € N. Thus the inequality

max az:(s)>E t € [tn,tn+7], n>N,

s€t—r,t 2’
holds, and

tn+r
/ q(s) max xz(u)ds > “ar.
tn

u€[s—r,s] 2

From the definition of the sequence {tn} and integrating (5.15), we
have

L—z(ty) = /tOQ q(s) max xz(u)ds

u€[s—r,s]
o0 tn+h
> s) max z(u)ds
> 3 [ ) max ()
n=1 n
- 2. eqr B
= ZT = OQ.
n=1

This is a contradiction. The proof is complete. 1
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Remark 5.2.3. Theorem 5.2.10 is not valid if x(t) is an eventually
negative solution of equation (5.15) as the following example shows.

Example 5.2.1. Consider the differential equation with “mazima”

/ -1
(z(t) —2z(t—1)) = (2e— 1)e_t{ max _(¢(s) —l—e_s)} max z(s),

seft—1,t] seft—1,t]
(5.38)
where x € R and

_[2(t=n),  telnts] _
So(t)_{2n(n+1—t)7 te[n—i—%,n—i—l] s n—O, 1,....

It is easy to check that

-1
_ —t —S > _ .
(2¢ — 1)e { Sen[cg:i(’t] (¢(s)+e )} >2—1>0

Therefore, the assumptions of Theorem 5.2.10 are satisfied. A
straightforward verification yields that the function x(t) = —p(t) — et
is an eventually negative solution of (5.38). Moreover, since x(n) =

—e™ and z(n + 3) = 2" — e "2, limsup, . z(t) = 0 and
lim inf; o 2(t) = —o0.

Corollary 5.2.2. Let p(t)=p, p=1 and 0 < q < q(t).
Then any bounded eventually positive solution x(t) of equation
(5.15) satisfies limy_,o0 x(t) = 0.

Remark 5.2.4. Corollary 5.2.2 is not valid if x(t) is a bounded even-
tually negative solution of equation (5.15).

Example 5.2.2. Consider the differential equation with “maxima”

-1
(z(t) — a(t — 1))/ =(e— 1)e_t{ min _(4(s) + 6_5)} max x(s),

seft—1,t selt—1,¢
(5.39)
where © € R and (t) is a 1-periodic function defined by the equality
[t te0,3]
V() { 1—t, tels,1]
It has an eventually negative solution z(t) = —(t) —e~¢ such that

limsupz(t) =0 and litminf:n(t) =3
t—00 —00
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Example 5.2.3. Consider the differential equation with “maxima”

(z(t) = pB)e(t = 7)) = ¢ _max z(s) (5.40)

where x € R and g = I%.

If e7™ < p < 1, then all conditions of Theorem 5.2.8 and Corollary
5.2.1 are satisfied for equation (5.40).

If p > 1, then all conditions of Theorem 5.2.9 are satisfied for
equation (5.40).

If p =1, then all conditions of Corollary 5.2.2 hold for equation
(5.40).

In fact, equation (5.40) has a positive solution x(t) = e~*.

Now we will discuss first the oscillation of the differential equation
with “maxima” (5.15) for p < 0.

Theorem 5.2.11. Let p(t) = p, p < 0, p # —1 and the condition
(5.36) holds.

Then every bounded solution of equation (5.15) is oscillatory.

Proof. Let x(t) > 0 be a bounded positive solution of (5.15). Set z(t) =
x(t) — px(t — h), then 2/(t) > 0. Thus lim;_, 2(t) = [ exists and [ > 0.
For p # —1, by Lemma 5.2.3, there exists limy_, o, 2(t). From (5.15) we
have

/ q(t) max z(s)dt < co.
to SE[t—r,t]

In view of (5.36), this implies that lim; .., z(t) = 0 and so by (5.37)
Il = (1 —p)0 = 0. This contradicts [ > 0. The proof in the case of

eventually negative solution is similar and will be omitted.
O

In the case when p > 0, we have the following results.

Theorem 5.2.12. Let p(t) =p, p >0, p # 1 and the condition (5.36)
holds.

Then every bounded solution of equation (5.15) is either oscillatory
or approaches zero as t — oo.

In view of Theorem 5.2.8 or Theorem 5.2.9 we know immediately
that Theorem 5.2.12 is valid.



5.2. Equations with Maxima and Delay 159

Theorem 5.2.13. Let p(t) = p, p > 0, p # 1, the condition (5.36)
holds, and the inequality

2(t) + %q(t)z(t +h—r)>0
has no eventually positive solution and the inequality
2'(t) + %q(t)z(t +h) <0
has no eventually negative solution.

Then every bounded solution of equation (5.15) is oscillatory.

Indeed, from the proof of Theorem 5.2.9 we see that if z(t) is a
bounded positive solution of (5.15), then z(t) < 0 eventually. Note
that z(t0) > —z(t + h)/p. Substituting it in (5.15) we obtain

1
2(t)+ —qt)z(t + h—1) > 0.
p
This is a contradiction. For a bounded negative solution, we can obtain
similarly a contradiction.
Theorem 5.2.14. Let p(t) = p, p = 1, the condition (5.36) holds and
the inequality
1
y'(t) 2 palt +h)y(t +h—r)

has no any eventually positive solution and the inequality

't h) < Taty(t)

has no any eventually negative solution.
Then every bounded solution of equation (5.15) oscillates.

Proof. Let x(t) be a bounded eventually positive solution of (5.15) and
set z(t) = x(t—h)—x(t). Then z(t) > 0 and 2/(¢) < 0 eventually. Thus,
we have also

z(t) = z(t+h)+z2(t+h)
t+2h

z(t+h)+ 7 /t+h z(s)ds

1/°°
- z(s)ds.
h Jivn (s)

v

v
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Set L e

y(t) =+
h Jin
Substituting it into (5.15) we obtain

z(s)ds. (5.41)

qit+h)y(t+h—r)

S| =

y'(t) >

which is a contradiction.
If z(t) is a bounded eventually negative solution of (5.15), we have
z(t) < 0 and 2/(t) > 0 eventually. Thus, we have also

2(t) = a(t+h) + 2(t+ ) < % +(5)ds.
t+h

y(t) is defined by (5.41), and substituting it into (5.15) we have

't~ h) < 3 alt)y(r).

The proof is complete.

5.3 Oscillations of Forced n-th Order Differen-
tial Equations with “Maxima”

The main purpose of this section is to establish some oscillatory prop-
erties of solutions of n-th order forced differential equation with “max-
ima.”

Consider the following forced differential equation with “maxima”

M () + a(t) f (max x(s)) =Q(t), t>a, (5.42)

sel(t)

where n > 2 is an integer, z € R, f,a : R — R, I(t) = [o(t), 7(t)],
o(t) < 7(t) <t, a>0is a constant.

Remark 5.3.1. If there exists a point & > a such that o(§) = 7(§)
then we have mﬁg{)ac(s) =z(7(§)).
se
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Let J = [a, +00) C Ry = [0,400) and Ry = (—00,0) U (0, +00).
We introduce the following set (H5.3) of conditions:

H5.3.1. The functions o,7 € C(J,R), o(t) < 7(t) < t, lim o(t) = +o0

t——+oo
and

SUPL>a (t - a(t)) =h < 4o0. (5.43)
H5.3.2. a € C(J,(0,+0)), Q € C(J,R).
H5.3.3. f e C(R,R) and zf(z) > 0 for x # 0.

H5.3.4. There exists an oscillatory function p(t) such that:

p™(t) = Q(t), fort>a, (5.44)

lim p®(t) =0, fori=0,1,...n—1. (5.45)

t——+o0

Remark 5.3.2. If condition H5.3.1 is satisfied then for any t > «
the inequality h = supi>q (t - a(t)) >t—o(t) > a—o(t) holds, i.e.,
o(t) > a — h, i.e., the inclusion I(t) C [ — h,00) is valid for t > a.

Let T € J be a given number.

Definition 5.3.1. The function x(t) is called to be a solution of differ-
ential equation with “mazima” (5.42) on the interval [T, +00), T > «
if ©(t) is defined for t > T — h and it satisfies (5.42) for t > T, where
the constant h is defined by (5.43).

In further investigations we will use the following result:

Lemma 5.3.1. [Kiguradze 1964] Let u(t) be a positive n-times differ-
entiable function on the interval [to, +00) and let u™(t) be a nonposi-
tive function and it is not identically equal to zero on any sub-interval
[t1, +00) C [to, +00).

Then there exist a number t, > to and an integer k, k €
{0,1,...,n — 1}, such that:
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1. n+k is odd.
uD(t) >0 fort>t,, i=01,...,k—1.

(—1)"Fu@(t) > 0 for t > t,, i =k,...,n.

e e

(t — t)u® D) < (1 + )|u*=D(1)|, where t > t,, i =
0,1,...,k—1.

We will study the oscillatory properties of the solutions of differen-
tial equations with “maxima.”

Theorem 5.3.1. Let the following conditions be fulfilled:
1. Conditions H5.3 are satisfied.

2. The equality f(x) = g(x)h(x) holds for x € Ry, where g €
C(Ry, (0,400)) is a nondecreasing function on (—00,0) and a
nonincreasing function on (0, +00).

3. The function h € C(Rg,R) and

M2 s for w0 (5.46)

4. There exists a constant B > « such that the inequality

t—+00

lim sup %ﬂ/a(u)g (c(T(u))n_1> (1(u))"du

—+00

+t" / a(u)g (C(T(U))n_l> (:L(nqu)l)ndu > (n;l)! (5.47)

t

holds for ¢ > 1.
Then the following conclusions hold:
1. If n is an even integer, then equation (5.42) is oscillatory.

2. If n is an odd integer, then every solution of equation (5.42) is
either oscillatory or

lim z9(t) =0, i=0,1,...,n—1. (5.48)

t—+00
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Proof. Consider the following two cases:

Case 1. Let n be an odd integer. Assume z(t¢) is a nonoscillatory
solution of differential equation with “maxima” (5.42) in the interval
[ar, +00).

Case 1.1. Let x(t) be a proper positive solution, i.e., there exists
T, > « such that x(¢t) > 0 for t > T,. Let to = T, + h, where the
constant h is defined by (5.43). Consider the function y(t) = z(t) — p(t)
for t > to, where p(t) is the function defined in condition H5.3.4. From
(5.42) and (5.44), condition H5.3.3 and the inclusion I(t) C [T}, c0) for
t > ty, we have

Y™ (t) = —a(t)f <;]€[1ja(;;() m(s)) <0, t>tp. (5.49)

Then the derivatives y(i) (t), 0 < i <n—1 are monotone and one-
signed functions for all ¢ > t;, where t; > tg is a sufficiently large
number. From the inequality z(t) > 0 for ¢t > t;, equality (5.45) for
i = 0, and the oscillatory properties of the function p(t) it follows that
there exists a number to > ¢ such that y(t) > 0 for ¢ > t5. Therefore,
the conditions of Lemma 5.3.1 are fulfilled and hence there exists an
integer k € {0,1,...,n — 1} and T} > to such that n + k is an odd
number and for ¢t > T}, the inequalities

yD@) >0 for 0<i<k-—1,

(=)D (t) >0 for k<i<n,

(t —T)ly* @) < 14+ )y* = D@)| for i=0,1,....k—1
(5.50)

hold.
Since the derivative y(™~1)(t) is a positive and nonincreasing func-
tion for ¢t > T}, there exists ¢y > 0 such that

y" V() <o, t> Ty

Integrate n-times the above inequality on the interval (Tj,t) and
obtain

&
y(t) < —(t=T)" 4+ y(Ty), > T

(n—1)
Choose numbers t3 and ¢; such that t3 > Ty, ¢ > ¢ and

y(t) < cit" ' for t > t3. (5.51)



164 Chapter 5. Oscillation Theory

Now we apply Taylor formula, use the equation (5.49) and obtain

n—k—1 (_1)j . .
W= 3 St IEE -
= r
( 1)n—k o .
* (n—k—1) 1t/(s —1) Ya(s)f <u12?(’§)m(u)> ds, Tp<t<rT.

(5.52)
Using the second inequality of (5.50), we obtain the inequality

P 5 — n—k—1
y®) (t) > /((n_t]ii_l)!a(s)f <max a:(u)) ds, Tp<t<T,

u€l(s)
or

s s — n—k—1
y®) (t) > / ((n—tlzri—l)!a(s)f <max m(u)) ds, t>T,. (5.53)

u€l(s)
Consider the following two cases:

Case 1.1.1. Let k > 0. Then y(t) is a positive increasing function.
Integrating (5.53) from T}, to t, we get

y () =y 0(T3,)

+/t {/oo b=l n_kl)la(u)f <max :z:(v)) du] ds

vel(u)
Tk S

u

=4*=D(1) + TZ / %ds a(u)f <max x(v)) du

vel(u)
Tk
—+o00 t
_|_/ /wds a(u)f | max z(v) | du for t>1T,
(n—k—1) vel(u) =
t Ty

(5.54)
Now, using the inequalities

uu_sn—k—l u_T n—k
/ﬁdszﬁ7 Tkguét7

Tk
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(u _ S)n—k—l B (u _ Tk)n—k _ (u _ t)n—k (t _ Tk)n—k
/(n—k—l)!ds_ =R T

T, <t<u

y*=D () > j%a(u)f <max x(v)) du

vel(u)
Tk
+o0 1
4 (t— Tk / m@(u)f <vréllz%§) x(v)) du for t>1Tj.
t

(5.55)
Since y(t) is positive and increasing for ¢ > T}, and mja(x) y(s) = y(7(t)),
sel(t
it follows from (5.45) for i = 0 that there exists c¢a > 1 such that

max z(s) < co max y(s) = coy(7(t)) for t>ts.
sel(t) s€I(t)
From condition H5.3.1 it follows that for ¢ > ¢35 + h the inequalities
t —7(t) <t—o(t) < h hold, i.e., 7(t) > t3. Therefore, from (5.51) we
get
max x(s) < C(T(t))n_l, t >ts+h, (5.56)
sel(t)
where ¢ = cico > 1.
From (5.47) it follows that there exists A € (0,1) such that

S

/a(u)g (c(T(u))n_l) (1(u))"du

Alim sup

t——+o0

+oo

+t" / a(u)g (C(T(u))n_1> (:L(:Jr)l)ndu > (n;l)!. (5.57)

t

Set p = AT Since w e (0,1), tliT p(t) = 0 and y(t) is positive

and increasing for ¢ > T}, then there exists 1), : T, > t3+h > T},
such that

t—Tp > pt, 7(t) =T, > pr(t) for t>1T,, (5.58)
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and
z(t) > py(t) for t>T,. (5.59)

From condition 2 and (5.56) we have

f <Srél]é%ic)x(s)> > g <c(7(u))n_1) h <Srélﬁi<) x(s)) for u>1T,.
(5.60)

Since y(t) is increasing for ¢ > T}, then m]z%x)y(s) = y(7(u)) and it
sel(u

follows from (5.46), (5.59) and (5.60) that

F (e w(6)) 2 29 (elr0) ") o)

sel(u) sel(u)

> g (e(r(w)"") max y(s) (5.61)

n—1
=1y (C(T(U)) ) y(r(w), u>Ty
From the last inequality of (5.50) for ¢ = 7(u) we obtain

T(Uw) — k—1
y(rw) > T T a0 (o, (5:62)

where u > T}, and 7(u) > t3 > T}.

From the last inequality in (5.50) for ¢ = 0 we obtain (¢t —

. (k—1) .

Ti)y ) (t) < y*=1(t) for t > T}, and therefore, the function yt_iTk(t) is
nonincreasing since its derivative is nonpositive. From the monotonic-

. . (k—1) . . .
ity of the function ¥ t_Tk(t) and the inequality 7(u) < u < t we obtain

for t > u > T;, > T}, the following inequality

y® D (r(u)) = 7:8 — ;’:y““‘”(r(u)) > %‘szﬂ‘”(t» (5.63)

. . (k—1) . . . .
Since the function ¥ t_Tk(t) is nonincreasing, the function y*—1(t)
is nondecreasing and 7(u) < u we get for u > ¢t > T}, the following
inequality

y 5D (r () > 77(:‘)_;3’“;/(’?—” (u) > %}Z}“W‘”(t» (5.64)
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Taking into account (5.55), the inequalities (5.58), (5.61), (5.62),
(5.63), (5.64) and (n — k)k! < (n—1)! for 1 <k <n — 1, we obtain

t

_ n—k 7(u))*
y(k_l) (t) > /%a(u)vuk-‘rlg(c(,r(u))n—l) My(k—l) (t)du

(n — k)lk! t—Tj
Tu
T (r(w)*
+(t—Tp)" / ma(u)’yug (c(T(u))n_1> ery(k—l) (t)du,

t
for t>1T,>1T,. (5.65)

or

(n ; 1)' > %/a(u)uk—klg (C(T(u))n_l> (u _ Tk)n—k(q—(u))kdu
Ty

“+o00

T / a(u)g (c(T(u))n_1> %du,

for t>1T,>1T; (5.66)
Since u > 7(u) and v — T} > pu > p(7(uw)) we get

L 2 ot (elr)™) ()
Ty
+0oo

4 / a(u)g (c(T(u))n_1> %du,

thun=Fk(u — Ty)
t

for t>1T,>T;. (5.67)

Apply the inequality u > t to the second integral of (5.67) and
obtain for any 7' > T},

t

[ atwyg (er)™™) (riuw)du

T

+o0
+t"/a(u)g (c(T(u))n_1> (:L(nqul) du|, t>T.

(n—1)!
Y

n+1

~+ | =

> p
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Since "t = X then

—|—t"/a(u)g (C(T(u))n_1> (:L(nqu)l)ndu , t>T. (5.68)

Keeping in mind the relation

t—+00

B
lim %/a(u)g <c(7(u))n_1> u"du =0,
T

we conclude from (5.68) that

S g ot o
400 n+1
+ " / a(u)g <c(7(u))n_1) %du

t
The obtained inequality contradicts (5.57).

Case 1.1.2. Let k = 0. Then n is an odd number and it follows from
condition 4 that

400
/ u" ta(u)g <c(7'(u))n_1> du = +o0. (5.69)
B

From equality (5.52) for & = 1 and inequality (5.50) we get

—+00

_ f\n—1
y(t) > / s (max o)) du. 127 570
We shall prove that
lim y(t) = 0. (5.71)

t——+o0
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Assume the opposite: there exists d : 0 < d < oo such that
lim y(t) = d. Then there exists a constant d; > 0 and T, > T,

t——+o0

such that y(7(u)) > d; for t > T,. From (5.61) and (5.70) it follows the
inequality

—+00

y(t) > diyp /

t

(u—t)"! < n—l)
——a(u)g (c(7(u du, t>T1T,,
—a(wg (o(r(w) >

which contradicts (5.69); therefore, (5.71) is proved.

Taking into account that (—1)"y*(¢), (¢ =0,1,...,n—1) are positive
and decreasing functions for ¢ > T}, one can prove that

. i . . _
tl}Tooy (t)=0, i=1,...,n—1.

Case 1.2. Let x(t) be a negative proper solution, i.e., there exists
T, > « such that x(t) < 0 for ¢ > T,. As in Case 1.1., we obtain a
contradiction.

Case 2. Let n be an even integer. Then the proof is similar to the
one of Case 1. In this case, since n + k is an odd integer it follows that
k > 0 and again we obtain a contradiction.

Therefore, z(t) is oscillatory.
O

As a consequence of Theorem 5.3.1, we obtain the following result.

Theorem 5.3.2. Let conditions (H5.3) hold,

T8 s ys0. for a0 (5.72)

and there exists a number 3 > « such that

t +o0o

T(s))n1 n—1)!
lim sup %/(T(s))"a(s)ds—l—t" / %a(s)ds >( 1)'.
B

t——+oo
t

Then the following conclusions hold:

1. If n is an even number, then equation (5.42) is oscillatory.
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2. Ifn is an odd number, then every solution x(t) of equation (5.42)
is either oscillatory or

lim 29(t)=0, i=0,1,...,n—1.

t—+00

In the case when the upper bound 7(t) of the retarded interval of
maximum is a monotonic function, we obtain the following result:

Theorem 5.3.3. Let the following conditions be fulfilled:
1. Conditions (H5.3) are satisfied and the function 7(t) is nonde-

creasing on J.

2. The equality f(z) = g(x)h(x) for z € Ry holds, where the function
g € C(Ry, (0, +00)) is nondecreasing on (—oo,0) and nonincreas-
ing on (0,+00) and the function h € C(Ry,R) is nondecreasing

on Ry and
h(zy) = Kh(z)h(y), h(-zy) < Kh(—z)h(y) for x>0,y >0,
(5.74)
where K > 0 is a constant and
x
lim —— =0. 7
v~ h(x) 0 (5.75)
3. The inequality
“+o00
lim sup(+ (1))~ / a(wlg (e(r(w)" ™ du>0  (5.76)
t——+o00

t

holds for every ¢ > 1.
Then the following conclusions hold:
1. If n is an even number, then equation (5.42) is oscillatory.

2. If n is an odd number and there exists a number 8 > « such that

—+00

(T(t))n_l / a(s)g (C(T(S))n_1> ds = 400, (5.77)
B

then every solution x(t) of equation (5.42) is either oscillatory or

lim 29(t)=0, i=0,1,...,n—1.

t—+00
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Proof. Consider the following two cases:

Case 1. Let n be an odd integer. Assume z(t¢) is a nonoscillatory
solution of differential equation with “maxima” (5.42) in the interval
[ar, +00).

Case 1.1. Let x(t) be a proper positive solution, i.e., there exists
T, > « such that x(¢t) > 0 for t > T,. Let to = T, + h, where the
constant h is defined by (5.43). Consider the function y(t) = z(t) — p(t)
for t > ty and proceeding as in the proof of Theorem 4.1.1, we conclude
that there exist k € {0,1,...,n — 1} with n + k odd and T}, > ¢y such
that (5.50) holds and the inequality (5.53) is fulfilled.

Case 1.1.1. Let k > 0. Then y(t) and y*~1)(t) are nondecreasing for
t > Ty and inequalities (5.62) and (5.58)-(5.60) hold for some u € (0, 1)
and T}, > T},. Taking into account (5.58), (5.59) and (5.62) we obtain

b k=1 (k—1)
Srél]z%ic)x(s) > (r(w)" Ty (T(u)), u>1T,. (5.78)

==

From inequalities (5.56) and (5.78), and condition 2 of Theorem
5.3.3, we get

f (mx 2(5)) = 0 (elrt0) ) 1 (S ()0 V()

se€l(u)

As in the proof of Theorem 5.3.1 from (5.55) it follows that

! u— n—k
00> [T (i)

k
—+00

+ (t—Tp)" " / 1 a(u)f (max x(v)) du, (5.80)

(n —k)! vel(u)

+o0
2 (t _ Tk)n—k / ﬁa(u)f <vrélla@() x(v)) du for t Z TM'
t
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From inequalities (5.79) and (5.80), we obtain

2 k
V00 > o () -

“+o00

< [ atwg (elr@)™ ) 1 () )

t

X h (y(k_l)(T(u))> du

K2 Nk
for t > T, where M = (n— k)!h (F)

Choose a number T > T, such that ¢t > T implies 7(t) > T,.
Then from inequality (5.81) we get

— too
0 = 3 T [ oty () ) n () )
(t)
X h (y““‘”(T(u))) du

1 oo
> 30 S [ ot (") ()"

X h (y(k_l)(T(u))> du for t>T,
(5.82)

n—1K2 k
where M; = y» 1M = l(Ln — k)‘h <%)

Since 7(u), y* =V (u), and h(u) are nondecreasing functions for u >
t, we obtain the inequalities

A((r(w)*) = h((r(1))*)

and ) <y(k_1)(7(u))> >h <y(k—1) (T(t))> , o u>t>T.
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Therefore inequality (5.82) implies

y* D (r (1)) GO
Myh (y =D (r (1)) b ((r()F1) ~

—+00

(T(t))n_l / a(u)g <C(T(u))n_1> du for t>T.

t

(5.83)

According to [Foster and Crimer 1980], Theorem 2, limy_, 4 oo y* =D (¢) =
+00 holds.

Then from inequality (5.75), we get

111 #t)) =0 an 1m % =
ARGy M Gy = B8
From equality (5.84) and inequality (5.83) we obtain

+oo
. n— n—1
0> liriliip(T(t)) ! / a(u)g (C(T(u)) ) du. (5.85)

t

The inequality (5.85) contradicts (5.76).

Case 1.1.2. Let k = 0. Then y(t) is a nonincreasing function. From
(5.80) for k =1, it follows that

—+00

y(t) > (t — )" / ﬁa(u)f <max m(v)) du for t>1T,.

vel(u)

(5.86)

We shall prove that thT y(t) = 0. Assume the opposite: there
——+o0

exists d : 0 < d < oo such that tliT y(t) = d. Then there exists a
— T 00

constant d; > 0 and Ty > T, such that y(7(u)) > d; for t > T. Then
from (5.79) it follows the inequality

+oo
) = (=T [ et (e(r(w)" ) A(r(u) )du

+oo

1 o )

t
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which contradicts (5.77). Thus . li+m y(t) = 0.

The rest of the proof is the same as the proof of Theorem 5.3.1.
O

Now we will illustrate the above-obtained sufficient conditions as
an example.

Example 5.3.1. Consider the following scalar second order differential
equation with “mazxima”

2 (t)+a < max m(s)) =et t>aq, (5.87)
seft—1,t]

where a = const > 0.

In this case the functions o(t) = t—1, 7(t) = ¢ satisfy the condition
H5.3.1, the function f(z) = x satisfies the condition H5.3.3 and the
function p(t) = e~ satisfies the condition H5.3.4. The function g =

:%2’ g € C(Ry, (0,400)) is nondecreasing on (—oo, 0) and nonincreasing

on (0,400), the function h = 23, h € C(Rg,R) is nondecreasing on
the interval Ry and it satisfies the inequality (5.74) with a constant
1
K=1>0and lim — = lim — =0.
r—to00 h(l’) r—to00 1’2
In this case condition (5.76) reduces to

—+00

c 1
limsup ¢ / a—du = act() = ac > 0.
t——4o00 u t

Then according to Theorem 5.3.3, equation (5.87) is oscillatory.

5.4 Oscillations and Almost Oscillations of
n-th Order Differential Equations with
“Maxima”

Consider the scalar n-th order differential equation with “maxima”

Lox(t) + 6F(t, mfa(x) z(s)) =0 for t>a, (5.88)
sel(t
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where z € R, n > 2 is an integer, § = £1, a > 0, I(t) = [a(t),T(t)],
re: R—=R(k=1,...,n),

!

Lox(t) = x(t),  Lpa(t) = rp(t)(Lp—1z(t)) , (k=1,...,n).

Let J = [a, +00) C Ry = [0, +00).
Introduce the following set (H5.4) of conditions:

H5.4.1. r, € C(J,(0,400)),i=1,..., n—1, 7, =1 and

o0
d
/ 5 :+OO7 Z:17,n_1
ri(s)

H5.4.2. F € C(J x R,R) and there exist functions ¢ € C(J,Ry) and
f € C(R,R) such that xf(x) > 0 for x # 0, f(z) is nondecreasing
on R and

F(t,x) sgn x > q(t)f(x) sgn x, t€J, = €R.
H5.4.3. o,7 € C(J,R), o(t) < 7(t) < t, limy_, 4 o(t) = 400 and

sup (t - a(t)) =h < 400. (5.89)

t>«

The domain D(L,) of L, is defined to be the set of all functions x :
[to, +00) — R such that Liz(t), k = 1,...,n exist and are continuous
on some interval [tg, +00) C J.

Let T € J be a given number.

Definition 5.4.1. The function x € D(Ly,) is called to be a solution
of differential equation with “mazima” (5.88) on the interval [T, +00),
T > o if x(t) is defined for t > T — h and it satisfies (5.88) fort > T,
where the constant h is defined by (5.89).

Definition 5.4.2. The solution x(t) of differential equation with “maz-
ima” (5.88) in the interval [T, +00) is said to be:

1. A proper solution if there exists a number T, > T such that

sup{|z(t)| : t >T1} >0 forall Ty >T,.
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2. Nonoscillatory solution, if it is a proper solution and it is either
positive or negative for t > T,.

3. Oscillatory solution, if it is a proper solution and there is an in-
finite number of points on [T, +00) at which the solution changes
1ts sign.

We denote the set of all proper solutions, all oscillatory solutions
and all nonoscillatory solutions of (5.88) by S, O and N, respectively.
It is clear that S = O U N. According to conditions (H5.4) the set N
has a decomposition such that (see [Trench 1975]):

N = NiUNsU... UN,_1 if § =1 and n is even,
N = NogUNyU... UN,_1 if 6=1 and n is odd,
N = NgUNyU... UN, if § = —1 and n is even,

N = N{UNsU... UN, if § = —1 and n is odd,
where N C N : consisting of all x satisfying

Ny={x€eR: zLix>0,i=0, 1,..., k

- ‘ (5.90)
and (—1)""zL;x >0, i=k,..., non [Ty, +00)}.

Definition 5.4.3. Differential equation with “mazima” (5.88) is said
to be almost oscillatory, if:
(i) for 6 =1 and n even, equation (5.88) is oscillatory;

(ii) for 6 = 1 and n odd, every proper solution x of equation (5.88)
is either oscillatory or strongly decreasing, i.e.,

lim |L;z(t)| = 0 monotonically, i =0,..., n—1;  (5.91)

t——+o0

(1ii) for § = —1 and n even, every proper solution x of equation (5.88)
is oscillatory, strongly decreasing or strongly increasing, i.e.,

ligl |Liz(t)| = +00 monotonically, i =0,..., n—1; (5.92)

t—

(iv) for 6 = —1 and n odd, every proper solution x of equation (5.88)
is either oscillatory or strongly increasing.
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We use the following notations:

Jo = 1,
|

Jj t,s; D,y D1 = / J'—l U, 8; Pj—15---,D1 d’U,,

J( J ) s pj(u) J ( J )
j=1 2,...,

where p; € C(J,(0,+00)), 5 =1, 2,....
It is easy to verify that for j =1, 2,..., n—1
Jj(tws; Djy-eey pl) = (_1)3J](57t7 P1y.--, pj)a

~+

J; (t,s7 Djy---s p1 / e Jj— 1 t Uy Djy---, pQ)du. (5.93)

Hy(o /T mjs) (o(t), 8371, Th—1)
Jn—k—1(t, 8;Tn—1,...,Tpr1)ds
and
Hy[o(t)] = Hi(o(t), @)
forT>a, k=1,..., n— 1.

It is easy to verify that for any fixed T' > « there exist positive
constants ¢; and ¢y such that

aHylo(t)] < Hi(o(t),T) < coHy[o(t)] (5.94)

for all sufficiently large ¢.
We need the following lemma:

Lemma 5.4.1. If z € D(L,) then fort,s€ J and 0 < i <v <n the
following equalities

ZJJ i t,s7 Tidly -, rj)ij(s)
(5.95)

/ Jy—i— 1 tu Titls-- - 7”V—l)i
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v—1
Lzl'(t) = Z(—l)j_ijj_i (S,t; Tiyeeos ’I“H_l)le'(S)
J=i (5.96)
i [? Lyx(u)
+ (—1)” Z/ Jy—ict(usts Ty_1,. .0, Tig1) ——~du
( ) ; ( + ) TV(U)

hold.

This lemma is a generalization of Taylor’s formula with remainder
encountered in calculus.
Consider the differential inequalities with “maxima”

O0Lnx(t) + F<t max m(s)) <0 (5.97)
sel(t)
and
L,z (t) + F<t max x(s )) > 0. (5.98)
sel(t)
We introduce the notations:
Nt = {z: zis a positive solution (5.97) on [T}, +oc) for some T},
N~ = {x: z is a negative solution (5.98) on [T}, +o0) for some T},
and
N,;t = {z¢ N* . g satisfies (5.90) for some Ty} .
N#* has a decomposition such that:
N* = NleUNgE U... Ufo_l if 6 =1 and n is even,
N* = NFfUN;U... UNE | if§=1andnis odd,
N* = NfuUN;uU...UNZ if 6 = —1 and n is even,

N* = NfUNjU...UNF ifd=—1andnisodd.

Theorem 5.4.1. Let conditions (H5.4) hold, (—1)" %6 = —1 for 1 <
k<n-—1, and

+oo
Hy[o(t)]q(t)dt = +oc. (5.99)
Then the following equalities
—0, if / o, (5.100)
/ — < +00 (5.101)

hold.



5.4. n-th Order Differential Equations with “Maxima” 179

Proof. We will prove the validity of (5.100). Assume that N, has an
element x: x(t) > 0, t > tg > «. Then there exists t; > tg such that

Liz(t)>0, i=0,..., k t>t, (5.102)

()" FLix(t) >0, i=k,...,n, t>t.

From condition H5.4.3, it follows that there exist ¢; > ¢; such that
o(t) >ty and mazerye(s) > 0 for t > t;.
Choose t9 > t1 so large that

O’(t) >t1, t=>1ts. (5103)
We fix t3(t3 > to) arbitrarily and choose T > t3 so that
T>o(t), t<t<ts (5.104)

From equality (5.101) and inequality (5.102) we obtain

n—1
Lyx(t) = Y (=17 FT (Tt rj,. o i) Lya(T)
j=k

T
+(_1)n—k: / Jn—k‘—l(uv Uy Tn—1,-- -, T‘k+1)LnIE(U)dU
t

T
> / Jn_k_l(u,t; Tl .+, rk+1)(—1)"_kan(u)du,
t
t1 <t<T.
Since
(_1)n—kLnx(u) = —0L,x(u) > q(u)f( mlz%x)ac(s)), t1 <u
sel(u
we have

T
Lk$(t) > / Jn—k:—l (U, b Tp—1y-s Tk-‘rl)q(u)f( IélIE?X) $(5))du7
t s u
ty <t<T.

For k > 1 and t > t; the function z(¢) is increasing and hence the
inequality maxge () 2(s) > (o (u)) holds for u > t;. Then

T
Lyx(t) Z/t L1 (ut; rpet, .o Tk+1)q(U)f(a:(a(u)))du,
h<t<T (5.105)
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Let k > 2. Then from equality (5.100) and inequality (5.102), we
have

2 (v) = ! Lixz(v)

ri(v)

(
7“1%1) {ZJJ v, t15 T, .. ., j)le'(tl)

v Lix
+/ Jk_Q(U,t; T2, .t rk—l) ()dt}
t1 ()
1 v ka(t)
> — Jp_o(v,t; T9,. ..y TE_ dt, v >t. 5.106
> [ Tealot o ) 2 L (5106)

t1
From (5.105) and (5.106), after integrating on [t1, 7] we obtain

T
///wvtududtdv
tlf t1 t1

Q(U)f<x(a(u))>
r1()rg(t) f(z(v)) Jea(0sts 72,00 i)

Jn—k—l(u7 tu Tn—1y--+, Tk—l—l)'

where

¥(v,t,u)

Interchanging the order of integration and taking into account
(5.103) and (5.104) we get

/J:(T) dr
ot f(x
T v T (T [T
///w(vtududtdv ///wvtududvdt
t1 Jt1 Ji tp Jt t

T (T [T T T
= / / / Vv, t,u)dv du dt = / / / Y(v,t,u)dv dt du
t Jt t Jt Jt
o(u) ro(u)
> / / / Y(v,t,u)dv dt du.
ty Jt t

Taking into account the inequality

flelo@))
flz)

~—

v
S

t1 <v<o(u),
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which is a consequence of the increasing nature of f and x and using
(5.93) and (5.94) we obtain

/“T) dz /t3 o /UW) Jnk1 (Ut Tty Thy1)
x(tl) f(l') to t1 Tk(t)

X/”(“) Jo—2(v,t; 72, ., Tho1) dv dt du
t r1(v)

[ o [ e )

= U ——Jnp_1(u,t; Tp—1,..., T

. q " () k—1 1 k+1
xJk_l(U(u),t; Tlyenns rk_l)dt du

> cl/tgq(u)H[a(u)]du.

2

Letting t3 — 400 in the above inequality and using (5.100) we
conclude that

t3 “+o00 T
01/15 q(w)H [o(u)]du < /t : % < +00.

This contradicts the assumption (5.99).
Let k = 1. Then from (5.105) we have

IL‘/(t) _ Lll'(t)

1 T
> r(t)/t Jn—2(u,t; Tno1,..., T’Q)Q(U)f<33(U(U)))du, t<t<T.

Dividing the above inequality by f (:n(t)) and integrating from ¢; to T,

we get
(

f(x o))

q(u) — TN
where w(t u) = ) Jn_ 2(u b Tty .. 7“2) f(m(t))
It follows that

/T)fdx /t/w(tududt /t twtudtdu
// tudtdu.

v
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Using the inequality

flolow))
GOV

ty <t <olu)

we obtain

/x(T) dr /t3 (@ ou) 1 J ( )d J
rYanRe Z qlu / n—2 U,t, Tn—1,+++, T2 t du
x(tl) f(.'L') to t1 1 (t)

> cl/tsq(u)Hl[a(u)]du,

2

which gives in the limit as t3 — 400

/+oo ( ) [ ( )] +o00 dx
cl q(u)Hq|o(u dug/ —— < 400.
to x(tl) f(.'L')
This contradicts (5.97).
If x € N is a negative solution of inequality (5.98), the proof is
similar.
O

Theorem 5.4.2. Assume that conditions (H5.4) hold, (—1)"7%§ = —1
for1<k<n-—1, and

(/iME%%<<+u% (5.107)
400
j/ Lﬁ{a(o]qa)dt=:+oo. (5.108)

Then Ny =0 for 1 <k <n—1, where Ny are defined by (5.90).

Proof. From Theorem 5.4.1 follows that N, = () and N,_ = 0 for the
inequalities

SLnx(t) + q(t) f( gjaéc) z(s)) <0 (5.109)
and
OL,x(t) + q(t)f(sngla(;;() z(s)) > 0. (5.110)

Assume that differential equation with “maxima” (5.88) has a pos-
itive solution z € Ny, ie., z(t) > 0 and max,c;y z(s) > 0 for
t > to > . By condition H5.4.2 there exists t; > tg such that

F(t, > q(t . t> .
(;g%xwﬁ QUng%m&D !
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Therefore
0 = OdL,x(t)+ F(t,
z(t) ( g?(i():n(s))
> SLnx(t) + q(t . t>t.
x(t) + q( )f(g%i)x(s)) 1

This means that inequality (5.109) has a positive solution € N,
which leads to a contradiction.

If differential equation with “maxima” (5.88) has a negative solution
x € N, then

P(t, max o(s)) < q(t)f ( max o(s))

and analogously we obtain that the inequality (5.110) has a negative
solution x € N, , which leads to a contradiction.
O

Theorem 5.4.3. Assume that conditions (H5.4) hold, (—1)"6 = —1
and

+oo
/ Jn_l(t,a; Ty .-, rl)q(t)dt = +o00. (5.111)

Then every nonoscillatory solution x of equation (5.88), which is
from Ny, satisfies (5.91).

Proof. Let x € Ny be a positive solution of equation (5.88) such that
x(t) > 0, maxgerpy v(s) >0 fort >tg >, j=1,..., m.
Then there exists t; > tg such that

(=1YLijz(t) >0, j=0,1,..., n, t>t. (5.112)

Since ' (t) < 0 the function z(t) is decreasing and there exists the
limit

lim z(t)=¢c>0 and z(t) >¢, t>t.

t—+o00
By equality (5.101) we have for s > t;

n—1

x(ty) = Z(—l)ij(s,tl; iy, 1) Ljz(s)

Jj=0

—|—(—1)"/ Jn_l(u,tl; Trely -+ -, rl)Lnx(u)du.
t

1
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Using (5.88) and (5.112) and condition H5.4.2, we get

s

xz(ty) > Jn_l(u,tl; Tr—ls-- -, rl)q(u)f( max x(s))du
t sel(u)

> / Tt (st ey ) q(w)du £(C).

t1

If ¢ > 0, then letting s — +o00 and using (5.111) we get z(¢;) = +o0.
The obtained contradiction proves ¢ = 0. Now using (5.112) we can
show that x satisfies (5.91).

If © € Ny is a negative solution of equation (5.88), the proof is
similar.

U
We set
At,s) = Jn1(t, s r1,..., Tao1),  Aft] = A(t,a) fort > s > a.
Theorem 5.4.4. Assume that conditions (H5.4) hold, § = —1 and
+o00
/ q(t)' f<cA [aj(t)D 'dt — 4o (5.113)

for all ¢ # 0.
Then every nonoscillatory solution x of equation (5.88) belonging
to N, satisfies (5.92).

Proof. Assume that x € N, is a positive solution of equation (5.88):
x(t) > 0, maxgeyq (s) > 0 for t > tg > a. Then there exists t; > tg
such that

Liz(t) >0, t>t, i=0,1,..., n. (5.114)

On the other hand, by L’Hoépital’s rule

)
t—g-noo J(t,tl) - tl}inoo Ln_ll‘(t) > 0.

Since lim;_, 4y o a(t) = +o00 there exist a constant ¢ > 0 and a ty >t
such that

mIa(X) z(s) > z(o(t)) > cA(t, t1), t>to. (5.115)
sel(t
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Integrating equation (5.88) (with 6 = —1) from ¢2 to ¢ and using
(5.115) and condition H5.4.2 we have

t

Lypqz(t) = Ln_lx(tg)—i-/t F({réllaéc)x(f))ds

> /t2 q(S)f(érenﬁg)m(ﬁ))ds

v

t
/ q(s)f(cA(s,t1)>ds.
[2)

Using (5.113) we get lim;_, 4 oo L,—12(t) = +00. By (5.114) it follows
that L;z(t) are strongly increasing and limy o Liz(t) = 400, i =
0, 1,..., n—1.

If x € N, is a negative solution of equation (5.88), the proof is
similar.

O

Theorem 5.4.5. Assume that conditions (H5.4) hold. Sufficient con-
ditions for (5.88) to be almost oscillatory are:

(i) when § = 1 and n is even and (5.107) and (5.108) for k =
1, 3,..., n—1 hold;

(ii) when § = 1 and n is odd, (5.107) and (5.108) hold for k =
2,4,..., n—1and (5.111) is satisfied;

(i1i) when 6 = —1 and n is even, (5.107) and (5.108) hold for k =
2,4,..., n—2and (5.111) and (5.113) are satisfied;

(iv) when § = —1 and n is odd, (5.107) and (5.108) hold for k =
1, 3,..., n—2 and (5.111) is satisfied.

Proof. (i) By Theorem 5.4.2 we have N = NyU N3U... UN,_1 = 0.
Hence S = O.

(74) Theorem 5.4.2 implies that S = O U Ny. Assume that = € Ny
is a positive solution of equation (5.88): z(t) > 0, maxycy) x(s) > 0
fort >ty >a,j=1,..., m. Then (5.112) holds for t; > tg. Thus = is
decreasing and z(t) has nonnegative limit as ¢ — +oo.

By Theorem 5.4.3 this limit must be 0 under the condition (5.111)
and z satisfies (5.91).

If z € Ny is a negative solution of equation (5.88) the proof is
similar.
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(74i) From Theorem 5.4.2 it follows that S = O U Ny U N,,.

Assume that x € N, is a positive solution of equation (5.88), i.e
x(t) > 0, maxgerq z(s) > 0fort > tg >, j=1,..., m. Then (5.114)
holds for ¢ > t1 > tg, so that z is increasing and tends to a finite or
infinite limit as ¢ — +00. By Theorem 5.4.4 this limit must be infinite
under the condition (5.113) and xz(t) satisfies (5.92). If x € N, is a
negative solution of equation (5.88) the proof is similar.

If z € Ny then we prove as in (ii) that x satisfies (5.91).

(iv) We have S = O U N,, by Theorem 5.4.2. Exactly as above we
can show that a solution belonging to N, is strongly increasing.

]
5.5 Oscillations of Differential Inequalities
with “Maxima”

We consider the n-th order differential inequalities with “maxima”

(—)"Loa(t) sgnat) = S py(0)f; (M) (5.116)

j=1

and .

(—1)"Lnz(t) sgna(t) > po(t) [ [ £ (M, (5.117)

7j=1
where n > 1, Mtjl‘ = MaXgej; t)x( )7 Jj(t) = [ ()7 (t)] J =
L..., m, o;(t) < 75(t) <t, j—l . m,tEJ—[a +oo) CR+—
0, +00) and Loa(t) = 2(t), Lia(t) = re(t) (L (), k=1,
The domain D(L,,) of L, is defined to be the set of all functions x:

[tz, +00) — R such that Lpz(t), k =1,..., n exist and are continuous
on an interval [t;, +00) C J.

Definition 5.5.1. The function x € D(L,,) is called a proper solution
of inequality (5.116) or (5.117) if it satisfies (5.116) or (5.117) for all
sufficiently large t and sup;>r }x(t)’ >0 for T > t,.

We assume that inequality (5.116) or (5.117) does possess proper

solutions.

Definition 5.5.2. A proper solution of inequality (5.116) or (5.117)
is called oscillatory if it has arbitrarily large zeros.
Otherwise it is called nonoscillatory.
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Let J = [a, +00) C Ry = [0, 4+00).
Introduce the following set (H5.5) of conditions:

(H5.5.1) r; € C(J,(0,4+)),i=1,..., n,r, =1 and foond—é):—f—oo,

i=1,...,n—1
(H5.5.2) pj € C(J,(0,400)), j=0,..., m.

(H5.5.3) fj, Fj € C(R,R), j = 1,..., m, zfj(z) > 0 for x # 0,
j=1,..., m,xFj(x) >0forx #0,j=1,..., m; f; and Fj
are nondecreasing, j = 1,..., m.

(H5.5.4) Functions o, 7; € C(J,R), j=1,..., m and

tl}Tooaj(t) =400, j=1,..., m,
O'j(t)STj(t), j=1,....,m, teJ

(H5.5.5) There exists one-to-one function 7 : J — R such that 7;(t) <
)<t j=1,..., mtel.

In the paper we use the following notations:
m

= ; F(x)= || F; =1

f@) = max fi(x), F(z) IEA@, 0=1

]:

t
1 .
Ii(t,s; pj,-.., p1) = / p—j(u)lj—l(u7s§ Pj—1,---» p1)du, j=1,2,...
S

where p; € C(J,(0,+0)), i =1, 2,... .
It is easy to verify that

Ij(tws; Pjy---s pl) = (_1)]Ij(s7t7 b1y -, pj)a
t
1
Ij(t,s; Djye-s pl) = /s mlj_l(t,u; Djye-s pg)du.

We need the following lemma which generalized the well-known
lemma of T.T. Kiguradze [Kiguradze 1964].

Lemma 5.5.1. Suppose condition H5.5.1 holds and the functions L,x
and x € D(Ly,) are of constant sign and not identically zero for t >
ty > .
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Then there exist tg, > t, and an integer k, 0 < k < n with n+k even
for x(t)Lyz(t) nonnegative or n+k odd for x(t)Lyz(t) nonpositive and
such that for every t > ty,

2(t) Liz(t) > 0, i=0,1,..., k
(—1)ika(t)Liz(t) >0, i=k, k+1,..., n.

Lemma 5.5.2. If x € D(L,,) then fort, s€ J and 0 <i<v <n:

v—1
Lixz(t) = E (=177 Lizi(s,t; 7., Tig1) Liz(s)
j=i
P Lyx(u)
—|——1”2/ I_i1(u,t; ro_q,..., 15 du
(=1) ) 1 1 +1) ()

This lemma is a generalization of Taylor’s formula with a remainder
encountered in calculus.

Theorem 5.5.1. Assume that conditions (H5.5) hold and

t S kd
lim sup/ Lo (u,7(t); Te1,--v, T pi(uw)du > lim sup ——~.
s . 1( ( ) 1 1) ]z:; J( ) 250 f(IL‘)
(5.118)

Then if n > 2 all proper bounded solutions of (5.116) are oscillatory,
while if n =1 all proper solutions of (5.116) are oscillatory.

Proof. Suppose there exists a bounded nonoscillatory solution of in-
equality (5.116).

Without loss of generality we may suppose that x(¢) is eventually
positive: z(t) > 0, t > ty > a. It follows from conditions H5.5.2,
H5.5.3 and inequality (5.116) that (—1)"L,z(t) > 0, t > t; > to. By
the boundedness of z(t) and Lemma 5.5.1 it follows that there exists
to > t1 such that

(—1)'Liz(t) >0, t>ts, i=1,..., n (5.119)

From Lemma 5.5.2 with v = n and 7 = 0 we have

n—1
x(t) = Z(—l)jlj (s,t; 7j,..., m1)Ljz(s)
j=0 (5.120)

+(—1)”/ In_l(u,t; Ty« rl)an(u)du.
t
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Using (5.119) and (5.116) from (5.120) we get

¢
x(s) > :n(t)+/ In—1(u, 85 Tnet,. .., Zp] w)f;(Miz)du, t>s.
(5.121)
By (5.119), = '(t) < 0 for t >ty so that x(t) is decreasing for ¢ > ty.
ThenMx>a:(7' () > a(r(t) fort > to,j=1,..., m.
From (5.121) and the monotonicity of z, f;, j = 1 ., m it follows
that
t m
x(s) > :n(t)—l—/ In-1(u, 83 Tpot,..., rl)ij(u)f] (:B(T(u)))du
s j=1
t m
> x(t) + f(:n(T(t)))/ L1 (u,8; Thot,..., 1) ij(u)du, t > to.
s j=1
Therefore

t

o(r(0) = 20+ (2(r(1) [ e (070 ) Yy
T(t j=1
(5.122)
for t > t3, where t3 is so large that 7(t) > ty for t > t3.
Since x(t) is decreasing and positive for ¢ > to there exists
limy o0 z(t) = ¢ > 0. It follows from (5.118) and (5.122) that ¢ = 0.

From (5.122) we find

M> tI u, T(t); T r - (u)du, t>t
f(x(T(t))> _/T(t) n— 1( ()7 Mm—T1y++y l)jz:;pj( ) , > ts.
(5.123)

Taking the limit superior as t — 400 of both sides of (5.123), we
obtain a contradiction to the hypothesis (5.118).
For n = 1 all solutions of (5.116) are oscillatory because every

nonoscillatory solution of (5.116) is necessarily bounded.
O

In the same way we can prove the following theorem.

Theorem 5.5.2. Assume that conditions (H5.5) hold and

lim sup/t In—1(u, 7(t); Tn_1 r1)po(u)du > lim sup 2
RSP gyt T P Fa)
(5.124)
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Then if n > 2 all bounded solutions of inequality (5.117) are oscil-
latory and if n = 1 all solutions of (5.117) are oscillatory.

Theorem 5.5.3. Assume that conditions (H5.5) hold and

+a dr 0 da
—— < 400, —— < 400 for some a > 0, (5.125)
o f(=) —a f(7)
and
o q 771(s) ; m N,
/ r1(s) </5 n-2 (8 ot 7”2);::1173'(10 “) § = +00.

(5.126)
Then all bounded solutions of inequality (5.116) are oscillatory.

Proof. Let z(t) be a bounded nonoscillatory solution of inequality
(5.116). Without loss of generality we assume that x(t) > 0. It
follows from conditions H5.5.2, H5.5.3 and inequality (5.116) that
(—=1)"Lpz(t) > 0, t > t; for some t;. By the boundedness of z(t)
and Lemma 5.5.1, it follows that (5.119) holds for ¢ > t5 and t9 is
sufficiently large. Applying Lemma 5.5.2 with i = 1, v = n we have

n—1

Lix(t) = Z(—l)j_llj_l(s,t; Tj,..., r2)Lz(s)
j=1

—|—(—1)"_1/ In_Q(u,t; Tro—ls-- s rz)Lnac(u)du.
t

Then
n—1 .

—r(t)a'(t) = Z(—l)]Ij_l(s,t; Tjy ..., r2)Lz(s)
j=1

—l—(—l)”/ In_g(u,t; Ty« -, rg)an(u)du
t

and using (5.119) and (5.116) we get

—x (8) > 7‘1(5)

t m .
/ In—2 (u7 S Tn—15--+, T?) Zp](u)fj (M’th'r)du
S ]:1
(5.127)



5.5. Differential Inequalities with “Maxima” 191

Since x(t) is decreasing for ¢ > to and Mz > z(7j(t)) > z(7(t)),
j=1,..., m, putting t = 771(s) in (5.127) and taking the monotonic-
ity of z, fj, j =1,..., m into account we obtain

fla(s)) [T S
—2(s) > / Lno(u,s; r—1,..., 1 i(u)du.
W20 ), el o) 3 i
(5.128)
Dividing both sides of (5.128) by f(z(s)) and then integrating from

ts3 to t where t3 is so that 7(t) > ty for t > t3 we obtain

x(tr;) d.fU t 1 </71(5) m
— > Lo o(u,8; Te1,..., T p-udu)ds.
/x(t) f(z) /t3 r1(s) \ Js o ' 2); i)

(5.129)

It follows from (5.119) that lim; .4 z(t) = ¢ > 0. Therefore, by

(5.125) the left-hand side of (5.129) remains bounded, while on account

of (5.126) the right-hand side becomes unbounded as t — +oc. This is
a contradiction.

O
Similarly, we obtain the following theorem.

Theorem 5.5.4. Assume that conditions (H5.5) hold and

o dx 0 da
— fi 1
AO F) < +o00, /_a F) < +oo for some a >0, (5.130)

and

-1
o q T71(s)
L o(u,s; rp_1,..., 1 u)du |ds = +oo.
/ 7“1(5)(/5 2 ! 2)po(v) >

(5.131)
Then all bounded solutions of inequality (5.117) are oscillatory.







Chapter 6

Asymptotic Methods

Since the set of nonlinear problems, whose solutions could be presented
as well-known functions, is too narrow, one needs to exploit various ap-
proximate methods. There are different analytic approximate methods
applied to various types of differential equations.

In this chapter the monotone-iterative technique and method of
quasilinearization are applied to initial value problems and periodic
boundary value problems for differential equations with “maxima.”
Both considered methods combine the method of lower and upper so-
lutions by an appropriate monotone method. The algorithm for con-
structing successive approximations is very simple and the conditions
for the right side of the equations are natural. It makes the applica-
tions of both methods very successful to different types of differential
equations (see the monograph [Ladde et al. 1985], and the references
cited therein).

The monotone-iterative technique is studied for differential equa-
tions with “maxima” in [Bainov and Hristova 1995] and for impul-
sive differential equations with supremum in [Cai 2003], [Hristova and
Roberts 2001], [Hristova and Bainov 1993], [Hristova and Bainov 1991],
and [Qi and Chen 2008].

6.1 Monotone-Iterative Technique for Initial
Value Problems

We will begin considerations with the initial value problem. In this
section, we will study the application of the monotone-iterative tech-
nique to both a scalar case and a multidimensional case of differential

193
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equations with “maxima.” We will define different types of lower and
upper solutions of the studied system. We will give an algorithm for
constructing two sequences of successive approximations of the solution
of the considered problem.

Consider the following initial value problem for the system of dif-
ferential equations with “maxima”

7= f(t7x(t),sel[?§§,t]x(s))7 for ¢e€]0,T], (6.1)
z(t) = p(t), te[-h,0], (6.2)

where x € R™, f:]0,T] x R" x R®™ — R", T, h = const > 0.

We will use notations that are analogous to those used in [Ladde et
al. 1985] for systems of ordinary differential equations. These notations
play an important role in the definitions of different types of lower and
upper solutions for the systems of differential equations with “maxima.”
Definition 6.1.1. Letx = (acl, o, ..., :Un), Y= (yl, Y2y e e ey yn) We
shall say that x < (>)y if for each integer j : 1 < j < n the inequalities
zj < (>)y; hold.

To each natural number j: 1 < j <n we assign two nonnegative
integers p; and g; such that p;+¢q; = n—1 and for the points z,y, z € R"
we introduce the notation

(x17x27"'7xj—17zj7xj+17”’7ij+17ypj+27"'7yn)7
pj 4q;5
for p; > 7,
('rlvav"')xpjvypj-i-l?“’7yj—17zj7yj+17"'7yn)7
(Zj7 [x]pjv [y]qj) = Pj q;+1
for p; < j
(fxlamQa"'7xpjazj+1>ypj+l7"'7yj—laayj+la-"7yn)7
—_——
pj a5
L for p; = j.

For example, let n = 3. Choose p;1 = 2,91 =0, po =1, go =1 and
p3 =1, g3 = 1. Then (xl, [Z]P17 [y]th) = (1‘1,2’2,23), (va [Z]p27 [y]QQ) =
(Z1,$2,y3)7 (333, [Z]ps’ [y](IS) = (Zlay27$3)'

According to the above-introduced notation the initial value prob-
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lems (6.1) and (6.2) can be rewritten in the form

;= fj <ta 2 (t), [z()]p;, [2(E)]g;

ser[lzﬁiit] xj(3)7 [Selﬁéizit] .I(S)]pj, [SGr[Iz%;L(,t] .I(S)]qj> , te [07 T],
(6.3)
zi(t) = @i(t), te€[-h0], j=12...n (6.4)

Definition 6.1.2. The pair of functions v,w € C([—h,T],R") U
CL[0,T],R™), v = (v1,v2,...,v,), w = (w1, wa,...,wy,) is called a
pair of lower and upper quasisolutions of the initial value problem for
the system of differential equations with “maxima” (6.1), (6.2) if

4 <85 (150, O [0,

Jamax vj(s), [ max v(s)

w} >f; (t, wj(t), [w(t)]pja [U(t)]%"

ool 0o, ). (6:5)

s€%§§7t]wj(s)7[ser[lz%;it]w(s)]pjv[se%z%%’t]v(s)]qj), for te0,T),

vj(t) <p;(t), w;(t) > i), tel[-h0, j=12,...,n (6.6)

Remark 6.1.1. We will note that the pair of lower and upper qua-
sisolutions is a generalization of the lower and upper solutions in the
scalar case (n=1,p1 =q¢ =0).

Definition 6.1.3. The pair of functions v,w € C([—h,T],R") U
CL[0,T],R™), v = (v1,v2,...,v,), w = (w1, wa,...,w,) is called a
pair of quasisolutions of the initial value problem for the system of
differential equations with “mazima” (6.1), (6.2) if (6.5), (6.6) are
satisfied only for equalities.

Definition 6.1.4. The pair of functions v,w € C([—h,T],R") U
CL[0,T],R™), v = (vi,v2,...,v,), w = (w1, ws,...,w,) is called a
pair of minimal and maximal quasisolutions of the initial value prob-
lem for the system of differential equations with “maxima” (6.1), (6.2)
if it is a pair of quasisolutions of the same problem, v(t) < w(t) and for
any other pair (u,v) of quasisolutions of (6.1), (6.2), the inequalities
v(t) < p(t) <w(t), v(t) <v(t) <w(t) hold fort € [—h,T].
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Remark 6.1.2. We will note that the pair of the minimal and maximal
quasisolutions is generalization of the minimal and mazximal solutions
in the scalar case (n =1,p;1 =q; =0).

Remark 6.1.3. We will note that if the pair of functions v,w €
C([=h,T],R™) U C([0,T],R"™) is a pair of minimal and mazimal qua-
sisolutions, then the inequality v(t) < w(t) holds. Also, for any pair of

quasisolutions this inequality could not be true.

Remark 6.1.4. We will note that for all natural numbers j : 1 <
Jj < n the equalities pj = n — 1 and g; = 0 hold and the pair v,w €
C([=h, T],RM)UCL([0, T],R") is a pair of quasisolutions of (6.1), (6.2).
Then the functions v and w are also solutions of the same problem. If
the initial value problem (6.1), (6.2) has a unique solution u(t), then
the pair of minimal and maximal quasisolutions is (u,u).

For all pairs of functions v,w € C([—h,T],R"™) such that v(t) < w(t)
for t € [—h,T], we define the sets

Sw,w) ={ue C([—h,T,R") : v(t) <u(t) <w(t),te[-h,T]}.
(6.7)

Lemma 6.1.1. [Comparison result] Let the scalar function m €
C([~h,T],R) UCY([0,T],R) satisfies the inequalities

m'(t) < —Mm(t) — Nser[?_ixfll t]m(s) for t€10,T], (6.8)
m(t) =m(0), te[-h,0], (6.9)
m(0) < 0, (6.10)

where M, N are positive constants and
(M+N)T < 1. (6.11)
Then the inequality m(t) < 0 holds for t € [—h,T].

Proof. Assume the contrary, i.e., there exists a point £ € (0,7 such
that m(&) > 0. Consider the following two cases:

Case 1. Let m(0) < 0. According to the assumptions there exists a
point ) € (0, 7] such that m(t) <0 for ¢t € [—h,n], m(n) =0, m(t) >0
for t € (n,n + €), where € > 0 is a small enough constant. Denote

inf{m(t) : t € [—h,n]} =-A<0.
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Let ¢ € [0,n) be such that m(¢) = —A\. According to the mean
value theorem there exists a point & € (s,n) such that m(n) —
m(s) = m'(&)(n — ¢). Therefore from inequality (6.8) and —\ <
Minge(e,—h,go] M(S) We get

A= m(n) = m(s) = m'(€0) (n — <) < (M + N)AT. (6.12)

Inequality (6.12) contradicts inequality (6.11).

Case 2. Let m(0) = 0. Then from equality (6.9) follows that m(t) =
0 for t € [—h,0].

Consider the following two cases:

Case 2.1. There exist points &1,& € [0,T], & < & such that
m(t) = 0 for t € [—h,&], and m(t) > 0 for t € (&,&2). Without
loss of generality we could assume & —&; < h. Therefore, for t € [£1, 9]
the equality minge;_p 4 m(s) = 0 holds. From inequality (6.8) it follows
that m/(t) < —Mm(t) <0 for ¢ € (&,&]. Therefore the function m(t)
is continuous nonincreasing function on [£1, &), i.e., m(t) < m(&) =0
for t € [€1,&2]. The last inequality contradicts the assumption.

Case 2.2 There exists a point n € (0,7] such that m(¢) < 0 for
t € [=h,n], m(n) =0, m(t) >0 for t € (n,n+¢€), where € > 0 is a small
enough constant. As in the proof of case 1, we obtain a contradiction.

The obtained contradictions prove the claim of Lemma 6.1.1.

O

6.1.1 Multidimensional Case

We will give an algorithm for constructing a sequence of successive ap-
proximations and we will prove the application of monotone-iterative
technique to the initial value problem for a system of nonlinear differ-
ential equations with “maxima.”

Theorem 6.1.1. Let the following conditions be fulfilled:
1. The function ¢ € C([=h, 0L, R"), ¢ = (91,93, ., 4n).

2. The pair of functions a, 3 € C([—h, T],R*)UC([0,T],R™), where
a=(a,a0,...,0p), B= (01, B2,...,0n), is a pair of lower and
upper quasisolutions of the initial value problem (6.1), (6.2), such
that a(t) < B(t) fort € [—h,T], and a(0) — ¢(0) < a(t) — ¢(t),
B(0) —¢(0) = B(t) — ¢(t) for t € [=h,0].
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3. The function f : [0, T|xR"xR™ — R"™, f = (f1, fo,..., fn), where
fit,m,y) = fi(t xg, [@lp,, [%g;, Y5, [Wlp;» Wlg, )5 is nondecreasing in
[z]p; and [ylp,, nonincreasing in [x]y; and [yly;, and for z,y,u,v €
R" y <z, v < u the inequality

fj(t7 Lj, [:E]pp [:L']qj'?uja [u]pj7 [u]qJ') - fj(t7 Yjs [y]pja [y]QﬁUj’ [U]pj’ [U]qj)
Z—Mj(acj—yj)—Nj(uj—vj), tE[O,T], j:1,2,...,n

holds, where M;, N;, j=1,2,...,n are positive constants.
4. The inequalities (M; + N;)T <1, j=1,2,...,n hold.

Then there exist two sequences of functions {a®) ()} and
{B®) ()1 such that:

(a) The sequences are increasing and decreasing correspondingly;

(b) The pair of functions a'®)(t), B¥)(t) is a pair of lower and up-
per quasisolutions of the initial value problem for the system of
nonlinear differential equations with “mazxima”(6.1), (6.2);

(c) Both sequences uniformly converge on [—h,T);

(d) The limits V(t) = klim o®)(t), W(t) = klim Bt are a pair of
minimal and mazximal solutions of the initial value problem for the
system of nonlinear differential equations with “mazima”(6.1),

(6.2).

(e) If u(t) € S(a, B) is a solution of the initial value problem for the
system of nonlinear differential equations with “mazima” (6.1),
(6.2), then V (t) < u(t) < W(t).

Proof. We fix two arbitrary functions 7, u € S(«, 3) and for all natural
numbers j : 1 < j < n we consider the initial value problem for the
scalar linear differential equation with “maxima”

u'(t) + Mju(t) + N; Ifaaif ]u(s) =1;(t,n,p), for tel0,T], (6.13)
sc|t—h,t

u(t) =p;(t), te[—h,0], (6.14)
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where u € R,
Vi (t,m, 1)
= [ ni(@), n(@)]p;, (1()]g; e 15(8),
[serﬁf‘?f,ﬂ 1(8)]p; [séﬁf‘ﬁﬂ 1(5)lq;)

M;n;(t) + N; :
+M;n;(t) + asefﬁggit]m(S),

According to the results in Section 3.2 the initial value problems
(6.13)-(6.14) have a unique solution for the fixed pair of functions n, u €
S(a, B) (see formula (3.35)).

For any two functions n,u € S(a,3) such that n(t) < p(t) for
t € [—h,T] we define the operator Q2 : S(a, 3) x S(«, B) — S(a, 3) by
Q(n, p) = x(t), where z(t) = (x1(t),z2(t),...,2,(t)) and x;(t) is the
unique solution of the initial value problem for the scalar differential
equation with “maxima” (6.13) and (6.14) for the pair of functions 7, u.

The operator Q(n, 1) possesses the following set (P6.1) of proper-
ties:

P6.1.1 o < Q(a,3) and 8 > Q(3, a);

P6.1.2 For any functions n,u € S(a,f) such that n(t) < p(t) for
t € [—h,T] and the pair (n, ) is a pair of lower and upper qua-

sisolutions of the initial value problem (6.1), (6.2), the inequality
Q(n, 1) < Qp,n) holds.

Indeed, we will prove property ( P6.1.1). We denote m(t) = «a(t) —
oM (t), where oV (t) = Q(a, §).

Then from condition 2 and equation (6.13) for any j = 1,2,...,n
applying the inequality

i (s)—alM(s)) < () — (1)
i (000 = 070)) < e ) = e 0

we get
mj(t) <M, (a@ (t) - ozj(t)> + Nj(sex[m{ t] oM (s) - max aj(s)>

(1
< — M;m;(t) — N; <Ser§§,;>l<7t] a;(s) Serﬁ%z(,t] o (s))

< — M;m;(t) — N; sel[?i% ; (aj(s) — ag-l)(s)), t e [0,7]

(6.15)



200 Chapter 6. Asymptotic Methods

Therefore the function m(t) satisfies the inequalities (6.8) and
(6.10). According to Lemma 6.1.1 the function m(¢) is nonpositive,
ie, a < Qa,pf).

Analogously the validity of the inequality 5 > (8,a) can be
proved.

We will prove property (P6.1.2). Let n,u € S(a,3) form a pair
of lower and upper quasisolutions of the initial value problem (6.1),
(6.2) and n(t) < u(t) for t € [~h,T]. Consider functions (! () and
2@ (t) for t € [=h,T], where z() = Q(n, ), 2® = Q(u,7n), g(t) =
V() —2®(t), 9= (91,92, - 9n)-

Then from condition 3 and equation (6.13) we get for any j: j =
1,2,...,nand t € [0,T)

/ ey (2)
gj(t) < — M;g;(t) — NJ-(SEI[?%J] x;(s) — S (s)>

+ M (nj(t) - uj(t)) + N ( Jdmax mi(s) = max uj(8)>

+ it i (0, n®))py (Bl maxe mj(s), | max n(s)]p,,
[séﬁf‘ﬁﬂ 1(5)lg; )
= Fit s (@, [ ®)lpy IOy, 1 (s), [ max p(s)lp,,
[séﬁf‘ﬁﬂ 1(s)]g;)
< — Mjg;(t) — N; ( Jdhax ) (s) — e 2 (5)>
< — Mj;g;(t) — N; min g;(s). (6.16)

s€t—h,t]

Inequality (6.16) proves the validity of conditions of Lemma 6.1.1.
According to Lemma 6.1.1 the functions g;(t), j = 1,2,...,n are non-
positive, i.e., Q(n, u) < Q(p,n).

We define the sequences of functions {a¥)()}5° and {B3*) (¢)}& by
the equalities

ol =a, 59 =p,
oD = Q(a®, gk, gD = (B0 ok)).

According to property P6.1.1 of the operator Q(n, 1) it follows that
functions a® (t) and B (t) form a pair of lower and uper solutions.
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According to the property P6.1.2 of the operator Q(n, ) it follows that
for t € [—h,T] the following inequalities

V() <alD(t) <o <a® (1) < pW(1) <o < pV(E) < BO(1)
(6.17)
hold.

Both sequences of functions {a*)(¢)}3° and {3%*)(¢)}5° are conver-

gent on [—h, T]. Let V;(t) = limy_. v](-k) (), Wj(t) = limg_—oo wj(.k) (1),
j = 1,2,...,n. We will prove that the pair of functions V(¢) and
W(t), where V. = (V1,Va,...,V,,) and W = (Wq,Wa,...,W,), are
a pair of minimal and maximal quasisolutions of the initial value
problem (6.1), (6.2). From the definition of functions ¥ (t), a) =
(ag ),agk),.. a%k)) and R (1), k) = (ﬁik),ﬂék),...,ﬂgﬁ)) follows
that these functions satisfy the initial value problem (j = 1,2,...,n)

(@) + Mjal (6) + N; max al(s)) = g;(t,a®, gD,

selt—h,t] 7
(6.18)
(3@ + M6 (6) + Ny mae 51 (5) = (8, 547D, a7,
(6.19)
for ¢ € [0, 7],
Pty =alP(0), V) =p"0), tel-nu0, (6.20)

From equations (6.18) and (6.20) it follows that the pair of functions
V(t) and W(t) is a pair of quasisolutions of the initial value problem
(6.1), (6.2). Let u,z € S(a, ) be a pair of quasisolutions of the ini-
tial value problem (6.1), (6.2). From inequalities (6.17) it follows that
there exists a natural number k such that o) (t) < u(t) < p®(t)
and a®)(t) < z2(t) < BW(t) for t € [—h,T]. We introduce the nota-
tion g(t) = a®tD(t) — u(t), g = (91,92, ,9n). According to Lemma
5.1.1 the inequalities g;(t) < 0, j = 1,2,... hold for t € [-h,T], i.e
oD (1) < u(t).

Analogously the validity of inequalities SV (t) > w(t) and
aF D (1) < 2(t) < BEFD(¢) for t € [—h,T] can be proved.

Let u(t) € S(«,3) be a solution of the initial value problem (6.1),
(6.2). Consider the pair of functions (u,u) that is a pair of quasisolu-
tions of the initial value problem (6.1), (6.2). According to the proof
given above the inequality V (t) < u(t) < W (t) holds for t € [—h,T].

U
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6.1.2 Scalar Case

In the scalar case n = 1 the problem (6.1) and (6.2) reduces to an
initial value problem for a scalar differential equation with “maxima.”
In this case, we use lower and upper solutions:

Definition 6.1.5. The function v € C([—h,T],R) U C1([0,T],R) is
called a lower solution of the initial value problem for the differential
equation with “maxima” (6.1), (6.2) (n=1) if

v < f(t,v(t),serﬁimﬁt]v(s)) (6.21)
v(t) < (t), te[—h,0]. (6.22)

Analogously the upper solution of the initial value problem for the
differential equation with “maxima” (6.1), (6.2) (n = 1) is defined.

Then the following result is a partial case of the theorem proved
above:

Theorem 6.1.2. Let the following conditions be fulfilled:
1. The function ¢ € C([—h,0],R).

2. The functions o, 3 € C([~h,T],R) UC([0,T],R) are lower and
upper solutions of the initial value problems (6.1) and (6.2) for
n = 1, correspondingly, and a(t) < B(t) for t € [—h,T], and
a(0)=¢(0) < a(t)—¢(t), B(0)—¢(0) > B(t)—(t) fort € [=h,0].

3. The function f € C([0,T] x R x R,R), and for z,y,u,v € R,
y <z, v<u the inequality

f(t,x,u)—f(t,y,v)Z—M(x—y)—N(u—v), tE[O,T],
holds, where M, N are positive constants.

4. The inequality (M + N)T < 1 holds.

Then there exist two sequences of functions {a®) (£)}5° and {B%)(t)}5°
such that:
(a) the functions o) (t), %) € C([~h,T],R) are solutions of the
initial value problems for the following scalar equations
!/
(0‘(’“)@)) + Ma®(t) + N max o) (s) =y(t, o),
s€[t—h,t]
for te€][0,T], (6.23)
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and

(ﬁ(’“) (t)), +MBP () + N max BH)(s) = (t, D),

s€t—h,t]
for te[0,T], (6.24)

with initial conditions

o(t) = o(t), aM(t) =¢(t), te[-h,0], (6.25)
where
V() = f{tn(®), max n(s) + Mn(t) + N max n(s),

(b) Both sequences are increasing and decreasing correspondingly;

(¢) The functions a'®)(t) are lower solutions and the functions 3*) (t)
are upper solutions of the initial value problem for the nonlinear
differential equation with “maxima”(6.1) and (6.2) (n=1);

(d) Both sequences uniformly converge on [—h,T];

(e) The limits V(t) = klim B (), W(t) = klim B*(t) are minimal
and maximal solutions, correspondingly, of the initial value prob-

lem for the nonlinear differential equation with “mazima”(6.1)
and (6.2) (n=1).

(f) If u(t) € S(a, B) is a solution of the initial value problem for the
nonlinear differential equation with “maxima” (6.1) and (6.2),
then V(t) < u(t) < W(t).

Remark 6.1.5. As a particular case of the above results we obtain the
monotone-iterative techniques for the initial value problem for nonlin-
ear differential equations (scalar case as well as case of systems) con-
sidered by many authors (see the monograph [Ladde et al. 1985] and
references cited therein).

Example 6.1.1. Consider the following scalar differential equation
with “mazrima”

1 1
:LJ - ge_tl'(t) B Z seﬁfn—%}.{&t] IE(S)? fOT te [07 2]7 (626)

with initial condition

z(t) =0, te[-0.5,0] (6.27)
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It is easy to check that the problems (6.26) and (6.27) has zero
solution.

From the inequality te™* — 1 < 1 -1 < 0 on [0,2] it fol-
lows that the funtion a(®)(t) = —2 is a lower solution of the ini-

tial value problems (6.26) and (6.27) and the function [ 0)( t) = 2
is an upper solution of (6.26), (6.27), i.e., inequalities (a(?(t)) <
ge ta0(t) — jmaxeep o590 (s) and (BO@1)) > ge'O() —
% MaXse(t—0.5, 5(0)(5) hold.

In this case ftu,v) = ée fu — 2v and f(t,z,u) — f(t,y,v) =
e iz —y)— (u—v) > Mz —y) — N(u—v)forzx>y,u>v,
where M = gandN 1. Then (M +N)T = (3 +1)2=3 < 1.

Then the successive approx1mat10ns to the zero solution of the ini-
tial value problems (6.26) and (6.27) are solutions of the linear differ-
ential equations with “maxima” (6.23) and (6.24), that are reduced in
this case to the following equations

@) - 1wy 1 (k) 1o (k—1)
(a (t)) ¢ (t) 486%;1_%%{5’t]a (3)+8(e + 1) (t),

for te(0,2], (6.28)

and
@Y — Loy L (k) 1 (k—1)
(89®) =50 — 3 max 5W(s) + gl +0E0)
for tel0,2], (6.29)
with initial conditions
a®y=0, M@ =0, te[-05,0]. (6.30)

The solution of the initial value problems (6.28) and (6.30) is given
by the formula

o®) (1) :{ /0 t %(e_t +1)a* Y (s)ds

t
~0.25 ®)(&)d 0125t _ 1) for +€0,2
[ a®@as} (1) o o2

o® () =0 for te[-0.5,0].
(6.31)
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and the solution of the initial value problems (6.29) and (6.30) is given
by the formula

500 ={ [ 5l + 08t D)is

—0.25 /t max ﬁ(k)(ﬁ)ds} (60’125t - 1> for ¢ €]0,2]
0

£€[s—0.5,s)
BHE @) =0 for te[-0.5,0].
(6.32)

It is easy to calculate that

9(0.25) = 39 (0.25) =

D(0.25) = —0.0037, 31 (0.25) = 0.003739,
2)(0.25) = —0.000036, 3@(0.25) = 0.0000367,
3)(0.25) = —0.00000036,  3©)(0.25) = 0.000000363.

The above sequences are monotonic, increasing and decreasing cor-
respondingly, and approach zero, which is the exact solution.

6.2 Monotone-Iterative Technique for Periodic
Boundary Value Problems

Note that the differential equations with “maxima” generate function-
als not having the property of linearity even if the equations are linear.
These equations can be integrated in a closed form only in exceptional
cases. In relation to this, it is necessary to elaborate approximate meth-
ods for their solution.

In the present section, a couple of minimal and maximal quasisolu-
tions of a boundary value problem for a system of differential equations
with “maxima” is constructed by means of the monotone-iterative tech-
niques of Lakshmikantham ( [Ladde et al. 1985]).

Consider the boundary value problem

= f(t, x(t), SEI[I;EL%(J]IL‘(S)) for te0,7], (6.33)
z(0) = z(T), z(t) = x(0) for te[—h,0], (6.34)

where z € R", f:[0,7] x R™ x R" — R", h = const > 0.
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For any x,y, z € R" and any two nonnegative integers p; and ¢; such
that p;+¢; = n—1 we will use notation (zj, [z]p,, [ylg,) introduced in
Section 6.1 and we rewrite down the boundary value problem (6.33),
(6.34) in the form

= fiy el ey o (0, | x<s>]p ,

Léﬁﬁiq xj(S)] qj)7
for te 0,77,
2j(0) = z;(T), z;(t) = ;(0) for te[-h0, j=1n.

Definition 6.2.1. The functions v, w € C([—h,T],R*)uC*([0,T],R")
are said to be a couple of lower and upper quasisolutions of the boundary
value problem (6.33), (6.34) if:

v}(t) gf] <t7 Ujs [U]pw [w]qwsel?%;it]vj(s)? {seﬁéﬁ,t]v(s)]pj,

[ max wj(s)]q‘)j for tel0,T], (6.35)

sEt—h,t]

w;‘(t) Zf] <t7 Wy, [w]P]‘v [U]qj,ser[lzz—%;it] wj(s)v {se?g%f,t]w(s)]px

i t T

0,(0) < 0y (T), w;(0) = wy(T), (6.36)
Uj(t) = Uj(0)7wj(t) = wj(o) for te [_h70]7
where v = (v1,V2,...,Uy), and w = (w1, Wa, ..., Wy).
Definition 6.2.2. In the case when (6.33), (6.34) is a boundary value
problem for a scalar differential equation, i.e., n =1, py = q1 = 0, the

couple of lower and upper quasisolutions of the same problem are said
to be lower and upper solutions of (6.33), (6.34).

Definition 6.2.3. The functionsv, w € C([—h,T],R")UC([0,T], R")
are said to be a couple of quasisolutions of the boundary value problem
(6.33), (6.34) if (6.35) and (6.36) are satisfied only as equalities.
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Definition 6.2.4. The functions v, w € C([—h,T],R*)UC([0, T],R™)
are said to be a couple of minimal and mazximal quasisolutions of the
boundary value problem (6.33), (6.34) if (v,w) is a couple of quasiso-
lutions of the same problem and for any couple of quasisolutions (u, z)
of (6.33), (6.34) the inequalities v(t) < u(t) < w(t), v(t) < z(t) < w(t)
hold for t € [0,T].

Remark 6.2.1. For the couple (v,w) of minimal and mazimal qua-
sisolutions of problem (6.33), (6.34) the inequality v(t) < w(t) holds
for t € [0,T] while for an arbitrary couple of quasisolutions (u,z) an
analogous inequality relating the functions u(t) and z(t) may not be
valid.

We shall note that for ordinary differential equations the notions of
a couple of lower and upper quasisolutions, a couple of quasisolutions,
and a couple of minimal and maximal quasisolutions were introduced
by Lakshmikantham et al. ( [Ladde et al. 1985]).

Consider the set S(v,w) defined by (6.7).

In the further considerations, we shall use the following lemma.

Lemma 6.2.1. Let F' be a Banach space and B = C([a,b], F). Let
S : B — F be an operator for which

|5, - 5.|| <allo-vll, 0<a<t

Then for any point & € |a,b] there exists an element ¢ € B such
that S, = ¢(§).

Lemma 6.2.2. Let the function o € C([0,T],R). Then the boundary
value problem

¥+ Mz + Nserﬁéif ; z(s) =o(t) for tel0,T], (6.37)
x(0) = z(T), (6.38)
z(t) =x(0) for te[—h,0] (6.39)

has a solution, where x € R and the positive constants M and N are
such that
N < M. (6.40)

Proof. Equation (6.37) can be written in the form

¥+ Mz =0o(t)+N max x(s).
s€t—h,t]
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By the variation of parameters formula we obtain

1

T M
z(0) = m/o [0(5) + Nger[lg’ilﬁs]fﬂ(f)] e 7ds.

Define the map S : 2 — R by the equality

1

T
Ms
S, = WA {a(s) + Nger[rslz_uis]u(g)] e ?ds,

where Q = {u € C([-h,T],R") U C*([0,T],R") : u(t) = u(0) for
t € [~h,0]} with norm

[ulg = max._ Ju(®)]

Then the following inequality holds:

Su_Sv

N T . N
< m/o }u - U}OeM ds = M}u — U}O. (6.41)

By Lemma 6.2.1 there exists a function v € € for which .S, = u(0),
i.e., the function u(t) is a solution of the boundary value problem (6.37),
(6.38), (6.39).

This completes the proof of Lemma 6.2.2.

O

Lemma 6.2.3. [Comparison result] Let m € C(]—h,T],R™) U
CY([0,T],R™) satisfy the inequalities

m' < —Mm(t) — N Gr[?ixfll t]m(s) for te€]0,T], (6.42)
m(t) =m(0) for te[—h,0], (6.43)
m(0) < m(T), (6.44)

where M and N are positive constants such that
(M+N)T < 1. (6.45)
Then the inequality m(t) < 0 holds for t € [—h,T].

Proof. We will consider the following two cases with respect to the
possible values of m(T):
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Case 1. Let m(0) < 0. Then according to Lemma 6.1.1 the inequal-
ity m(t) < 0 holds for t € [—h, T].
Case 2. Let m(0) > 0. Then m(T") > 0. Consider the following two
cases:
Case 2.1. Let m(t) > 0 for t € [0,7]. Then from equality (6.43)
it follows that m(t) > 0 for ¢t € [—h,T]. In view of inequality (6.42)
the inequality m’(t) < 0 holds for ¢t € [0,7] which shows that the
function m(t) is monotone nonincreasing in the interval [0,7]. Hence
m(t) < m(0) for ¢t € [0,T]. Inequality (6.44) proves that m(t) = ¢ for
€ [=h,T], where ¢ = const. From inequality (6.42) we obtain the
inequality 0 < —(M + N)c. Therefore, ¢ < 0, or m(T) = ¢ < 0. The
obtained contradiction proves the impossibility of this case.
Case 2.2. Let a point n € (0,7T) exist such that m(n) < 0.
Introduce the notation
min m(t) = -\, A= const > 0.
te[0,T]
From the continuity of the function m(t) it follows that there exists a
point ¢ € (0,7) such that m(¢) = —\. According to (6.43) the equality

minye(_p 7 m(t) = —A holds. Moreover, there exists a point v € (¢,T)
such that m(T) - m(C) A
, m
= > —. 4
') = g 2 (6.46)
From inequality (6.42), m(v) > —\, and mingep,—p,) m(s) > —A it

follows that

m/'(v) < —Mm(v) — Nsegli%,u]m(s) < —M(=X\)— N(=X). (6.47)

From (6.46) and (6.47) we can obtain the inequality
(M + N)T > 1. (6.48)

Inequality (6.48) contradicts inequality (6.45).
The obtained contradiction shows us the impossibility of this case.
O

Theorem 6.2.1. Let the following conditions be fulfilled:

1. The functions v, w € C([—h,T],R*)UC*([0,T],R"™) are a couple
of lower and upper quasisolutions of the boundary value problem
(6.33), (6.34) and satisfy the conditions v(t) < w(t) fort € [0,T]
and v(t) = v(0), w(t) = w(0) fort e [—h,0].
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2. The function f € C([0,T] x R" x R",R"), f = (fl, foyonn, fn),
fj(t7 €L, y): fj(ta Lj, [m]pj? [$]Qj? Yjs [y]pj7 [y]Qj) is monotone
nondecreasing with respect to [z],, and [y]p,, and monotone non-
increasing with respect to [v]y, and [yly;, and for x, y € S(v,w),
y(t) < x(t) satisfies the inequalities

fi (t,mj, (#lps [2lago max 5(s), Lgﬁgﬁt]x(@} . Lerﬁgﬁﬂm(S)] qj)

—fi (t,yj, [%]p; [ﬂb‘]qj,ser[rg;it] y;(s), Lgﬁgﬁt]x(@} . Lgﬁgﬁt]x(@} qj)

> — Mj(z;(t) — y;(t)) — Nj ( Jdhax zj(s) — e yj(s)> 7

J=1n,
(6.49)

where M; and N; (j =1,n) are positive constants such that

N; < M; <1/(2T).

Then there exist two sequences of functions {v*) ()} and
{w® (£)}5° such that:

(a) The sequences are increasing and decreasing, correspondingly;

(b) The pair of functions v'¥ (t), w*)(t) is a pair of lower and upper
quasisolutions of the boundary value problem for the system of
nonlinear differential equations with “mazxima”(6.33), (6.34);

(¢) Both sequences uniformly converge on [—h,T|;

(d) The limits V(t) = klim oM (1), W(t) = klim w® (t) are a
pair of minimal and mazximal solutions of the boundary value
problem for the system of nonlinear differential equations with
“mazima”(6.33), (6.34).

(e) If u(t) € S(v,w) is a solution of the boundary value problem
for the system of nonlinear differential equations with “maxima”
(6.33), (6.34), then V(t) < u(t) < W(t).
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Proof. Fix two arbitrary functions 1, u € S(v,w) and consider the
scalar boundary value problems

o+ Mjz; + N; max xj(s) = oj(t, n, p) for tel0,T], (6.50)

s€[t—h,t]
zj(t) =x;(0) for te[—h,0], (6.51)
2;(0) = z;(T), j=1Ln, (6.52)
where
o;(t,n, 1)
= fil £ 5, [lps s [ : : :
JZ( M [l » [u]qj,serﬁg;iﬂ n;(s), Lg{gﬁt] 773(5)] . [ser[??iit] u](s)] qj)

+ My (t) + N; max ni(s), j=1.n.
By Lemma 6.2.2 for any fixed j boundary value problem (6.50)—
(6.52) has a unique solution. Suppose that for a fixed couple of functions
n, u € S(v,w) there exist two distinct solutions z(t) and y(t) of the
boundary value problem (6.50)—(6.52). Define a function m(t) = x(t) —
y(t) for t € [=h,T), m(t) = (mi(t), ma(t),..., mu(t)). The functions
m;(t) (j = 1,n) satisfy the inequalities

/ — B o () — Mo (4) — N . . .
) = 0 = 50 = ~Myons(0) - N (i)~ mx (o))

< —M;m;(t) — N; ser[ltm}lb ; m;j(s) for te[0,T],

m;(t) =m;(0) for te[—h,0],
m;(0) = m,(T), j=Tm.

By Lemma 6.2.3 for t € [—h, T] the inequalities m;(t) < 0or z;(t) <
yi(t) ( j = 1,n ) are valid. Analogously, if we consider the function
m(t) = y(t)—x(t), we obtain that y;(¢) < z;(t), j = 1,n. Consequently,
zj(t) = y;(t), j = 1,n, ie., for any fixed couple of functions 7, pu €

S ( w) problem (6. 50) (6. 52) has a unique solution.

Define the map A : S(v,w) x S(v,w) — S(v,w) by the equality
A(n,u) = x, where z = (xl, Loy ey xn) and z;(t) is the unique
solution of the boundary value problem (6.50)—(6.52) for the couple of
functions n, p € S(v,w).

We shall show that v < A(v,w). Introduce the notation v") =
Aw,w), g=v—vW, g= (g1, g2.- -, 8n).



212 Chapter 6. Asymptotic Methods

Then the following inequalities hold
1
(g5 (1)) = (0;(1)) = (o} (1))’

</, (a 03y [olpys ey mayesng v3(5), [maxse[t_h,t] vj<s>] ,

by
[maxse[t—h,t] wj(s)] >
a5

—I—ijj(l) + Njmax,e_p g v](-l)(s) —oj(t, v, w)

< 1 (00) = ) = 3 gy 5(5) w1l o)

< —Mjg;(t) — Njmingep_py gj(s) for t € [0, 7],

gj(t) =g;(0) for te[—h,0],

gi(0) <g(T), j=1n.

By Lemma 6.2.3 the functions g;(t), j = 1, n, are nonpositive, i.e.,
v(t) < v (t) for t € [~h, T]. In an analogous way, it is proved that the
inequality w > A(w,v) holds.

Let n, p € S(v,w) be such that n(t) < u(t) for t € [—h, T]. From the
definition of the map A and Lemma 6.2.3 it follows that the inequality
An, 1) < A(p,n) is valid.

Define sequences of functions {U(k) (t)}go and {w(k) (t)}go by

v O () = w(t), w? (t) = w(t),
p* D) = A(o®) w®)) D) = A(w®) R,

The functions v(¥) () and w® () for t € [—h, T] satisfy the inequal-
ities

O@) <o) < <o®@) <o <wP (@) < <wP ) < w@ ().
(6.53)
The sequences of functions {v(k)(t)}go and {w(k)(t)};o are uni-
formly convergent on the interval [—h,T]. Then there exist func-
tions ©(t) and @(t) such that o(t) = limg_o v® () and @w(t) =
limy, oo w¥) () for t € [~h,T]. From the definition of the functions
v®) () and w®)(t) it follows that these functions satisfy the boundary
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value problems

(k)N (k) (k)
(v;7) + Mjv;” + Nj seI[Ig;z(,t] v;

—0; <t, pk=1) w(k_l)) for te€[0,7],

(6.54)
(k)y/ (k) (k)
(wj) + Mywy ™+ Nj max w;
=0, (t, w1, v("‘_l)> for ¢€]0,7],
o) (1) = o) (0) W) =) for te[-h0),
(6.55)
k k k K
o) = (@), wf(0) = wy (7).
(6.56)

We pass to the limit in equalities (6.54)—(6.56) and obtain that the
couple of functions (v, w) is a couple of quasisolutions of the bound-
ary value problem (6.33), (6.34). Let u, z € S(v,w) be a couple of
quasisolutions of problem (6.33), (6.34). From inequalities (6.53) and
Definition 6.2.4 it follows that there exists an integer £ > 0 such that
v®) (1) < 2(t) < wP(t) and v®) (1) < u(t) < wP(t) for t € [~h,T).
Introduce the notation g(t) = v+ (t)—2(t), g = (gl, g2, ..., gn). Ac-
cording to the definition of the functions v*)(t), w®) (t) and condition
2 of Theorem 6.2.1, the function g(¢) satisfies the inequalities

Vi
(k+1) (k)
— N , _
a(sgﬁéﬁﬂ v (s) = max v, <5>)
(0 (k) , _ (k+1)
8 (4o 0) 4 (g 0 - g 70
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< - M] (’l}](k-l-l) (t) — Zj (t)) — N] SGI[?_i% ; (V'J(k-‘rl) (5) — Z](S)>

for ¢t € [0, 7).

By Lemma 6.2.3 the functions g;(¢) for j = 1,n are nonpositive,
i.e., the inequalities v*+1)(¢) < z(t) hold for t € [—h, T].

In an analogous way it is proven that the inequalities z(t) <
wk D (¢) and v* (1) < w(t) < whHD(¢) hold for t € [—h, T] which
shows that the couple of functions (,w) is a couple of minimal and
maximal quasisolutions of the boundary value problem (6.33), (6.34).

Let u € S(v, w) be a solution of the boundary value problems (6.33)
and (6.34). Consider the couple of functions (u,u) which is a couple of
quasisolutions of (6.33) and (6.34). In view of what was proven about
the functions v, w it follows that the inequalities () < wu(t) < w(t)
hold for t € [—h,T].

This completes the proof of Theorem 6.2.1.

U

In the case when (6.33), (6.34) is a boundary value problem for a
scalar differential equation with “maxima’”, i.e., n =1 and p; = ¢; = 0,
as a corollary of Theorem 6.2.1 the following result is obtained:

Theorem 6.2.2. Let the following conditions be fulfilled:

1. The functions v, w € C([0,T],R") U C1([0,T],R) are lower and
upper quasi-solutions of the boundary value problem (6.33), (6.34)
and satisfy the conditions v(t) < w(t) fort € [—h,T] and v(t) =
v(0), w(t) = w(0) fort € [—h,0].

2. The function f € C([0,T] x R x R,R) and for x, y € S(v,w),
y(t) < x(t) satisfies the inequality

s€t—h,t] s€t—h,t]

(e o0, max o)) = (1 w0, max v(s)

> <21 (a(t) - y(0) = N max a(s)— max o(5)).

where M and N are positive constants such that N < M <
1/(2T).

Then there erist two sequences of functions {v*) ()} and
{w®) (£)}s° such that:
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(a) The sequences are increasing and decreasing, correspondingly;

(b) The pair of functions v¥) (t), w*)(t) is a pair of lower and upper
quasisolutions of the boundary value problem for the system of
nonlinear differential equations with “mazima”(6.33), (6.54);

(¢) Both sequences uniformly converge on [—h,T];

(d) The limits V(t) = lim o® @), W) = Jim w® (t) are a
pair of minimal and maximal solutions of the boundary value

problem for the system of nonlinear differential equations with
“mazima”(6.33), (6.34).

(e) If u(t) € S(v,w) is a solution of the boundary value problem
for the system of nonlinear differential equations with “maxima”
(6.33), (6.34), then V(t) < u(t) < W(t).

6.3 Monotone-Iterative Technique for Second
Order Differential Equations
with “Maxima”

Consider the following periodic boundary value problem for the scalar
second order differential equation with “maxima’”

—z (t) = f(t, x(t),ser[lgit]m(s» for ¢€]0,T1], (6.57)
2(0) = x(T), 2/(0)=2'(T), (6.58)
xz(t) =x(0) for te[—h,0], (6.59)

where z € R, f:]0,7] x Rx R — R, h and T are positive constants
with T > h.
Introduce the following notation E = C([—h,T],R) U C?([0,T],R).

Let x € FE. Denote HxHO = MaXie[—h,T] }x(t), Hx/Ho -

1)

maxye(_p 1) |2/(t)| and ||z||, = max <Hx’ o
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Definition 6.3.1. The function a € E is a lower solution of the bound-
ary value problem (6.57), (6.58), (6.59) if the inequalities

—a’(t) < f(t, a(t),sel[lgéilit] a(s)> for te€]0,T], (6.60)
a(0) = a(T), (0) > d/(T), (6.61)
a(t) = a(0) for te[—h,0] (6.62)

hold.

Definition 6.3.2. The function 8 € E is an upper solution of the
boundary wvalue problem (6.57), (6.58), (6.59) if inequalities (6.60),
(6.61) and (6.62) hold in the opposite direction.

Let the functions o, 3 € C([—h,T],R) be such that a(t) < 5(t) for
t € [—h,T]. Define the sets

S, 8) ={
Q(a, B) :{(t,x,y) : te0,T

z € C([~h,TL,R) : a(t) < z(t) < B(t) forte [—h,T]},

—

)

a(t) <z < B(t), max afs) <y < max ﬁ(s)}.
SE[t—h,t] SE[t—h,t]

Lemma 6.3.1. [Comparison result] The function u € E satisfies the
inequalities

1"

—u (t) < —Mu(t) — N e[itrifh t]u(s) for te€]0,T], (6.63)
uw(0) = u(T), ' (0)>u/(T), (6.64)
u(t) =u(0) for te[—h,0], (6.65)

where the constants M and N are positive and
2(M+ N)T <1. (6.66)
Then u(t) <0 fort e [—h,T].

Proof. Suppose the claim is not true. Consider the following two cases:
Case 1. Let u(t) > 0 for t € [0,7] and there exists a t* € [0, 7] such
that u(t*) > 0;
Inequality (6.63) implies that u”(¢) > 0 on [0, T]. Therefore u'(t) is
nondecreasing on [0,7] and /(0) > «/(T"). Therefore u/(t) must be a
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constant: u/(t) = ¢ (t € [0,T]) and therefore 0 = —u”(t*) < —Mu(t*) <
0, a contradiction.
Case 2. Let there exist t*, ¢, € [0,7] such that u(t*) > 0 and
u(ty) < 0.
Denote mineo ) u(t) = —A. Then A > 0 and there exists a t, €
(0,T) such that u(t.) = —A. By (6.63) we have
—u"(t) K MA+ NX = (M + N)\. (6.67)
We now show that there exists a ¢ € [0, 7] such that
u'(t)<0. (6.68)

In fact, if v/(t) > 0 for all ¢ € [0,77], then u(t) is strictly increasing on
[0, T], which contradicts u(0) = u(T'). Hence (6.68) holds.
From the mean value theorem we obtain

u(t)—d(0)=u"(&)t1, 0<& <t (6.69)
By (6.67) we get
u'(0) — /() < (M + N)AT. (6.70)
From (6.68) and (6.70) it follows that
W'(0) <u'(t)+ MM+ N)T < XM+ N)T. (6.71)
We now show that
u'(t) < 2M(M + N)T for t € [0,T]. (6.72)

In fact, let ¢t € [0,7]. Then according to the mean value theorem, we
have

u'(T) —u'(t) =" (&)(T —t), 0<&<T
and so, similar to (6.70) and (6.71), we get
u'(t) <u'(T) + MM + N)T. (6.73)

It is clear that (6.72) follows from (6.71) and (6.73) and the fact that
u'(0) > /(7).
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Now let t* € [0, 7). First assume that t, < ¢*. Apply Mean Value
Theorem and obtain

w(t®) —u(ty) =’ (n)(t" —t.), t.<n<th (6.74)
So, using (6.72)
u(t*) — u(ty) < 20T*(M + N) (6.75)
together with u(t,) = —\, we get
0 < u(t*) < —A+2XM + N)T,

which contradicts (6.66).
If t, > t*, the argument is similar.
Hence, we obtain that u(t) < 0 for ¢t € [0, 7.
According to (6.65), u(t) < 0 holds for ¢t € [—h, T].
U

Lemma 6.3.2. Let 0 € C([-h,T],R), p € C[-h,0] , M >0, N >0
be constants and u € E be a solution of the linear integral equation

T
u(t) = / Gt r)or(r)dr + 2(t) + p(0), t€[0,T],  (6.76)
0
u(t) :Qp(t% te [_h70]7
where

C 1 oVM(r—t) 4 e\/M(T_r+t)7 t<r

(t’ T) _QW(eT\/M _ 1) e\/ﬁ(t—r) + e\/ﬁ(T—t-H”)’ t>r,
(6.77)
o1(t) =o(t) — N max u(s). (6.78)

SE[t—h,t]

Then u(t) € E is a solution of the following linear boundary value
problem
—u"(t) = —Mu(t) — N r[naibc ]u(s) +o(t) for te]|0,T],
sc(t—h,t
u(0) = u(T), «'(0)=u(T), u(t)=wt) for te[-h,0]
(6.79)
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Proof. Let u € E be a solution of (6.76). From ¢ € [0, 7] direct differ-
entiation of (6.76) gives

T
(1) = / GL(t, 1Yo (r)dr (6.80)
0
and -
u’(t) = M/ G(t,r)oi(r)dr — o1 (), (6.81)
0
where
Gtr) = o _eVM(r=t) 4 oVM(T—1+) 4 < (6.52)
ant = 2(eT‘/M —1) eVM(t=r) _ oVM(T—t4r) 45 '

From the above equalities, we get

—u (t) = —=Mu(t) + o1(t) = —Mu(t) — NSEI[?EI;I,{J] u(s) + o(t).

Moreover, from (6.76) and (6.80), it is easy to find

N pa— [ (7 4 Y010 +-610) = w0
2V M (eTVM — 1) Jo ’

/ _ 1 g VM(T—r VMr =

Y0 gy, (7 =) = )

Hence u(t) € E is a solution of the boundary value problem (6.79).
O

Lemma 6.3.3. Let uw € E, M > 0, N > 0 be constants and the
following equations hold

p1 =T'GoN <1, (6.83)
1
P2 =5TN, (6.84)

where Go will be defined below.
Then equation (6.76) has a unique solution u(t) € E.

Proof. Define an operator F' in E by

T
(Fu)(t) = /0 Gt Yo (r)dr + (0), t e [0,T),
(Fu)(®) = (t), € [-h,0],

(6.85)
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where G(t,r) and o1 (t) are defined by (6.77) and (6.78). We have

’ T ,
(Fu) (t) :/ Gy(t,r)o1(r)dr fort e [0,T]. (6.86)
0
From (6.77) and (6.82), we have
14 eTVM
max G(t,r) = = Gy, 6.87
trel0.T] ( ) 9 /—M(eT\/M _ 1) 0 ( )
/ 1
t,g%},{ﬂ Gy(t,r) = 3 t#r. (6.88)

For any u, v € E, (6.85) and (6.87) imply that
H(Fu)(t)—(Fv)(t)H TGONHu—vHO

TGN o]}, < Aflu ]

0

INIA

Similarly, from (6.86) and (6.88), we have

[(u)' () = (Fo) )|, < Bl o]

H(Fu)(t) - (Fv)(t)Hl < BHU - le for any u, v € F,

where = max { 0B1, Bz} < 1. The Banach fixed point theorem implies

that F' has a unique fixed point in F and the lemma is proved.
O

We now give a procedure for constructing two sequences of functions
that are respectively monotone-increasing and monotone-decreasing
which converge to the extremal solutions of the boundary value prob-
lem (6.57), (6.58), (6.59).

Theorem 6.3.1. Let the following conditions be fulfilled:

1. The functions «, 8 € E are lower and upper solutions, respec-
tively, of the boundary value problem (6.57), (6.58), (6.59) such
that a(t) < B(t) fort € [-h,T];

2. The function f € C([0,T] x R x R,R) and for (t, x1, y1),
(t, x2, y2) € Qo B), v1 > ®2, y1 > y2, the inequality
f(t, @1, ) = f(t @2, y2) = —M (21 — 22) — N(y1 — y2) holds;
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3. Inequalities (6.66), (6.83) and (6.84) hold.

Then there exist two sequences of functions {ag(t)}5° and {Bk(t)}F
such that:

(a) The sequences are increasing and decreasing, correspondingly;

(b) The pair of functions ag(t), Br(t) is a pair of lower and up-
per quasisolutions of the boundary value problem for the system
of nonlinear differential equations with “mazima”(6.57), (6.58),
(6.59);

(c) Both sequences uniformly converge on [—h,T|;

(d) The limits V(t) = klim ag(t), W(t) = klim Br(t) are a pair
of minimal and maximal solutions of the boundary value prob-

lem for the system of mnonlinear differential equations with
“mazima”(6.57), (6.58), (6.59).

(e) If u(t) € S(a,B) is a solution of the boundary value problem
for the system of nonlinear differential equations with “mazxima”
(6.57), (6.58), (6.59), then V(t) < u(t) < W(t).

Proof. Fix a function n € S(«, ) and consider the following bound-
ary value problem for the linear impulsive differential equation with
“maxima”
—u (t) = —Mu(t) — N Ifgazit]u(s) +o(t,n) for te[0,T], (6.89)
selt—h,
u(t) =u(0) for te€[—h,0], (6.90)
u(0) = u(T), (6.91)

where o(t,n) = £(t. n(t), mas.cr_p 1(3)) 42000 4N mas, e n(s).
By Lemma 6.3.2 and Lemma 6.3.3, the boundary value problem
(6.89), (6.90), (6.91) has a solution x € E which is the unique solution
of equation (6.76) in C([—h,T],R) N C([0,T],R). We define a map W
by the equality W(n) = x. Let n, u € S(a,3) such that n(t) < u(t)
and x = W(n), y = W(u). Consider the function v(t) = z(t) — y(t).
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The function v(t) satisfies the inequalities

— v (t) = —Mo(t) — N{ seI[Ig;z(,t] x(s) — Serﬁimiit]y(s)}

+f(t n(t), _max n(s))

SE[t—h,t]
~f (t, u(t), [ u(8)> + M (n(t) — u(t))
N ) — i )
< —Mvo(t)— N inf o(s) for ¢t € [0, 7],
SE[t—h,t]

v(0) =o(T), '(0) = J(T), wv(t) = v(0) forte [—h,0].

According to Lemma 6.3.1, the function v(¢) is nonpositive, i.e.,
x(t) < y(t) and the map W is nondecreasing.

Now starting with g = «, By = B, we can recursively define two
sequences {ak} and {ﬁk} by the equalities

A = W(am—l)7 ﬂm = W(ﬂm—l)a m > 1.
From the relationships above, we see that the inequalities
ao(t) < ai(t) < -+ S ap(t) < Bn(t) <--- < fo(t), te[-hT]

hold.

By the standard arguments, we can see that the sequences {ak} and
{Bk} are uniformly bounded and completely continuous. Therefore the
sequences are uniformly convergent in [—h, T.

Let au(t) = limy,— o0 un (t) and B*(t) = limy,— o0 B (t), we see that
the functions o, (t) and §*(t) are the solutions of the boundary value
problem (6.57), (6.58), (6.59), a.(t) < 5*(t) and ax(t), 5*(t) € S(«, B).

Let x € S(«, ) solve the boundary value problem (6.57), (6.58),
(6.59). Now consider the function w(t) = a.(t) — x(t). The function
w(t) satisfies the conditions of Lemma 6.3.1 and therefore we have
w(t) < 0 for t € [—h,T]. Using Lemma 6.3.1 again, we conclude that
a,(t) < x(t). These inequalities imply that the solutions a.(¢) and 5*(t)
are the minimal and maximal solutions of the boundary value problem
(6.57), (6.58), (6.59), respectively, in S(a, 3). The proof is complete.

U
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6.4 Method of Quasilinearization for Initial
Value Problems

The method of quasilinearization is a practically useful method for ob-
taining approximate solutions of nonlinear problems. The origin of this
method lies in the theory of dynamic programming [Bellman and Kal-
aba 1965]. The quasilinearization method is a Taylor series numerical
method in which the truncation is chosen so that the convergence of
the iterates is quadratic. Many authors have applied this method to
finding approximate solutions of various types of first and second order
ordinary differential equations (see the monograph [Lakshmikantham
and Vatsala 1998] and references cited therein).

In this section an application of the method of quasilinearization
to the initial value problem for a first order scalar differential equation
with “maxima” is presented.

Consider the following initial value problem for the nonlinear dif-
ferential equation with “maxima” (IVP)

2z = f(t7x(t),sel[?§§t]x(s)) for ¢t >0, (6.92)
x(t) = p(t) for te[—h,0], (6.93)

where z €R, f: [0, T] x RXxR =R, ¢(t): [-h,0] = R, h >0,T >0
are fixed constants.

Definition 6.4.1. The function o € C([—h,T],R) U CL([0,T],R) is
called a lower solution of the IVP (6.92), (6.93), if the following in-
equalities are satisfied:

o (t) < f(t,a(t), max «fs)) for t>0,
Se[t—h,t] (694)
a(t) < p(t) for te[—h,0].

Definition 6.4.2. The function o € C([—h,T],R) U C1([0,T],R) is
called an upper solution of the IVP (6.92), (6.93), if the following in-
equalities are satisfied:

o (t) > f(t,a(t), max afs)) for t>0,
SE[t—h,t] (695)
a(t) > o(t) for te[—h,0].
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Let the functions «, 3 € C([—h,T],R) be such that a(t) < 5(t).
Consider the sets:

S(a,
Qa,

A) = {ueC(=hTLR): at) <u(t)

B(t) for t e [—h,T]},
B) = {t,z)e[-hT)xR: at) <z <[t

<
< B(t)}-

We will prove a comparison result for the lower and upper solutions
of IVP (6.92), (6.93).

Theorem 6.4.1. Let the following conditions be fulfilled:

1. The functions o, 8 € C([~h,T],R) U CY([0,T],R) are lower and
upper solutions of the IVP (6.92), (6.93), correspondingly.

2. The function f € C([0,T] x R%: R is nondecreasing in its last
argument and for any x >y, u > v and t € [0,T] the inequality

f(t,.’L',U) - f(tvyvv) < M('r _y) —i—N(U,—’U)
holds, where M, N > 0 are constants.
Then a(t) < B(t) fort € [0,T].

Proof. Consider the following three cases:

Case 1. Let both inequalities (6.94) be strict. Assume the claim
of Theorem 6.4.1 is not true. We will prove «a(t) < £(t) on [0,T]. If
not, there exists a point ¢y such that «(t) < 5(t) on [—h,ty), a(ty) =
B(to) and ' (tog — 0) > B(to — 0). Then from condition 2 follows that
[t alto), maxge(ry o) (s)) < f(¢ alto), maxse(s,—n,to) B(s)) and we
obtain the following contradiction:

f(t,alty), max a(s)) > o (to) >3 (t) > f(t,B(tg), max [(s))
Se[to—h,to] Se[to—h,to]

= f(t,a(to), max f(s)).
Se[to—h,to]

Case 2. Let both inequalities (6.95) be strict. As in Case 1 we obtain
a contradiction.

Case 3. Let there exist a point such that at least one of the inequali-
ties (6.94) and (6.95) is not strict. Choose a small enough number € > 0
and define a function w(t) = B(t) + ee2M*+N! Then w(t) > o(t) on
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M+N)t

[, 0], maxef—p,g w(s) < maxsep—ng B(s) + ee?l and

w'(t) > f(t,05, max ]B(s)) oM + N)ee2M+N)
SE[t—hat
Zf@ww,?gﬁww+%M+waﬂw
SE[t—hut

—(Ft (), max w(s) = £t A, max B(s)

s€ft—h,t] " seft—h,t]

= fltw(t), r[naz( ]w(s)) +2(M + N)ee?M+N)t
sel[t—h,t
—(M + N) ce2(M+N)t
> f(tw(t), max w(s), te0,T).
s€[t—h,t]

According to Case 2, the inequality a(t) < w(t) holds for ¢ € [0, T].
Taking a limit as € approaches 0 we prove the claim of Theorem 6.4.1.
U

In our further investigations we will use some results for differential
inequalities with “maxima.” In the case of a nonnegative coefficient
before the maximum function the following result is true:

Lemma 6.4.1. [Comparison result] Let the following conditions be ful-

filled:
1. The functions g1 € C([0,T],R), g2 € C([0,T],Ry) and g2 Z 0

fort €[0,T].
2. The inequality
(M +N)T < 1, (6.96)
holds, where M = max{|gi(t)| : t € [0,T]} >0, N = maz{g2(t) :
te[0,T]} > 0.
3. The function v € C([—h,T],R) U CY([0,T],R) satisfies the in-
equalities
u < gr(t)u(t) + g2(t) I[naif ]u(s) for t>0 (6.97)
se|t—h,t
u(t) <0 for te€[—h,0]. (6.98)

Then the function u(t) is nonpositive on the interval [0,T].
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Proof. Assume the claim of Lemma 6.4.1 is not true.

Denote A\ = max;c(o ) u(t), A>0.

Then there exist points {,n € (0,7] such that & > n, u(n) = 0,
u() =A>0,0<u(t) <u(f) for t € (n,£].

Therefore there exists a point 7 € (1,£) such that

A= u(g) —u(n) =u'(7)(§ —n) (6.99)

According to (6.99) u/(7) > 0 and AT < «/(7)T'. From (6.97) and
the inequality max,c(r_p - u(s) < A it follows that

A <d(T)T < g1 (7)u(r)T+g2(7)T fnazc ]u(s) < Mu(r)T+go(T)NT
se|T—h,T

< (M + N)AT. (6.100)

The inequality (6.100) contradicts the inequality (6.96).
U

We will apply the method of quasilinearization for approximate
finding of a solution of the initial value problem for a nonlinear differ-
ential equation with “maxima.” We will prove the convergence of the
sequence of successive approximations is quadratic.

Theorem 6.4.2. Let the following conditions be fulfilled:

1. The functions og(t),Bo(t) € C([—h,T],R) U C([0,T],R) are
lower and upper solutions of the IVP (6.92), (6.93), and ap(t) <
Bo(t) fort € [0,T).

2. The function ¢ € C([—h,0],R).

3. There exist functions F,g € C%22(Q(ag, 3o),R) such that

F(t,z,y) = f(t,z,y) + g(t,x,y)
and

0 Fyy(twr)y) Z 07

Fm(t%y) 207 ny(t,a:,y) 9
2 07 07 gyy(t7'r7y) Z 07

>
gm(t,x,y) gxy(tﬂ%y) >

Fy(t, a0t), max ao(s)) > gy(t fo(t), max Bo(s)),
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(M+N)T <1,

where

M = mam{|Fm(t,ao(t),Ser[rgimﬁt](ao(s)))—gx(t,ﬁo(t)a

max (o)), ¢ 0.T]),

N = man{Fy(t,ﬁo(t),serﬁgit]50(5))—gy(t’ao(t),

t 0,77}
gﬁ%wwn € [0, 7]}

Then there exist two sequences of functions {ay, (t)}5° and {5, (t)}°
such that:

a. The sequences are increasing and decreasing, correspondingly;

b. Both sequences uniformly converge in the interval [0,T] and the
limits are equal to the unique solution x(t) of the IVP (6.92), (6.93) in

S(Oéo, BO);

c. The convergence is quadratic, i.e., ||z — any1]| < M|z — anl|® +
pillz = Bull? and ||z — Bosall < Xollr — onl® + polle — Bull?, where
ul| = maxge_p 77 [u(s)| for any function u € C([~h,T],R).

Proof. From the condition 3 of Theorem 6.4.2 it follows that for
(t,x1,91), (t, 22, y2) € Q(ao,Bo) and z1 > x2,31 > Y2 the inequali-
ties

f(ta$lay1) > f(ta$27y2) + Fm(ta$23y2)($1 - $2) + Fy(t7$27y2)(y1 - y2)

+g(t7$23y2) - g(t7$17y1)7
(6.101)

f(txa,y2) < f(t,x1,y1) + Fu(t, x2, y2) (22 — 1) + Fy(t, 22, 92) (Y2 — 41)
+g(t7'r17y1) _g(t7'r27y2)‘
(6.102)

hold.
Let Lo = minge[_p, o) (¢(s)—o(s)) > 0. Choose a number ko € [0,1)
such that

ko < Lo. (6.103)
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We consider the linear differential equation with “maxima”

2'(t) = f(t,a0(t), max (ao(s))) + Qo(t)(@(t) — ao(t))

SE[t—h,t]

+ qo(t)( max (z(s)) — max (ag(s))) for t € [0,T],

SE[t—h,t] s€t—h,t]
(6.104)
with initial condition
x(t) = p(t) — koLo for t e [—h,0], (6.105)
where
Qo(t) = Fu(t,ao(t), max (ao(s))) — gz(t, Bo(t), max (Bo(s))),
s€t—h,t] s€t—h,t]
qo(t) = Fy(t,ao(t), max (ao(s))) — gy(t,fo(t), max (Bo(s))) = 0.
s€t—h,t] SE[t—h,t]

According to the results in Section 3.2 the IVP (6.104),(6.105) has
a unique solution a4 (t) on [—h,0].

We will prove that aq(t) € S(ap, Bo)-

Consider the function u(t) = ag(t) — ai(t), t € [—h,T]. From the
initial condition (6.105) and condition 1 of Theorem 6.4.2 the inequality
ai(t) = p(t) — koLo > ao(t) holds, i.e., u(t) <0 on [—h,0].

Let ¢t € [0,T]. Then the inequalities

SEI[IBﬁ,t] ag(s) — SEI[IB%(J] a1(s) = ap(€) — SGI[?E%{,t] aq(s)
< — < _ _
< ag(§) —ai1(§) < selﬁﬁzit] (a0(s) — ai(s)) sexﬁz_izc’t]u(s)

hold and since go(t) > 0 we get

u'(t) < Qo(t)ult) + qo(t) max u(s), t€l0,T).
se(t—n,

According to Lemma 6.4.1 the inequality ao(t) < a(t) holds on [0, 7).

We will prove that ai(t) < [y(t). Consider the function u(t) =
ai(t) — fo(t), t € [=h,T].

For t € [—h, 0] according to condition 1 of Theorem 6.4.2 we obtain
a1(t) = (t) — koLo < @(t) < Bo(t), ie., u(t) <O0.

According to the definition of the functions a; and [y, the inequality
(6.102) and the inequality

- < _
nax a1 (s) e Bo(s) < [ (ar(s) — Bo(s))
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we get
u'(t) < f(t, ao(t%sefﬁfiit] ag(s)) + Qo(t)(a1(t) — ao(t))
+ao(t)( max on(s) = max aols) = f(tfolt), max Fols))
< Qo(H)u(t) + qo(t) Jnax u(s).
(6.106)

According to Lemma 6.4.1 we obtain that u(t) < 0, i.e., the in-
equality o (t) < Bo(t) holds on [0, 7.
Let Cy = minge[_p ) (Bo(s)—¢(s)) > 0. Choose a number py € [0,1)
such that
po < Co. (6.107)

We consider the linear differential equation with “maxima”

a'(t) =f(t,Bo(t), max Fo(s)) + Qo(t)(x(t) — fo(t))

s€[t—h,t]

t - for te[0,7] (6.1
+ao(t)( max x(s) = max fio(s)) for t€[0,T] (6.108)

with initial condition
z(t) = ¢(t) +poCo for t € [—h,0]. (6.109)

There exists a unique solution (;(t) of the IVP (6.108), (6.109).
The inclusion 3 (t) € S(ao, fo) is valid.

We will prove that «q(t) < 51(t) for ¢t € [—h,T].

Define the function u(t) = «y(t) — B1(t) for t € [—h,T]. From the
initial conditions (6.105) and (6.109) and condition 1 of Theorem 6.4.2
the inequality a1(t) = ¢(t) — koLo < () < fi1(t) holds, i.e., u(t) <0
on [—h,0].

From the choice of the functions a4 (t) and 1 (¢t) and the inequality
(6.102) we obtain that the function u(t) satisfies the inequalities

u' = f(t,ap(t), max ag(s)) — f(t,Bo(t), max PBo(s)) + Qo(t)u(t)

s€t—h,t] s€t—h,t]
+ Qo(1)(Bo(t) — ao(t)) + qo()( max en(s)— max Bi(s))
+go(t)( max fo(s) — max ag(s))
SE[t—h,t] SE[t—h,t]

< Qo(t)u(t) + qo(t) . mz_ixt]u(s) for te0,T7.

)

(6.110)
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According to the Lemma 6.4.1 and inequality (6.110) it follows that
the inequality u(t) <0, t € [0,7] holds, i.e., ai(t) < F1(t).

Similarly, step by step, we can construct two sequences of func-
tions {a, (1)} and {B,(¢)}3°. Assume the functions oy, (t) and 3,(t)
are constructed and let L, = mingc_jq) (¢(s) — an(s)), Cn =
minge(_p.0] (Bn(s) — ¢(s)). Choose numbers ky, p, € [0,1) such that

Then the function ay,4+1(t) is the unique solution of the initial value
problem for the linear differential equation with “maxima”

7 = f(t,a,(t), max a,(s))+ Qn(t)(x — an(t))

s€t—h,t]
. for teloT (6.112)
O g2y ) - ey e ) for £ 0T
z(t) = ¢(t) — kL, for te[—h,0], (6.113)

and the function f,41(¢) is the unique solution of the initial value
problem

' (t) = f(t, Bu(t), max Ba(s)) + Qu(t)(z — Bn(t))

SE[t—h,t]
; o tero (G149
+ an( )(Sergggit]m(S) - dne Bn(s)) for te[0,T],
z(t) = ¢(t) + pnCyp for t € [—h,0], (6.115)

where
@n(t) = Feltan(t), max an(s)) = go(t, Su(t), max Ba(s),

Qn(t) = Fy(t7 O‘n(t)a 561[1151%;1(,75] an(s)) - gy(t7 Bn(t)7

max 3, (s)) = qo(t) = 0.
s€t—h,t]

Analogously as in the case n = 0 it can be proved that the functions
an(t) and [, (t) are lower and upper solutions of the IVP (6.92),(6.93),
inclusion av,, B, € S(an—1,0n—1) is valid and the inequalities

aO(t) § al(t) < - § Oén(t) § ﬁn(t) S e § ﬁO(t%t € [_haT] (6'116)

hold.
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Therefore both sequences {a,(t)}5° and {8,(t)}§° are uniformly
convergent on [—h,T].
Denote

UMy —ootin (t) = z(t), limuy—oofBn(t) = Z(t).

From the uniform convergence and the definition of the functions
ap(t) and B,(t) it follows the validity of the inequalities

ao(t) < 2(t) < Z(t) < Bo(t). (6.117)

From equations (6.112), (6.114) as n approaches infinity we obtain that
the functions u(t) and v(t) are solutions of the IVP (6.92), (6.93).
According to the conditions of Theorem 6.4.2 the IVP (6.92), (6.93)
has a unique solution on S(a, 3), i.e., z(t) = Z(t).

We will prove the convergence is quadratic.

Define the functions a,i1(t) = z(t) — apt+1(t) and by41(t) =
Bni1(t) — x(t), t € [—h,T]. Both functions are nonnegative.

From the choice of the constants k,, it follows the validity of the
inequalities

2(6) = i (t) = kL < (L2 = (_min (0() = 0n(s)))

2
= i - < ||z — 2
(,min (@(s) —on(s)” < 1o~ anl
for any t € [—h,0], i.e.,

2 = ansillo < |z — a3 (6.118)

For ¢t € [0,T] we obtain the inequalities

@y <Qn(ans1(t) + ault) max ansa(s)

S€[t—h,t]
+ [Fa(t,2(t), e 2(s)) = g2 (t, an(t), jnax an(s)))
— Qn(t)]an(t)
+ [Fy(t, 2(t), [ 2(s))) — gy(t, o (t), Jax an(s))

— qn(t)]an(t)
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:Qn(t)an+1(t) + qn(t) max Qp+1 (3) + Fxx(tv 517 f?)a?z(t)
sEt—h,t]

+ Fay(t: 60, E2)an(t)( mae a(s) = mmese ) an(s))

+ ga;x(tv m, n?)an(t)(ﬂn(t) - an(t))
+gxy(t77717772)an(t)( max ﬁn(s)_ max an(s))

SE[t—h,t] SE[t—h,t]

Pyt &3, &a)( max @(s)) = max an(s))an(?)
- Fyy (8,63, 60)( max a(s) — max an(s))?
+ Gyy (£, 13, ﬂ4)(s€rfg§§7t] z(s)
"y on() e Bnls)

- e an(s))
+ Gay(t, 13, n4)(s€1%t12_1§7t] z(s))
- dhax an(8)) (B (t) — an(t)), (6.119)

where u(t) < & < an(t), MmaXse(t—h,t] z(s) < § < mMaXse(t—h,t an(s),

an(t) < mi < Bn(t), maXge(t—h,t] an(s) < m < maXse(t—h,t] Bn(s),i =
1,3, 1 =2,4.

It is easy to verify that the inequalities

an(1) (Bn(t) = an(0) = @b+ an) < 20 + Sa2(0),

2
1 3
n t " _ n < = bn 2 “lay, 2
an(t)( max fn(s) = max an(s)) < 5llball” + 5 llanl,
1 3
n t) — n 1) < 5 bn 2 o 11Yn 2
e a(e)(3u(t) = an(t)) < g bl + 5 a2
1 3
n n - n <z bn 2 5 11Yn 2
[Jnax @ (3)(3323‘22]5 (s) jhax o () = Slbnll” + 5 llan]
(6.120)

where ||a|| = maz{|a(t)| : t € [0,T]}.
From inequalities (6.119) and (6.120) and ¢, (¢) < 0 it follows that
for t € [0, 7] the inequalities

an1(t) < Qn(t)ant1(t) + qn(?) SEI[IBZ( ) ani1(8) + opn(t) (6.121)
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hold, where
3 3
Un(t) :[F:mc(ta &1, 52) + Egmm(ta m, 772) + §gacy(ta m, 772)
3
+ ny(t7 517 52) + ny(ta 533 54) + §g:vy(ta URD) 774)
3
200t 3, 70) + Fuy (8 €, €0)] lan (6.122)

1
+ 519w (b 15m2) + Gy (£ 771, m2) + Gy (8773, 74)
+ gyy (£, 73, 1)]1[ba 1.
From inequalities (6.121) and (6.118) we obtain

¢ ¢
ant1(t) San+1(0)+/0 Qn(s)an+1(s)ds+/0 Qn(s)ger[?%ﬁs]an-‘rl(g)ds
¢
n(8)d
—l—/o on(s)ds

<B,(t) + /0 Qu(8)ans1 (5)ds

t
+/ gn(s) max ap4+1(§)ds for te0,T],
0 £€[s—h,s]

ant1(t) <[lu = anllg for te€[=h,0],
(6.123)
where By (t) = [lu — an|3 + [ on(s)ds.

According to Corollary 2.1.2 from inequality (6.123) we get for ¢ €
[0,T) the inequality

ant1(t) < By(t) exp </Ot [Qn(S) + qn(S)] d8> : (6.124)

From the properties of the functions F'(¢,z,y) and g(t, x,y), the def-
inition
(6.122) of the o(t) and inequality (6.124) it follows that there exist
constants Ay > 0 and Ay > 0 such that

lans1ll < Mllanl® + Azlbnl|*. (6.125)

Analogously it can be proven that there exist constants p; > 0 and
w2 > 0 such that

o1l < pallbn* + gzl (6.126)
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The inequalities (6.125) and (6.126) prove that the convergence is
quadratic.
O

Remark 6.4.1. Sometimes it is difficult to find both lower and upper
solutions of the given problem. Then we utilize the solution x(t) as
missing lower or upper solution and obtain only one monotone sequence
approaching the solution x(t).

Now we will illustrate the application of the method of quasilin-
earization to a nonlinear scalar differential equation with “maxima.”

Example 6.4.1. Consider the following scalar nonlinear differential
equation with “mazxima”
. 1 1

T = + -2, for te]0,0.32], (6.127
TR I R 0,0.82], (6-127)

with initial condition
z(t) =0, tel[h,0], (6.128)
where x € R, h € (0,0.32) is a fized constant.

It is easy to check that the initial value problem (6.127), (6.128)
has zero solution.

In this case F(t,z,y) = f(t,z,y) = T —|—L—2 and g(t,z,y) = 0.
It is easy to check that fL(t,x,y) = (E=ne and f (t,z,y) = (1_1y)2, the

functlon Bo(t) = 7 is an upper solution of (6.127), (6.128), M =1,N =
g and the conditions of Theorem 6.4.2 are satisfied for ag(t) = 0. We
will construct a decreasing sequence of functions that is quadratically
convergent to 0.

Choose pg = i and consider the initial value problem

1 1 1 1
PO R S G N Y
1—3 1—% ((1—5)2) 4
1
+ () (a7 - 1)
2 16 16
BEE R e PR (6:129)
2(t) ==, te[-h0)].
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The function p;(t) = %6 is a solution of the initial value problem
(6.129).
Choose p; = % and consider the initial value problem

1 1 1 1
7' = + —2+ ( )
1- 4 1 L ((1 — %)2> 16
1
( 1—— (se[t ht] _E)
2 956 256
S S i 1
235 T 2257 T 205 0 ¥ ) (6.130)

1

The function (2(t) = 515 is a solution of the initial value problem
(6.130).

The sequence of successive approximations {22%}2021 is decreasing,
it approaches zero, and the convergence is quadratical. The zero limit
is the exact solution of the initial value problem (6.127), (6.128).

6.5 Method of Quasilinearization for Periodic
Boundary Value Problems

Consider the following boundary value problem (PBVP) for the non-
linear differential equation with “maxima” (6.92) with boundary con-
ditions

x(0) = z(T), x(t) = x(0) for t € [—h,0], (6.131)
where x € R, f:[0,T] x Rx R — R, h > 0 is a fixed constant.

Definition 6.5.1. The function a(t) € C([—h,T],R)UC*([0,T],R) is
called a lower solution of the PBVP (6.92), (6.131), if the following
inequalities are satisfied:
o (t) < f(t,a(t), max afs)) for t>0,
S€[t—h,t]
a(0) < o(T) a(t) = a(0) for te[—h,0].

Definition 6.5.2. The function o(t) € C([—h,T],R)UC([0,T],R) is
called a lower solution of the PBVP (6.92), (6.131), if the following
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inequalities are satisfied:

o (t) > f(t,a(t),sexﬁiizc’t]a(s)) for t>0,

a(0) > o(T) a(t) = a(0) for t e [—h,0].

Let the functions «, 8 € C(|—h, T],R) be such that a(t) < 5(t).
Consider the sets:

,0) ={u e C([-h, T|,R) :  aft) <u(t) <pB(t) for te|[—h,T]},
< B(B)}-

Lemma 6.5.1. [Comparison result] Let the following conditions be ful-
filled:

1. The functions g1 € C([0,T],(—00,0]),g2 € C([0,T],R;) and
g1(t) < —ga(t) fort €0,T).

2. The inequality

S
Qa, B) ={(t,z) € [-h,T) xR: at) <z

(M + N)T < 1, (6.132)

holds, where M = max{|g1(t)| : t € [0,T]} >0, N = maz{g2(t) :
t€[0,7]} > 0.

3. The function u € C([—h,0],R) U C*([0,T],R) satisfies the in-
equalities

u < gr(t)u(t) + g2(t) max wu(s) for t>0,
s€[t—h,t]

u(t) <u(0) for te[—h,0], u(0)<u(T). (6.133)

Then the function u(t) is nonpositive on the interval [0, T)].

Proof. We consider the following two cases:

Case 1. Let u(0) < 0. Then according to Lemma 6.4.1 it follows the
validity of the inequality u(t) <0 for ¢ € [0,T].

Case 2. Let u(0) > 0. Then u(T") > 0. Let u(u) = max,coru(t) =
A > 0, where p € [0,T].

Case 2.1. Let u > 0.

Case 2.1.1. Let there exist a point ¢; € (0, ) such that u(¢;) < 0.
Then there exists a point i € (0, ) such that u(n) = 0.

Therefore, there exists a point ¢ € (1, 1) such that

A= u(p) —u(n) =u' () —n). (6.134)
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From equality (6.134) it follows that u/({) > 0 and «/({)(p —1n) <
' (Q)T, ie.,
A< d(OT. (6.135)

From inequalities (6.133) and (6.135) we obtain

AW QT < gi(QuC)T +g2(¢) max _u(s)T < (M + N)AT.

sElC—h(]
(6.136)
Inequality (6.136) contradicts (6.132).
Case 2.1.2. Let u(t) > 0 for ¢ € [0, u]. Then there exists a point
¢ € [0, p) such that u(§) = min(g yu(t) = B > 0.
Therefore, there exists a point ¢ € (£, u) such that

A= B=u(p) —u(n) =u'()(r—n), (6.137)

where ¢ € (n, p).
From inequality (6.137) it follows that «/({) > 0 and «/({)(n—1n) <

u'(O)T, ie.,
A—B<d(OT. (6.138)

From inequalities (6.133) and (6.138) we obtain

A-B < ()T < (gl(C)U(C)+92(C) seI[IgliLf C]U(5)>T < 91(¢Q)BT+g2(¢)AT

< (= 92(QB +9:(Q)A)T < N(A= B)T < (N + M)(A - BT,
(6.139)

Inequality (6.139) contradicts (6.132).
Case 2.2. Let p =0, i.e., m(0) = m(T) = maz,cpru(t) = A >0
or 4 =T. As in the proof of Case 2.1., we obtain a contradiction.
U

We will apply the method of quasilinearization for approximate
finding of a solution of the periodic boundary value problem for a non-
linear differential equation with “maxima.” We will prove that the con-
vergence of the successive approximations is quadratic.

Theorem 6.5.1. Let the following conditions be fulfilled:

1. The functions ag(t), Bo(t) € C([—h,0],R)UC([0,T],R) are lower
and upper solutions of the PBVP (6.92), (6.131) and ag(t) <
Bo(t) fort €[0,T].
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2. There exist functions F,g € C%%2(Q(ap, B),R) such that
F(t,z,y) = f(t,z,y) +9(t,2,y),
and

me(t,l',y) 203 ny(t7$7y) 207 Fyy(t7$,?/) 207
gfﬂx(t7$7y) Z 07 gfﬂy(taxvy) Z 07 gyy(t7$,y) Z 07

F.(t, Bo(t), max (Bo(s))) < g.(t,a0(t), max (ap(s))),

S€[t—h,t] S€[t—h,t]

Fy(t, ao(t), ser[lgilz(’t](ao(S))) > gy(t, Bo(t), Ser[lgilﬁt](ﬁo(S))),

Fy(t, Bo(t), seI[ItliL;v,(,t](ﬁO(S))) + Fy(t, Bo(t), seI[Itl%;v,(,t](ﬁO(S)))

= go(t, c0(t), max (ao(s))) +gy(t, c0(t), max (ao(s)))
(6.140)
(M + N)T <1,

where

M = max{|F;(t,Bo(t), A\ (Bo(tr))) — 9z(t, a0(t), A (o (tr)))l,
t €[0,7]},

N = max{gy(t, ao(t), (o (tr))) — Fy(t, Bo(t), Ae(Bo(tk)))s
te0,7]}.

Then there ezist two sequences of functions {ou (t)}° and {5, (t)}5°
such that:

(a) The sequences are increasing and decreasing correspondingly;

(b) Both sequences uniformly converge in the interval [0,T] and the
limits are equal to the unique solution of the PBVP (6.92),

(6.131) in S(c, Bo);

(¢) The convergence is quadratic.

Proof. From condition 2 of Theorem 6.5.1 it follows that for (¢, z1,y1),
(t,z2, y2) € Qap, Bo) and x1 > x2,y1 > yo the inequalities (6.101) and
(6.102) hold.

We consider the linear differential equation with “maxima” (6.104)
with a boundary condition (6.131).



6.5. Periodic Boundary Value Problems 239

According to the results in Section 3.2 the PBVP (6.104),(6.131)
has an unique solution ay(t). We will prove that aq(t) € S(ag, 5o)-

Indeed, the function u(t) = ag(t) — a1 (t), t € [—h,T] satisfies the
inequalities

u'(t)
u(0)

<Qo(t)u(t) + qo(t)mazep—nguls), te€[0,T], (6.141)
<u(T), wu(t)=u(0) for te[—h,0. (6.142)
According to Lemma 6.5.1 the inequality ao(t) < aq(t) holds.

We will prove that aq(t) < [Bo(t). We define the function wu(t) =
a1(t) — Bo(t), t € [=h,T]. According to the definition of the functions
a1 and [y, the inequalities (6.140),

1) sy ) < i (oals) = o(e)
and the equation (6.104) we obtain the inequality (6.106) and (6.142).

From (6.106) and (6.142) according to Lemma 6.5.1 we obtain that
u(t) <0, i.e., the inequality aq(t) < Bo(t),t € [0,T] holds.

We consider the linear differential equation (6.108) with a boundary
condition (6.131).

The PBVP (6.108) and (6.131) has an unique solution [i(t) :
Bi(t) € S(ao, fo)-

We will prove that ay(t) < §i(t) for t € [—h,T].

Define the function u(t) = ai(t) — pi1(t) for t € [—h,T]. From the
choice of the functions aq(t) and £1(t) and the inequalities (6.140)
we obtain that the function u(t) satisfies the inequalities (6.141) and
(6.142). According to the Lemma 6.5.1 it follows that the inequality
u(t) <0, te[0,7] holds, i.e., ay(t) < Bi(t).

Similarly, we can construct two sequences of functions {a, () }§° and
{6,(t)}3°, where o, B, € S(an—1,0n—1). The function oy,41(t) is the
unique solution of the periodic boundary value problem for the linear
differential equation with “maxima” (6.112), (6.131), and the function
Bn+1(t) is the unique solution of the periodic boundary value problem
(6.114), (6.131).

Analogously as in the case n = 0 it can be proved that the functions
an(t) and B,(t) are lower and upper solutions of the PBVP (6.92),
(6.131) and the inequalities (6.116) hold.

Therefore, the sequences {a,(t)}5° and {8,(t)}§° are uniformly
bounded and equicontinuous in the interval [0,7] and uniformly con-
vergent.
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Denote limg,— oot (t) = u(t), limp—ooBn(t) = v(t).

From the uniform convergence and the definition of the functions
an(t) and 3,(t) it follows the validity of the inequalities ag(t) < u(t) <
v(t) < Bo(t). From the equalities (6.112) and (6.114) we obtain that the
functions u(t) and v(t) are solutions of the PBVP (6.92) and (6.131).
According to the conditions of Theorem 6.5.1 the PBVP (6.92) and
(6.131) has a unique solution on S(a, 3), i.e., u(t) = v(t).

We will prove the convergence is quadratic.

Similarly to the proof of Theorem 6.4.2 we define functions
an+1(t) = u(t) — any1(t) and bpy1(t) = Brta(t) —u(t), t € [0,T]. Both
functions are nonnegative, a,+1(t) = an4+1(0) = apy1(T), t € [—h,0]
and for ¢ € [0,7] the inequalities (6.119) and (6.121) are satisfied.

From the inequality (6.121) and the periodic boundary condition
we obtain the following estimate for the function a,1(t):

an+1 (t) <
{anis )+ [ () + (o) _max_anir(©)
X exp ( — /0 Qn(T)dT)>dS} (6.143)
X exp (/Ot Qn(s)ds),
where

ans1(0) < [1 = exp ( /0 ' Qn(s)ds ) | B

X /OT (an(s) + gn(s )Eer[?a:;f s] an+1(€ )> exp </T Qn(T)dT> ds.
T (6.144)

From (6.143) and the definition of the function a,1(t) we obtain

ani1(t) < fi(t) / fa(t,s) Inax an+1(§)ds, for te[0,T],

€[s—h,s]

tns1(t) = ani1(0) for te [—h,O],
(6.145)

where

70 = s O [ @uo)is).
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fa(t,s) = an(t)e:zp(/st Qn(s)ds),

and the function o(t) is defined by (6.122).
According to Theorem 2.1.2 from (6.145) we obtain the following
bound

an+1(t) < an+1(0)exp</0t Qn(s)ds> ewp(/ot falt, s)ds)

:an+1(0)ewp</0t Qn(s)ds>ewp</0 Un(s)exp(/: Qn(ﬁ)df)ds)
(6.146)

From condition 2 of Theorem 6.5.1 and the inequalities (6.144) and
(6.146) it follows that there exist constants Ay > 0 and A2 > 0 such that
inequalities (6.125) and (6.126). These inequalities prove the quadratic
convergence.

g






Chapter 7

Averaging Method

In this chapter, the averaging method for several types of differen-
tial equations with “maxima” will be presented. First order differen-
tial equations with “maxima” and neutral differential equations with
“maxima’” are considered. Different schemes of averaging are applied to
initial value problems and boundary value problems. The application
of the averaging method for differential equations with “maxima’” gives
the possibilities to considerably simplify them. The presence of max-
imum of the function in the right side of the equation has significant
influence on the application of the considered method.

Note that in this chapter, if x € R", x = (x1,x9,...,2,) then we

use the following norm ||z = /> i, z2.

7.1 Averaging Method for Initial Value Prob-
lems

This section is devoted to the justification of averaging method for an
initial value problem associated to a vector differential equation with
“maxima.” In applications usually the maxima arises when the control
law corresponds to the maximal deviation of the regulated quantity.
If the control law also takes into account the maximal velocity of de-
viation of this quantity, then the process is governed by a differential
equation, containing the maximum of the unknown functions as well as
the maximum of its derivative.
Consider the system of differential equations with “maxima”

"(t) = eX (t, x(t ! t>0 7.1
' (t) = eX (t, 2(t), Serﬁgﬁjt]x(S), serﬁf‘?f,t]x(s))’ >0, (7.1)

243
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with initial condition

z(t) = o(t), 2'()=¢'(t), te[-h0] (7.2)

where z € R", © = (z1, x2,..., T,), h > 0 is a constant, ¢(t) is the
initial function, € > 0 is a small parameter and the following notation

/ / / /
max 2'(s) = ( max z)(s), max x5(s),..., max z) (s
se[t—;;L{,t] (5) (se[t—;it] 1 )7s€[t—2{,t] 2(5), 786[1&—2(,15] n(5)
is used.

Suppose that there exists the limit

1T _
TIE};OT/O X(t, z, z, 0)dt = X (z) (7.3)

uniformly with respect to z.
Then the averaged system is the following system of ordinary dif-
ferential equations

¢'(t) =eX(&(t)), with initial condition £(0) = ¢(0), (7.4)

where £ € R™.
The following theorem gives conditions for proximity between the
solution z(t) of the initial value problem (7.1), (7.2) and the solution

&(t) of (7.4).
Theorem 7.1.1. Let the following conditions be fulfilled:

1. The functions X (t, z, y, z) € C(W,R"), ¢(t) € C*([~h,0],9),
and the derivative ¢'(t) € T for t € [—h,0], where the domains
W =1[0,00) xQxQxY, and Q CR™, T CR" are open domains.

2. The following inequalities
||X(t? r, Yy, Z)H < M fOT’ (t,m,y,z) € W7
||X(t,£l],y, Z) || - ||X(t,l’1,y1, Zl) ||

<Al =21 + lly = wall + 1z = z),
(t,m,y,z), (75,1‘1,3/1,21) ew

hold, where M and X\ are positive constants.

3. The limit (7.3) exists uniformly for © € Q and the function
X(x) € C(Q,R™).
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4. For each € € (0,&] the initial value problem (7.1), (7.2) has a
unique solution z(t) € Q defined on Ry, where &€ = const > 0 .

5. For each € € (0,&] the initial value problem (7.4) has a unique
solution &(t), such that Ug(t) C Q for t € Ry, where Ug(t) is a
p-neighborhood of £(t), (p = const > 0).

Then for each n > 0 and L > 0 there exists a number ey €
(0,€], (eo0 = eo(n, L)) such that for 0 < e < € the inequality

|lz(t) — €@ <n, 0<t<Le!
holds true.

Proof. The solution of (7.1), (7.2) satisfies the following integral equa-
tion

t
x(t) =¢(0) +6/0 X(&w(S),eer[g%’s]x(e),eexg;%’s] 2'(0))ds, t>0,

7.5)
o(t) =¢(t), 2'(t)=¢'(t), —h<t<0, 6)
and the solution of (7.4) satisfies
t —
£(t) = (0) + ¢ / X (E(s)) ds. (7.7)
0
Subtract (7.7) from (7.5) and obtain for ¢t > 0
() = &@)|l
t —
<e /0 [X (s,2(s), , mox _2(6), max a'(8)) —X(¢(s))]ds

<o ) oot g 50 o #0) X0 600.0) o

e /0 X (s,€(5).€(),0) — X(¢()]ds|| =m+ . (78)

Now, let L > 0 be a fixed number, and ¢ > 0 be a small parameter,
whose value will be found later.
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Then for 0 < t < Le~! according to the condition 2 of Theorem
7.1.1 we get

L :e/OtHX(s,x( ), max x(f), max x’(@))—X(s,f(s),§(s),0)“d9

i a(0).  max
<on [ [lets) — € +1], max_s0) —€(s)]| +1], max_s)] s
=y Ile(s) = £(s)]|ds + ex /0 |, max @) lds

e / |, e a(6) = ()] |ds (7.9)

Without loss of generality we will asumme that ¢ > h.
From conditions 1 and 2 of Theorem 7.1.1 we obtain the inequality

t
/
/ H@er[lslaifs]a: (0)||ds

/ | max a'( ‘ds—l—/ || max 2/(6)||ds
0€[s—h,s] 0€[s—h,s] (710)
gBh+/ [Z( () THds < Bh+ et — h)M
h =1
< Bh+ LM+/n,
where v;(s) € [s—h, ], i =1,2,...,n are such that maxge[s_p ¢ ;(0) =

zi(7i(s)) and B = max;e[_p, g H<p )||-
From (7.5) it follows the inequality ||z(t)|| < A + eM¢t. Then for
t € [0, Le™ '] we get

/ | eer[lsazg s]x — x(s)||ds

S/O HQEI[I;ELZ(]Z' Hds+/ ||2(s Hds+/ Heer[nax x(60 (s)||ds
< 2Ah+eM%
ton s -
+/h [Z;(/m(s) eX(f,w(f),Ter[lgiuig]:n(T),Ter[lg&_mﬁﬂm(T))d&) } ds

h? h?
< 2Ah + eM7 + (t —h)eM+/n < 2Ah + eM7 + LM+/n
(7.11)
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where 7;(s) € [s—h,s],i=1,2,...,n are such that maxge[s_p ¢ 7:(0) =

wi(ni(s)) and A = maxe[_p, o ||0(t)]]-
Fom inequalities (7.10) and (7.11) we obtain

I < 2e) /t Hx(s)—f(s)’}ds+6)\(Bh+2LM\/ﬁ+2Ah+th;). (7.12)
0

For 0 < t < Le! we have

b= [ [X(se00.600.0) - X(ets)] s
< [ [ o 60.0) - (o) < 2L ), o
where
o) = %/Ot [X(s,g,g,o)—)‘((g)]ds
= %/OtX(s,&{,O)ds—X(f)H (7.14)

According to condition 3 of Theorem 7.1.1 limy_. ®(¢,&) = 0 for
each £ € Q. Thus it follows from (7.8), (7.12) and (7.13) that

H H < 5 —|—2€)\/ H )de (7.15)

where
5(e) = e)\(Bh+2LM\/ﬁ+2Ah+eM%2)+L<I>(é5), 113% 5(e) = 0.
(7.16)

Applying Gronwall inequality to (7.15) and we get
Hm(t) - g(t)H < () exp (2AL} for 0<t<Lel.  (7.17)

Since lim._,0d(e) = 0, for any n > 0 we could choose € > 0 such
that Hm(t) - £(t)H <nfortel0,Lel].
O
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7.2 Averaging Method for Multipoint Bound-
ary Value Problems

In this section we will apply an appropriate averaging scheme to
differential equations with “maxima” with a boundary condition given
at the fixed points 0 <tg <t < - - <ty < o0.

Consider the differential equations with “maxima” (7.1) with initial
conditions (7.2) and a boundary condition

N
Apz(to) + Y Ai(€)z(t;) =T(a(to), ..., z(tn), €), (7.18)

=1

where x € R", ¢ € (0,&] is a small parameter, I' : Q x Q x ...Q x
(0,&] = R™, Ag, A;(€), (1 =1,2,..., N) are mxn-dimentional matrices
, € = const > 0.

Assume the limit (7.3) exists. Then the averaged problem corre-
sponding to (7.1), (7.2) and (7.18) is the following boundary value
problem for the system of ordinary differential equations

g(t) =eX (&), (7.19)

N
£0) =¢(0),  A€(to)+>_ Ail(t:) =T (£(to), -, &(tw), €), (7.20)
i=1
where the function X (t) is defined by (7.3).
For any matrix A = (ajk)m ,, we will use the following norms

1

2

|4l =

n m
2
2.2 ajk]
k=1 j=1

The following theorem for proximity between the solution z(t) of
the boundary value problems (7.1), (7.2) and (7.18) and the solution
&(t) of (7.19) and (7.20) is valid.

Theorem 7.2.1. Let the following conditions be fulfilled:

1. The function X(t, x, Y, z) e C(W,R"™), where W = [0,00) X
AxQx T, QCR", T CR"™ are open domains.

2. The function ¢(t) € CY([~h,0],9Q), and ¢'(t) € T fort € [~h,0].
3. The function T : Q@ x Qx...Qx(0,] = R™, &= const > 0.



7.2. Multipoint Boundary Value Problems 249

4.

10.

The following inequalities
HX(t, x, v, z)H <M, ,(t,z y z)eW
HX(tv z, Y, Z)_X(tv T, Y1, ZI)H

<A(lle =l + lly = wall + 112 = =),
(tv T, Y, Z)v(tv T1, Y1, Zl) € W7

HF(’LU(),wl, v ,ZUN,E)

—F(wé,wﬁ,...,w&,e)” S,uono—wE)

!

N
+ ) pie)]Jwi — w
=1

hold, where M, X, pg are positive constants, u;(e) > 0,(i =
1,2,...,N)) are such that the function b(e) = maxi<j<n p;(€)
is continuous in (0,&] and lim¢_,ob(e) = 0.

The matrixz Ag is a constant matriz and det Ag # 0.

The matrices A;(e),(i = 1,2,...,N ) : de) =
maxi<i<n ||4i(€)||, d(e) is a continuous function in (0,€] and
lime_>0 d(E) =0.

The inequality

N -1
| <A0 + ZAi(e))
i=1

is fulfilled in (0, &].

N
(1o + ZM(G)) <1
=1

The limit (7.3) exists uniformly for x € Q and the function
X(z) € C(2,R™).

For each € € (0,&] the boundary value problems (7.1), (7.2) and
(7.18) have a unique solution x(t) € Q defined on Ry, where
E =const >0 .

For each ¢ € (0,&] problem (7.19), (7.20) has a unique solu-
tion &(t), such that Ug(t) € Q for t € Ry, where Ug(t)is a p-
neighborhood of £(t), (p = const > 0).
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Then for each m > 0 and L > 0 there exists a number ey €
(0,&], (e0 = €o(n, L)) such that for 0 < € < €g the inequality

|z(t) —€@)|| <n, 0<t<
holds true.

Proof. The solution of the boundary value problem (7.1), (7.2), (7.18)
satisfies the integral equation

t
x(t) ::L‘o—l—e/ X(G, xz(0), max xz(s), max :L‘/(s))dﬁ, t > to,

to se[0—h.0] se[0—h.0]
(7.21)
o(t) =p(t), 2'(t)=¢'(t), —h<t<0,
N
Ag (.ro—i-Eﬂo)—i-Z Al(e) (.ro—i-Eﬂi) = F(xo—i-Eﬂo, .o, Xot+eBN, 6), (7.22)
=1

where 7o = x(to), 5 = [, X (0, x(0), max,cp_p ¢ (), max,e(g_p g '(5))do,
(i=0,1,2,...,N).

The solution of the averaged boundary value problem (7.19), (7.20)
satisfies the integral equation

t

§(t) =G0 +e / X((6))do, >0

to
(7.23)
£(0) = (0),
— N — — —
Ao (& +€bo) + ZAi(G)(fo +¢6;) =T (& + €bo, .-, &+ €Bngs€),
. (7.24)

where & = £(to), 3; = [,/ X(£(0))d0, i=0,1,2,...,N.
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Subtract the equality (7.23) from (7.21) and obtain

=) — £@®)|] < [|zo — &l|

+ € /t [X(H, z(f), max z(s), max x’(s))—X(f(@))]d@

b
to s€[0—h,0) s€[0—h,0)

t
<l -6l +c [ [[x(0 2(0), mox 2(e). mox )

— X(0, £(9), £(9), o)Hde
/t X0, €0), €0), 0) ~ X (c(6))|av

to

= on—&o” + I + Is. (725)

+ €

Now let L > 0 be a fixed number, and € € (0,&] be a small number
whose value will be set up later.

Similarly to the inequalities (7.12) and (7.13) we obtain for ¢ €
[0, Le™ 1]

t
I :6/
to

< 26)\/t ||z(s) — &(s)||ds + eA(Bh + 2LM/n + 2Ah +6M%2).
0
(7.26)

X(0, =(0 !
(O 200 By ™) Gy )

— X (0, £0), €0), o)Hde

and

I, =¢

/t X (6, €(0). £0), 0) —X(g(g))]deH

to

< L<I>(§,€),
(7.27)

where @(t,f) is defined by (7.14).

According to condition 8 of Theorem 7.2.1 lim;_., ®(¢,&) = 0 for
each & € Q.
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From (7.22) and (7.24) we get the validity of the inequality

N
(Ao + ZA ) (o + €0) + €Ao(Bo — Bo) +€ > Ai(e) (B — 5)
i—1
N
(ko + Z pi(€)) (w0 + &) + epo (Bo — Fo) + € Y pi(e) (B; — Bi)
i—1
(7.28)
(zo + &0)
N
g(AO+ZA,»(e) 0+Zuz (zo + &)
A0+ZA ( (Bo — o) +Zuz ﬁ_z)) (7.29)
i—1
Ao+ZA )™ (Ao (B0 — o) 3 A0 Bi - B)
i—1
[|z0 = &l | < € Gle ZH@ G| (7.30)
where
N -1
Gle) = (b(e) + d(e)) | <A0 +y A,»(e)> X (7.31)
i=1

(G gp) )

According to the conditions of Theorem 7.2.1, the definitions of
Bi, B, similar to the inequality (7.13) we get

— ti —
16— B = ¢ / X0, 2(0), max a(s), max o'(s))db ~ X (€(0)

<1a(Zg).
(7.32)
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The relations (7.25), (7.26), (7.27), (7.30), and (7.32) yield
[a(t) — £@)]] < o(e) + 2eA /0 12(6) — £(0)]|do. (7.33)

where o(€) = eA(Bh+2LMy/m+2Ah+eM2) + L(14+G(e)N)® (L, €).

Apply Gronwall-Bellman inequality to (7.33) and obtain for ¢ €
[0, Le~!] the estimate

l|z(t) — £(t)|| < o(e€) exp {2eAt} . (7.34)

Since lim._,go(e) = 0, for any n > 0 we could choose a number € >
such that ||z(t) — &(t)|| < n for t € [0, Le™].
O

7.3 Partial Averaging Method

Now we will apply the partially averaging method to the initial value
problem for the system of differential equations with “maxima” (7.1),
(7.2), where z € R™.

Let the function X (t,2) exist such that

T
lim l/ [X(t, z, z, 0) —X(t,m)]dtzo (7.35)
T—o0 0

uniformly with respect to x.

Then the averaged system of the system of differential equations
with “maxima” is the following system of ordinary differential equa-
tions:

£ =eX(t,&(t) for t>0 (7.36)

with initial condition
£(0) = (0), (7.37)

where £ € R™.

We shall prove the solutions of initial value problems (7.1) and (7.2)
are close enough to the solutions of the initial value problem (7.36),
(7.37).

Theorem 7.3.1. Let the following conditions be fulfilled:
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1. The function X(t,x,y,z) e C(W,R"™), where W = [0,00) x X
QAQx T, QCR”, T CR" are open domains.

2. The function o(t) € CY([~h,0],9Q), and ¢'(t) € T fort € [~h,0].
3. The following inequalities

1X(t, z, gy, 2) |+ | X(t2)]| <M
for (t,x,y,z) € W, (t,x) € Ry x Q
1X (2, y, 2) | = 11X (21,91, 21) |
<Al = 21l + lly = sl + Iz = z1]),
(t,w,y,2), (¢, 21,91,21) €W

HX(t,:L‘)—X(t,ml)H < pllz — 2

}, teRy, z,21 € Q

hold, where M, u and X\ are positive constants.

4. The limit (7.35) exists uniformly for x € Q and the function

X(t,2) € C(Ry x Q,RY).

5. For each ¢ € (0,&] the initial value problem (7.1), (7.2) has a
unique solution z(t) € Q defined on Ry, where & = const >0 .

6. For each € € (0,€&] the initial value problem (7.36),(7.537) has a
unique solution &(t), such that Ug(t) C D C Q fort € Ry, where
Ue(t)is a p-neighborhood of £(t), D is a compact, (p = const > 0).

Then for each n > 0 and L > 0 there exists a number ey € (0,&], (eg =
eo(n, L)) such that for 0 < e < ey the inequality

l|lz(t) —€@®)|| <n, 0<t<Let
holds.

Proof. From the condition 4 of Theorem 7.3.1 it follows that for the
compact D C € there exists a continuous function «(7') such that
limr_. a(T) = 0 monotonically and for z € D the inequality

l

T
[ [xtre0 - Xaa]w|| < T ms

holds.
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The solution z(t) of (7.1) and (7.2) satisfies the integral equation

t

z(t) =(0) + € [ X(r,x(r), max x(s), max a'(s))dr, t >0,
0 SE[T—h,T] SE[T—h,T]

(7.39)

and the solution £(t) of (7.36) and (7.37) satisfies

£(t) = p(0) + ¢ /O X(r.e(r)dr,  t>0, (7.40)

where z(t) = p(t) and 2/(t) = ¢'(¢t) for t € [—h,0].
Subtracting (7.40) from (7.39) for t > 0 we obtain

— )|

||
<e /0 [x (.2, L dnaa(s), maxa/(s) =X (7, (), (), 0)||

+e€

0

=0+ 1 (7.41)

Now let L > 0 be a fixed number and ¢ > 0 be a number whose
value will be obtained later.

Similar to inequalities (7.9) and (7.12) we obtain for 0 < ¢ < Le™!
the bound

L = e/ot HX(T,IL‘( ,Sel[rga;l(ﬂm(s) Seglimzcﬁ] 2'(s)) — X (7, &(7), &(7), O)HdT

< 26)\/: ||lz(s) — &(s)||ds + eA(Bh + 2LM/n + 2Ah+6Mh;)
(7.42)

From inequality (7.38) we get for t € [0, Le ']

< La(®). (7.43)

€

Ib=c¢

[ (e o). €. 0) = (et
0

From inequalities (7.41), (7.42), and (7.43) it follows that for ¢ €
[0, £] the inequality

llo(t) — £t)]| < 0(€)+26)\/0 lo(r) — &(r)||dr (7.44)
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holds, where

L

2
o(e) = eN(Bh + 2LM+/n + 2Ah + EM%) + La(=).
€

Apply Gronwall-Bellman inequality to inequality (7.44) and obtain
|z(t) — £(t)|| < o(e) exp {2AL}. (7.45)

Inequality (7.45) and lim._,go(e) = 0 proves that for any n > 0 we
could choose a number € > 0 such that ||z(t) — £(t)|| < n.
U

Now we will apply the result of Theorem 7.3.1 to introduce a scheme
for partial averaging for differential equations with “maxima.”

Consider the initial value problem for the system of differential
equations with “maxima” (7.1), (7.2), where z € R".

Introduce the following notations:

Let I,m be fixed natural numbers such that [ + m = n. Then we
assign to any vector x € R", x = (:nl,:ng, A ,xn) two vectors z € R!
and y € R™ such that

(Z7y) = (33'1,.132,... y LLy Ll41y - -+ 7xn)7

z Y

orzj =xzj, (j=1,2,...,1) and yy = 254, (k=1,2,...m).
According to the above-introduced notation, we could rewrite the
initial value problem (7.1), (7.2) in the following way:

"t)=eZ(t, z(t ! t>0
2 (t) = eZ(t, =(t), SEI[Igit]x(S), dnax (s)), t=>0,

t) = €Y (¢, x(t ! t>
y(t) = eV (t, x(t), [ Ja @(s), max (s)), t=0, (7.46)

2t)=9(), Zt)=v'(t), te[-h0],
() =), ) =a'(t), te[-h0]

st = (G ) w0 = (56 )

Y eR weR™, u,v,w e R
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Let the following limit exist

T
lim — / 2t @, 0)dt = Z(x). (7.47)
0

T—o00

Then with the initial value problem (7.46) we associate the partially
averaged system of ordinary differential equations

(1) = eZ(x),
y'(t) =€eY(t, x, x, 0) for t>0, (7.48)
2(0) =4(0),  y(0) = »(0),

where z = ( ; )

In order to distinguish the used norms in different spaces, we will
use a subscript, i.e., ||.||» will denote a norm in R™.

Theorem 7.3.2. Let the following conditions be fulfilled:

1. The functions Z(t,u,v,w) e C(W, Rl),Y(t,u,v,w) e C(W,R™),
where W = [0,00)xQxQx YT, Q CR™, T C R"™ are open domains.
2. The functions ¥(t) € CY([—h,0],R ) w(t) € CY([~h,0],R™),
and the inclusions (Y(t),w(t)) € Q, (¢'(t),u'(t)) € T hold for
€ [—h,0].
3. The following inequalities

1Z (¢, w,v,w) i + [|Y (£ w,v,0) | < M for (t,u,v,w) € W,
1Z (¢, w,v,w) — Z(t, w1, v1,w1) |1 < A(|lu — willn + v — v1]]n
Hlw = willn),
1Y (¢, u,v,w) =Y (¢, ur, v, wi) |lm < A(flu = wi]ln + v —vi]n
Hlw —will),
(t,u,v,w), (t,ur,vi,w1) € W

hold, where M and )\ are positive constants.

4. The limit (7.47) exists uniformly for x € § and the function

X e C(Ry x Q,R™), where X(t,fﬂ) = < }Z/Ef):p x,0) >

5. For each € € (0,&] the initial value problem (7.46) has a unique
solution x(t) = (z(t),y(t)), z(t) € Q, defined on Ry, where
& = const > 0.
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6. For each € € (0,&] the initial value problem (7.48) has a unique
solution &(t), such that Ug(t) € D C Q fort € Ry, where Ug(t)is
a p-neighborhood of (t), (p = const > 0), D is a compact set.

Then for each > 0 and L > 0 there exists a number ey € (0,&], (e =
eo(n, L)) such that for 0 < e < ¢y the inequality

|=(t) —€@)]|,, <m, 0<t<Let
holds.

Proof. From the limit (7.47) and the conditions of Theorem 7.3.2 it fol-
lows that in the domain 2 the function Z(z) is bounded, continuous and
satisfies the Lipschitz condition. Hence conditions 1 and 2 of Theorem

7.3.1 are satisfied for the functions X (¢, u,v,w) = Z(t, u, v, w)
Y (t, u,v,w)
Z(x)

and X (t,x) = ( Y(t, z. 1, 0)
is similar to the one of Theorem 7.3.1 and we omit it.

). Further, the proof of Theorem 7.3.2

O

7.4 Partially Additive and Partially Multi-
plicative Averaging Method
We will apply a partially additive averaging scheme to the initial value

problem for a system of differential equations with “maxima.”
Consider the following system of differential equations with “max-

3 7

ima
TN /
Z'(t) =€ [Xl (t,2(t), Ser[lgit] z(s), Sen[%z_iz(?t] 2'(s))

/
>
+ Xo (t,x(t),selgtlz_iit] x(s),sel[?éﬁ,t] x (s))} for ¢t>0,
(7.49)

with initial condition
2(t) = p(t), () =FW) for te[-n0, (750

where x € R™, (t) is an initial function, € > 0 is a small parameter.
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Let the following limit exist
1 /(T
lim —/ Xi(t, z, =, 0)dt = X19(z). (7.51)
T—oo T 0

Then with the initial value problem for differential equations with
“maxima” (7.49), (7.50) we associate the averaged system of ordinary
differential equations

/

€ (1) = e[Xu () + Xa(t, €01), €1). 0)].  (752)

with initial condition
£(0) = »(0), (7.53)
where £ € R™.
We shall prove a theorem of nearness of the solutions of the initial

value problem (7.49),(7.50) and the averaged system (7.52) with initial
condition (7.53).

Theorem 7.4.1. Let the following conditions be fulfilled:

1. The functions X (t,x,y,z), X5 (t,x,y,z) € C(W,R™), where
W=[0,00) x 2xQxT, QCR" T CR" are open domains.

2. The function o(t) € C*([~h,0],R"™), and ¢(t) € Q, ¢'(t) € Y for
t € [—h,0].

3. The following inequalities
H—Xl(tvxvyvz)H + HXQ(tvxvyvz)H S M fOT’ (t7x7y7z) € W7
HXI (t7$7yaz) - Xl (t7$17y17Z1)H

+”X2(t,$7972) - XQ(tJ?lvyLZl)H

<Al =zl + lly — sl + 112 = 21),
(t7$7y7 Z)a (tamlaylazl) S W

hold, where M and X\ are positive constants.

4. The limit (7.51) exists uniformly for x € Q and the function
X109 € C(Q,R™).

5. For each € € (0,&] the initial value problem (7.49),(7.50) has a
unique solution x(t) € §, defined on R, where & = const > 0 .
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6. For each € € (0,&] the initial value problem (7.52),(7.58) has a
unique solution &(t), such that Ug(t) C D C Q fort € Ry, where
Ue(t)is a p-neighborhood of £(t), (p = const > 0), D is a compact
set.

Then for each n > 0 and L > 0 there exists a number ey € (0,&], (eg =
eo(n, L)) such that for 0 < e < eg the inequality

l|lz(t) — &) <n, 0<t< Le?
holds

Proof. The solution of the initial value problem (7.49), (7.50) satisfies

ac(t):x(O)—i—&/O [Xl(T,QZ( ), max z(s), max x'(s))

SE[T—h,T] SE[T—h,T] (754)
+ Xa(7,2(7), seﬁlﬁﬁ,r] =), 561[171%2(,7] xl(s))] dr, 120,
z(t) = p(t) and 2/(t) = ' (t)v for te[-h,0], (7.55)

and the solution of (7.52) and (7.53) satisfies

£(t) = £(0) +¢ /0 [Xu0(E() + X (. €(7). (). 0) | ar. 2 0. (7.56)

Subtract (7.56) from (7.54) and get for ¢ > 0

[|(t) — &(t )H
/ (1 ,seﬂlaﬁﬂx(s) se][qu%;f,r] ac’(s)) - X3 (T,f(T),f(T),O)HdT
/ HXQ T, (T ,seﬂlaﬁﬂx(s) se][qu%;f,T] 2'(s)) — X (T,ﬁ(T),ﬁ(T),O)HdT

+e€

/0 | X1(7,€(7), £(7),0) = Xuo (7)) | ar] .

(7.57)

Choose an arbitrary L > 0 and let € > 0 be a small enough number
whose value will be defined later.
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From condition 3 of Theorem 7.4.1 we obtain similarly to (7.9) and
(7.12) the following inequalities

/OtHX1(7733(T7 max z(s), max x’(s)) —Xl(T, &(r), &(), O)Hdr

SE[T—h,T] SE[T—h,T]
t 2
< 2)\/ Hx(s)—g(s)}}ds+A(Bh+2LM\/H+2Ah+eM%),
0

for t € [0, Le!].
(7.58)

/tHXQ(T,x(T ), max x(s), max x’(s)) —XQ(T, &(r), &(), O)Hdr

SE[T—h,T] SE[T—h,T]

2
<2)\/ ||2(s) }ds+A(Bh+2LM\F+2Ah+th)

where ®(¢,€) is defined by (7.14) and limy .o ®(¢,€) = 0.
Substitute inequalities (7.58), (7.59), and (7.60) in inequality (7.57)
and obtain

(7.59)

As in the proof of inequality (7.13) we get

/Ot [Xl(T, (1), &(7), 0) _Xlo(f(T))]dT

< %@(ég), (7.60)

|z (t) — £(t)]] < 46)\/ ||2(s) s)||ds + o(e) for t € [0, Le "],
(7.61)
where o(c) = 2A( Bh + 2LM /it + 24h + M ) + Lo (L,¢).

From inequality (7.61) according to Gronwall inequality it follows
that

Hx(t) - g(t)H < o(e)exp(4L).
Since lim¢,go(e) = 0 for any n > 0 we could find e such that for
t € [0, Le!] the estimate Hx(t) — §(t)H < n is valid.
U

Now we will suggest a scheme for partially multiplicative averaging
for an initial value problem for differential equations with “maxima.”
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Consider the following system of differential equations with “max-

ima”

o' (t) =eA(t,z(t), max x(s), max 2'(s))

SE[t—h,t] SE[t—h,t]
X (t,z(t ! .62
X X (t, a( ) Jhax x(s), max (s)) (7.62)
for ¢t>0,

with initial condition
z(t) = ¢(t) and 2'(t) = ¢'(t), t € [—h,0], (7.63)
where x € R™, X : R x R" x R” x R® — R™, the matrix A is n X m-
dimensional with elements a;; (¢, x(¢), z(t), £(t)), i = 1,2,..., n,
j=12,..., m, p(t): [=h,0] — R™ is an initial function, € > 0 is a

small parameter.
Let the following limit exist

1T
TIE)%OT/O A(t, x, x, O)dt:Ao(m). (7.64)

Then we assign to the system of differential equations with “max-
ima” the following averaged system of ordinary differential equations

€'(t) = eAo(E(1)) X (t, &(1), &(1), 0) (7.65)

with initial condition
£(0) = ¢(0), (7.66)
where £ € R™.

Theorem 7.4.2. Let the following conditions be fulfilled:

1. The function X(t,x,y,z) e C(W,R™), where W = [0,00) X § x
AQx T, QCR?, T CR" are open domains.

2. The n x m dimensional matrix A(t,x,y,z) 18 continuous in W.

3. The function p(t) € CY([~h,0],R™), and ©(t) € Q, ¢'(t) € T for
t € [—h,0].
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4. The following inequalities
HA(t,x,y,z)H + HX(t,x,y,z)H <M for (t,xz,y,z) €W,
At 2.9,2) = At 21,91 20) || < Ale = 2l + lly = all + 12 = 2],
HX(t,ac,y, z) — X(t,ml,yl,zl)H <Az — 21l + lly — wll + Iz = 21l).
(t,z,y,2), (t,x1,91,21) EW
hold, where M and )\ are positive constants.

5. The limit (7.64) exists uniformly for x € Q and the matriz Ay(x)
s continuous in €.

6. The matriz B(t,z) = A(t,x,2,0) — Ag(x)is defined for t € Ry
and x € Q and its elements do not change their signs in R .

7. For each € € (0,&] the initial value problem (7.62), (7.63) has a
unique solution x(t) € , defined on Ry, where & = const > 0 .

8. For each € € (0,&] the initial value problem (7.65), (7.66) has a
unique solution £(t), such that Ug(t) € D C Q fort € Ry, where
Ue(t)is a p-neighborhood of £(t), (p = const > 0), D is a compact
set.

Then for each n > 0 and L > 0 there ezists a number ey € (0,&], (g =
eo(n, L)) such that for 0 < e < €y the inequality

=) — €@ <n, 0<t<Le!
holds.

The proof the Theorem 7.4.2 is similar to the proof of Theorem
7.3.1 and Theorem 7.4.1 and we omit it.






Chapter 8

Notes and Comments

The results in Chapter 2 are mainly obtained by S. Hristova, as part
of the results in Section 2.1 are published in [Hristova and Stefanova
2010a], and part of the results in Section 2.3 are adopted by [Hristova
and Stefanova 2010b]. A part of the results in Section 2.2 are proved
by S. Hristova and J. Henderson.

The contents of Section 3.1 are by V. Angelov and D. Bainov
([Angelov and Bainov 1983]), the results of Section 3.2 are due to E.
Stepanov ([Stepanov 1997]), and the results of Section 3.3 are adopted
from D. Otrocol and I.A. Rus ([Otrocol and Ioan 2008al).

Chapter 4 contains results of S. Hristova. Several of the results in
this chapter are similar to the results for impulsive differential equa-
tions with “supremum” ([Hristova 2010b], [Hristova 2010c], [Hristova
2009c], and [Hristova 2009d]). A part of the results in Subsection 4.4.1
are published in [Hristova 2009b], while the results of Subsection 4.4.2
are proved by J. Henderson and S. Hristova ([Henderson and Hristova
2010]).

The results of Section 5.1 and Section 5.2 are adapted by G. Zhang
and M. Migda [Zhang and Migda 2005] and B.G. Zhang and G. Zhang
[Zhang and Zhang 2000]. The results of Section 5.3 are obtained by T.
Donchev, S. Hristova and N. Markova ([Dontchev et al. 2010a]), while
Section 5.4 and Section 5.5 contain the results of N. Markova and P.
Simeonov.

The results of Section 6.1 are obtained by S. Hristova and are similar
to the results for impulsive differential equations with “supremum” by
D.D. Bainov and S.G. Hristova [Hristova and Bainov 1991]. The Section
6.2 contains results of D. D. Bainov and S. G. Hristova [Bainov and

265
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Hristova 1995]. Section 6.3 is written by S. G. Hristova and it is similar
to results for impulsive differential equations with “supremum” by Jian
Ping Cai [Cai 2003]. The results in Section 6.4 and Section 6.5 are
proved by S. Hristova.

The results in Section 7.1 and and Section 7.2 are adopted by D.
Bainov and S. Milusheva ([Bainov and Milusheva 1983], [Milusheva and
Bainov 1986b]). Section 7.3 and Section 7.4 are written by S. Hristova
and the results are similar to [Bainov et al. 1996], [Bainov et al. 1994al,
and [Milusheva and Bainov 1986a).
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