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Abstrakt

V této habilitacni praci jsou shrnuty vysledky mych 13 vybranych védeckych praci,
které jsou vénovéany problematice funkcionalnich diferencidlnich rovnic a jejich asymp-
totickym vlastnostem. Vyber téchtopublikaci mize byt rozdélen do 3 cCasti. Prvni se
zabyva linedrnimi systémy s konstantnimi koeficienty a konstantnim zpoZdénim. Druha
¢ast je vénovéna toplogické metod€ a jejimu uziti pfi studiu asymptotickych vlastnosti
zpozdénych funkciondlné diferencidlnich rovnic. Tieti oblast vyzkumu je vénovana expo-
nencidlni stabilté zpozdénych funkciondlné diferencidlnich rovnic.

Abstract

In this habilitation thesis are summarized the results of my 13 selected scientific papers
which are devoted to the problems of functional differential equations and their asymptotic
properties. The selection of this papers can be divided into three parts. The first deals with
linear systems with constant coefficients and constant delays. The second part is devoted
to the topological method and its use in the study of asymptotic properties of delayed
functional differential equations. The third area of research is devoted to the exponential
stability of delayed functional differential equations.
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Chapter 1

Introduction

This thesis is based on a selection of the author’s papers since 1998 dealing with the
asymptotic properties of delayed differential equations. The selection can be divided into
three parts. The first deals with linear systems with constant coefficients and constant
delays. In this section, definitions of delayed matrix functions are introduced as a new
formalization of the well-known step-by-step method. Itis a concretization of the previously
used term of the fundamental matrix, see [34]. One of the many motivations is the fact that
these systems are canonical equations based on which the entire class of delayed equations
can be transformed. These results are shown by F. Neuman [49][50], and others [35], [63].

Papers [38], [39] bring an integral representation of the solutions to a first-order system
defining a delayed exponential of matrix and bringing the basic results. This formaliza-
tion was widely applied, e.g., in boundary-value problems, control problems, and stability
problems, modification to discrete equations was performed, generalizations to the case
of several delays were developed, etc. (see papers [6], [7], [36], [47], [48]). In the
papers [46], [51] the systems with more constant delays and commutative matrices coef-
ficients are investigated and the generalization of delayed exponential of matrix is given.
For a second-order system, analogously, two functions are defined - delayed matrix sine
and cosine [16]. In [al2] the relationships are given between these functions, which can
be understood as a generalization of the well-known Euler’s formula, because, for the zero
delay, the relationship for delayed matrix functions is reduced to this identity.

First, it is possible to use this identity as a motivation for studying more general systems.
The representation of the solutions to the second-order system of n equations is obtained
from the representation of the first n components of the solution to the related initial
problem of a first-order linear system of 2n equations, see [al2].

Second it is possible to obtain the asymptotic properties of the delayed matrix functions
sine and cosine from the asymptotic properties of the delayed exponential of matrix. The
results given in the papers [59], [a6] describes the asymptotic properties of a delayed matrix
exponential for k — oo proving that the sequence of values of the delayed matrix exponential
at the nodes is approximately represented by a geometric progression. A constant matrix is
found such that its matrix exponential is the “quotient” factor that depends on the principal
branch of Lambert function, see [a6]. In the paper [al3] it was proved that the spectral norm
of the delayed matrix sin and cosine are unbounded for t — o by asymptotic properties of
delayed matrix exponential.



CHAPTER 1. INTRODUCTION 3

And finally, a possible application is shown of delayed matrix functions to formalizing
the solution of partial differential equations with constant delay, see [15].

The second part is devoted to the topological method and its use in the study of asymp-
totic properties of delayed functional differential equations. We describe a modification of
the Wazewski’s topological method for ordinary differential equations [33] with new use of
the topological method applied to delayed functional-differential equations with bounded
delay. Introduced by Rybakowski [53], this modification uses a topological method for
a system of curves. This idea is further adapted to functional differential systems with
unbounded delay and finite memory [a3]. This type of functional-differential equations
was given in [43] by using of the p function. Later, the topological principle was used to
study the asymptotic properties of neutral differential equations. This was made possible
by introducing a system of subsidiary inequalities in the definition of a polyfacial set.

These modifications of the topological method were also used to study the asymptotic
properties of delayed systems. First, it was used for the asymptotic integration of a
functional-differential equation in which the solution is represented by an asymptotic
series. Using a concrete example of one equation, the existence is shown of different
asymptotic properties to the solution to this equation as depending on the magnitude of the
delay [al1]. Another application of this method made it possible to obtain criteria for the
existence of positive solutions to functional differential equations with unbounded delay.
The criteria given in [a3], [a4], [a5], [58] generalize the criteria for delayed differential
equations with bonded delay.

The topological principle was used to study the asymptotic properties of neutral differ-
ential equations as a tool for the verification of a new existence criterion for the positive
solutions of one neutral equation, see [a9]. In order to achieve a continuous dependence
of solutions, which are moreover continuously differentiable, the definition of a system of
initial functions fulfilling the sewing condition was introduced.

The third area of research is devoted to the exponential stability of delayed functional
differential equations. The problem has been studied by a number of authors and new
results are presented in this section, that are generalizations of previous criteria.

Some existing models with delayed equations.

Delay differential equation arise in many applications in different fields being described in
books such as [41] or [62] with many examples. In [41] part of models is introduced by
the equation of a showering person

Tm(t):_K(Tm(t_h)_Td)a (1.1)

T, (t) denotes the water temperature at the mixer output, / is the positive constant time that
the water takes to go from the mixer output to the top of the person’s head. 7 is the desired
water temperature on the head of the showering person and the coefficient ¥ depends the
person’s temperament. The paper also studies the modification of the well-known equation
with delayed terms because the new equations are more accurate models of the studied
processes. Hutchinson [62] proposed a logistic delay population model of the form

i(1) = (1) <1 - x(t; T)) (1.2)
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where constant Y is the coefficient of linear growth, the constant K is the average population
size related to the ability of the environment to sustain the population, x(t) is the population
size at time t. The delay 7 > 0 means that the food resources at time ¢ are determined by
the population size at time 7 — h. For more details, see [25].

Putting x(¢) = K(1 +y(z/h), we obtain a new equation for y();

Y(t) = =vhy(t = 1)(1 + (1)),

which is encountered in the number theory [65]. Gurney et al. [27] proposed a DDE to
describe the Nicolson blowflies model.

N(t) = aN(t — 1)V~ —aN () (1.3)

where N(t) denotes the size of the population at time t, a is the maximum per capita
rate of producing eggs per day, d is the death rate in the adult population, and 7 is the time
taken from the birth of a member until it becomes mature.

One of the classical equations of non-linear dynamics was formulated by a Dutch
physicist Van der Pol. Originally, it was a model for an electrical circuit with a triode valve,
and was later extensively studied as a prototype of a rich class of dynamical behavior. This
model is described by the equation

d*x

d
T2 M=) =0

dt

which may be studied as a system of two first-order equations
=Y
= p(l—x)y—x.

Van der Pol found stable oscillations, which he called relaxation-oscillations and which
are now known as limit cycles. [2] also studies a Van der Pol’s oscillator with delay ( feed
back ). This is the equation

%(t) 4+ x(1) — e(1 —x2(1))x(t) + kx(r — 1) = 0,

which is also studied by a parameter-expanding method in [40].



Chapter 2

Fundamental matrix for linear systems
with constant coefficients and constant
delay

This chapter is devoted to linear systems with constant coefficients and delay. Our results
are stated in theorems of this chapter are proved in papers [a6], [al2], [al3].

The application of the well-known “step by step” method to solving ordinary differential
equations has recently been in the case of linear first-order systems with single constant
delay and with constant matrix, formalized using special types of delayed matrices (delayed
matrix exponential, delayed matrix sine and delayed matrix cosine). These matrix functions
are defined on intervals (k— 1)t <7 < k7, k=0,1,... (where T > 0 is a delay) as matrix
polynomials, and are continuous at the nodes t = k7, see [39], [16]. The papers [59], [a6]
studies the asymptotic properties of a delayed matrix exponential for k — oo proving that
the sequence of values of the delayed matrix exponential at the nodes is approximately
represented by a geometric progression. A constant matrix is found such that its matrix
exponential is the “quotient” factor that depends on the principal branch of Lambert
function. The formulas derived can be applied to the study of the asymptotic properties of
the solutions to linear differential systems with constant matrices and with a single delay.

The well-known “‘step by step”” method is one of the basic concepts for the investigation
of linear differential equations and systems with delay. The application of this method
to linear first-order systems with single constant delay and with constant matrix of linear
terms has recently been formalized using the concept of a delayed matrix exponential e
in [38, 39]. For linear second-order “oscillating” systems with constant matrix and with
a single constant delay, analogous results have recently been derived using the so-called
delayed matrix cosine Cos; Bt and delayed matrix sine Sin; Bt in [36]. The above special
delayed matrix functions are defined on every interval (k—1)7 <t < k7, k=0,1,...
(where 7 > 0 is a delay) as matrix polynomials, and are continuous at nodes t = k7. Such
“step by step” definitions complicate their asymptotic analysis.



CHAPTER 2. FUNDAMENTAL MATRIX FOR LINEAR SYSTEMS 6

2.1 Linear first-order systems

Let B be an s X s constant matrix, ® the s x s null matrix, / the s X s unit matrix, and let
7 > 0 be a constant. The delayed matrix exponential €2 of the matrix B is an s x s matrix
function mapping R to R***, continuous on R\ {—7}, and defined as follows:

Bt o ;i
e; = ZB
j=0

V- 1)/ 2.1

where k = [t/7] is the ceiling function, i.e., the smallest integer greater than or equal
tot/t.
The main property of the delayed matrix exponential e is the following:

debt
dt

= B2 1 e R\ {0}

and the matrix Y (t) = e’ solves the initial problem for a matrix differential system with a
single delay

Y(t)=BY(t—1), (2.2)
Y(t)=1, t € [-1,0].

If ¢: [—7,0] — R”" is a continuously differentiable vector-function, then the solution of
the initial-value problem

y(t)=By(t—1), t € [—7,), (2.3)
y(t) = (p(t)> re [—T,O] (2.4)

can be represented in the form

y(t)=elo +/e1t”‘ )ds. (2.5)

This definition illustrates general definition of a fundamental matrix to linear functional
differential systems of delayed type given in [34]. For system (2.3), this definition reduces
to (details are omitted)

t
B/ X(u—17)du+1, for almost all 1 > —1,
-7

X(t) = (2.6)

0,21<t<—1

Let A be aregular s X s constant matrix satisfying AB = BA and let f(¢) be a continuous
function. Then, the solution of the initial-value problem

¥(1) = Ay(1) +By(t —7) + (1), 1 € [~T,00),
y(l) = q)(t)v re [_T70]
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is given by the formula

0
y(0) = AR p(—x) 4 [ AL A () — Ag(s))ds

—T

t
+/eA(t—T—S)efl(Z_T_S)eATf(S)dS 2.7
0

where B = ¢“47B. These results, together with the results for a non homogenous system,
are proved in [38, 39].

2.2 Linear second-order systems

The above-mentioned usefullness of the delayed matrix exponential served as a stimulation
to look for another delayed matrix functions capable of simply expressing solutions to some
linear differential systems with constant coefficients. In [36], delayed matrix functions are
defined called the delayed matrix sine Sin;At and delayed matrix cosine CoszAt for t € R
as

lt/z]+1 25+1
o a2l = (s=1D)7)
Sin;At = SZZO (—1)°A & (2.8)
and i
t/T]|+1 (e 2s
CoscAr = Y. (—1ypazl==D7) 2.9)

= (2s)! ’

where | - | is the floor function. Both the delayed matrix sine and cosine are the fundamental
matrices of a homogeneous second-order linear system with a single delay

i(t) = —A%x(t —1). (2.10)

In [36] the Cauchy initial value problem is solved for equation (2.10) and the initial
condition
x(t) = (1), for —7 <t <0 (2.11)

where ¢ € C?([—7,0],R"). Assuming that the matrix A is regular, a representation of the
solution to Cauchy initial problem (2.10), (2.11) is given in the integral form

x(t) = Cos;Ar ¢(—1) + A~ !Sin At ¢(—17)
0
+A‘1/Sian(t—T—§) G(EVdE. (2.12)

The motivation for the study of properties of solutions to second-order linear differential
systems is the applicability of this fact to the study of solutions to linear partial differential
second-order equations.
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In [al12] the relations are studied between the first-order and second-order systems.
The solutions to second-order linear differential systems can be regarded as the first n
components of the solutions to first-order linear differential systems of 2n equations.
In [a12] the following useful identities

(iA)t

CosyA(t —7) = Reey and  Siny;A(f —27) =Im ol

(2.13)

are proved. Equivalently,

el = CosyrA(r — ) +iSinacA(f — 27),

which can be understood as a generalization of the well-known Euler formula, since we
obtain this formula if we put A =1, 7 = 0 in the above identity. For the delayed matrix
functions, we have

¥(t) = Ayt —1/2),

_ (0O A (N
v=(5 6) =(h)

is equivalent with (2.10) through the substitution x(¢) = y;(¢). In much the same way as
above, we can derive (for details we refer to [al12])

i [CoscA(t—1/2)  SinA(t—71)
() =efls = ( —OSSinTA(t i 1) CosA(t — TT/2)> '

These facts may serve as motivation for the study of a more general Cauchy initial problem
¥(t)+Px(t—1)+ QOx(t—21) =0, (2.14)
x(t)=E&(1), t € [—1,7] (2.15)

where P, Q are n X n constant matrices provided that there exists an n X n matrix A satisfying
the equation

where

A%+ PAexp(—TA) + Qexp(—21A) = ©. (2.16)
We assume that a solution of (2.14) can be found in the form
x(t) = exp(Atr) (2.17)

where A is a suitable n x n constant matrix. By substituting (2.17) into (2.14), we get
A%exp(2At) + PAexp(A(t — 1)) + Qexp(A(r —21)) = ©

and further simplification gives equation (2.16). Let Y = Aexp(At) be a new unknown
matrix. Then, equation (2.16) can be written as

Y24+PY+0Q0=0. (2.18)

As this is a quadratic equation with respect the matrix Y, its solution has three forms:
The first one is

%(t) —2A%(t — 1)+ (A*+ BH)x(t —21) =0, t > T, (2.19)
Xy =ED(r), i=0,1, r € [-7,1] (2.20)

where the n X n matrices A, B commute, i.e., AB = BA, the matrix B is regular, and the
function & : [—7,7] — R” is assumed to be twice continuously differentiable.



CHAPTER 2. FUNDAMENTAL MATRIX FOR LINEAR SYSTEMS 9

Theorem 1. Let AB = BA and let the matrix B be invertible. Then, the solution of the
initial problem (2.19), (2.20) can be expressed as

x(t) = (ReegAﬂB) Ime(AHB)’B’lA)‘g’(—T)

n <I A—HB 1§ —I—/ A—HB — T—s)) é(s)
+(nn (A+iB)(1—7- ”)B‘(é(&+f)—Aé@»)ch 2.21)

wheret > T.

The second one is the problem (2.22), (2.20) where
i(t)—(A+B)x(t—7)+ABx(t —217) =0, t > T, (2.22)
with matrices A and B commuting but the regularity of B not assumed.

Theorem 2. Let AB = BA. Then, the solution to the Cauchy initial problem (2.22), (2.20)
has the form

x(1) = ME(—1) + VP (€ (0) — A& (—1))

_|_/ <e{g(t_r_5)£(s)—{—e,(CA’B)(l_T_S)(E(S—i—T)—Aé(s))) ds (2.23)

: . AB)t .
where t > T and the matrix function e(f B i defined as

ZAS le

The third initial problem has the form of a solution to the initial problem given by the
initial condition (2.20) and by the equation:

W“@—@—1

e‘(EA,B)t _ Z

s=0

X(1) —24x(t—1)+A%(t—21) =0, t > 1, (2.24)
where &: [—7,7] - R”

Theorem 3. A solution to initial problem (2.24), (2.20) has the form

x(t) = ' E(—1) + Dae (£(0) —AE(—7))
+/°ef’fs )+ DAt I E (s +1) - AE(s)) ds 2.25)

where t > T and the function D’ is defined as

7l s
ar_ oy (= (=07 or
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The proofs of the theorems that describe the formalization of a solution to the initial
value problem consisting of second-order systems with constant delay, n X n constant
matrices and an initial condition are based on the study of solutions to the initial value
problem of a first-order system with constant 2n x 2n matrices and one constant delay. For
more details, see [al2].

2.3 Asymptotic properties of the delayed matrix functions
and Lambert function

The delayed matrix functions are defined on the intervals (k— 1)t <t <kt,k=0,1,... as
matrix polynomials and are continuous at the nodes ¢t = k7. The asymptotic properties of a
delayed matrix exponential are studied for kK — oo and the sequence of values of the delayed
matrix exponential at the nodes is approximately represented by a geometric progression.
There is a constant matrix C such that the exponential €7 is a “quotient”, i.e.

-1
lim eB¥° (ef("+ 1)’) — e CT (2.26)

k—oo

where (-)~! denotes the inverse matrix whose existence is assumed.

In the scalar case, the constant C can be expressed by the principal branch of the
Lambert function, named after Johann Heinrich Lambert. He sent his paper [44] to
Leonhard Euler, who in [20] introduced the Lambert function as the inverse function to
the function

fw) =we".

Thus, the Lambert function, usually denoted by W = W(z), is defined implicitly by the
equation
z=W(z)e" . (2.27)

Such a function is multi-valued (except for the point z = 0). For real arguments z = x,
W (x) satisfying
x>—1/e W(x)> -1,

the equation (2.27) defines a single-valued function W = Wy (x) called the principal branch
of the Lambert function W(z), which may be extended to an analytic function in the
complex plane except for the real numbers x < —1 /e since the point —1 /e is a branch point
of Lambert function. Of all Lambert function branches, the principal branch assumes the
greatest real part values. We refer to [11] for a survey of the basic properties of Lambert
function.

The Maclaurin expansion of Wy(x) about the point x = 0 can be found easily and is
given by the series

Wo(x) = i ﬂxn (2.28)
0 - = ! ’ .

having the radius of convergence r = 1/e.

In [59] the following Theorem is proved.
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Theorem 4. Let Aj, j=1,...,n be the eigenvalues of a matrix A and let its Jordan
canonical form be
diag(Ai,...,Ay) =D 'BD, (2.29)
where D is a regular matrix. If |Aj|te <1, j=1,...,n, then the sequence
ef(kH)f(eIfkf)_], for k — o

is convergent and (2.26) holds where
" = Dexp (diag(Wo(A17),..., Wo(A, 7)) DL (2.30)

This theorem was proved using Abel’s extension (see [1]) of the well-known binomial
theorem by comparing the Maclaurin expansions for both terms.

In [a6] the theorem is generalized, since the diagonal shape of the Jordan canonical form
is not required. Moreover, the asymptotic equation for the sequence {27} is described in
the following theorem.

Theorem 5. Let T > 0 and let an n x n constant matrix B #Z © be given. If the eigenvalues
Ai, i =1,...,n of the matrix B satisfy the inequality |A;|te < 1, then

lim BK% exp(—kWo (BT)) = BT (Wo(BT)(I 4+ Wo(BT))) " (2.31)

For the asymptotic properties of the exponential exp(Ax), the real part of the complex
number A is fundamental. The set of the complex numbers z = x + iy for which the real
part of the Lambert function equals zero is defined in the parametric form

X = —vsinv, y= vcosw.

This parametric specification follows from fact that RW (x +iy) = u = 0. Analyzing
the part of this curve corresponding to the principal branch Wy (x + iy), we conclude that it
is a simple closed curve for the admissible range v € [—7m/2,7/2]. This curve is depicted
in Figure 2.1. The real part of the principal branch of the Lambert function is negative for

R
|z < —arctan( £ ) : (2.32)

fim|

This domain is bounded by the above curve (see Figure 2.1). Note that a Lambert function
W cannot be expressed in terms of elementary functions. For more details, see [11].
Let F(k) = {fij(k)}; ., and G = {g;jq) }”j: | be matrices defined for all sufficiently large

i,j=1 i
k. We say that ! ’
F(k) = G(k), k — oo (2.33)
if
Jij(k) = gij(k)(1+0(1)), k= o, (2.34)
where o(1) is the Landau order symbol “small” o.

Remark 1. Let all assumptions of Theorem 5 be valid. From formula (2.31), we get the
asymptotic relation

BKT < Brexp(kWo(Bt))(Wo(B7)(I + Wo(B7))) ™!, k — co. (2.35)

This formula can be useful, e.g., in the investigation of the asymptotic behaviour of the
solutions to the problem at nodes t = kT.
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ReWy(z) >0 Imz

ReWy(z) <0
T Rez
2

Figure 2.1: The curve ReWy(z) =0

Some consequences

Recall that the spectral radius p(-) is the maximal absolute value of the spectrum of a given

matrix and the spectral norm ||.&/||, = (p(d ot T))l/ ?) is defined for a matrix <. The
following theorem describes the behaviour of the sequence of values of delayed exponential
elgkf for (discrete) k — o and of delayed exponential elgt for (continuous) t — o, see [a6].

Theorem 6. Let T > 0 and let an n X n constant matrix B Z © be given. Assume that the
eigenvalues Ai, i = 1,...,n of the matrix B satisfy the inequality T|Aj| < 1/e, i=1,...,n.
The following three statements hold:

(i) If all the eigenvalues A;, i = 1,... n satisfy

Re A
T|Ai| < —arctan (\Irflll]> , (2.36)
then
lim p (dg’”) ~0. (2.37)

(ii) If there exists, an index iy € {1,...,n} such that

Re A;
Ai,| > —arct U 2.38
T|Aiy| > arcan(umlio‘) (2.38)
then
limsup ||2¥7|| = oo, (2.39)
k—so0 p
(iii) If all the eigenvalues A;, i = 1,... ,n are real and satisfy
Re A;
T|Ai| > —arctan <|Iml;|) , (2.40)
then

lim ||e? (2.41)

t—roo IHPZOO.

Figure 2.2 details the eigenvalue domain for each case considered.
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case 12\ case 11
_T 1 Rez
27 e

Figure 2.2: Detailed eigenvalue domains

~
%/ s

Equation of a showering person System (2.3) often describe mathematical models
of real-world phenomena. The solution of the initial problem (2.3), (2.4) is given by
formula (2.5). We investigate the long-time behaviour of the solutions generated by
constant initial functions, i.e., assume @(t) = C,, for every fixed ¢ € [—7,0] and Cy € R".
Then,

¢(t)=0,te[-1,0],

where 0 is the null vector. Formula (2.5) becomes
¥(1) = &' o(=7) = ¢f' C. (2.42)

If all assumptions of Theorem 5 hold, by formula (2.35), we get the asymptotic expression
for (2.42) at nodes t = kT as k — o

y(kt) = B¥°Cy, < Brexp(kWo(BT))(Wo(BT)(I +Wo(B1))) ' Cp. (2.43)

The above sentence will be used for a model that generalizes the description of the
water temperature controlled by the person in the shower, i.e., the generalization of the
equation (1.1). Setting y(r) = T'(¢) — T in (1.1), we get

$(t) = —py(t — 1), t € [0,00). (2.44)

Assuming that the water temperature before regulation is constant, i.e., the initial condition
is given by the equation
y(1) =yo, t €[-7,0], (2.45)

the solution of (2.44), (2.45) is
y(t)=e:"yo, 1 €[-T,)
and, if yte < 1, then, by (2.33)—(2.35) and (2.43),

Yk

y(kt) = ez " "yg = —yTexp(kWo(—7y7))
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as k — oo. By (2.27), the last formula can be simplified to

skr) = 2000 (1+RWo(-77)  f

1+ Wo(—7y7)
Since, by (2.28),
3
Wo(=y7) = =11 —(v1) = S(v)* + -,

we have y(kt) > 0 and limy_,. y(kT) = 0. This means that the regulated temperature 7' (k7)
will tend to the desired value T; as k — oo,

The above example can be generalized, e.g., for the two showering persons. Suppose
that hot and cold water is supplied in two separate pipes to a bathroom with two showers.
Inside the bathroom, each pipe branches into two pipes leading to the shower mixers. A
person taking a shower regulates the water temperature flowing from the mixer to the
sprinkler. Due to the changes in the water pressure caused by water being regulated by two
persons simultaneously, there is a mutual dependence between the temperatures 77 and 7>
of the water flowing from mixer one to sprinkler one and from mixer two to sprinkler two,
respectively. Then, a simple model modeling the behaviour of two showering persons is

Ti(t) =—yulTi(t — t) — Tpn) + V2 [Ta(t — T) — T, (2.46)
Tz(l‘) = ’}’21[T1 (l‘ — ‘L') — le] — ’}’22[T2(l‘ — T) — sz] 2.47)

where ¥;; > 0,1, j = 1,2 and Ty;, i = 1,2 are the desired water temperatures agreeable for
two showering person, respectively. Substituting y;(t) = T;(t) — Ty; in (2.46), (2.47), we
get

yi(t) ==t —71)+ vy (t — 1), (2.48)
W)= Pyt —1) — Yoyt — 7). (2.49)

Assuming that the water temperature before regulation is constant, i.e., the initial condition
is given by the equation

yi(t) = y2(t) = yo, t € [-7,0], (2.50)
the solution of (2.48)—(2.50) is
y(t) = (1(0),y2(0))" =ez™y°, 1 € [~1,00) (2.51)

where y° = (yo,y0)" and
= (—%1 le) _
1 —Y2

1 .
A= —(7’11+722)+(—1)l\/(7’11 —722)2+4}’12}’21} , i=1,2

Let the eigenvalues

of the matrix I' satisfy |A;|te < 1, i = 1,2. Then, by formula (2.43), at nodes ¢ = k7, the
solution (2.51) has the asymptotic behavior

y(kt) = Trexp(kWo(I'0)) (Wo(T'e) (1 + Wo(T'r))) 1"

as k — oo,
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Delayed matrix sine and cosine

To describe the asymptotic properties of other delayed matrix functions, we use the equa-
tions (2.13). Our recent result has been proved in [al3].

Theorem 7. Let Aj, j=1,...,n be the eigenvalues of a matrix A and let its Jordan
canonical form be given by (2.29). If |Aj| < 1/(et), j=1,...,n and there exists at least
one j = j* €{l,...,n} such that Aj- # 0, then

limsup || Cos At|p = oo
f—3o0
and
limsup || Sing At = oo.
t—o0
Another direction of research is to show that the condition about eigenvalues of matrix
|Aj| < 1/(et), j=1,...,nis not necessary and can be weakened.



Chapter 3

Topological method for functional
differential equations

The oscillation of solutions and existence of positive solutions are the essential problems
encountered when studying the asymptotic properties of differential equations. Many
criteria for the existence of positive solutions may be derived applying the retract or the
Lyapunoff method to a system of differential equations with unbounded delay but with
finite memory in the sense given in [43].

The results for the existence of a solution in a predetermined set are given in [a3].
To arrive at these results, two principles were used. First the retract principle which is
often used in the theory of ordinary differential equations (see e.g. [33]) and goes back to
Wazewski [64]. For RFDE’s with bounded retardation, this principle was modified, e.g.,
by Rybakowski [53]. Here, Rybakowski’s modified result was used, which concerns the
existence of at least one curve in a given family of curves, with the graph lying in an open
set. Second, an inverse principle was used, which originates in the theory of Lyapunov
stability, and for retarded functional differential equations, it was developed by Razumikhin
(e.g. [52]).

In both principles the concept system of curves is used.

3.1 The system of curves

IfasetA C R x R"is given, then intA, A and dA denote, as usual, the interior, the closure,
and the boundary of A, respectively.

Definition 1. Let A be a topological space, let a subset Q C R x A be open in R x A, and
let x be a mapping associating with every (0,A) € Q a function x(8,4) : Ds 3 — R" where
Dg j, is an interval in R. Assume I through 3:

1) 6€D57)L.

2) Ift €intDg ;, then there is an open neighborhood 0(8,A) of (8,1) in Q such that
t € Dy 5/ holds for all (6',A") € O(8,4).

16
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3) If (8',17), (8,1) €Q, andt' € Dgi 1, t € Dg ;, then

I 8" ) (1) = x(8,1)(t).
i T (OA)E) =X(3,4)(1)

If all these conditions are satisfied, then (A, Q,x) is called a system of curves in R".

Studying the proof of Theorem 2.1, in [53, p.119], we formulated in [a3] two results
Lemma 1 (Retract Principle) and Lemma 2 (Lyapunov Principle) suitable for our
applications to retarded functional-differential equations with unbounded delay.

3.2 The retract method and the Lyapunov method for p-
RFDE’s

Let us recall the notion of a p function.

Definition 2. ([43, p. 8]) The function p € C[R x [—1,0],R] is called a p -function if it has
the following properties:

(i) p(t,0)=t;
(ii) p(t,—1) is a nondecreasing function of t;

(iii) there exists a G > —oo such that p(t,¥) is an increasing function for & for each
t € (0,0).

Definition 3. ([43, p.8]) Letto € R, A >0 and y € C([p(ty,—1),t0 +A),R"). For any
t € [to,t0+A), we define function y, by y;(¥) = y(p(t,9)), —1 < ¥ <0 and we write
v € € =C[[-1,0],R"].

We investigate the system
¥(t) = f(&,y1), 3.1)

with a functional f € C[[ry,70 +A) X €, R"], called a system of p-type retarded functional
differential equations (p-RFDE’s). The functiony € C([p(to, —1),t0+A), R")NC ([to, 10+
A),R") satisfying (3.1) on [tg,tp + A) is called a solution of this system of p-RFDE’s on
[[p(t0,—1),10 +A).

Remark 2. System (3.1) with y; defined in accordance with Definition 3 is called a system
with unbounded delay and with finite memory. Note that the frequently used symbol “y;”
(e.g., in accordance with [34, p. 38], y¢(s) = y(t +s), where —1 < s <0, T > 0, T = const)
Jfor an equation with bounded delay is a partial case of the above definition of y;. Indeed,
in this case, we can put p(t,9%) =t + 19.

Let Q be an open subset of R x %" and the function f € C(Q,R"). If (tp,9) € Q, there
exists a solution y = y(to,®) of the system of p-RFDE’s (3.1) through (7y,¢) (see [43,
p-25]). Moreover, this solution is unique if f(z,¢) is locally Lipschitzian with respect
to ¢ ([43, p-30]) and is continuable in the usual sense of extended existence if f is
quasibounded ([43, p.41]). Suppose that the solution y = y(fy,¢) of p-RFDE’s (3.1)
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through (19,9) € Q, defined on [tp,A], is unique. Then, the property of the continuous
dependence holds, too (see [43, p.33]), i.e., for every € > 0, there exists a 6(&) > 0 such
that (s, y) € Q, |s—1| < d and ||y — ¢|| < & implies

1y (s, ¥) = yi (10, @)|| <&, forallz € [C,A]

where y(s,y) is the solution of the system of p- RFDE’s (3.1) through (s,y), { =
max{s,#y}, and || - || is the supremum norm in R”. Note that the system of solutions to (3.1)
under the above assumptions is a system of curves in the sense of definition 1 and this fact
can be adapted easily for the case of Q having the form Q = [p*,00) X € where p* € R
and the cross-section {(7, @) € Q} being an open set for every 7 € [p*, ).

Let [;, mj, i=1,...p, j=1,...5, p+s > 0 be real-valued C'-functions defined on
R x R". The set

@ ={(1,y) € [p",o0) x R", i(1,y) <0, mj(t,y) <0, forall i, j }
will be called a polyfacial set.

Definition 4. A polyfacial set @ is called regular with respect to equation (3.1) if &), ), 7)
below hold:

a) If (t,¢;) ER xE and if (p(t,0),¢,(D)) € @ for all © € [1,0), then (¢,¢;) € Q.

B) Foralli=1,...,p,all (t,y) € d® for which l;(t,y) = 0 and for all ¢; € € for which
¢:(0) =yand (p(t,9),¢:(V)) € @ for all & € [—1,0), it follows that

" ol
=L 5

(t,00) + (t y)>0.
Y) Forall j=1,...,s,all (t,y) € d frwhichm]( ) 0 and for all ¢; € € for which
¢,(0) =yand (p(t,8),d (S )) @ for all & € [—1,0), it follows that

(100 + 2 1.3) <0,

Dmj(t,y) =

Lemma 1 (Retract Method). Let p > 0. Let @ be a nonempty polyfacial set, regular with
respect to equation (3.1), let the function f € C(,R") be locally Lipschitzian with respect
to the second argument, and

W={({ty) €dm: mj(t,y)<0,j=1,...,s}. (3.2)

Let Z be a subset of @ UW and let the mapping q : B = ZN(ZUW) — € be continuous
and such that if z = (8,y) € B, then (8,q(z)) € Q, and :

1) Ifz€ ZN®, then (p(6,9),q9(z)(p(6,9))) € @ for ¥ € [—1,0],
2) Ifze WNB, then (8,q(z)(6)) =zand (p(5,9),4q(z)(p(5,9))) € & for & € [—1,0).

Let, moreover, ZNW be a retract of W, but not a retract of Z. Then, there exists a 7o =
(60,¥0) € ZN @ such that (t,y(80,q(z0))(t)) € @ for every t € D, 4(z)-
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Lemma 2 (Lyapunov Method). Let p = 0. Let @ be a nonempty polyfacial set, regular with
respect to equation (3.1) and let the function f € C(Q,R") be locally Lipschitzian with
respect to the second argument. Let a mapping q: B — €, B= ®@N{(t*,y),t* ER,t* =
const,y € R"} be continuous and such that if z = (t*,y) € B, then (t*,q(z)) € Q, and:

1) Ifz€ @, then (p(t*,9),q(z)(p(t*,1))) € @ for ¥ € [—1,0].
2) If 7€ 9@, then (t*,q(z)(t*)) = zand (p(t*,9),q(z)(p(t*,¥))) € @ for ¥ € [-1,0).

Then, for every zo = (t*,y0) € BN @ and everyt € Dy 4(,):

(#,y(t",q(20)) (1)) € @. (3.3)

3.3 Retract principle for neutral functional differential
equations

This part discusses a problem of extending the retract principle to neutral differential
equations. A common basis with the previous results is the reuse of the retract principle
for a system of curves. The problem given by the fact that the value of the derivative of
a solution depends on the values of the derivative of this solution in the past is solved by
modifying the notion of a regular polyfacial set to the notion of a regular polyfacial set with
respect to an equation and subsidiary inequalities. Particular problems are solved in [a7]
and [a9].

Neutral functional differential equations We consider a neutral functional differential
system of the form

y(t) = f(t,56,51) (3.4)

where the symbol y (sometimes we use ') stands for the derivative (considered, if necessary,
as one-sided). First, we give the necessary auxiliary background for this equation.

Let % be the set of all continuous functions ¢ : [—4,0] — R" and ¢! be the set of all
continuously differentiable functions ¢ : [—h,0] — R”.

We assume t > 19, y:(0) =y(t+0), 0 € [—h,0] where h > 0 is a constant and f: Ej, —
R" with Ej, := [tg,00) X € X €. We pose an initial problem for (3.4):

yl‘o - ¢a yto - (P (35)

where @ € €. The norm of ¢ € € is defined as ||@||;, := n{lax } |e(8)]| and, if ¢ € ¢,
0c[—h,0
then

‘= ma 0)||+ ma p(o)|l.
I9lln =  max_9(0)]+ max [9(0)]
A function y: [tg — h,ty) — R", ty € (to, 0], is a solution of (3.4), (3.5) if y;, = @, yi, = ¢
and (3.4) is satisfied for any ¢ € [fo,#y). The following result is taken from a book [41, p.
107] by Kolmanovskii and Myshkis.



CHAPTER 3. TOPOLOGICAL METHOD 20

Theorem 8. Let f: E;, — R" be a continuous functional satisfying, in some neighborhood
of any point of Ey, the condition

| f(t v, x0) — F(t, v, x2) || < Ly — walln+ L4l x1 — x2|ln (3.6)

with constants L € [0,0), £ € [0,1). In addition, assume that ¢ € €' and that the sewing
condition

is fulfilled. Then, there exists a ty € (ty,0] such that:

a) There exists a solution'y of (3.4), (3.5) on [tg — h,ty).

b) On any interval [ty — h,t1] C [to — h,tg), t1 > to, this solution is unique.
c) Ifty < oo, then y(t) has not a finite limit as t — t,,.

d) The solution y and its derivative y depend continuously on f, ¢.

For a particular case of system (3.4) given by

F(t,ye,31) i=
f(l7y(t_hl(t))7"'7y(t_h0<t>)7)>(l_gl(t»?"'?y(t_g@(t)))

where the indices o and ¢ are non-negative, i.e.,

y(t) :f(t7y(t_hl(t)>77y(l_h0(t>)7y(t_gl(t))7ay(t_g€<t>))7 (38)

a more general result can be proved easily by the method of steps (compare [41, pp. 111,
96] and [32)).

Theorem 9. Let f: [ty,o0) x RO — R", by [tg,00) — (0,h], i=1,...,0and g;: [ty,) —
(0,h), j=1,...,¢ be continuous functions. In addition, assume that ¢ € €' and that the
sewing condition (3.7), in the case considered, having the form

¢(0) = f(to, p(—h1(t0)), - -, @(—ho(t0)), p(—g1(10)), - - -, @(—ge(10))) (3.9)

is fulfilled. Then:

a) There exists a solution'y of (3.4), (3.5) on [ty — h,oo).
b) On any interval [ty — h,t1] C [tg — h, ), t] > ty, this solution is unique.

c) The solution y and its derivative y depend continuously on f, @.
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Polyfacial set Let A=%", Q C {(t,1) € [tg,) x €' such that 1(0) = f(t,A,A)} and
function f satisfy all the assumptions of Theorem 8. In this case, through each (15, 1) € Q,
there passes a unique solution y(zp, A ) of (3.4) defined on the maximal interval [fo — h,ay ).
Let D, 5 = [to — h,a; ) where ay > to. Then, (A,Q,y) is a system of curves in R”. In [a7]
we define the polyfacial set as:

Definition 5. Let p and s be nonnegative integers, p+s > 0, t, > to, and let
li: [to—nrt.) > RxR" i=1,...,p,
mj: [to—nt,) = RxR", j=1,...,s
be continuously differentiable functions. The set
w:={(t,y) € [to—rt) xR", [;(t,y) <0, mj(t,y) <O, foralli,j}
is called a polyfacial set provided that the cross-section
on{(t,y):t=1t"ycR"}
is an open and simply connected set for every fixed t* € [t) — 1, 1,).

In order to prove the existence of a solution of (3.4) lying in a polyfacial set, ® should
meet some additional requirements. Because of the neutrality of the equations, we need to
be able to foresee the properties of the derivatives of solutions as described by the auxiliary
inequalities.

Definition 6. Let g be a nonnegative integer, t, > ty, and let
ck: [to—nt) xR'XR" =R, k=1,...,q,

be continuous functions. A polyfacial set ® is called regular with respect to equation (3.4)
and auxiliary inequalities
ck(t,,x) <0, k=1,...,q (3.10)

if &) — &) below hold:
a) If (t,0) ERxE and (t+6,0(0)) € @ for 6 € [~1,0), then (t,0,9) € E,.
B) If (t,0) ERXE, (1 +6,0(0)) € o for 8 € [—1,0) and, moreover,
cx(t+6,0(0),0(0)) <0, 0 €[-r0), k=1,...,q, (3.11)

then also .
ck(t+6,0(0),f(t,0,0)) <0, k=1,...,q. (3.12)

y) Foralli=1,...,p, all (t,y) € d for which I;(t,y) = 0 and for all ¢ € € for which
9(0) =y (t+6,9(0)) € ©, 6 € [-r,0) and

ci(t+6,0(0),0(0)) <0, 6€[-r0), k=1,...,q, (3.13)

it follows that:

n

al; al; .
Dli(t7y> = E(tv)o + Z g(%)’) 'fr(t7¢a¢) > 0.

r=1777
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8) Forall j=1,....s all (t,y) € dw for which m;(t,y) =0 and for all ¢ € € for
which ¢(0) =y, (t+6,¢(0)) € ®, 6 € [-r,0) and

ck(t+97¢<9)7¢(9)> < 0, 0 € [—I’,O), k= 17-"7q
forall 6 € [—1,0), it follows that:

om; .
5, (62) £:(1,6,9) <0.

adm; L
ij(t7y) = a_t](lay)+ Z
r=1

If w is a polyfacial set, then define the set W used in Lemma 1 (Retract Principle) (see [a3])
as

W:={(t,y) €edw: mj(t,y) <0,j=1,...,s}. (3.14)

Moreover, we need to specify the properties of the mapping ¢ in Lemma 1 (Retract Prin-
ciple) (see [a3]). The following definition describes the admissible behavior of functions
with respect to . A fixed set of functions generated by this mapping and satisfying the
properties listed in the following definition is called a set of initial functions.

Definition 7 (Set of initial functions). Let Z be a subset of @ UW and let the mapping
qg: B— €', B:=ZN(ZUW)
be continuous. We assume that, if 7= (8,y) € B, then (8,q(z)) € Q. If moreover,:
1) Forz€ZN o, we have (6 +0,q(z)(0)) € w for 6 € [—r,0].
2) Forz € WNB, we have (8,q(z)(8)) =z, and
either
2a) (6+6,49(z)(0)) € w for 6 € [—r,0)
or

2b) (6+0,q(2)(0)) € @ for 6 € [—r,0) and, for all c > 0, there is at = 1(0,z),
0 <t < 8+ 0 suchthatt is within the domain of definition of solution y(8,q(z))
of (3.4) and (1,y(8,4(2))(t)) ¢ @,

then such a set of functions is called a set of initial functions for (3.4) with respect to ®
and Z.

Finally, we will formulate the below theorem as an application of Lemma 1 (Retract
Principle) (see [a3]) to a system of neutral equations (3.4). Therefore, its proof is omitted.

Theorem 10. Let ® be a nonempty polyfacial set, regular with respect to (3.4) and in-
equalities (3.10). Assume that ¢ € €' and that the sewing condition (3.7) is fulfilled. Let
a fixed t, € (ty,oo| exist such that:

a) There exists a solution y of (3.4), (3.5) on [ty —r,1).

b) On any interval [ty — r,t;] C [to — h,t.), t| > to, this solution is unique.
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c) Ift. < oo, then y(t) has not a finite limit as t — t .
d) The solution y and its derivative y depend continuously on f, ¢.

Assume that q defines a set of initial functions for (3.4) with respect to ® and Z and that
the derivative of every solution y(0,q(z))(t) of (3.4) defined by any z = (8,x) € B has a
finite left limit at every point t provided that

(t,y(8,q(z)) (1)) € @.

Let, moreover, ZNW be a retract of W, but not a retract of Z. Then, there exists at least
one point zo = (89,x0) € ZN @ such that a solution y(dy,q(z0))(t) exists on [ty — r,t,) and

(t,5(80,9(20))(1)) € ®

holds for all t € [ty — r,1).



Chapter 4

Applications to nonlinear systems

We start this chapter with a theorem describing the sufficient and necessary conditions
for the existence of at least one solution to a given RDFE in a predetermined domain.
RZ, (]R{’;O) will denote the set of all component-wise nonnegative (positive ) vectors v in
R, ie., v=(vi,...,va) € R%, (RZ,) if and only if v; >0 (v; >0) fori=1,...,n. For
u,v e R", wewriteu <vifv— MER>0, u<<v1fv—u€R"Oandu<v1fu<vandu7év

Let p*, t* be constants satisfying p* = p(t*,—1) for a given p -function. Define vector
valued functions p,8 € C([p*,),R"), satisfying p < 8 on [p*,e), and continuously

differentiable on [t*,e0). Put Q := [*,e0) X € and

o:={(t,y):t>p*,pt) <y ()}

Definition 8. A system of initial functions . ,, with respect to nonempty sets & and ®
where & C @ is defined as a continuous mapping v : & — € such that a) and b) in the
following text hold:

a) Foreachz=(t,y) € &Nintw and ¥ € [—1,0]: (t+3,v(z)(p(t,0))) € ®

b) For each z = (t,y) € £Ndw and ¥ € [-1,0): (t +0,v(z)(p(t,¥))) € ® and,
moreover, (t,v(z)(p(t,0))) = z.

We denote by .}, a system of initial functions /g ¢, if all functions v(z), z= (t,y) € &
are continuously differentiable on [—1,0).

The necessary and sufficient condition for the existence of a positive solution is given
by the next theorem.

Theorem 11. Let f € C(Q,R") be locally Lipschitzian with respect to the second argument,
quasibounded, and, moreover:

(i) Foranyi=1,....,p (0<p
(0,7(0)) € a)for all 0 € [p(t,
) <

&i(r

<n), t >1t* and € C([p(t,—1),t],R") such that
—1),1), (¢t,7(t)) € do, it follows (t,m;) € Q,
fi(t,m;) when m;(t) = &(t) 4.1)

and
pi(t) > fi(t,m) when m;(t) = pi(t). (4.2)
24
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(ii) Foranyi=p-+1,...,n,t >t" and w € C([p(t,—1),t],R") such that (6,7(0)) € ©
forall 6 € [p(t,—1),t), (¢t,7(t)) € dw, it follows (t,m) € Q,

5i(t) > fi(t,m) when mi(t) = (1) (4.3)

and

pi(t) < fi(t,m) when m;(t) = p;(t). (4.4)

en, there exists an uncountable set % of solutions to the system (3.1) on the interva
Th h ] bl % of soluti h 3.1 he i l
[p*,o0) such that, for eachy € ¥,

p(t) <y(t) <8(t), 1 € [p*,00). (4.5)

The proof is given in [a3].

The above results on the existence of solutions of functional differential equations in
a prescribed area were used in two main directions. The first is to prove the existence
of a solution when modifying the first Ljapunov method. Here we assume a solution of
the perturbed equation in the form of a power series.These coefficients are solutions to a
system of linear equations. As the sequence thus obtained is not generally convergent, an
asymptotic expansion of this solution is constructed. Then, using the retract method, we
prove the existence of a sequence of solutions that are an asymptotic decomposition.

4.1 Asymptotic expansion of solution

The first method of Lyapunov is a well known technique used for studying the asymptotic
behavior of ordinary differential equations in the form of a linear system with perturbation.
This method uses the solution in the form of a convergent power series, for details see [10].
The results for equations in the implicit form [12] or for integro-differential equations [61]
were derived by modifying the first method of Lyapunov. The existence of solutions with a
certain asymptotic form were proved in the references cited using Wazewski’s topological
method. For analogous representations of solutions to a retarded differential equation,
see [57], [al0]. The perturbation has a polynomial form in both cases. In this paper, we
study an equation in the form

o n

¥(6) = —alt)y(®)+ Y a) [T((&@)" (4.6)

=2 =

n
where i = (i1, ...,i,) is a multiindex, i; > 0 are integers and |i| = Z ij. The continuous
=1
functions () satisfy &;(r) > to forallt € [ty, ) and the function & (r), which is defined as

E@r) = 1<i2 &i(r), is nondecreasing for ¢ > fy. Therefore, all asymptotic relations such as
sn

the Landau symbols o, O and the asymptotic equivalence ~ will be considered for t — oo.
This fact will not be pointed out in the sequel.

The function a(t) satisfies the following conditions:
C1 a(t) is continuous and positive on the interval [fy,e0) and 1/a(t) = O(1),
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C2 (t+—&(1))a(t) = 0 (A(r)) where the functions A(t), a(t) are defined as

t

A(t) = [a(u)du, a(t) = max(a(u)).
t() MS[
Further conditions for the continuous functions cj(z) : [tg,o0) — R will be given later. In
order to apply the first method of Lyapunov to the equation (4.6) we assume the solution
in the form of a formal series

=Y £()9"(1,C) 47
n=1

where @(z,C) is the solution of the homogeneous equation y(¢) = —a(t)y(t) given by the
formula

9(1,C) = Cexp(-A(1)).

with f)(¢) = 1, and the functions f(¢) for k =2, ..,n being particular solutions to a certain
system of auxiliary differential equations. Using Wazewski’s topological method in the
form used in [a3] for differential equations with unbounded delay and finite memory, we
prove the existence of a solution

fk(t)(pk(tvc)'

(ngE

u(t,C) ~ fu(t,C) =

k=1

To facilitate the specification of the coefficients of the power series which is the product

of the power series raised to a power, we use the following notation: s = (s1,...,5,) is

k}k 1 of nonnegative integers with a finite sum

an ordered n-tuple of sequences 5; = {5 G

|sj| = kgl slj‘ , denoting further

1:11 5)!:f11’5i‘!
I

||Mg H:S

- i(s) = (5], sal)-

For any ordered n-tuple of sequences (of numbers or functions) ¢ = (cy,...,¢,) where
k

¢; = {ck}r;, we denote €* H H %)% where (c’j‘.)o = 1 for every ¢%. Then, it is

j=1lk=
possible to write

oo i e .
ﬁ (Z c];xk> = Z xk Z l(j—')‘(fs where the symbol Z

k=li| i(s)=i ) i(s)=i
V(s)=k V(s)=k

denotes the sum over all s such that V(s) =k, i(s) =i and, for the empty set of s, this
symbol equals 0.
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Substituting y(¢) into equation (4.6) and matching the coefficients at identical powers
@*(¢,C), an auxiliary system is obtained of linear differential equations

(o)

i) = (k- a0+ Y ) ¥ “8)
=
where .7 (t) is the n-tuple of sequences { fi(&;()) exp(k(A(t) —A(&i(1)))) } ooy €00
F(1) = (- LAl ) explk(A() — AGON Iy

V(s) =k >2and |i(s)| > 2 imply s, =0 for / > k. From this follows that the auxiliary
system (4.8) is recurrent.

Theorem 12. Let the functions ci(t) for all positive T and i satisfy
tli_)rgci(t) exp(—TA(t)) =0.

Then, there exists a sequence { fi(t)};2_, of solutions of the auxiliary system (4.8)

fult) = /t W—a(s)exp{—j(k—l)a(u)du} i a(t) ¥ i) oy (o)

t i e 18)!

such that tlim fi(t)exp(—7A(t)) = 0 for all positive T.
—>00
Let ||.|| denote the maximum norm on CO[r*, #o].
The next 2 Theorems are proved in [al1]. The first is a consequence of Theorem 11.

Theorem 13. Let the assumptions of Theorem 12 hold and let

lim (fi1(r) ™ exp(—7A(r) = 0
where T < 1 is a constant. We denote r* = gltgl(é(t)) Then, for every C # 0 and
v € COlr* 1o, |lw|| < 1,w(tg) = O, there exists a solution yc(t) of equation (4.6) such that

ye(t) = yi(t)| < o firr ()" (2,0))| (4.10)

for t € [tc,0) where the functions fi(t) are solutions (4.9) of system (4.8), 6 > 1 is a
constant. tc is a function of the parameter C and of 0 k.

Theorem 14. Let the assumptions of Theorem 12 be satisfied and let there exist a sequence
{Ki}7_1» Ko =1 such that the assumptions of Theorem 13 are satisfied for every Ky, i.e.,
tle (fx, (1) V) exp(—7TA(t)) = 0. Then, there exists an asymptotic expansion of the solution

yc(t) in the form

o K—1
ye(t) = Z Fi(t), where F(t) = Z fil)e!(r,0)
=1 1=Ky,

and fi(t) are solutions of (4.9).

These theorems are applicable to (1.2), (1.3) above and are used in the bellow illustrative
example
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4.2 Example

Consider the equation

5(6) = —yeos(1y(&(0))) = —y(0)+ ¥ (—1)+1 2OV DT
k=1 (2K)!

on the interval [1,e) together with two various delays by choosing a pair of functions

51(t):t—r, éz() t —Int
e the first delay ri () =t — & (t) = r = r > 0 is constant
e the second delay r,(t) =1 —&,(r) =t — (¢t — Int) = In¢ is unbounded.

In this case, with a(t) =1, weputyg =1=A(t) =t —1,i= (i,i),

2k

t
C(1,2k) = (—l)kH—

(26)! (for other multiindices ¢; = 0).

Ifwedenote 7 = ({ (1)}, { A€ (1)}

1) , the system of auxiliary differential
1=
equations has the form

oo 2i i
filt) = (k=D fit) + Y (= 1>”1t—-_ ) (5.)

I¥
—_
—~
[\®)
~
~
e
—~
0
Il
—
[\)
=
o

By induction, we may prove that, for any delay, f; = 0 holds. First, f>(¢) = 0 is due to
fa(t) = fa(t).

From i(sy,s7) = (1,21), it follows |s;| = 1 and |s,| = 2/. By the induction assumption
fhi= J =0, from ({fi(¢)} ;)" # 0, it follows that V(s1) is odd. From the requirement

Z (51:52) 2 () and the fact that 2k =V (s1,52) = V(s1) +V(s2), we deduce that V (s;) is odd,

too. Because N N
=Y ks Z 4+ +k
k=1 k=1

k
)

can be interpreted as the sum of |V (s2)| = 2/ numbers. We see that at least one number
is even (the sum of an even number of odd numbers is even) and every product on the
right-hand side of the auxiliary equation contains zero multiplicands and, for the function
fok, we have

Ja(t) = fux(t) = fu=0.
The asymptotic form of the solutions f»;, depends on the delay r;(z) = ¢ — &;(¢) but the
property
frk—1(t) ~ for—1(E(¢))  holds for both  r;(z).

First, for | (), the solutions have the asymptotic form

fors1 =1 (cars1 +O(1 /1)),
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where ¢; = 1 and ¢y are given by the recurrent formula

1 & <_1)i 5
CUh+1 = =5 . 4 1cgr52’
k) <>=%,2i>

V(s)=2k+1

where € = {c;}72|, € = {ciexp(ir) }7,.
Second, we have the equation exp(k(A(t) —A(E(t)))) = exp(klnt) = tk. It can be
proved by induction that the solutions fy;. | have the asymptotic form

St = =PI (@ (k= 1) 2k + O(1/1)).

The constants d(k) and p(k) satisfy the recurrence formulas
dk)=—d(k—1)/2k, plk)=p(k—1)+2k,

otherwise
(1!

2%(k—1)!
By Theorem 14, we obtain the existence of a pair of asymptotic expansions y;(¢), y>(¢) of
the solutions for two different delays ry(z), ry(¢):

d(k) = and p(k)=(k+2)(k—1).

%)

ZtZ CZk— e (2k— l)tCZk—l

22

k=1
) ~ i )k 't (k+2)Y(k_1) o(2k=1rc2k—1
k=1 !

Fore more details see [all].

Remark 3. This example shows the fundamental dependence of the asymptotic properties
of the expansion on the magnitude of the delay. For a small delay (r\(t) — 0), the expansion
y1(t) converges to the expansion of the solution of an ordinary equation

y(t) = —ycos(ty(t)).

For a sufficiently large delay ry(t) = In(t), the expansion y,(t) is the same as for the
equation

¥(1) = =y(1) +2y()y*(t — 1) /2,

i.e., the expansions for the perturbation with an infinite sum and for the perturbation with
only the first summand are identical.

4.3 Positive solutions of nonlinear system

The next theorem easily follows from the more general Theorem 11 by putting p(z) = 0
and applying the next definition.
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Definition 9. A functional g € C(,R") is called i-strongly decreasing (or i-strongly
increasing), i € {1,2,...,n}, if, for each (t,@) € Q and (t,y) € Q such that

o(p(t,0)) < w(p(t,9)), where ® € [-1,0) and ¢i(p(t,0) = w;(p(t,0)),
the inequality
gi(t, @) > gi(t,y) (or gi(t,p) <gi(t,y))
holds.

Let k = (ki,...,k,) > 0 be a constant vector. Let A(¢) = (A4(¢),...,A,(¢)) denote
a vector, defined and locally integrable on [ p*, ). Define an auxiliary operator

Tk, A) (1) 1= kel 260 — (klefé* Mds g el ’Ln(”dS) . @.11)

Theorem 15. Let f € C(Q,R") be locally Lipschitzian with respect to the second argument,
quasibounded and, moreover:

(i) f isi-strongly decreasing if i =1,..., p and i-strongly increasing ifi=p+1,...,n.
(ii) fi(£,0)<O0fori=1,....,pand f;i(t,0) >0 fori=p+1,....nif (t,0) € Q.

Then, for the existence of a positive solution y = y(t) on [p*,e) of the system of p -
RFDE’s (3.1) (where p* = p(t*,—1)), the existence of a positive constant vector k and
a locally integrable vector A : [p*,o0) — R" continuous on [p*,t*) U [t*,oo) satisfying the
system of integral inequalities

() > M e RO 1 Tk 2),), =1 “.12)

fort >t *with ;= —1fori=1,....pand ;=1 fori=p—+1,...,n is necessary and
sufficient.

For more details, see [a3]. Here and in [a4] applications to some examples may be
found.

The next theorem only gives a sufficient condition for the existence of a positive
solution. Let a constant vector k > 0 and a vector A(¢) defined and locally integrable
on [p*,oo) are given. Then, an operator 7 is well defined by (4.11). Define for every
i €{1,2,...,n} two types of subsets of the set "

Fi._ {q) €L :0<P(D) <T(kA)(B), D€ [~1,0]
except for ¢;(0) = kief;,* li(S)dS}
and

T ={0€€ :0< () <T(k,A) (), €[—1,0] except for ¢;(0) =0}.
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Theorem 16. Let f € C(Q,R") be locally Lipschitzian with respect to the second argument
and quasibounded. Let a constant vector k > 0 and a vector A(t) defined and locally
integrable on [ p*, o) are given. If, moreover, inequalities

wii(r) > e I MO i1 ) (4.13)

1
hold for everyi € {1,2,...,n}, (t,0) € [t*,) x T and inequalities
wifi(t,9) >0 (4.14)

hold for every i € {1,2,...,n}, (t,9) € [t*,00) X F;, where u; = —1 fori=1,...,p and
Wi =1fori=p+1,...,n, then there exists a positive solution y = y(t) on [p*,e) of the
system of p-RFDE’s (3.1).

These results together with Theorem 15 make it possible to formulate numerous con-
sequences particularly for linear applications. For more details, see [a5].



Chapter 5

Positive solutions of a linear system

Many resulte may be derived for a linear system. Consider a system
Y(l):l‘(tayt)—f_h(l)a (51)

where h € C([t*,),R"), L € C(Q x €,R") is a linear functional and y; is defined in
accordance with Definition 3. Then, the bellow Theorems 15 and 16 give corresponding
linenar analogies.

Theorem 17. Let L € C(Q x € ,R") and, moreover,:
(i) Fori=1,...,p, Lis i-strongly decreasing and L;(t,0) 4+ h;(t) < 0 if (¢,0) € Q and
(ii) fori=p+1,...,n, Lisi-strongly increasing and L;(t,0) 4+ h;(t) > 0 for if (¢,0) € Q.

Then, the existence of a positive solution y(t) on [p*,e) of the system of p-RFDE’s (5.1)
(where p* = p(t*,—1)) is equivalent with the existence of a positive constant vector k and
a locally integrable vector A : [p*,o0) — R" continuous on [ p*,t*) U [t*, o) satisfying the
system of integral inequalities

wiAi(t) > 2‘— e I MO T A hie)), i=1,.. 0 (5.2)

i
fort >t* withy;=—1fori=1,....,pand u;=1fori=p+1,...,n.
Theorem 18. Let L € C(Q,R") be linear. Let a constant vector k > 0 and a vector A(t)

defined and locally integrable on [ p*,0) are given. If, moreover the inequalities

whi(t) > % eI MO (L 0) + (1)) (5.3)

i
hold for everyi € {1,2,...,n}, (t,9) € [t*,00) x T and inequalities
pi (Li(2,¢) + hi(t)) > 0 (5.4

hold for every i € {1,2,...,n}, (t,9) € [t*,00) X T}, where u; = —1 fori=1,...,p and
Wi =1fori=p+1,...,n. Then, there exists a positive solution y = y(t) on [p*,e) of the
system p-RFDE’s (5.1).

32
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The proofs of both theorems may be found in [58]. [a3] consideres the linear system

y=A)y(t) +B(t)y(z(1)) (5.5)

where T : [t*,00) — [p*,o0) is a continuous nondecreasing function and () < ¢. In this
case, p(t,9) =t+ - (t—1(t)) and p* = 7(t*). With respect to the n X n matrices
A(t) = (a;j(t)) and B(t) = (b;;(t)), we assume their continuity on [t*,e) and, moreover,
the validity of the inequalities:

a;ij(t) <0,bi(t) <0 ifi=1,....p, j=1,...,n,t €[t",00), (5.6)
aij(t)ZO,bij(t)ZO ifizp—l—l,...,l’l, j=1,...,n7l‘€[l‘*,°0), (5.7)
n
Zbij(t);éo foreveryi=1,...,nandr € [t*,o0). (5.8)
=1

Here the next Theorem is proved.

Theorem 19. For the existence of a solution y = y(t) of system (5.5), positive on [ p*, ),
the necessary and sufficient condition is that there exists a continuous vector A € C(| p*,eo),
R"™) such that A(t) > 0 fort > t*, satisfying fori=1,... ,nthe system of integral inequalities

Ai(t) > (aii(t) +bii(t)efuifé(r> Ai(s) ds) +
% > kjef’t’* (kA1 ()= #iki(s)) ds (aij(t) +b;(t)e M Jro 2i(9) ds) 59
b=l A
on [t*,00) with a positive constant vector k and with ;= —1 fori=1,...,p; W =1 for
i=p+1,....n

Remark 4. Earlier, sufficient conditions for the existence of bounded solutions of systems
and equations of the type (5.5) were given in [9, §].

[a3] establishes sufficient conditions for the existence of positive solutions to the
following linear system

(1) = —A()y(p(t,=1)) (5.10)

where A = {a;;} is an n x n matrix with entries continuous on [t*, ) satisfying a;;(t) > 0,
n
i,j=12,...,nand Y a;;(t) >0 for every i = 1,2,...,n,. The next theorem is proved
=1

in [a3].
Theorem 20. For the existence of a positive solution y = y(t) on [p* o) (with p* =
p(t*,—1)) of linear system (5.10) a sufficient condition is the existence of a positive constant

vector k and a locally integrable function A* : | p*,e0) — R continuous on [ p*,t*) U [t*, o)
and satisfying the integral inequality

1

* — 'tt, A*(g)d 1 &
A*(t)e Jpe A" (@)dg 'Tﬁ%.,n{k_ij_zlkjaij(t)} (5.11)

fort >t*.
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Inequality (5.11) offers numerous possibilities of finding particular sufficient conditions.
We will consider two of them.

Theorem 21. Let a continuous nondecreasing function A* : [ p* ) — R satisfy the in-
equality

. 1 &
A*(t)e A O =p=1] > _max {; Z kjaij(t)} (5.12)
Lyl lJ:1
fort >t*, where k = (ky,ka, ... k) is a suitable positive constant vector. Then, linear

system (5.10) has a positive solution y = y(t) on [p*,e) (with p* = p(t*,—1)).

Theorem 22. Let A be a constant matrix that cannot be decomposed. Then, for the existence
of a positive solution’y = y(t) on [ p*,o0) (with p* = p(t*,—1)) of linear system (5.10), it is
sufficient if a locally integrable function A* : [ p*,00) — R, continuous on [ p*,t*) U [t*,oo),
satisfies the inequality

A*(1)e Jre-n 2@ > 5 04) (5.13)

fort >t*, where p(A) is the spectral radius of A.

5.1 A scalar equation with discrete delays

Let us study the conditions for the existence of a positive solution to a scalar equation with
discrete delays

== i cq(1)y(p(t,3y)) (5.14)
=1

with—1=% <h<---< 19,,, =0,functions ¢4, g =1,2,...,m, continuous on [t*,0) that
are nonnegative if ¢ = 1,2,...,m — 1 and satisfy 1nequa11ty Zm Ley(t) >0fort € [t*,0).

Theorem 23. For the existence of a positive solution y = y(t) on [p*,oo) (where p* =
p(t*,—1)) of the equation (5.14) the existence is necessary and sufficient of a locally
integrable function A* : [p* o) — R continuous on [p*,t*)U[t*,00) and satisfying the
integral inequality

m *
Z p(, 9g) y A" (s)ds (5.15)
fort >t*.

Example 1. Consider equation (5.14) with m =3, c3(t) = 0. Let ¢1(t), ca(t) be positive
continuous functions, 91 = —1, ¥y = —1/2, 93 = 0 and let the p-function be defined as:

9) — t+2160 for 6 € (—1/2,0],
P(1,6) = 2(0—1)(0+1)+V1(0+1/2)(-2) for6e[-1,—1/2].

Then, equation (5.14) takes the form:

¥(t) = —c1(t)y(V1) — ea(t)y(r — 7), (5.16)
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where cy, ¢ are positive continuous functions and the inequality (5.15) has the form:

A() > c1(r) exp ( f@k(gm) +ea(t)exp (f L A(s)ds) .
We put A(t) = 1/t. Then, we obtain
1

t
—>o(t)—— + ot
sz at)——+al)

-

This inequality (on the interval [p*,e)) is a sufficient condition for the existence of a
positive solution of equation (5.16) on interval [(p*)?, ). Also, the equalities

1 1
cy(t :0<—> and c;(t :0<—> ort — o
1(7) ; 2(1) v f
are sufficient conditions for the existence of an eventually positive solution of equa-
tion (5.16).

Theorem 23 can serve as a source of various sufficient conditions including the well-
known sufficient conditions given, e.g., in [19, 32]. It is possible to show several concrete
consequences of Theorem 23 concerning the equation

¥(1) = —c(t)y(p(r,—1)) (5.17)
with a positive continuous function ¢. Obviously, equation (5.17) is a particular case
of 5.14)if m=1.

Theorem 24. Let ¢ be a positive continuous function on [ p*, o) and let the inequality

t
e~/ c(s)ds <1 (5.18)
p(tvfl)

hold on [t*,00) (with p* = p(t*,—1)). Then, (5.17) has a positive solution y = y(t) on
[p",%0).
The following corollary follows directly from (5.18).
Corollary 1. Let all conditions of Theorem 24 be valid and let there exist a nondecreasing
function b(t), t € [p*,e°) such that c(t) < b(t) holds on [p*,) and
1
b(r) < e = p(t, 1)) (5.19)

holds on [t*,o0). Then, (5.17) has a positive solution'y = y(t) on [ p*,oo).

Theorem 25. Let c(t) be a positive continuous function on [t* o) and let there exist a
positive constant K such that

c(t) < Ke KU=pt.=1) (5.20)
on [t*,e0). Then, (5.17) has a positive solution y = y(t) on [ p*,oo) (with p* = p(t*,—1)).
Remark 5. The results presented are sharp. This may be demonstrated, e.g., by the last
result. If p(t,—1) :=t— T with a positive constant T, c(t) = ¢ = const and if K := 1/,
then (5.20) yields a classical result ([32, Theorem 2.2.3]) ensuring the existence of a

positive solution:
cte <1.
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5.2 Positive solutions to a scalar equation in the critical
case

In [a8], the oscillation is discussed of solutions to the equation

() = —a(t)y(t — (1)), (5.21)

wheret € I := [1y,%0), 19 ER, a: - R" := (0,) is a continuous function and 7:  — R*
is a continuous function such that t — t(t) > tg — t(tg) if t > 1.

This study has been motivated by what can be found in the [13], [14], [17], [18], [54].
Using an example, it may be shown the that simple generalization of the results given
in [13], [14] does not describe the situation completely. In [a8] two criteria are derived.

The first one is based on the criterion for the case of a constant delay derived in [14].

Theorem 26. 1) Let us assume that a(t) < a(t) with

1 T T
1) = — 5.22
(1) et * 8et? - 8e(tInt)? (5-22)

T T
* 8e(tInrlny)? ot 8e(rIntlnyt...Ingr)?

ift — oo and for an integer k > 0. Then, there exists a positive solution x = y(t) of (5.21)
with T(t) = T = const. Moreover,

y(1) < Vi(t) == e "/ \/tIntnyz .. Ingt

ast — oo,
IT) Let us assume that

0t

t) > ap ot
a(t) > ara(1) + 8e(tIntInyt .. .Ing_y1)?

(5.23)

if t — oo, for an integer k > 2 and a constant 6 > 1. Then, all the solutions of (5.21) with
7(t) = T = const oscillate.

Now we give two possible criteria. For the first, one we define a new auxiliary function
axz(t) similarly to (5.22) replayicing constant T by function 7(¢).

Theorem 27. Let us assume that

t
a(t) <ar(t) and ds/t(s) <1
t—1(t)
if t — oo for an integer k > 0. Let moreover t(t)Intlnyt...Ingt = o(t) as t — oo. Then,
there exists a positive solution x = y(t) of (5.21) satisfying

f ~1
1) < tintlnrt...Iny 1 - — | d 5.24
y(1) < /tinting.. . Ingt-exp ,O_T(m)(r(s)) s (5.24)

ast — oo,
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Theorem 28. Let us assume that

a(t) < % -exp (—/ttr(t) %) (5.25)

ast — oo, Then, there exists a positive solution x = y(t) of (5.21). Moreover,

o) <exp (_TA:—TOO>5%§5)'

Analysis of both criteria To compare Theorem 27 with Theorem 28, we will investigate
equation (5.21), where
T(t) :=c+d/t (5.26)

and c, d are positive constants, i.e., we consider an equation
y(t) = —a(t)y(t —c—d/t). (5.27)

Application of the first criterion The delay (5.26) is decreasing, tends to ¢ as t — oo

and satisfies the inequality f,tff(,) % <1.1If

a(t) < age (1) (5.28)

for an integer k > 0 as t — oo then, by Theorem 27, equation (5.27) has a positive solution.
We will develop the first several terms of the asymptotic decomposition of ay () with 7(r)
given by (5.26) if + — oo and rewrite condition (5.28) to get a sufficient condition for the
existence of a positive solution of (5.27) in the form

2
a(t)gakf(t):i—i-l—i—l-(d—-l-%)-tlz%-o(tlz). (5.29)

ec e’ t e \c3

Application of the second criterion We compute
! ds d d t
/ ——=1+——5Ih—:.
—(r) T(8) c 2 t—c

Now we are able to asymptotically decompose the right-hand side of inequality (5.25)
ast — oo, We get

L / —ds L_d 1.1 f+d Lo
——eX JR— —_ Y . — —. J— PR JR— J— .
(1) P —1(t) T(s) ec e 1 e\ T2c) 27N

Finally, by the second criterion, a sufficient condition for the existence of a positive
solution of (5.27) is

1 d 1 1 [/d> d\ 1 1
N<— L 2 2 (2L 94) (=), 5.30
a()_ec o2 7Y (c3+2c> t2+0<t2) (5-30)
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Final comparison

Comparing the right-hand sides of expressions (5.29) and (5.30), we see that the first two
terms of both decompositions coincide. The quality of every criterion is expressed by the
coefficients of the term 1/¢2, by the coefficient C2I in the case of expression (5.29) and the

coefficient CZH, 1.e.,
1 [/d*> ¢ 1 [(d*> d
| S S n_ L (4, a4
Cz_e (c3+8> © e (c3+20)

We conclude C3 < CJlif ¢? < 4d and C} > CIlif ¢ > 4d. Thus, we can state.

Theorem 29. The first criterion is more general in the case of ¢* > 4d; the second criterion
is more general if ¢* < 4d.

Using this example we may show that Theorem 26 cannot be generalized by replacing
the constant delay 7 by a nonconstant function 7(¢). For more details, see [a8]. This result
has been used in some papers.

5.3 A scalar equation with distributed delay

In [a5] we consider the existence of a positive solution of a scalar equation having the
distributed delay

O
50 == [ et.0)(plr,9))d0 (5.31)
with ¥, € (—1,0], and continuous ¢ : [t*,e0) X [—1, U] — (0,0). The main results of [a5]
are the following.

Theorem 30. For the existence of a positive solution y = y(t) on [p*,e) (where p* =
p(t*,—1)) of the equation (5.31), the existence is necessary and sufficient of a locally
integrable function A* : [p*,o0) — R continuous on [p*,t*) U[t* ) and satisfying the
integral inequality

> e A (@)

25(1) > / ct, )ehon ¥ @digy (5.32)

-1

fort >t*.

The following results are consequences of Theorem 30.

Theorem 31. Let there exist a positive constant K such that inequality

Uy
/ c(t,9)dd < Ke Kl—p(t=1) (5.33)
—1

holds on [t*,e0). Then, equation (5.31) with a positive continuous function ¢ on [t* o) x
[—1, 9] has a positive solution y = y(t) on [p*,e) (where p* = p(t*,—1)).
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Theorem 32. Let the difference t — p(t,—1) be a nonincreasing function on [t*,e). Then,
equation (5.31) with a positive continuous function ¢ on [t* o) x [—1,0] has a positive
solution’y = y(t) on | p*,e0) (where p* = p(t*,—1)) if the inequality

Oy 1
/_1 ()0 < (5.34)

holds on [t*, o).
A straightforward consequence of inequality (5.34) is the following corollary.

Corollary 2. Let all conditions of Theorem 32 be valid and let there exist a function
b:[t* ) x [-1,0] — R, nondecreasing in & on [—1,0] for each t € [t*, ), such that
c(t,¥) <b(t,0) on [t*,00) x [—1,04]. If, moreover,

1
b(t,04) <
(1:9) < e-[t—p(t,—1D)](1+ )
holds on [t*,oo), then (5.31) has a positive solution'y = y(t) on [ p*,).

(5.35)

5.4 Existence of decreasing positive solutions to linear dif-
ferential equations of neutral type

Using the retract method, a new criterion is derived in [a7] for the existence of positive de-
creasing solutions to linear differential equations of neutral type: linear neutral differential
equation

Y(t) = —c(t)y(t — (1)) +d(t)y(r = 6(1)) (5.36)
where ¢,d: [tg,o0) — [0,0), #p € R and 7,0 [tg,0) — (0,r], r € R, r > 0 are continuous
functions and ¢(7) +d(t) > 0, 1 € [tp, ).

Theorem 33. For the existence of a positive decreasing solution of (5.36) on [ty —r,0), the
necessary and sufficient condition is that there exists a continuous function A : [ty —r,o0) —
(0,00) such that inequality

() > c(t)exp ( h ?L(s)ds) Fd(B)A (- 5(r))exp ( " ?L(s)ds) ,

holds fort > t.

Let the functions ¢(¢), d(¢) and delays (), d(¢) in equation (5.36) be constant, i.e.,
c(t) =c=-const,d(t) =d =const, T(t) = T = const, 6(t) = § = const, then equation (5.36)
becomes

y(t) = —cy(t — 1) +dy(t — 9). (5.37)

Corollary 3. For the existence of a positive decreasing solution of (5.37) on [ty — r,),
the existence is sufficient of a positive constant A such that inequality

A > cer®+ Adetd (5.38)
holds.
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For the choice of A = 1/7or A =1/ in (5.38), we get

Corollary 4. For the existence of a positive decreasing solution of (5.37) on [ty — r,) it
is sufficient that either inequality

1> cet+ded/® (5.39)

or inequality
1> c8e"% +de (5.40)

holds.



Chapter 6

Exponential stability of linear delay
differential systems

6.1 Formulation of the problem

In [al] the uniform exponential stability is studied of linear systems with time varying
coefficients

xi(t):—i j a;(t)xj(hi(1), i=1,....m (6.1)

where t > 0, m and r;j, i,j = 1,...,m are natural numbers, coefficients af-‘j: [0,0) > R

and delays hfj: [0,00) — R are measurable functions. For the scalar case (m = 1), the
system (6.1) reduces to a linear differential equation with several delays

C Y aOxli(t)). 6.2)
k=1

Equation (6.2) is studied in detail, e.g., in [3], [29], [30], [28], [42], and a review on stability
results can be found in [4]. For system (6.1), there are not so many results.

The following short overview of the existing results uses the notion of an M-matrix.
A square matrix is called a non-singular M-matrix if all its off-diagonal elements are
non-positive and its principal minors are positive. (In [5], equivalent definitions can be
found.)

An asymptotic stability conditions for the autonomous case of system (6.1) (when

afj(t) a; j, hk ( )= T and al 3 ,kj are constant) is considered in [31]. In particular,
for the system
Za,JxJ —7;), i=1,...,m, (6.3)

where 7;; > 0, the following holds (below, ay denotes the positive part of a, i.e., ay =
max{a,0}).

Theorem 1 (Corollary 4.3, [31]). Let
O0<ati<l+4l/e,i=1,....m
41
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and let the m x m matrix H with components

(1_(aiirii_1/e)+>a~ i—j
(2% - )

hij — 1+(a,~,~1’ii— 1/€)+
—laijl, 17 ],
i,j=1,...,mbe a non-singular M-matrix. Then, system (6.3) is asymptotically stable for

any selection of delays T;j, i # j, i,j=1,...,m.
In [55], the system (6.3) is also considered and the following derived.
Theorem 2 (Theorem 1.3, [55]). Let
0<a;T;<3/2, i=1,....m
and let the matrix G with components

( 1+ a;7ii(3+ 2aTi) /9
gij = 1 —a;7;i(3+ 2a;7ii) /9

) ‘aij|7 17&]7
aii, lz]?

be a nonsingular M-matrix. Then, system (6.3) is asymptotically stable for any selection
of delays 7;j, i # j, i,j=1,...,m.

In [56], the authors consider the non-autonomous system
m
X’i(t):_Zaij(t)xj(hij(t)), i:17"'5m7 (64)
j=1

where t € [tg, ), to € R, a;;(t), hi;(t) are continuous functions, h;;(¢) <t, and h;;(t) are
monotone increasing functions such that lim; e, 4;(t) =0, i, j = 1,...,m.

Theorem 3 (Theorem 2.2, [56]). Assume that, fort > to, there exist non-negative numbers
bij, i,j=1,...,m, i # jsuch that |a;;(t)| < bjja;(t), i,j=1,...,m, i # j, a;i(t) > 0 and

t

/aii(S)dSZOO, d; = limsup aii(s)ds <3/2, i=1,...m.

[—yoo hl','(l
Let B= (i?ij)?;:l be an m x m matrix with entries b =1, i = 1,...,m and, for i # j,
iLhj=1,....m,
2+d?
_<21——d12) bij7 ifdi<17
v 1+2ld
— (3_—2(;) bij, if di>1.
l

If B is a nonsingular M-matrix, then system (6.4) is asymptotically stable.

Very interesting global asymptotic stability results have been obtained for nonlinear
systems of delay differential equations in the recent papers [45, 21, 22].
Paper [al] considers general system (6.1) deriving the following result.
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Theorem 34 ([al). , Theorem 4] Let there be constants ag and T such that, fort > t,

ai(t):= Y di(t) >ap>0, 0<t—hj(t) <7, i=1,....m (6.5)
i=1

and

1 < t m Tij l
max esssup — ak (1 / d(s)lds
i=Lem >ty d; (1) kgll i)l max{07hﬁ(l)}jzzll:1’ lJ( )
m Tij '
j=1k=1
J#i

Then, system (6.1) is uniformly exponentially stable.

6.2 Preliminaries
The linear system (6.1) for r > o (assuming 7y > 0) is considered with the initial condition

x(t) = o(1), t <to, (6.7)
under the following assumptions:

(al) Functions afj: [0,00) = R, i,j=1,...,m, k=1,...,r;j are Lebesgue measurable
and essentially bounded functions.
(a2) Functions hi-‘j: [0,00) = R, i,j=1,...,m, k=1,...,r;j are Lebesgue measurable
functions, hf.‘j (r) <t, and
- k
limsup(t —h;(t)) < oo.
f—yo0

(a3) @: (—oo,f9] — R™ is a Borel measurable bounded vector-function.

Definition 10. A locally absolutely continuous vector-function x: R — R™ is called a solu-
tion to the problem (6.1), (6.7) for t > ty if its entries x;, i = 1,...,m satisfy equation (6.1)
for almost all t € [ty,o0) and equality (6.7) holds fort < 1.

Definition 11. Equation (6.1) is uniformly exponentially stable, if there exist constants
M > 0 and p > 0 such that the solution x: R — R™ of problem (6.1), (6.7) satisfies the
inequality
[x(1)] < Me ™80 sup ()], 1> 1o
1<ty

where M and 1 do not depend on t.
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6.3 Statement of results

LetA;,i=1,...,m be functions defined as
1 Vi k m Tij m Tij
A= | Yo [ Y. Yl (olds + 1 Y le)
ai(t) |5 max{ro,i(1)} i =1 /=1 j=lk=
J#i
where .
ai(t) = Y di (). (638)
k=1
Theorem 35. Let
ai(t)>ap>0, i=1,....,m, t >1, (6.9)
m Tij
max esssup Z Z |a,j ) <1 (6.10)
i=1,...,m >t 4 l ] 1k=
J#i
and |
max esssupA;(t) <1+ —. (6.11)
l.:17...7m [2[0 €

Then, the system (6.1) is uniformly exponentially stable.

PROOF Can be found in [a2]. It also includes the corollaries ( Corollary 1-10) of the
Theorem 35 that generalize the corollaries of the Theorem 34 in [A1]. Similarly, corollaries
of the Theorem 35 generalize corollaries of Theorem 34 in [al].
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Abstract. New explicit results on exponential stability, improving recently published
results by the authors, are derived for linear delayed systems

xi(t):—i af(Dxj(H(1),  i=1,...,m

where t > 0, m and rij, i,j =1,...,m are natural numbers, aé‘j: [0,0) — R are measur-

able coefficients, and hi-‘]- : [0,00) — R are measurable delays. The progress was achieved
by using a new technique making it possible to replace the constant 1 by the constant
1+ 1/e on the right-hand sides of crucial inequalities ensuring exponential stability.
Keywords: exponential stability, linear delayed differential system, estimate of funda-
mental function, Bohl-Perron theorem.

2010 Mathematics Subject Classification: 34K20.

1 Introduction

The objective of the present investigation is to derive easily verifiable explicit exponential
stability conditions for the following non-autonomous linear delay differential system

%(t) = —i : a(Hx(h(t),  i=1,...,m (1.1)

j=1k=1

where t > 0, m is a natural number, r;;, i,j = 1,...,m are natural numbers, the coefficients
aé‘j: [0,00) — R and delays hé‘j: [0,00) — R are measurable functions.
The equation

£(1) = — Y ap(B)x( (1)), 12)
k=1

™ Corresponding author. Email: diblik.j@fce.vutbr.cz
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which is a special scalar case of (1.1), has been studied, e.g., in [6,12,14,15,20,25]. A review
on stability results to equation (1.2) can be found in [7]. Below, we cite some selected results
from the above papers or give extracts of them.

From [20, Theorem 1.2], we get the following corollary.

Theorem 1.1. Let there be constants ag, Ay and ©, k = 1,2,...,r such that
r
0 < a(t) < Ay, Y a(t) >a9>0, 0<t—Ih(t)<m, t>0.
k=1

If, moreover,

r
Y A <1, (1.3)
k=1

then the equation (1.2) is uniformly asymptotically stable and the constant 1 on the right-hand side
of (1.3) is the best one possible.

A corollary deduced from [20, Theorem 1.1] follows.

Theorem 1.2. Let there be constants Ay and 7, k = 1,2,...,r such that
ak(t) = A, >0, 0< t—hk(t) < 1, t > 0.
If, moreover,

r
3
Y AT < %, (1.4)
k=1 2

then the equation (1.2) is uniformly asymptotically stable and the constant 3/2 on the right-hand side
of (1.4) is the best one possible.

From [25, Corollary 2.4] we get the following theorem.

Theorem 1.3. Let ay(t) and h(t), k =1,...,r, t > 0 be continuous functions and
oo F
ax(t) >0, / Y a(t)dt =oco, 0 <Iy(t) <hy(t) <--- < h(t) <t
0 =1

If, moreover,

r t 3
limsu / ar(s)ds < =,
Hoopk; (% <3

then the equation (1.2) is asymptotically stable.
The following result reproduces [15, Proposition 4.4].

Theorem 1.4. Let ay(t) =a, >0,k =1,2,...,r and let a constant « € [0, 1] exist such that

< mkax(t — hk(t)), t >ty

and .
Y a;limsup(t —hi(t)) <1+ %.

i=1 t—o0

Then, the equation (1.2) is uniformly asymptotically stable.
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Now we give a corollary of [7, Lemma 3.1].

Theorem 1.5. Let ay(t) be Lebesgue measurable essentially bounded functions and let there be con-
stants ag and ©, k =1,2,...,r such that

oo Tt
ar(t) > 0, / Y a(s)ds =co, 0<t—I(t)<T  t>th
o k=1

If, moreover,

11msup22 1a /]’lk Za ds<1—|— (1.5)

t—o0

then the equation (1.2) is uniformly exponentially stable.

Except for the paper [15], the above mentioned papers consider stability problems for
scalar equations only. In [15], linear systems with constant matrices are treated. Unfortunately,
there are no results on the stability of general systems of the form (1.1), which can be reduced
to Theorems 1.1-1.5 in the scalar case. To illustrate this claim, consider several known results.

In [24], the authors consider the non-autonomous system

— g:aij(t)xj(hij(t»/ 1= 1,...,m (16)

where t € [to, ), to € R, a;;(t), h;;(t) are continuous functions, /;;(t) < t, h;;(t) are monotone
increasing and such that lim; e h;j(t) = o0, 1,j =1,...,m.

Theorem 1.6 ([24, Theorem 2.2]). Assume that, for t > to, there exist non-negative numbers bz-]-,
i,j=1,...,m,i# jsuchthat |a;(t)| < bja;(t),i,j=1,...,m,i#j, a;(t) >0and

[e9) t
/ a;i(s)ds = oo, d; = limsup a;i(s)ds < 3/2, i=1,...m.

t—yoo  Jhyi(t

Let B (E )1] 1beanmxmmatrixwithentriesfiﬁ:1,1':1,...,mand,fori#j,i,jzl,...,m
2+ d? .
;o _<2—d%)b”’ yoa<t
l]_
1+ 2d; .
— .. > .
<3—2di>bl]’ izt

If B is a nonsingular M-matrix, then system (1.6) is asymptotically stable.

This theorem can be viewed as a certain generalization of Theorems 1.2 and 1.3 to systems
but only for the case of “one delay” (r;; =1,i,j=1,...,m).

Paper [13] gives a generalization of Theorem 1.4 to linear systems with constant coefficients
and delays.

In our recent paper [8], we considered general system (1.1) deriving the following result.

Theorem 1.7 ([8, Theorem 4]). Let there be constants ag and T such that, for t > ty,

Tii

=Y ai(t)>a >0, 0<t—hit)<T, i=1...,m (1.7)
k=1
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and

Tii m Tij m  Tij
a;i(s)|ds + a;; <1 (1.8)
i=1L.m >ty @ (t Z| /max{ohk }]ZL:ZH] °) ]Z;kZ:| I
j#i

Then, the system (1.1) is uniformly exponentially stable.

Requiring that all assumptions of Theorem 1.5 and Theorem 1.7 are valid simultaneously,
condition (1.8) in Theorem 1.7 turns, in the case of equation (1.2) where a,(f) > 0, into

r t r
esssup ———— Zk ol Z / Y a(s)ds <1

t>to max{0,h ()} 1 =7
and, for ty sufficiently large, coincides with the left-hand side of inequality (1.5).

Nevertheless, Theorem 1.7 is not an extension of Theorem 1.5 to system (1.1) since the
right-hand side in the inequality (1.8) is equal to 1 instead of 1 + 1/e on the right-hand side
of inequality (1.5) in Theorem 1.5.

The aim of the paper is to improve all the results of [8] and replace the constant 1 by the
constant 1+ 1/e not only on the right-hand side of inequality (1.8), but in all explicit stability
conditions derived in [8]. The only limitation in this paper in comparison with paper [8] is
the condition

ai(ty>0, i=1,...,m, k=1,...,1 (1.9)

Since this condition does not necessarily hold for equations considered in [8], all results of
this paper and in [8] are independent.

Our approach is based on estimates of the fundamental solution for scalar delay differen-
tial equations and on the Bohl-Perron type result. Some ideas and schemes of [8] are utilized
as well.

2 Preliminaries
Let t) > 0. We consider an initial problem
x(t) = g(t), <t 1)

for (1.1) where ¢ = (¢1,..., om)": (=00, t9] — R™ is a vector-function. Throughout the rest of
the paper, we assume (al)-(a3) where

(al) a].‘.' 0,0) = R, i,j=1,...,m k = 1,...,r;j are Lebesgue measurable and essentially
bounded functions, a (¢ ) > O

(a2) hi.‘j: 0,00) =R, i,j=1,...,m k=1,...,r; are Lebesgue measurable functions, hifj(t) <
t,and t — hﬁ.‘j(t) < K, t > 0 where K is a positive constant;

(@3) ¢: (—o0,ty] — R™ is a Borel measurable bounded vector-function.

For a vector x = (x1,...,x,)T € R™, we define |x| := max;_1__, |xi.
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Remark 2.1. The function ¢ in (2.1) is defined on (—oo,tp]. By (a2), there exists a positive
constant K such that t — hfj(t) <K ij=1,...,m k =1,...,r;j Thus, the domain of the
definition of the initial function ¢ in (2.1) in the following consideration can be, in principle,
restricted to the finite interval [t) — K, to]. In the following computations, it is often necessary
to estimate differences t — max{to, h%(t)} (or similar) from above. Obviously,

t — max{to, hﬁ(t)} < K.

Definition 2.2. A locally absolutely continuous vector-function x: R — R™ is called a solution
of the problem (1.1), (2.1) for t > t, if its components x;(t), i = 1,...,m satisfy (1.1) for almost
all t € [ty, c0) and (2.1) holds for t < ¢.

Definition 2.3. Equation (1.1) is called uniformly exponentially stable if there exist constants
M > 0 and u > 0 such that the solution x: R — R™ of (1.1), (2.1) satisfies

x(t)] < Me M sup|p(r)],  t>tg

t<tg
where M and u do not depend on t,.

A non-homogeneous system
4() ==Y Y ai()x(RE(D)) + fi(t),  i=1,...,m (2.2)
k

where f;: [0,00) — R is a Lebesgue measurable locally essentially bounded function together
with the initial problem
x(t) =6, t<t, (23)

where 0 = (0,...,0)T € R™, will be used together with homogeneous system (1.1).
In what follows, L [tp,c0) denotes the space of all essentially bounded real vector-
functions y: [tp, 00) — R™ with the essential supremum norm

[yllpy, = esssup [y(t)].
>t

As C™[tg,00) we denote the space of all continuous m-dimensional bounded real vector-
functions on [t, o0) equipped with the supremum norm.
The proof of our main result uses the Bohl-Perron type result ([1-5,11,16]).

Theorem 2.4. If the solution of initial problem (2.2), (2.3) belongs to C™[ty, c0) for any f € L [ty, o0),
f={(f1,.., fm)7?, then equation (1.1) is uniformly exponentially stable.

Note that, without loss of generality, we can assume f(t) = 6 on the interval [t, t1] for
some t; > tpin Lemma 2.4.

Consider the scalar homogeneous initial problem

£ = - Y a0, t=s>1h 4
k=1
x(t) =0, t<s, x(s) =1, (2.5)

where a;: [0,00) - R, k = 1,...,r are Lebesgue measurable and essentially bounded func-
tions, hy: [0,00) — R, k =1,...,r are Lebesgue measurable functions, h(t) < t.
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Definition 2.5. A solution x = X(t,s) of (2.4), (2.5) is called the fundamental function of (1.1).

The associated non-homogeneous equation to (2.4) is

Z a (t N+f(t), t>t. (2.6)
We will need the following representation formula (see, e.g. [1-5]) for solution of (2.6) (with a
locally Lebesgue integrable right-hand side f) satisfying the initial problem
x(H)=0, t<t. 2.7)
Theorem 2.6. The solution of initial problem (2.6), (2.7) is given by the formula
t
x(t) = / X(t,5) f(s)ds. (2.8)
to

The following lemma is taken from [12].
Theorem 2.7. Let ai(t) > 0 and

/t Zr: a(s)ds <

ming { (1)} 1 5

|-

where t > to, k = 1,...,r. Then, the fundamental function X(t,s) of (2.4) satisfies X(t,s) > O for
t Z S Z to.

We will finish this section by an auxiliary result from [6]. In its formulation, X(t,s) is the
fundamental function of (2.4).

Theorem 2.8. Let a(t) >0, X(t,s) >0,t >s >ty t —h(t) <K t >ty k=1,...,7. Then,

t
OS/ <Zak ) dS<1 t > ty,
fo

where & is the characteristic function of the interval [ty + K, o).

3 Main result

The main result (Theorem 3.1 below) gives sufficient conditions for the uniform exponential
stability to system (1.1). We underline that this theorem is a significant improvement to The-
orem 1.7 because almost the same expression is estimated by the constant 1 + 1/e on the
right-hand side of inequality (3.4) rather than by the constant 1 on the right-hand side of
inequality (1.8).

Let A;,i=1,...,m be functions defined as

1 tii m rl]
A:(t) = gk‘ / a;i dS + a:.
l( ) Eli<t) k:Z:l ll( max{tghk };§| ] | ]Z;kZ:| l]
j#i

where
Tii

=Y ). (3.1)
k=1
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Theorem 3.1 (Main result). Let

a;i(t) > a9 >0, i=1,...,m, t > to,

max esssup
i=m t>t Ai(t) j=1k=1

and

1
max esssup A;(t) <1+ =.
i=1,..,m t>t €

Then, the system (1.1) is uniformly exponentially stable.

Proof. Define auxiliary functions Hlk :[to,0) =R, i=1,...,m, k=1,...,r; as follows:

i) I
t m Tij 1
[ LY lals)lds <
A e’
then
HE (t) == (1)
i) If

/ Ziml} |ds>1

] 1=
then HE(t) is a unique solution of an implicit equation

1’,]

¢ m
/H,k( ZZMU s)|ds =

]ll

Consider the problem (2.2), (2.3) assuming that

fi(t)EO iftE[to,to—i—K],i:l,...,m.

Condition (3.7) implies that for the solution of the problem (2.2), (2.3) we have x;(t)

i=1,..., mift € [ty, to + K].
System (2.2) can be transformed to

Tii Tii Hk(t) )
- Z au + Z au / (t) i(S)dS
m Tij

_ZZ% x] +fz() t>ty,i=1,...,m

j=lk=
J#

It is easy to see that (due to (2.3)) system (3.8) is equivalent with

Tii Tij k(t)
= — Z ak(t ) + Z a5 (t /m xi(s)ds

ax{to (1)}

m Tij

_ZZ% x] +fz() t>ty,i=1,...,m

j=lk=
J#

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

=0,

(3.8)

(3.9)
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Moreover, utilizing (2.2), (3.9), it can be transformed to

k=1
Tii :((t) m_ Tij
-~y [ al ()%, () s
k:Zl max{to (1)} j_zll_l T
m Tij
=Y Y dOx ) +pit),  t>to,i=1,...,m (3.10)
=1 k=1
ji

where

Tii

)+ Z as(t /m o fi(s)ds.

ax{to (1)}

By assumption (a2), the definition of H¥ (note that ik (t) < H¥(t) < t), and (3.7) we get
pi(t) =0 iftS t0+K.

Let X;(t,s),i =1,...,m be the fundamental function (see Definition 2.5) of the scalar initial-
value problem

Tii

==Y adi(Hx(HEY),  t>t,
k=1

xi(t) = 0, t S t().

By virtue of (al), the definition of Hf‘(t), i=1,...,m and Lemma 2.7, we have X;(t,s) > 0,
t>s>tg,i=1,...,m Using formula (2.8) in Lemma 2.6, from (3.10), we get

xi(t) Z—/ttxi(tzs) iaﬁ-(s /Hk iZaZ 7)xj(hy;(7))dt
0 j=

max{to,hk(s)}

+ii%( )xj(B5(s)) | ds+gi(t),  t>to, i=1,...,m (311)
e
where
50 = [ Xt i)
and

pi(H) =g(H) =0 ift <tg+K.

Next, we explain why g;, i = 1,...,m are essentially bounded functions. By (al), properties
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of f; and Hf-‘, i=1,...,m, definition (1.7), Remark 2.1, and Lemma 2.8, we deduce

esssup [gi(t)]

t>tg
t
= esssup / Xi(t,s)pi(s)ds
>t to
t
= esssup / Xi(t,s)pi(s)ds
t>tg+K |/to
t [pi(s)] [pi(t)]
< esssu X;(t,8)a;(s)"=="ds < esssu
t2t0+1? oo Z a;(s) t>t0+1? a;(t)
1
< — esssup |pi(t)|
a0 ¢>t+K
1 Tii
< — (ess sup [fi(t)| +esssup ) | ak(t) esssup | fi(t)| - esssup(HF(t) — max{to, hﬁ(t)}))
a0 \ t>to+K t>to+K k=1 t>to+K t>to+K
< 0.

System (3.11) can be written in an operator form

xi(t) = (Gix)(t) + gi(t), t>ty,i=1,...,m

where
t Tii lk(s) m Tij
(G =~ [ Xitt,s) | L abts) [ Y Y- ol (o)
to k=1 max{to,hfi(s)} j=11=1
m Tij
+ Z ) ai‘](s)xj(hi‘](s)) ds, t>ty,i=1
j=1lk=1
J#i
or as
x=Gx+g (3.12)
where

G:LE = LL,  (Gx)(t) = ((Gx)(t),..., (Gux)(1)"

and g(t) = (g1(t),...,gm(t))T. Estimate the norm |G| of the operator G. Since x;(t) = 0, if
tefto,to+K],i=1,...,m, then

t

1(Gix) (1) g/ Xi(t,s)ai(s) As(s)ds - x|, i=1,...,m

to+H
where
i k m 1’,'] m r’]
A;(t Za” / ) ZZM] ]ds+22|a”
max{fo,h;;( }]:1 I=1 j=1k=
j#i
Hence, by Lemma 2.8,
IG|Ln < max esssup A;(t) (3.13)

i=1,.. t>ty
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If (3.5) holds, then Hlk(t) = hifi(t), i=1,...,mk=1,...,r; and, consequently,

1|

AW < 5 | L X a0
i j=1k=1
j#
By (3.3) we get
1|3
max esssup A;(f) < max esssup —— | ) ]aifj(t)] < 1L (3.14)
i=1,..m >t im1,.m >, 4i(t) s
i
If (3.6) is valid, then
t m_ ij
al (3)1ds = *
/Hﬂtu;z_zl ’
Hence

k=1 max{to i (1)} j51 121 €
Tij k t m_ Tij ! 1
= as( |aj;(s)|ds — = (3.15)
ﬂl(t) k:zl " max{to,hfi(t)}]zzlll Yy e
In this case, using (3.15) and (3.4), we get
1
max esssup A;(t) < max esssup <Ai(t) — > <L (3.16)
i=1,..,m  t>t i=1,..m >k €

Finally, from (3.13), (3.14) and (3.16), we deduce [|G|[;, < 1. Therefore, the operator equa-
tion (3.12) has a unique solution x € L7, This solution solves the system (2.2) and belongs to
the space C™[ty, c0). By Lemma 2.4, system (1.1) is uniformly exponentially stable. ]

4 Corollaries to the main result

The purpose of this part is to consider some special cases of the system (1.1) and from Theo-
rem 3.1, deduce simple corollaries on uniform exponential stability. In the proofs, we verify
the assumptions of Theorem 3.1 for the case considered. It is often obvious and we omit the
unnecessary details.

Corollary 4.1. Assume that

ﬂii(t) >ay >0, i

L...,m,  t>t, (4.1)
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m

max esssup —- ) |a;i(t)] <1 (4.2)
i=1,...m t>tg aii(t) j=1
j#i
and
[ Yl s Y el <14 @)
max esssu a; s+ a;i(t <1l+-. .
i=1,..,m >t P max{tohi(t)} j=7 ¥ <t> =1 v €
J#i
Then, the system
m
_Zaij(t)xi(hij(t)))/ 1= 1,...,1’}’[ (44)
j=1

is uniformly exponentially stable.

PTOOf. Let rij = 1, ﬂfj(t) = ai]-(t), hf](t) = hi]'(t), lli(t) = aii(t), l,] = 1,...,m. Then, the
system (1.1) reduces to (4.4) and we can apply Theorem 3.1 since assumptions (3.2), (3.3)
and (3.4) are, in the particular case, reduced to assumptions (4.1), (4.2) and (4.3). O

Corollary 4.2. Assume that, for t > to, we have ak(t) > 0,

Tii

k k k k k
a;(t) = a; >0, |a5;(t)] < aj;, t—hy(t) < 7
k=1
wherei,j=1,...,m k=1,...,1i &, k] TI; are constants,
m i
— <1, 4.5
max ]zl Yo @5
j#i
and
1 gk LA I L k 1
max 07 Z a;; T Z Z aij + Z Z aij <14+ -. (4:6)
=m0\ 3 j=1i=1 j=1k=1 €
i#
Then, the system (1.1) is uniformly exponentially stable.
Proof. We have for t > tg
L@ (& LA N kg o LA,
Az(t) SDT Zazz Zzaq ’l—ll+22al] _7, ZuuTzz Z ul] +ZZ”1J
blk=1 j=11=1 j=1k=1 ! k=1 j=11=1 j=1k=1
I# j#
and (4.6) implies (3.4). O

Corollary 4.3. Assume that a;(t) > «; > 0, |a;j(t)| < a;j, t —hj(t) < wj fori,j=1,...,mand
t > to where w;, a;j, and T;; are constants and

1

max Z aj <1, ‘nilax Tij Z ajj+ — x Z aij| <1 + - 4.7)
1=1,...m
/ ! ’ 7 ] 1 ] 1
J#l j#i

Then, the system (4.4) is uniformly exponentially stable.
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Proof. This result follows from Corollary 4.1. O

Now we give stability conditions for the following linear autonomous system with constant
delays

m Tij
Z Z al]x] l] i=1,...,m (4.8)

j=1k=1

Corollary 4.4. Assume that ai.‘l. > 0, conditions (4.5) and (4.6) hold where
Tii
zxi:=2ai§->0, i=1,...,m
=1
Then, the autonomous system (4.8) is uniformly exponentially stable.
Proof. This follows directly from Corollary 4.2. O

Consider the linear autonomous system with constant delays
Zal]x] le i=1,...,m. (4.9)
Corollary 4.5. Assume that a; > 0 and inequalities (4.7) hold where a; = a;;, i = 1,...,m. Then,
the autonomous system (4.9) is uniformly exponentially stable.

Proof. This follows directly from Corollary 4.3. O

Corollary 4.6. Assume that m = 1, ar(t) > 0, k = 1,...,r and, for t > to, at least one of the
following conditions hold (ag, a; and T;, i = 1,...,r are constants):

1) Y_qax(t) >ag >0,

r r 1
esssu ai(s)ds| <1+ —. (4.10)
>t SVETAD) Zk 1 ak ; /max{to ()} 1:21 l( ) e
2) ai(t) =a;, Yjqa;>0,t—hi(t) <7, i=1,...,r,and
! 1
Y i <1+ o (4.11)

i=1
Then, the scalar equation (1.2) is uniformly exponentially stable.

Proof. Let condition 1) be true. Then, inequality (3.4) turns into inequality (4.10) for m = 1.
Let condition 2) be true. Since a;(t) = 4;, inequality (4.10) is transformed to

esssup ) ar(t —max{to, h(t)}) <1+ % :

t>ty k=1

Since

esssup ) _ ar(t —max{to, h(t)}) < esssup Y aTi

t>ty k=1 t>ty k=1

inequality (4.11) implies (4.10). O
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Now we consider two particular cases of system (1.1),
X(t) = —B(t)X(h(t)) (4.12)
and
X(t) = —A(t)X(t) — B(t)X(h(t)) (4.13)

where A(t) = (aij(t))szl, B(t) = (bi]-(t));’;:l are m x m matrices with Lebesgue measurable
and locally essentially bounded entries

aij:[O,oo)—HR, bij:[0,00)—>IR, i,jzl,...,m

and X(t) = (x1(t),...,xu(t))T. Assume that, for the delay &: [0,0) — R, the relevant adapta-
tion of condition (a2) holds, i.e., 1 is Lebesgue measurable, h(t) < tand t —h(t) < K, t € [0, 0)
and limsup,_, (t — h(t)) < co.

The following two Corollaries 4.7 and 4.8 deal with the exponential stability of systems
(4.12), (4.13).

Corollary 4.7. Assume that, for t > tg, at least one of the conditions hold (by, T, a; and b;;, i,j =
1,...,r are constants):

a) bii(t) >byp>0,i=1,...,m,

1 m
max esssup 2 |bii(t)] <1,
=t >ty bii(t)
J#i
and
[ Y lby(e)lds + o Yoyl <1
max esssu s+ ii(f <1l+-.
i=1,....m tztop max{to h(t)} j 257 bu(t) j=1 ! €
J#i

b) bii(t) >uw; >0, ‘b,’j(t” < b;},t—h(t) <tij=1,...,m,

1
max E b*<1 max TE b*+—§ <1+E'
i=1,..,m &; —

j=1 tj=1
j#i j#i

Then, the system (4.12) is uniformly exponentially stable.

Proof. System (4.12) can be written in the form

—ilbij(f)x]'(h(t)), i=1,...,m
=

Now, the corollary directly follows from Corollaries 4.1 and 4.3. O

Corollary 4.8. Assume that, for t > to,

a;i(t) >0, bii(t) >0, a;;(t) +b;i(t) > ag >0, i

1,...,m,
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where ag is a constant,

m
maXx essSsu a: + b 1’
i=1,..m tztop a;i(t )—i—b” Jg | l] t) + | ij () <

j#i
and
1 b t 3 b d b;
max esssup ———— “t/ a + s+ a; +
max esssup ) ii(t) max{tolh(t)}j_Zl(! ij(s)] + [bij(s Z |aij(£)| + |bij (£)])
]#1
1
<1+ o (4.14)

Then, the system (4.13) is uniformly exponentially stable.
Proof. We can write system (4.13) as

- iai]'(t)x]’(t)) - ibij(t)xj‘(h(t)), i=1,...,m
j= -

and use Theorem 3.1 for the choice r;; = 2, a]( ) = a;;(t ) ( ) = bij(t), hl( )=t hlzj( ) = h(t),
i,j = 1,...,m. Hence, a;(t) = a;(t)+b;(t), i = 1,...,m and mequahty (4.14) coincides
with (3.4). O

Consider particular cases of systems (4.12), (4.13)
X(t) = —BX(t—1) (4.15)

and
X(t) = —AX(t) — BX(t — 1) (4.16)

where A = (aij);-”]-:l and B = (bl-j);-”]-:1 are constant matrices, T > 0, and a; > 0, b;; > 0,
i=1,...,m

Corollary 4.9. Assume that bj; >0,i1=1,2,...,m, and

max - Z]b”]<1  max. TZ’b”’—f— Z\bl]\ <1—|—f
ii j=1 ” j=1
j#i j#i
Then, the system (4.15) is uniformly exponentially stable.
Proof. This follows from Corollary 4.7 (b) where a; = b;. O

Corollary 4.10. Assume that a; > 0, bii > 0,45+ b;; >0,

+ bu Z 5] + 1by]) <
]751

all

and

1 1
— szzz |aij] + [bis]) +E gl + by | <1+= (4.17)
aji + bj; p e

j#i
fori=1,...,m. Then, the system (4.16) is uniformly exponentially stable.
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Proof. Estimating the left-hand side of inequality (4.14) in the case of system (4.16) and us-
ing (4.17), we obtain

1 "
max esssup —————— |bj(t / 2 + [bii(s)|)ds + . .
i=1,...m t>t0pﬂii(t)+bii(t) zz max{toh( }]; | Z] | | Z] Z | 1] | ’ z]( )|>
]751
m m 1
il + 1ij il + |bij 1+-.
maxm a,l+b” ; |aij| + | z;!)—l-]g(\al]]—f—] i) | < +e
J#i

Therefore, inequality (4.14) holds and Corollary 4.10 is a consequence of Corollary 4.8. O

5 Concluding remarks

First we will compare the stability results obtained in the paper with some known result. Let
system (1.1) be of the form

X1 (t) = —ay () x1(h1(t)) — ana(t)x2(h12(t)),
X (t) = —ag1 (t)x1(ha1(t)) — ana(t)x2(h2a(t)).

Here, m = 2 and r;j = 1, i,j = 1,2. Assume that there are constants &;, A;j, 7Tj, i,j = 1,2
such that 0 < a; < a;(t), |a;;(t)| < Ajj and t — hyj(t) < 7;; < K and, for a constant g € (0,1),
la12(t)| < gapn and |ax ()| < qan, t € [tg,00). Then, (3.2) and (3.3) hold. Inequality (3.4) holds
if

(5.1)

A 1
(A1 + Ap)t + 22145,
L5] e

1

h (5.2)
(A + A1) T2 + 2214
[1%) e

By Theorem 3.1, system (5.1) is uniformly exponential stable. The above assumptions are
valid, e.g., for the choice

aii(t) = Aii =N = 0.1, llij(t) = Al’]‘ = 0.099, i 7é j, Ti]' =1.89 (53)

in(5.1)if7,j =1,2.

Apply Theorem 1.6 if t — hj(t) = 7; < K, a;(t) = Ay = a; > 0, a;i(t) = Ajjif i # j,
i,j =1,2in (5.1). Let 0 < a1p = bpayn and 0 < ap; = byraxp, t € [to,OO). We get d; = A;Ty,
i=1,2.1Ifd; < 1, then

b (T2 e
2 AnTn An’

by = — <2+A22T22>A‘21.
A%szz Ax

Theorem 1.6 implies (recall that a square matrix is a nonsingular M-matrix if its inverse is a
positive matrix)) the following result. If

AT < 1, biabay < 1,

then system (5.1) is asymptotically stable.
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Let (5.3) is set in (5.1). Then,
AiTi =0.189 <1,  bipby =1.053 £ 1

and Theorem 1.6 is not applicable.

It is not difficult to derive examples when conditions (5.2) hold, but stability conditions of
another known results are not valid.

The stability conditions derived in the paper are written in the form of inequalities with the
right-hand sides which are equal the constant 1 + 1/e. As we mentioned in the introduction,
the purpose of this paper was to improve all the results of [8] with the extra condition (1.9).
The first open problem is to remove this condition in all statements of this paper.

Nevertheless, there is another challenge for a possible continuation of investigations. An-
alysing some stability results (e.g. [18, Theorem 5.9]) where in the inequalities considered,
the constant 3/2 plays a significant role as a non-improvable bound, an open problem arises,
if we can expect that our results can be improved by replacing the constant 1 + 1/e by the
constant 3/2 in the inequalities used. An alternative problem is to prove or disprove that,
for the general case of variable coefficients and delays, the constant 1 + 1/e is the best one
possible.

For further results on the stability of linear delay differential systems, we refer, e.g., to
the review paper [23] and to [19,21]. Recent results on global asymptotic stability for delay
differential systems can be found in [9,10,17,22].

Another research challenge is the following. In this paper and in all known papers on the
stability of linear delay differential systems, the conditions sufficient for stability involve only
diagonal delays. It will be interesting to obtain stability conditions such that all delays are
utilized in the relevant inequalities.

As noted in [8], only few necessary stability conditions are known for systems. One of
the interesting problems is the following. To prove or disprove the following conjecture: if
system (1.1) is asymptotically stable, then the sum of the diagonal elements is nonnegative,
ie.,

m

Y Y di(t)y=0, t>t.

i=1k=1
Finally, we recall a problem tacitly mentioned in the introduction — for system (1.1), derive
stability results that could be reduced to Theorems 1.1-1.5 in the scalar case.
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Abstract

The conditions of existence of a positive solution (i.e., a solution with positive coordinates on a considered
interval) of systems of retarded functional equations in the case of unbounded delay with finite memory
are discussed. A general criterion for nonlinear case is given as well as its application to a linear system.
Ilustrative special cases are considered too. (© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The main aim of this paper is to give conditions for the existence of solutions with positive
coordinates for systems of retarded functional differential equations (RFDEs) with unbounded delay
and with finite memory. Before the formulation of the results of this paper let us give a short
survey of the known results. In [11], a criterion concerning the existence of positive solution for the
equation

X(2) + p(O)x(t — (1)) =0 (1)
is given, where p, 7€ C([ty,0),R;), 1(¢) < ¢, lim,o (¢ — ©(¢)) = 00 and R, =[0,00). A function
x is called a solution of Eq. (1) corresponding to an initial point #; > ¢, (or with respect to #;) if x
is defined and is continuous on [T}, 00), T} =inf,>,{¢ — 7(¢)}, differentiable on [#,00), and satisfies
(1) for t = 4.
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Theorem A (Erbe et al. [11, p. 29]). Eq. (1) has a positive solution with respect to t| if and only
if there exists a continuous function A(t) on [Ty,00) such that A(t) > 0 for t = t, and

A(l‘) > p(l‘)ef’,*f(t) A(s) ds’

t=1.

This result was generalized for nonlinear systems of RFDEs in [6]. Some results in this direction
are formulated in [13] and in [1] as well. Positive solutions of Eq. (1) in the critical case were
studied e.g., in [5,7-11]. Unfortunately, results of [6] hold for systems with bounded retardation
only. In the present paper we investigate the problem of existence of positive solutions (i.e., problem
of existence of solutions having all its coordinates positive on considered intervals) for nonlinear
systems of RFDEs with unbounded delay but with finite memory in the sense given in [16]. Let us
recall this notion.

Definition 1 (Lakshmikamthan et al. [16, p. 8]). The function p€ C[R x [ — 1,0],R] is called a
p-function if it has the following properties:

(i) pt,0)=1¢
(ii) p(t,—1) is a nondecreasing function of ¢;
(iii) there exists a ¢ = — oo such that p(¢,19) is an increasing function for 9 for each ¢ € (g, 00).

Remark 1. Let us note that conditions (i) and (iii) imply property (iv) (introduced as an additional
property in [16, p. 8]): t = p(t,0) > p(t,—1) for t €(o,00). In the following, we will suppose that
t is sufficiently large, i.e., that (iii) holds on the considered intervals.

In the theory of RFDEs the symbol y,, which expresses “taking into account”, the history of the
process y(t¢) considered, is used. With the aid of p-functions the symbol y, is defined as follows:

Definition 2 (Lakshmikamthan et al. [16, p. 8]). Let tp€R, 4 >0 and ye C([p(ty,—1),t0 + A),
R"). For any ¢ € [ty,t) + A), we define y, by y,(9) = y(p(t,9)), —1 <9 <0 and write y, €% =
C[[ - 1’ 0]’ IRn]

In this paper we investigate the system

.))(t):f(tayt)s (2)

where f € C[[toty + A) x €,R"]. This system is called the system of p-type retarded functional
differential equations (p-RFDEs). The function y € C([ p(ty, —1),to + A4),R") N C'([to, to + A), R")
satisfying (2) on [to,#) + A) is called a solution of this system p-RFDEs on [[ p(ty, —1),ty + A4).

Remark 2. System (2) with y, defined in accordance with Definition 2 is called a system with
unbounded delay with finite memory. Note that the frequently used symbol “y,” (e.g., in accordance
with [14, p. 38], y(s) = y(¢ +s), where —1 <5 <0, 7> 0, 7= const) for equation with bounded
delay is a partial case of the above definition of y,. Indeed, in this case we can put p(t,¢) =
t+ 9.
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Suppose that Q2 is an open subset of R x % and the function f € C(Q2,R"). If (f,®) € @2, then
there exists a solution y = y(ty,¢) of the system p-RFDEs (2) through (#,¢) (see [16, p. 25]).
Moreover, this solution is unique if f(¢,¢) is locally Lipschitzian with respect to ¢ [16, p. 30]
and is continuable in the usual sense of extended existence if f is quasibounded (see [16, p. 41]).
Suppose that the solution y = y(#y,¢) of p-RFDEs (2) through (f, ¢) € @2, defined on [#, 4], is
unique. Then the property of the continuous dependence holds too (see [16, p. 33]), i.e., for every
¢ > 0, there exists a d(¢) > 0 such that (s,) € Q, |s — 1| < and ||y — ¢|| < I imply

||yt(ss l//) - y[(lo, d))” <g, for all 1 € [CaA]»

where y(s,\) is the solution of the system p-RFDEs (2) through (s,¥), { = max{s,%} and || - | is
the supremum norm in R”. Note that these results can be adapted easily for the case (which will
be used in the sequel) when @ has the form Q = [p*,00) x ¥ where p* € R and the cross-section
{(7,p) € Q} is an open set for every 7 € [p*,00).

The paper is organized as follows. In Section 2, a general nonlinear case is considered and the
main result of the paper is presented together with its nonlinear applications. Applications to a linear
system and scalar linear equations are given in Section 3. Proofs of the results (and corresponding
auxiliary material) are collected in Section 4. The method used in the proof of the main result also
permits to conclude that positive solutions of nonlinear equations exist on half-infinity interval. This
is an additional advantage of the results presented.

2. Nonlinear case

With R, (R ) we denote the set of all component-wise nonnegative (positive) vectors v in R”,
ie., v=(v1,...,v,) ERL((RZ,) if and only if v; = 0 (v; > 0) for i=1,...,n. For u, v€ R" we write
usvifo-ueRLy; u<vifv—ueRL;and u <vifu<vand u#v.

2.1. General nonlinear case

Let p*, t* be constants satisfying p* = p(t*,—1) for a given p-function. Let us introduce vectors
p,0 € C([p*,00), RN CI([t*,00), R") satisfying p<d on [p*,00). Let us suppose Q C (ty,00) X €
with 7y < ¢* and let us put

w={(t,y): t = p*, p(t)<y<o(0)}.

Theorem 1. Suppose [ € C(Q,R") is locally Lipschitzian with respect to the second argument,
quasibounded and, moreover:

(i) Forany i=1,...,p (with p€{0,1,...,n}), t = t* and n € C([p(t,—1),t], R") such that (8, 7(0))
ew for all 0€[p(t,—1),t), (t,n(t)) € dw it follows (t,7;) € Q,

0i(t) < fut,m) when (1) = (1) (3)
and

pit) > filt,m)  when mi(t) = pi(t). (4)
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(ii) For any i=p+ 1,....n, t = t* and ne€ C([p(t,—1),t],R") such that (0,7(0))€w for all
0ep(t,—1),t), (t,n(t)) € 0w it follows (t,7;) € Q,
5i(t) > fult,m)  when mi(t) = d,(t) (%)

and

pit) < filt,m)  when mi(t) = pi(t). (6)

Then there exists an uncountable set % of solutions of system (2) on the interval [ p*,00) such
that for each y €%

p(t) < y(1)<o(1), t€[p*,00). (7

Remark 3. The number p in the formulation of Theorem 1 and in the following can also be equal
to 0 or n. In such cases the corresponding conditions (either (i) or (ii)) are omitted. Note that in
the case p(¢) = 0 we deal, as follows from (7), with positive solutions.

Definition 3. We say that the functional g € C(,R) is strongly decreasing (strongly increasing)
with respect to the second argument on Q if for each (z, )€ Q and (¢,y) € Q such that

@(p(t,0)) <Y (p(1,D)), Je[—1,0),
the inequality

g(t, @) > g(t, ) (or g(t,0) < g(t,¥))
holds.

Let £>0 u be constant vectors, y; = —1 for i=1,...,p and y; =1 for i=p + 1,...,n. Let
At) = (A1(t),...,A,(2)) denote a vector, having continuous entries on [ p*,00). Define

t

T(h, 2)(t) = ke o 7085 — (g gt [pr 26)ds e b [pe nls) dsy

Theorem 2 (Main result). Suppose Q=[t*,00)x€, | € C(Q,R") is locally Lipschitzian with respect
to the second argument, quasibounded and, moreover:

i) f(,0)=01ift =1".
(ii) The functional f; is strongly decreasing if i=1,..., p and strongly increasing if i=p+1,...,n
with respect to the second argument on Q.

Then for the existence of a positive solution y = y(t) on [p*,o0) of the system p-RFDEs (2) a
necessary and sufficient condition is that there exists a vector A€ C([ p*,0),R"), such that >0
on [t*,00), satisfying the system of integral inequalities

2(t) = %e**‘f Lo H8S of T(2))y i=1,e.um (8)

for t = t*, with a positive constant vector k and with w,=—1 for i=1,..., p; w,=1 for i=p+1,...,n.
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2.2. Nonlinear applications

Consider a nonlinear integro-differential equation
t
j/(t)—a/ L(s)y(t — s)ds + by* (1), t=£&>0 9)
0

with continuous function L:[0,00) — RT =(0,00), a€{—1,1}, b€ R and sign b =signa. Note that
similar classes of equations are used for describing the dynamics of a single species of population
(see e.g. [12]). The following theorem (the proof of which is a consequence of the main result)
holds:

Theorem 3. For the existence of a positive solution y = y(t) on [0,00) of Eq. (9) satistying Eq.
(9) on the prescribed interval [§ 00), the existence of the function A€ C([0,00),R), positive on
[6,00) and satisfying here the integral inequality

! rt
/1([) > / L(S)eia s Mu)du ds + abk eajo (s)ds (10)
0

with a positive constant k, is a necessary and sufficient condition.

Remark 4. As an addition to this theorem note that every positive solution y = y(¢) of Eq. (9)
with a =1 and with any b € R, which is defined on interval [0, 4], remains positive on its maximal
interval of existence [0, B] C [0,00) with B > A (see the proof of Theorem 3).

Theorem 4. Consider the equation of type (9) with a = —1, ie., the equation
t
0= [ Lo - nds 4070, 12520 (an
0
where b <0 and suppose L(t) < le ", t€[0,00) with positive constants 1,v and with v > 2v/1.
Then there exists a positive solution y= y(t) of Eq. (11) on [0,00), satisfying Eq. (11) on [, 0).
3. Linear case

The main result can be applied easily to various classes of linear delayed systems and can serve
as a source for various new criteria.

3.1. Linear delayed system

Let us consider the linear system

y =AW y(t) + B() y(1(1)), (12)

where 7:[t",00) — [p*,00) is a continuous nondecreasing function and 7(¢) <t In this case,
p(t,9)=t+9-(t—1(¢)) and p*=1(¢"). With respect to n x n matrices A(¢)=(a;;(¢)), B(¢)=(b;;(1))
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we suppose their continuity on [¢*,00) and, moreover, the validity of inequalities:

aj(t) <0, by(t) <0  ifi=1,...,p, j=1l,...,n, t€[t*,00), (13)
a;(t) =0, bj(t) =0 ifi=p+1,....n, j=1,...,n, te€[t*,00), (14)
D by(1)#0 forevery i=1,...,n and t€[t*,00). (15)
j=1

Theorem 5. For the existence of a solution y=y(t) of system (12), positive on [ p*,o0), a necessary
and sufficient condition is that there exists a continuous vector . € C([ p*,00), R") such that /(¢t)>0
for t = t*, satisfying the system of integral inequalities

Jit) = man(t) + by(tye ™" o H04
n
+ % Z kj ef/’* (wj2j(s)—pizi(s)) ds(aij(t) + bl,j(t)e_/‘./' fz(z) 2j(s)ds )’ i=1,...,n (16)
L=

on [t*,00) with a positive constant vector k and with w=—1 for i=1,..., p; ;=1 for i=p+1,...,n.

Remark 5. Let us remark that sufficient conditions for the existence of bounded solutions of systems
and equations of type (12) were given in [3,4].

3.2. Scalar linear applications

Let us consider the scalar linear equation with delay
t

()= — o K(z,5)y(s)ds, (17)

where K :[t*,00) X [p*,00) — R" is a continuous function, and 7:[¢t*,00) — [p*,00) is a nonde-
creasing function with 7(¢) < t.

Theorem 6. Eq. (17) has a positive solution y = y(t) on [p*,00) if and only if there exists a
function A€ C([p*,0),R), such that A(t) >0 for t = t* and

t
At) = / K(t,5)els #0du g (18)
(1)

on the interval [t*,00).

Inequality (18) can be used for finding sufficient conditions for the existence of a positive solution
of Eq. (17). Let us give two of them.
In the case when ©(¢) = p* < ¢* and K(¢,5) = c(t) for every t € [t*,00), Eq. (17) takes the form

3t) = —e(t) / M(s) ds. (19)
:
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Theorem 7. For the existence of a solution of Eq. (19), positive on [ p*,o0), the inequality

2
o(t) < o te[t*,00) (20)

with a positive constant 0 is a sufficient condition.

In the case when 7(¢) =¢— I, [€ R" and K(z,5) = c(¢) for every t €[t*,00), Eq. (17) takes the
form

3(t) = —e(t) /_1 M(s) ds. @1

Theorem 8. For the existence of a solution of Eq. (21), positive on [t* — I,00), the inequality
c(t) <M, te[t’,o0) (22)

is sufficient for M = (2 — a)/I?> = const with a constant o being the positive root of the equation
2 — a=2e* (The approximate values are 0=1.5936 and M=0.6476/1>.)

4. Auxiliary material and proofs
4.1. Retract principle and Lyapunov-type principle

The proof of Theorem 1 is made with the aid of the retract principle. This principle, well known
and often used in the theory of ordinary differential equations (see e.g. [15]), goes back to Wazewski
[19]. For RFDEs with bounded retardation, this principle was modified e.g. in Rybakowski [18]. Here,
we use Rybakowski’s modified result (Lemma 1 below) which concerns the existence of at least
one curve in a given family of curves, with graph lying in an open set. Then this lemma is applied
to systems of p-RFDEs (Lemma 3 below). Except this, the inverse principle is used (Lemmas 2
and 4). This principle has the origin in the theory of Lyapunov stability and for retarded functional
differential equations, it was developed by Razumikhin (e.g., [17]).

If a set A C R x R" is given, then int4, A and 04 denote, as usual, the interior, the closure, and
the boundary of 4, respectively.

Definition 4. Let A be a topological space, let a subset Q CRx A be open in R x A, and let x be
a mapping, associating with every (J,4) € Q a function x(J,1): Ds ; — R" where D; ; is an interval
in R. Assume (1)—(3)

(1) ¢ €D; ;. N
(2) If t €int D;,;, then there is open neighbourhood ((J,4) of (J,4) in Q such that 7 € Dy ; holds
for all (&', 1) € O(6, 1).
3) If (5/, )v,), (6,2)€ Q, and t €Dy 1, t€D; ;, then
lim )x(é’, D) = x(8, 2)(2).

(07, ") = (0,1
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If all these conditions are satisfied, then (A, Q,x) is called a system of curves in R".

Studying the proof of Theorem 2.1 in [18, p. 119], we get the following formulation of it, suitable
for our applications.

Lemma 1 (Retract principle). Let (A,Q,x) be a system of curves in R". Let &, W, Z be sets.
Assume that conditions (1)—(4) below hold.

(1) (a) @ C [p*,00) x R" where p* € R and the cross-section {(f,y) € ®} is an open set for every
fe[p*,00), W C 0k,
b)yzCOHUW, ZNW is a retract of W, but not a retract of Z.

(2) There is a continuous map q:B — A, where B=Z7 N (Z U W), such that for any z =
(8, y)€B: (3,9()) €, and if also z€ W, then x(3,9(z))(d) = .

(3) Let A be the set of all z=(d,y) € ZN& such that for fixed (0, y) €A there is at > 0, t € Ds 42
and (1,x(0,q(2))(1)) & @.
Assume that for every z = (0,y) €A there is a t(z),t(z) > 0, such that:

(a) t(z) €D g4y and for all t, 6 <t <t(z): (t,x(5,q(z))(t)) € D,

(b) (1(2),x(0,q(2))1(z))) €W,

(c) for any o >0, there is a t =1(0,z), 1(z) <t < 1(z) + 0, such that t € D; 4y and (,x(3,4(2))
(1)) € &.

(4) For any z=(0,y) € WNB, and all ¢ > 0, there is a t=1(0,z), 6 <t < 0+0 such that t € D; 4
and (£,x(0,q(2))(1)) & .

Then there is a zo = (69, ¥0) € Z N & such that for every t € Ds, 4z):
(,x(00,q(20))(1)) € .

Proof of the following lemma is obvious and is therefore omitted.

Lemma 2 (Lyapunov principle). Let (A, Q,x) be a system of curves in R" and & be a set. Assume
that conditions (1)—(4) below hold:

(1) @ C [p*,00) x R" where p*€R and the cross-section {(f,y) € ®} is an open set for every
fe[p*, o).

(2) There is a continuous map q:B — A, where B=&N{(t*, y),t* €R, t*=const, t* > p*, y € R"},
such that for any z = (t*,y) € B: (t*,q(z)) € Q, and if also z € d&, then x(t*,q(z))(*) = y.

(3) For every z = (t*,y)€B N & with property (t,x(t*,q(z))(t))E® for all t within an inter-
val t* <t < H(z) and (1(z),x(t*,q(z))(#(2))) € 0D, t(z) € Dy« 4=y there is a o such that t(z) +
0 €Dy g2y and (t,x(t*,q(z))(t)) €D for all t, t(z) <t < t(z)+ 0.

(4) For any z=(t*,y)€B N 00, and all ¢ > 0, there is a t =t(0,z), 6 <t <0+ o such that
t €Dy- 4y and (4, x(t*,q(z))(t)) € .

Then for every zo = (t*, y0) € BN & and every t € Dy 4,):

(x(1%,q(20))(1)) € D. (23)
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4.2. Regular polyfacial set, retract, and Lyapunov methods for p-RFDEs

Let A =%. Let Q be open in R x €, feC(f), R") and through each (8,2) € Q there exists a
unique solution y(4,4) of (2) defined on maximal interval [J,a), é < a < co. Let D; ; =[d,a). Then
(A4,Q, y) is a system of curves in R” in the sense of Definition 4.

Let [;,mj, i=1,...,p, j=1,...,s, p+s >0 be real-valued C'-functions defined on R x R”. The
set

»= {(l; y) € [p*,OO) X Rna li(ta y) < Oa mj(tay) < 07 for all 17.]}
will be called a polyfacial set.

Definition 5. A polyfacial set & is called regular with respect to Eq. (2) if (a),(f),(y) below hold:

(o) If (t,¢;) € R x € and if (p(t,9), p:(9)) € d for all ¥ €[ — 1,0), then (£, ¢,) € Q.
(p) Foralli=1,..., p, all (¢t,y)€ dd for which /;(¢, ) =0 and for all ¢, € ¢ for which ¢,(0)=y
and (p(t,9), (1)) € @ for all 9 €[ — 1,0), it follows that
0l ol;
Dl y) =3 - (Sl + 7 (1.7) > 0.
r=1 r

(y) For all j=1,...,s, all (¢, y) € 0® which m;(t,y) =0 and for all ¢, € ¢ which ¢,(0) =y and
(p,(t, ), p(¥)) € d for all Y[ — 1,0), it follows that

" om; om;
Dmy(t,3) = D 78 (69l ) + i (6.3) <.
r=1 r

The following lemma concerning the existence of a solution of Eq. (2) with graph remaining in
the set @ on its maximal existence interval, will play a crucial role in the proof of Theorem 1.

Lemma 3 (Retract method). Let p > 0. Let & be a nonempty polyfacial set, reqular with respect to
Eq. (2), let the function [ € C(2,R") be locally Lipschitzian with respect to the second argument,
and

W={(t,y)edd: mi(t,y) <0, j=1,...,s} (24)

Let Z be a subset of ®UW and let mapping q :B=ZN(ZUW) — % be continuous and such that
if z=(0,y)E€B, then (3,q(z)) € Q, and.

(1) if zeZN @, then (p(9,9),q(z)(p(d,9))) € d for Y[ — 1,0],
(2) if ze WN B, then (0,q(z)(0)) =z and (p(5,9),q(z)(p(6,9))) € d for 9 €[ —1,0).

Let, moreover, Z N W be a retract of W, but not a retract of Z. Then there exists a zy =
(00, ¥0) €Z N @ such that (t, y(0,q(20))(t)) € & for every t € Dy, g(z)-

Proof. We prove the lemma using Lemma 1. Conditions (1) and (2) of Lemma 1 are obviously
satisfied. Let us verify conditions (3) and (4).
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Verification of condition (3): Let z = (J,y) €4, and let #(z) be the smallest of all £ > § such
that 1 € D5 4-) and (¢, ¥(9,q(2))(t)) &€ @. Since (6, y(4,9(2))(0)) = (5,9(z)(p(2,0))) € &, it follows
that 0 < t(z) < oo. Obviously, (#(z), ¥(3,q(z))(¢(z))) € d& and moreover for 6 <t < t(z) it holds:
(¢, ¥(3,9(2))(t)) € &, hence (3a) is satisfied. 3

Let ¢/ = yi(:)(9,4(2)). Obviously ¢, € €. Then (1(z)), ¢,) € 2, and (#(2), P(#(2)))=(#(2), ¥(9,4(z))
(t(z))) € 0, and

(p(1(2),9), ¢(p(1(2),9))) € ®, for J€[—1,0).

To prove condition (3b) suppose, on the contrary, that (#(z), p(p(¢(z),0))) ¢ W. Since (¢(z), ¢
(p(t(z),0))) € da it follows m; (t(z), p(p(t(z),0))) =0 for some jy € {1,...,s}. Hence, inequality
(y) in Definition 5 is satisfied. Since y(J,q(z))(¢) is differentiable in ¢ for ¢ >, this inequality
becomes

ijo(ta y(éa p(z))(t))‘t:t(z) < 0>
i.e., for some ¢ >0 and all 0 < & < o:
m;(1(z) — h, y(0,9(z))(t(z) — h))
> m;,(1(2), ¥(9,9(2))(1(2))) = m;,(1(2), p( p(1(2),0)) = m;,(1(z), $.(0)) = 0.

Hence, (1(z) — h, y(5,q(2))(t(z) — h)) & &. This is a contradiction to (3a). Then (#(z), $,(0)) € W
and, therefore, (3b) is satisfied.

It follows that /;,(¢(z), ¢(¢(z),0)) =0 for some iy € {1,..., p}. Applying (ff) of Definition 5, we
get

Dlio(ta y(éa p(z))(t))lt:t(z) > 09

hence, for some ¢ >0 and all 0 < /1 < o:

Lig(1(z) + h, y(9,q(2))(1(2) + h)) > 1iy(1(2), ¥(3,9(2))(#(2))) = L, (1(2), ¢( p(1(2),0)) = 0.

Hence (#(z) + h, (,q(2))(t(z) + h)) & & and (3c) is satisfied.

Verification of condition (4): If z=(d, y) € WNB, then there is a iy € {1,..., p} such that /;(, y)=
0. Let ¢ = q(z), then (0 + ¥, p(p(d,19))) €, for all Y[ — 1,0). Hence, the derivative from the
right

Dlio(t’ y(éa p(Z))(Z))|[:5+0 > 0.

This implies the existence of some ¢ > 0 such that for all 0 < 4 < ¢:

Lig(0 + h, (9,9(2))(0 + ) > 1;,(9, y(9,4(2))(0)) = 1iy(9, p(p(9,0))) =0,

ie., (0+h,(5,q(z))0+h)) & d for 0 < h,a. So, condition (4) of Lemma 1 holds and the Lemma
1 is valid in the described situation. From its conclusion, the conclusion of Lemma 3 follows. O

Lemma 4 (Lyapunov method). Let p=0. Let & be a nonempty polyfacial set, reqular with respect
to Eq. (2) and let the function f e C(Q,R") be locally Lipschitzian with respect to the second
argument. Let mapping q:B — %, B=a& N {(t*,y), t* €R, t* =const, y € R"} be continuous and
such that if z = (t*,y) €B, then (t*,4(z)) € Q, and:
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(1) If z€ @, then (p(t*,9),q(z)(p(t*,9))) € for I — 1,0].
(2) If z€06. then (t*,q(z)(t*)) =z and (p(t*,9),q(z)( p(t*,9))) €& for €[ — 1,0).

Then for every zo = (t*, y0) € BN & and every t € Dy 4-,):
(& y(t*,q(20))(1)) € O. (25)

Proof. We prove the lemma using Lemma 2. Conditions (1) and (2) of Lemma 2 are obviously
satisfied. Let us verify condition (3).

Suppose, on the contrary, that for a z = (¢*, y) € B with property (¢, y(t*,q(z))(¢)) € & for all,
Lt* <t <t(z) and (t(z), y(t*,q(2))(t(z)) € 0, H(z) € D 4z, there is a ¢* >0 such that #(z) +
0" € D+ gzy and (¢, y(t*,q(2))(t)) € & for all ¢, t(z) <t < t(z)+ 0.

Let us put ¢, = yi)(t%,9(2)). Then ¢, €6, (1z)),d:) € Q. (1(2), p(1(2))) = ((2), (1", 4(2))
(t(z))) € 0, and

(p(1(2),9), (p(1(2),9))) € d for Ve[ - 1,0).

Since (p(1(2),0), ¢(p(1(2),0)))=(#(2), P(1(2))) € 0, it follows m;,(1(z), p(p(#(2),0)))=0 for some
Jo€{1,...,s}. Hence inequality (y) in Definition 5 is satisfied and, similarly as in the proof of Lemma
3, the inequality

Dmjy (2, y(t*, p(2))(1))]i=z) < 0

leads to a contradiction. Thus, condition (3) of Lemma 2 holds.

Let us verify condition (4). If z = (¢*,y)€B N 0@, then there is a jo€{l,...,s} such that
mj,(t*,y)=0. Let ¢ =q(z). Then (t* + 19, d(p(t*,9))) € », for all ¥ €[ —1,0). Hence, the derivative
from the right

ijo(t’ y(t*, p(z))(t))|t=t*+0 < 0.

This inequality implies the validity of condition (4) of Lemma 2. From its conclusion (see formula
(23)) we have

(t Y(1*,q(20))1)) € D

for every zo=(t*, yo) € BN @ and every t € D« 4-,). The stronger inequality (25) can be proved by the
method used above, since if (£, y(t*,¢(z9))(1°)) € 0@ with 1° € D+ 42, then m;, (1%, y(¢*,q(20))(1°))=
0 for some jy€{1,...,s}. This fact again leads to a contradiction. The lemma is proved. O

Proof of Theorem 1. Suppose p > 0. Let us define the auxiliary functions

L, y) = 1i(t, y) = (yi — pi())yi — 0i(t)), i=1,....p,

mi(t,y) =mi(t, ypij) = (Vpij — PpriO)Vprj — 0pii(8)), j=1,..,r
with p +r=n. Then

o={ty)rt=p", Li(ty)<0, mi(t,y)<0,i=1,....,p, j=1,...,r}
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At first we show that the set o is a regular polyfacial set with respect to system (2). Condition
(o) of Definition 5 holds obviously (we suppose that @ = w and Q = Q is put here). Let us compute

DIi(t,y) = (yi = pi(t)(filt, 1) — 04(1)) + (yi = SO filt; m) — pi(1)),

where i =1,..., p and

Dmj(t, ) = (Y psj = PpefONS pejt, 1) = 3, (1))
+ (yp+j - 5p+j(t))(fp+j(ta ) — p/}7+j(t))>
where j=1,...,7. In view of (3) and (4) we get for (t,y)€dw and i=1,...,p

DIi(t, )| y=si0) = (0:(t) — i) fi(t, 1) — 0:(1))] yy=6,) > O,

DIi(t, ) yi=pity = (pilt) = ) fi(t; ) — P(t))yi=st) > O
and in view of (5) and (6) we get for (t,y)€dw and j=1,...,r

Dmi(t, )y, i=5,00 = (0 p1 () = P (OIS prj(t700) = &y j (O] g s=5 500 < 05

ij(t’ y)|yp+j:pp+j(t) = (pp+j(t) - 6p+j(t))(fp+j(ta ) — p/p+j(t))|yp+j:p,,+,(t) < 0.
So, conditions () and (y) of Definition 5 are valid and w is a regular polyfacial set with respect
to system (2). ;
Let us show now that Lemma 1 (where & = w and Q = Q is put) holds. Define the set
ZE{t*ayla---ayp’y0p+1a~--7y;(1)):li(t*ayi) < Oa i= 1:--~5pa
m_/(t*,y0p+j) <0, ygﬂ- =const, j=1,...,r}
and a mapping of the set
W ={(t,y)€dw: mi(t,y) <0, j=1,...,r}
(see formula (24)) into ZN W:

WS (Y1 Vs Vpitsees ) = (5T 1 s T Voo s VD EZNW
with
pi(t*) — 6,(1%)
pi(t) — di(t)
This mapping is continuous (points of the set Z N W are mapped into itself) and, consequently,
ZNW is a retract of W. The set ZNW is not a retract of Z because in the case p > 1 the boundary
of p-dimensional ball is not its retract (see e.g. [2]) and in the case p =1, the set Z N W consists
of two disjoint nonempty subsets and, consequently, is not a retract of Z.
It is easy to define the mapping ¢:B=ZN(ZUW) — €, for z=(t*, y1,..., y,) €B as
G:(2)(0) = 6,(p(+*,9)) + h(D) mv (0 p(£*,9)) — S p(r*", D)), (26)
i pi(t*)
where £ is any function such that 7€ C([ — 1,0],(0,1]), A(t) =1 < ¢ = 0. This mapping is con-
tinuous and for all ¥ €[ — 1,0) the inequality p(p(t*,9))<q(z)(¥)<d( p(t*,19)) holds. Moreover
(t%,4(2)(0)) = z.

V= 06i(t") + (yi — 6i(1)) =1,...,p.
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All the assumptions of Lemma 3 are fulfilled. Then there exists a point zyo = (t*,9) €Z N w
such that the graph of the corresponding solution y(#*,¢q(z))(¢) of system (2) belongs to the set
w for each t € D« 4. Since in w existence and unicity of every initial problem is guaranteed, we
conclude Dy« 4,y = [t*,00), i.e. inequalities (7) hold on [¢*,00). Taking into account the properties
of initial functions and quasiboundedness of f, we conclude that inequalities (7) hold even on the
larger interval [p*, c0).

Let p=0. In this case the proof can be simplified without using the topological principle. Putting
@ = w, Q = Q and defining the mapping ¢: B — % with B=&nN {(t*,y), t* €R, t*=const, y € R"}
by formula (26) we see that all assumptions of Lemma 4 are valid. From its conclusion (and from
the last steps of the previous part of the proof) we conclude that inequalities (7) hold. The theorem
is proved. O

Proof of Theorem 2. Necessity: Let y(t) € C([p*,o0),R") be a positive solution of system (2)
on [t*,00). It can be shown easily that for every i = 1,...,n there exist continuous function
A € C([ p*,00),R) such that

i) =k S HOE e [p* 00) (27)
ie.,
W(t) = ke S G ) (), tE[PT,00)

with k; = y;(p*) > 0. System (2) turns, by means of (27), into the following system of integro-
functional equations

0= e SOS f T, 120 =T (28)
The necessity of condition (8) is now in view of (27), (28), (i) and (ii) obvious since inequalities
(8) hold and

ytl(t) — fi(ta T(ka)")l) >
1 yi(t) 1 yit)
Sufficiency: This part of the proof follows immediately from Theorem 1 for p(¢) = 0 and 6(¢) =
kexp(u f; A(s)ds). Indeed, in this case inequality (3) holds since, for i=1,..., p and 7;(¢) = J;(¢)
(in view of (8) and condition (ii) of Theorem 2), we get for ¢ > ¢*:
3() = filtsm) = kaguda()e T HOE — fie )
= —kiZi(0)e” I O fim) < [in view of (8)] < fi(t,T(k2)) = fit,m)
< [in view of (ii) since T(k, A),(¥) > m,(¥) for 9 €[ — 1,0) and Ti(k, A)(0) = 7,(0)]
< fi(tant) _fi(tant):()'
Inequality (4) holds too since, for i=1,..., p; m;(t) = p;(¢) =0 in view of conditions (i) and (ii) of
Theorem 2, we get for ¢ > t*
pi(t) = filt,m) = — filt,m) > 0.

Inequalities (5) and (6) can be verified in a similar manner. Theorem 2 is proved. [J

;L,l‘(t) =
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Proof of Theorem 3. We show that the proof is a consequence of Theorem 2 if n =1 and

fty) =a /0 Ls)y(t — s)ds + by2(1)

is put in its formulation. In our case t* =¢, p* =0 and we can put Q= (0,00) x €. Inequality (10)
follows from Inequality (8). The functional f(z, y;) (which is obviously quasibounded) is for a =1
(and b > 0) strongly increasing with respect to the second argument on 2 and for a = —1 (and
b < 0) strongly decreasing with respect to the second argument on  in the sense of Definition 3.
In the first case we put =1, in the second one u= —1. Except this, if a=1 and b € R is arbitrary,
every solution y(¢) which is positive for 0 < ¢ < A4 remains positive for every ¢ > 4 on its maximal
interval of existence [0, B). Obviously, supposition y(z;)=0 for a #; €(4,B) and y(¢) > 0 on [0,1)
leads to a contradiction, since

y(h) = /01 L(s)y(t; —s)ds > 0

and, consequently, for ¢ < # (if ¢ is sufficiently close to #;) we get y(¢) < 0. This contradicts the
supposition of positively of y(¢) on [0,7;). O

Proof of Theorem 4. This proof uses Theorem 3. Inequality (10) will hold if there exists a positive
A(t) satisfying the inequalities

t t
/l(t) > l/ e—\;er ZLS Au) du ds — bke™ fol As)ds > / L(S)ef’rﬂ Au) du ds — bke™ fol As)ds
0 0

on [ 00) with a positive constant k. Supposing A(¢) = 4 = const, 1 #v we get

/ .
L= ﬁ (1 _ e().—v)t) — bk e—At, te [5’ OO) (29)
v —
Suppose v — A4 > 0. Then Inequality (29) holds if
A= l - — bk
v—A

or

/
A)=/i——— 2= — bk
f) == ——
Since the right side of this inequality can be made sufficiently small (due to the positive number &
which can be chosen sufficiently small), it is enough to take A = /4* such that f(4*) > 0. Since the
equation

/ — l —

has the roots /ll,zzv:lzxﬁ, we can put J*=v—+/I. Then 2* >0, v—2* > 0 and f()b*):v—Z\ﬁ > 0.
The theorem is proved. [

Proof of Theorem 5. Theorem 5 follows from Theorem 2 if Q= [t*,00) X C,

f(tﬂyt):(fl(t’yt)ﬂ"'afn(t7yt))
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and

n

F(ty) = [ay(O)yi(t) + by (x(t)], i=1,....n

J=1

is put in its formulation. Note that the system of integral inequalities (8) turns into the system of
inequalities (16). Conditions (13) and (15) ensure that the functional f;(z, y;) is strongly decreasing
on @ for i =1,..., p and conditions (14) and (15) ensure that the functional f;(z, y;) is strongly
increasing on @ for i=p+1,...,n in the sense of Definition 3. Condition (15) gives a guarantee that
in every row of matrix B there is at least one nonzero element for every ¢ € [t*,00). This property
is sufficient for the validity of Definition 3. The theorem is proved. [J

Proof of Theorem 6. We will use Theorem 2 again. The functional

t

St y) =~ o K(z,5)y(s)ds

is strongly decreasing with respect to the second argument on 2 = [t*,00) X € in the sense of
Definition 3. Integral inequality (8) with n=i =1, u= —1 takes the form

rt 4 t
Wt) = el 20d [ kg o) L 0 g e [, 00).
(1)

From this inequality, inequality (18) follows. The theorem is proved. [J
Proof of Theorem 7. In the case considered, inequality (18) takes the form

t
At) = c(t) / el Adugg e [r*, 00). (30)
”

We will look for a constant solution of this inequality, i.e., we put A(¢) = 4 = const. Then

t — s
0 / ) ds = ¢(1)e <e )
b )|,

= c(1)e” <—j> (e —e )= @ =P 1), te[t,00)

t

or

22

<
C(t) = ez(r,

*
T—l’ tE[t ,OO).

It is now clear that the value A=9 > 0 satisfies Inequality (30) and Inequality (20) is a consequence
of Theorem 6. The theorem is proved. [J

Proof of Theorem 8. In the case considered, p* =¢* — [ and Inequality (18) takes the form

4 "t
A"(t)?c(t)/ els Mdugqg e[, 00).
t—1
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Supposing A(t) = 4 = const, we get

or

t

t X . e—).s
2= (1) / ™) dg = c(1)e <})
t—1 -4

c

= c(1)e” (—j) (e —e M=y = TI) (e’ —1), te[t*,o0)

t—1

)2 1 Iy 1

c(t) <

Let us look for the maximum of the function

2

X
g(x) = o1
in (0,00). Since g(0") = g(+00) =0 and g(x) > 0 for x € (0,00) this maximum exists. Since
, X
g(x)= (@ —1y [¢"(2 —x) — 2],
the maximum is reached in the point x = « satisfying the equation
2
o __
= 2 -«

and g(a) = a(2 — a). So inequality (22) is a consequence of inequality (18). Easy numerical com-
putation shows that «=1.5936, g(2)=0.6476. Theorem 8 is now a consequence of Theorem 6. [
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Existence of Strictly Decreasing Positive Solutions
of Linear Differential Equations of Neutral Type

Josef Diblik * Zdenék Svoboda T

Abstract

The paper is concerned with a linear neutral differential equation

y(t) = —c(t)y(t — 7(t)) + d()gy(t — 6(t))

where c: [to,00) — (0,00), d: [to,00) — [0,00), to € Rand 7,§: [to,0) —
(0,7], r € R, » > 0 are continuous functions. A new criterion is given for
the existence of positive strictly decreasing solutions. The proof is based
on the Rybakowski variant of a topological Wazewski principle suitable
for differential equations of the delayed type. Unlike in the previous in-
vestigations known, this time the progress is achieved by using a special
system of initial functions satisfying a so-called sewing condition. The
result obtained is extended to more general equations. Comparisons with
known results are given as well.

Keywords: Neutral equation, delay, positive solution, sewing condition
AMS 2010 classification: Primary 34K40; 34K25; 34K12.

1 Introduction

The aim of the paper is to give a criterion for the existence of positive strictly
decreasing solutions to the linear neutral differential equation

y(t) = —c(t)y(t —7(t) +d(t)y(t — 6(¢)) (1)

where c¢: [tg,00) — (0,00), d: [tg,00) — [0,00), to € R, and 7,0: [tg,00) —
(0,7], r € R, r > 0 are continuous functions.

The existence of positive solutions of functional differential equations of de-
layed type is a classical problem which is satisfactorily solved for various classes
of equations in numerous papers and books. We should note, however, that the
positivity of solutions to neutral differential equations is investigated to a degree
less than that of the positivity of solutions of non-neutral equations with delay.

*Brno University of Technology, Brno, Czech Republic (E-mail josef.diblik@ceitec.
vutbr.cz)
fBrno University of Technology, Brno, Czech Republic (zdenek.svoboda@ceitec.vutbr.cz)



Some results on the existence of positive solutions for delayed differential
equations and their systems are summarized, e.g., in [1, 2, 3, 23, 24, 25].

Let us cite one of the nice classical implicit results on the existence of a
positive solution of a linear equation with delay ([39], see also [23, Theorem
2.1.4] and [2, Theorem 2.2.13]), which serves as a source for various explicit
sufficient positivity criteria. Consider the equation

y(t) +p()y(t —7(t)) = 0 (2)

where p, T: [tg,00) = Ry, Ry :=[0,00) are continuous functions, 7(¢) < t and
tlim (t—7(t)) = 00. Set Ty = fiiltf {t = 7(t)}. A function y is called a solution
— 00 t>to

of (2) with respect to initial point ¢y if y is defined and continuous on [Ty, 00),
differentiable on [tg, 00), and satisfies (2) for ¢ > ¢o.

Theorem 1. Equation (2) has a positive solution with respect to ty if and
only if there exists a continuous function A(t) on [Ty, 00) such that A(t) > 0 for
t>tg and

A(t) > p(t) exp ( f A(s)ds) , t>to. (3)

t—7(t)

The above criterion was generalized for systems of linear and nonlinear dif-
ferential equations with bounded delay in [9] and for nonlinear systems of differ-
ential equations with unbounded delay and with finite memory in [16]. Positive
solutions of (2) in the so-called critical case were studied, e.g., in [5, 11, 12,
17, 19, 22, 35] and an overview of some sufficient conditions to equation (2) in
the critical case is given in a recent paper [4]. Asymptotic formulas describ-
ing two classes of asymptotically different positive solutions are analyzed, e.g.,
in [13, 14] and [15]. The problem of positive solutions is also investigated in
further numerous papers such as [6, 7, 8, 10, 20, 21, 29, 37| and the references
therein.

To describe the main result of the paper we should note that, to the best
of our knowledge, there is no extension of the implicit-type (with respect to A)
result given by Theorem 1, where the key role is played by inequality (3), to
neutral equations of the type (1) if the solutions are understood as continuously
differentiable functions (see Definition 1) below. In this direction, we will show
that in the case of equation (1), inequality (3) can be replaced by

A(t) > e(t) exp ( j A(s)ds) +d(t)A(t —(t)) exp ( ft( | /\(s)ds> , (4
t—6(t

t—7(t)

t > to, where X\: [tp — r,00) — (0,00). Strictly speaking, Theorem 1 for p > 0
deals with strictly decreasing positive solutions. Our method gives the same
statement in this sense. Namely, inequality (4) is necessary and sufficient for
the existence of a positive and strictly decreasing solution of equation (1).

The topological (retract) method of T. Wazewski [38], which was successfully
modified to retarded differential equations by K.P. Rybakowski (see, e.g., [33,



34]) serves as a theoretical tool to prove the main result. For a nice overview
of topological principle, we also refer to [36]. In [18] the retract principle was
modified for neutral functional differential equations. This modification should
make it possible to use this in the present paper. Even if [18] contains an
illustrative example, showing how this modification works, there is one serious
problem restricting the classes of equations suitable for considering by it. Below,
we explain the heart of the matter.
We consider a neutral functional differential system of the form

y(t) = f(t, ye, ) (5)

where the symbol ¢ stands for the derivative (considered, if necessary, as one-
sided). Sometimes we use the symbol y' as well (if there is no doubt whether
the derivative is one-sided or not).

Let C be the set of all continuous functions ¢: [—7,0] — R™ and C! be the
set of all continuously differentiable functions ¢: [—r,0] — R™. Assume ¢ > ¢,
y(0) =y(t+0),0 c[—r.0]and f: E, — R" with E, := [ty,00) x C x C.

We pose an initial problem for (5):

Yto = &5 Yt = <Z5 (6)
where ¢ € C!. The norm of ¢ € C is defined as ||¢||, := OH[IaXO] l¢(9)]] and, if
el|l—r,

¢ € C', then
Joll i= max[o@)] + max_[¢/()]

oe[—r,0] €[—

where || - || is the Euclidean norm.

In the literature there are various definitions of a solution to neutral differen-
tial equations. In the paper, as a solution of (5), (6), we assume a continuously
differentiable function within the meaning of the following definition.

Definition 1. A continuously differentiable function y: [ty — r,ty) — R”,
ty € (to,00], ts a solution of (5), (6) if yr, = &, U, = @ and (5) is satisfied for
any t € [to,te).

V. Kolmanovskii and A. Myshkis [28] considered the initial-value problem
for neutral differential equations (5), (6). Although this problem should be
expected have a continuously differentiable solution on an interval [to,t,), in
general, this is not true. Even if the functional f and the initial function ¢ are
arbitrarily smooth, and the initial problem can be solved by the method of steps,
the continuous solution may, generally speaking, have jumps of the derivative
for arbitrarily large t. Such jumps will be absent if the initial function ¢ satisfies
the sewing condition

$(0) = f(to, b, ). (7)

Theorem 2. [28, p.107] Let f: E, — R™ be a continuous functional satis-
fying, in some neighborhood of any point of E,, the Lipschitz condition

||f(t7¢17 Xl) - f(tvw% XQ)H < Ll”djl - wQHT + L2||X1 - XQHT



with constants L; € [0,00), i = 1,2. Assume also ¢ € C' and the sewing condi-
tion (7) being fulfilled. Then, there exists a ty € (tg, 00| such that:

a) There exists a solution y of (5), (6) on [to —r,ts).

b) On any interval [tg — r,t1] C [to — 1, te), t1 > to, this solution is unique.
¢) Ifty < oo, then &(t) has not a finite limit ast — .

d)

The solution y and y depend continuously on ¢.

For a particular case of system (5) given by

y(t) = f(t,ye, 9e)
= f(tv y(t - hl(t))v s ’y(t - ho(t))’y(t - gl(t))’ s 7y(t - gg(t))),

where indices 0 > 0 and ¢ > 1, a more general result can be proved easily by
the method of steps (compare [28, pages 111, 96, and 15]).

Theorem 3. Let
f: [to,00) x ROTF — R™,

hi: [to,00) = (0,r], i=1,...,0 and g;: [tg,00) = (0,7], j=1,...,¢

be continuous functions. Assume also ¢ € C* and the sewing condition (7), in
the case considered having the form

$(0) = f(to, d(—h1(t0)); - - -, d(—ho(to)), 2(=g1(t0)), - - -, d(—ge(to)))  (8)

being fulfilled. Then:
a) There exists a solution y of (5), (6) on [tg — r,00).
b) On any interval [to — 7, t1] C [to — r,00), t1 > to, this solution is unique.
¢) The solution y and y depend continuously on ¢.

To succeed in applying Theorem 2 (or Theorem 3) to prove the existence and
uniqueness of a continuously differentiable (by Definition 1) solution, the sewing
condition (7) (or (8)) must be fulfilled. If not, then, generally speaking, a solu-
tion has no continuous derivative and certainly, it has no two-sided derivative for
t = tg. To define an initial function that satisfies the sewing condition is usually
not an easy task. The above weighty circumstance when applying the retract
principle to neutral functional differential equations, follows from the necessity
to satisfy the sewing condition. When the retract principle is used, it is neces-
sary to construct not only one initial function but a set of functions, called the
set of initial functions, satisfying several assumptions. One of the assumption is
that every function of this set must satisfy a sewing condition. So, from above
it follows that, technically, is not easy to construct such a set. In the present
paper, we perform, for the case of linear neutral differential equation (1), the
relevant construction of a set of initial functions when dealing with a criterion
for a solution to be positive. This is an important progress as, eventually, we
are able to prove that such a positive solution is continuously differentiable (in
the meaning of Definition 1).



The rest of the paper is structured as follows. In Part 2 we give a gen-
eralization of the retract principle to neutral functional differential equations,
previously developed in [18]. The main result (a criterion for the existence of
a positive strictly decreasing and continuously differentiable solution of neu-
tral differential equation (1)) is given in Part 3 where a special construction of
a system of initial functions satisfying the sewing condition is also developed.
For a more general equation than (1), a criterion for the existence of a posi-
tive strictly decreasing and continuously differentiable solution is formulated in
Part 4. Some open questions, corollaries and remarks as well as comparisons
with some of the previous results are listed in Part 5.

2 Retract Method

This part provides necessary background. It is mainly taken from papers [18]
and [34]. Note that the underlying ideas are based, in addition to the paper
of the founder T. Wazewski [38], on the so-called Razumikhin condition in the
theory of stability, e.g., [30, 31, 32], and on Razumikhin’s type of extension of
Wazewski’s principle by K.P. Rybakowski [33, 34]). Mentioned are the necessary
changes of the original versions, making it possible to prove a criterion for the
existence of positive solutions to equation (1).

If a set A C R x R” is given, then int A, A and A denote, as usual, the
interior, the closure, and the boundary of A, respectively.

_ Definition 2. (compare [18, 34]) Let A be a topological space, let a subset
Q CRxA be open in R x A, and let x be a mapping associating with every
(0, A) € Q a function x(6,\): Ds x — R™ where Dy is an interval in R. Assume
(1

)-(3):

(1) d € Dg,)\.
(2) Ift € int Ds ., then there is an open neighbourhood O(8,\) of (5,\) in Q
such that t € Dg x holds for all (8, X') € O(6, A).

(3) If (8", \), (5,\) €Q, andt' € Dg: 1, t € Ds.y, then

2(8 N)(t') = 2(5, \)(t).

lim
(67, N, t)—(8,\t)

Then, (A,Q,Jc) is called a system of curves in R™.

Definition 3. If A C A* are any two sets of a topological space and w: A* —
A is a continuous mapping from A* onto A such that w(p) = p for every p € A,
then m is said to be a retraction of A* onto A. If there exists a retraction of A*
onto A, A is called a retract of A*.

Lemma 1. (compare [18, 34]) Let (A,Q,x) be a system of curves in R™.
Let o, W, Z be sets. Assume the below conditions (1)—(4):



(1) a) @ C[to—7,ts) XR", t, > tg, the cross-section {(t,y) € @} is an open
simply connected set for every t € [tg — r,ty), and W C 0w,

b) ZCcwUW, ZnW is a retract of W, but not a retract of Z.

(2) There is a continuous map q: B — A where B = Z N (Z U W) such
that, for any z = (8,y) € B, (4,q9(2)) € Q, and, if also z € W, then

2(0,4(2))(9) = y-

(3) Let A be the set of all z = (0,y) € Z N& such that, for fixed (0,y) € A,
there is at > 0, t € Dj g0 and (t,2(5,q(2))(t)) & ©.

Assume that, for every z = (0,y) € A, there is a t(z), t(z) > 0, such that:
a) t(2) € Dsq(z) and, for allt, 6 <t <t(z), (t,2(d,q(2))(t)) € @,
b) (t(2),x(8,q(2))(t(2))) € W,
c¢) For any o >0, there is a t, t(z) <t < t(2) + 0 such that t € Dy 4(2)
and (t,2(6,9(2))(1)) £ 5.

(4) For any z = (0,y) € WNB and allo > 0, there is at, § <t <+ o0 such
that t € Ds g2y and (t,2(6,q(2))(t)) € @.

Then, there is a zo = (b0, y0) € Z N@ such that, for every t € Ds, 4(z0)>
(t, 200, 4(20))(t)) € @ 9)
Remark 1. Let
A=CY QC{(t\) € [to,00) x C* such that A\(0) = f(to, A, A)}

and function f satisfies all the assumptions of Theorem 2. In this case, through
each (to,\) € Q, there exists a unique solution y(ty,\) of (5) defined on its
mazimal interval [tg — ryayx). Let Dy x = [to — r,ax) where ax > to. Then,
(A,Q,y) 18 a system of curves in R™ within the meaning of Definition 2. A
similar remark holds when all the assumptions of Theorem 3 are satisfied.

Usually, when applying Lemma 1 to prove the existence of a solution of a
given system with the graph staying in a prescribed domain @, the form of ©
should be specified. As a standard shape of such a domain, used in numerous
investigations, serves the so-called polyfacial set defined below.

Definition 4. Let p and s be nonnegative integers, p + s > 0, t, > tg, and
let

l;: [to—T,t*)—)RXRn, 1=1,...,p,
mj: [to—rt) = RxR", j=1,...,s

be continuously differentiable functions. The set

W= {(tvy) € [to - t*) X Rna lz(tvy) < 07 mj(tvy) < 07 fO?” all Zvj }



is called a polyfacial set provided that the cross-section
wN{(t,y):t=t"y e R"}
is an open and simply connected set for every fixed t* € [tg — 7, t.).

When p = 0 in Definition 4, the functions l;, i = 1,...,p are not defined.
Similarly, if s = 0, the functions m;, 7 = 1,...,s are omitted. In order to
prove the existence of a solution of (5) satisfying the property (9), a polyfacial
set w should meet some additional requirements. We can characterize such re-
quirements as properties guaranteeing the properties of solutions of system (5),
formulated for the system of curves (A, €2, z) in Lemma 1. Because of the neu-
trality of the equations, we need to be able to foresee the properties of the
derivatives of solutions as described by auxiliary inequalities.

Definition 5. (compare [18]) Let q be a nonnegative integer, t. > to, and
let
ck: [to—7rt) xRP xR" =R, k=1,...,q,

be continuous functions. A polyfacial set w is called reqular with respect to
Eq. (5) and auziliary inequalities

cu(t,y,) <0, k=1,....q (10)
if a) = 6) below hold:
o) If (t,¢) € R x C! and (t+ 0, ¢(0)) € w for 6 € [—r,0), then (t,¢,¢) € E
B) If (t,0) e R x CL, (t+60,9(0)) € w for 6 € [-r,0) and, moreover,
cu(t +6,6(0),6(0) <0, 6 €[-r0), k=1,...,q, (11)

then also

cu(t+0,6(0), F(£,6,8) <0, k=1,...,q. (12)

v) Foralli=1,...,p, all (t,y) € Ow for which l;(t,y) = 0 and for all ¢ € C*
for which ¢(0) =y, (t+0,¢(0)) € w, 6 € [-r,0) and

cu(t+0,6(0),6(0) <0, 0€[-r0), k=1,....q, (13)
it follows that:
8l -
Dli(t,y) = St Z ) Frlt:6,0) >
1

§) For all j = 1,...,s, all (t,y) € Ow for which m;(t,y) = 0 and for all
pect forwhichqf)( Y=y, (t+0,¢(0)) €w, 6€[-r0) and
er(t+0,6(0),0(0) <0, 6 € [-1,0), k=1,....q
for all 8 € [-1,0) , it follows that:

n

om om; .
Dmj(t,y) = 5 (by) + 3 5 2 (by) - fr(8:6,9) <0

r=1




If w is a polyfacial set, then define the set W used in Lemma 1 as
W= {(t,y) € Ow: m;(t,y) <0,5=1,...,s}. (14)

Moreover, we need to specify the properties of the mapping ¢ in Lemma 1.
The following definition describes the admissible behavior of functions with
respect to w. A fixed set of functions generated by this mapping and satisfying
properties gathered in the following definition is called a set of initial functions.

Definition 6 (Set of initial functions). Let Z be a subset of wUW and
let the mapping -
¢: B—C', B:=Zn(ZUW)

be continuous. We assume that, if = = (§,y) € B, then (§,q(z)) € Q. If
moreover

1) For z € ZNw, we have (§ +6,q(2)(0)) € w for 8 € [—r,0].
2) For z € W N B, we have (8,q(z)(d)) = z and

either
2a) (6+6,q(2)(0)) € w for 6 € [—r,0)
or

2b) (6 +0,q(2)(9)) € @ for 8 € [—r,0) and, for all o > 0, there is
at =1t(o,2), 6 <t <5+ 0 such that t is within the domain of
definition of solution x(0,q(z)) of (5) and (t,2(8,q(2))(t)) € @,

then such a set of functions is called a set of initial functions for (5) with respect
to w and Z.

Finally, we will formulate the below theorem as an application of Lemma 1
for a system of neutral equations (5). Therefore, its proof is omitted.

Theorem 4. Let w be a nonempty polyfacial set, reqular with respect to (5)
and inequalities (10). Assume ¢ € C' and the sewing condition (7) being ful-
filled. Let a fized t. € (to, 0] exist such that:

a) There exists a solution y of (5), (6) on [to — 7, ts).

b) On any interval [to — r,t1] C [to — h,t.), t1 > to, this solution is unique.
¢) If t. < oo, then y(t) has not a finite limit as t — ¢t .

d) The solution y and y depend continuously on ¢.

Assume that q defines a set of initial functions for (5) with respect to w and
Z and that the derivative of every solution x(6,q(2))(t) of (5) defined by any
z = (0,z) € B has a finite left limit at every point t provided that

(t,2(0,4(2))(1)) € w.



Let, moreover, Z N W be a retract of W, but not a retract of Z. Then, there
exists at least one point zg = (0o, o) € ZNw such that a solution x(do, q(20))(t)
exists on [to — 7, ts) and

(t, 2(00, q(20))(t)) € w
holds for all t € [to — r,ts).

3 Main Result

In this section we give a criterion (sufficient and necessary conditions) for
the existence of a positive and strictly decreasing solution of the equation (1).

Equation (1) is a particular case of equation (5) if the functional f in the
right-hand side of (5) is specified as

F(t,,0) i= —c()p(~7(1)) + d(t)d(=3(1))-
Such a functional f is used in the remaining part of the paper.

Theorem 5. For the existence of a positive strictly decreasing solution of (1)
on [tg —r,00), a necessary and sufficient condition is that there exists a contin-
uous function A: [to — r,00) — (0,00) such that inequality (4) holds for t > t.

PROOF. NECESSITY. Let a continuously differentiable positive strictly decreas-
ing solution y = y(t) of (1) be given on [ty — r,00). From (1) we conclude
9(t) < 0 for every t € [tg,00). We show that y(¢) can be expressed in the form

y(t) exp( f/\ ), t>tg—r (15)

where A satisfies all conditions formulated in the theorem. Taking the derivative
of y, we get

y(t) = —X( exp( f>\ ) t>to—r (16)

and, therefore,
y(t)
At):=—=—"%, t>tg—r. 17
(1):=-Y. = (1)
It can be seen from (15)-(17) that A(t) > 0if ¢ > to—r. Substitute (15) into (1),
assuming t > tg, and divide the equation obtained by exp (— f:o )\(s)ds). We
get
(8 t—8(t)

A(t) = c(t) exp < [ s ) +d(t)A(t —d(t)) exp ( ft A(s)ds)

where t > tg. This means that inequality (4) holds.



SUFFICIENCY. In this part we make use of Theorem 4. The proof is divided
into five steps.

STEP 1. DEFINITION OF THE POLYFACIAL SET w. Weset n =p =1, s =0,

t, = oo and
It,y) =Lty =y (y —vexp (tft /\(8)d8>>

where y € R, v > 1 is a constant and A satisfies inequality (4). Then, the set
w:={(t,y) € [to —7,00) x R, I(t,y) <0} (18)
is a polyfacial set within the meaning of Definition 4 since, for every fixed

t* € [tg — r,00), the set

-
wn{(t,y):t =ty eR} = {(t,y): t=t"0<y<vexp (— Ik A(s)ds)}
to
is open and simply connected.

STEP 2. REGULARITY OF w. Set ¢ = 1. Define a function
c:fto—r,00) x RxR—=R
as
t
ct,y,z) =z |z +vA({t)exp | — [A(s)ds | |, (19)
to
and identify ¢ = ¢;.

We show that the set w defined by (18) is regular with respect to equation (1)
and auxiliary inequality ¢(t,y, ) < 0 by Definition 5. Therefore, we will verify
all its assumptions ) — §) (denoted below as o*) — §*)).

o) If (t,¢) € R x C* and (t 40, ¢(0)) € w for § € [—r,0), then the functional
f is defined at (¢, ¢, ¢). Thus, point «) of Definition 5 holds.

B*) Let (t,¢) e R x C, (t+0,¢(0)) € w for § € [-r,0) and

C(t + 97 QS(Q)? ¢(0)) < 0, NS [77} 0) (20)
From (19) and (20) we get

—vA(t 4 60) exp < tfeA(s)ds> <) <0, c[-r0). (21

In addition, we have

f(t,6,9) = —c(t)p(—r(1)) + d(t)$(—6(t)) < 0 (22)
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since c(t) > 0 and ¢(—7(¢)) > 0. Now using the definition of w (18) and
inequalities (21), (4), we get

f(t,¢,6) = — c(t)d(—=7(t) + d(t)p(—5(1))
t—7(t)
> — ve(t) exp (— tf /\(s)ds>

t—5(t)
—vd(t)A\(t —(t)) exp (— J A(s)ds)

to

=v exp < f)\ ) ( c(t) exp (t ft(t) A(s)ds)
— d(t)A(t —(t)) exp < ft A(s ))
t—5(t)

— vA(t) exp ( f)\ ) (23)

Combining (22) and (23), we obtain

—vA(t exp< S A(s) s) < f(t, ¢, ) < 0. (24)
A consequence of (24) is the inequality

c(t+0,0(0), f(t, ¢, 9))
—f(t,¢,¢‘>><f< 6, 9) + VAt exp< fA )) 0.

Thus, point 3) of Definition 5 holds.

7v*) Let ¢ € CY([-r,0],R) be such that (¢ + 0,¢(0)) € w for § € [-r,0) and
(t,¢(0)) € dw. Then, either

$(0) =0 (25)
¢(0) = vexp (—tft A(s)ds) . (26)

Moreover, we assume that (13) holds, i.e.,

c(t +0,6(9),6(0))
= 5(0) (9(60) + vA(L + O)exp (= [ Ms)ds) ) 0, 6 € [-1,0). (27)

11



Let (25) be true. We will use the properties ¢(—7(t)) > 0 (it follows from
definition (18) of the set w) and ¢(—4d(t)) < 0 (it is a consequence of (27))
to get

ol ol

5 (H0) + 3—y(t70) - f(t,¢,0)

— —vexp <—tft /\(s)ds> (—c(t)p(—7(t)) + d(t)d(—d(t))) > 0.

Di(t,y) = DI(t,0) =

Let (26) be true. We will use the properties

o(—=7(1)) < vesp (= [ 7 A(s)ds)

(it follows from definition (18) of the set w) and

H(—8(t)) = —vA(t — 5(t)) exp (— S0 )\(s)ds)

(it is a consequence of (27)).
Then,

Di(t,y) = DI (t,uexp (—jA(s)ds))
:% (t,yexp (—JjA(S)dS)) + % (t,uexp (—jA(s)ds)) f(t, o, qu)
=vexp (tft A(s)ds)

: (V eXP< f/\ ) c()p(=7(t)) +d(t)¢5(—5(t))>

>V exp (—jA(s)ds) ( ) exp ( f)\ )

t—r(t) t—5(t)
—vc(t) exp ( f A(s ) —vd(t)A(t — 5(t)) exp (— Ik A(s)ds))



Thus, point ) of Definition 5 holds.

0*) There is no function of the type m(t,y) in the definition (18) of polyfacial
set w.

We conclude that the set w defined by (18) is regular by Definition 5 with
respect to equation (1) and auxiliary inequality (¢, y,x) < 0.

STEP 3. USING THEOREM 4 - SETS W AND Z. To apply Theorem 4, we define
the set W in accordance with (14) as

W ={(t,y) € Ow: m;(t,y) <0,j=1,...,s} ={(t,y) € Ow}
since no function of the type m;, j =1,...,s is used. Moreover, define
Z ={(t,y) ewUW:t=to} ={(to,y): y €[0,1]}.
Obviously, Z N W is a retract of W, but not a retract of Z.
STEP 4. USING THEOREM 4 - INITIAL FUNCTIONS FOR (1). Now we will

construct a set of initial functions for (1) with respect to w and Z such that
every initial function ¢ satisfies the sewing condition (7), i.e.

where

S(to, ) := f(to, &, 9) — $(0) = —c(to)d(—7(to)) + d(to)$(—d(t0)) — $(0).

Define for any z = (to,y) € Z (recall that y € [0,1]) two initial functions
(ana,x7 Lpgnn c Cl[—T‘, 0]

to+s
@y (s) == vexp (— Ik A(u)du) —v4uy,
to
min . 1 2
@y (s) = §k‘s +y

where, for a constant € € (0, 1),

5 . to 9
k = ; . 771:1;10120)\(150 —+ 9) exp | — ££ )\(U)du > 0

Obviously, i**(0) =y, ¢y"™(0) =y. For s € [-r,0), we prove

0< @;“i“(s) <y (s) < vexp (— t:ﬁ_s)\(u)du> . (29)

13



The left-hand inequality in (29) holds since y € [0,1] and k > 0. The right-hand
inequality in (29) holds since —v+y < 0. To prove the middle inequality in (29),
we define a function

U(s) = oy (s) — 0™ (s), s € [-r,0].

Then, for s € [—r,0).

c to+6
U'(s) = — s min )\(to + 0) exp f A(u

r —r<6<

to+s
+ vA(to + $) exp f Au

to+6
> —¢ Hélgn Ato + 0) exp f AMu

b

to+s
+vA(to + s) exp f Au
Therefore,

Py(s) — @y (s) = U(s) < W(0) =0, s € [-r,0)

and the middle inequality in (29) is proved.

Moreover, the following chain of inequalities obviously hold

to+6
0>¢m1n()_k8> —kr = —¢ 1’I<1191’1 )\(t0+0 eXP( f )\ )

> —vA(tg + $) exp< t“fsx > = @P(s), s€[-r0. (30)

We show that the values S(to, ¢3'™), S(to, ¢"") take opposite signs. Using (4),
we get

to—(to)
S(to, vy ™) = — c(to) (VeXp (— f A(s)ds) —v+ y)

to

to—4(to)

to

— vd(tg)A(to — d(to)) exp (— A(s)ds) + vA(to)

tg*T(t()

= —ve(ty) exp ( ?] ) A(s)ds)

to—d(to)

— vd(to)A(to — (to)) exp ( ? A(s)ds)
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+ vA(to) + c(to)(v —y) > 0, (31)
and

Sto. ™) = ~clto) (§(-r(t)? +y) — dltalks(ea) <0 (32)

Define a one-parameter family of functions ¢j depending on a parameter o €
[0,1] as '

oy (s) := apy)™(s) + (1 — )™ (s), s € [-r0] (33)
Then, by (31) and (32),

S(to, ) S(to, ) = S(to, oy ™) S (to, @iy ™) < 0.
The operator
S(to, ©5) = —clto) [y ™ (=7(to)) + (1 — )™ (=7 (to))]

+d(to) [ady™(=8(to)) + (1 = )@y (=6 (t0))] — 5 (0), (34)

where .
@y (0) = apy™(0) + (1 — a)gy"(0) = —avA(to),

is strongly monotone with respect to a, since, due to (4),

3 Slto,5) = —elto) [ (7 (t0)) — £ (~(t0))]

+d(to) [¢™ (=0 (t0)) — 5™ (=0(t0))] + vA(to)

to—7(to) k
= —c(to) [l/exp (— Ik A(u)du) —v+ty— 5(—T(t0))2 — y]

to—d(to)
+ d(to) [—V)\(to —0(tg)) exp <— tf A(u)du) — k(=d(to)) | +vA(to)
to*‘l‘(t(})
=v [)\(to) — c(to) exp (— ; A(u)du)

to—d(to)
—d(to)A\(to — 0(to)) exp ( tf A(u)du)]

+ I/C(to) + gC(to)TQ(to)) + kd(to)(S(to) > 0.

Then, there exists a unique value a = oy, € [0,1] such that S(to, py*) = 0, i.e.,
the sewing condition (28) is true. This value, as can be seen in (34), is defined
by the formula
o = c(to)py™ (=7 (to)) — d(to)Py™ (—d(to))
" o) (-~ (to)) — d(to) ¥(~(t0)) + vA(to)
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min max

and depends continuously on y since ", ¢y
y. Therefore, the function

and ¥ depend continuously on

Py (5) = oy ™ (s) + (1 — 0y ) g™ (5)

+(1—ay) [;ks“‘ + y] Csel-n0

to+s
=ay |vexp|— [ AMuw)du| —v+y
to

is continuous with respect to y as well.

Applying (30), we see that, for any function ¢y?(s), s € [—7,0], defined by (33),
we have:

Py (s) =ay @y ™ (s) + (1 — ay) oy ™ (5)
< oy (s) + (1= ay )@y (s) = @(s), s € [, 0],
Py (s) =ay @y ™ (s) + (1 = ay) oy ™" (5)

> aygy ¥ (s) + (1 — oy )" (s) = ¢,/ (s), s € [=7,0].

STEP 5. USING THEOREM 4 - INITIAL FUNCTIONS FOR (1) AND MAPPING q.
By Definition 6, we will construct a continuous mapping ¢: B — C! where the
set B is defined in Lemma 1, point (2) and, in our case, becomes

B=ZnN(ZUW)=Z.

Then, ¢ maps the set Z into the space of initial functions satisfying the sewing
condition. Define such a mapping q: B — C'[—r,0] for every z = (to,y) € B
by the formula

q(2) = q((to,y)) = py"- (35)

This mapping is continuous and

(to +6,4(2)(0))

= (to + 0, ay )™ (0) + (1 — ozy)goryni“(e)) Ew for 0€[-r0),

(t0,4(2)(0)) = (to, y@y™(0) + (1 — ay )0y (0)) = 2.
The mapping ¢ satisfies conditions 1) and 2a) of Definition 6. All assumptions
of Theorem 4 are now fulfilled. Therefore, there exists at least one point zy =
(to,y0) € Z Nw such that a solution x(to, q(z0))(t) of (1) exists on [ty — 7, 00)
and

(t, x(to, q(20))(t)) € w (36)

holds for all ¢ € [tg—r,00). Because of the shape of w, such a solution is positive
and, by (4), it is strictly decreasing. O
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Remark 2. Let all assumptions of Theorem 5 be true. From its proof
(see (36) and the definition (18) of the set w) we deduce that, if (4) holds
fort > tg, then there exist a positive strictly decreasing solution y = y(t) of (1)

n [to — r,00) satisfying the inequalities

0 < y(t) <exp (— /t: )\(s)ds) , L€ [to—1,00). (37)

Moreover, from formulas (11) and (12) of Definition 5, such a solution satisfies
the inequalities
c(t,y(t),y(t) <0, t € fto—r,00),

" —A(t) exp ( /t: )\(s)ds) <) <0, teto—r,00). (38)

Due to the linearity of (1), the coefficient v is omitted in (37) and (38).

4 Generalization

Consider an equation

T

==Y byt —n(t) + Y d; (05t — 5;(t) (39)

i=1 j=1

where ¢;,d;: [tg,00) — [0,00), and 7;,9;: [tg,00) — (0, 7] are continuous func-
tions. Moreover, assume » .- ¢;(t) > 0, t € [tg,00). Obviously, equation (39)
is more general than equation (1). Now we will formulate a generalization of
Theorem 5. We omit its proof since it is similar to that of Theorem 5. Note that
the system of initial functions can be used in the proof without any changes.

Theorem 6. For the existence of a positive strictly decreasing solution
of (39) on [tg — r,00), a necessary and sufficient condition is that there ex-
ists a continuous function \: [tg —r,00) — (0,00) such that the inequality

ailt exp( f )\()s>+Zdj(t))\(t—- exp< f (s )d)

—7i(t) —4;(t)

Alt) =

e

holds for t > tg. Moreover, if this inequality holds, then there exists a positive
strictly decreasing solution y = y(t) of (39) on [to — r,00) satisfying inequali-
ties (37) and (38).

5 Concluding discussions

From the proof of Theorem 5, we conclude that a positive solution (if in-
equality (4) holds) is generated by a function from a one-parameter family of
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functions ¢y?, defined by formula (35) where the parameter y € [0,1]. More
specifically, as it follows from points (2) and (3) of Lemma 1, we can restrict
the values of the parameter y only to values y € (0,1). In this connection, the
following open problem arises.

Open Problem 1. How to compute a value (values) of parameter y =
y* € (0,1) such that the initial function @Zﬁ’* determines a positive solution of
equation (1) (or (39)) indicated in Theorem 5%

A solution to this open problem can have certain importance, e.g., in nu-
merical computations.

Because of the linearity of considered equations and the existence of a pos-
itive solution, we conclude that there exists a one-parameter family of linearly
dependent positive solutions of equation (1) on interval [tg — r, 00).

It is easy to explain, that there exists a one-parameter family of linearly
independent positive solutions of equation (1) on [ty — r, 00). Looking again at
the proof of Theorem 5, we emphasize that the definition of the function cp‘ynin
depends (through the constant k) on a parameter € € (0,1). Therefore, each
function in the system of initial functions ¢,* where y € (0, 1), relevant to a
choice of €, is linearly independent on an interval [tg — 7, to] of every function in
the system of initial functions ¢y? constructed for a different choice of e. Con-
sequently, positive solutions defined by different initial functions, being linearly
independent on interval [ty — 7, to] are linearly independent positive solutions of
equation (1) on [tg — r,00). One cannot, however, conclude that such a type of
linear independence on the interval [tg — r,00) implies the existence of a one-
parameter family of linearly independent positive solutions of equation (1) on
every interval [t; —r, 00) where t; > to. This assertion can be wrong due to, e.g.,
the effect of solution pasting (we refer to [26, Part 3.5]). A similar discussion
applies to the function @'®* and the parameter v. Nevertheless, we formulate

Y
the following open problem connected with this topic.

Open Problem 2. Indicate sufficient conditions for the existence of at least
a one-parameter family of linearly independent positive solutions of equation (1)
(or (39)) on every interval [t; — r,00) where t1 > to.

Obviously, Theorem 5 is a generalization of Theorem 1 to neutral differential
equations. Now, we will restrict our discussion only to equation (1) and its
special cases although it is easy to formulate corresponding remarks to more
general equation (39) and its special cases.

Let the functions c(t), d(¢) and delays 7(t), §(¢) in equation (1) be constant,
i.e., ¢(t) = ¢ = const, d(t) = d = counst, 7(t) = 7 = const, d(t) = § = const and
equation (1) becomes

y(t) = —cy(t — 1) + dy(t = 9). (40)

Then, Theorem 5 is formulated as
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Theorem 7. For the existence of a positive strictly decreasing solution
of (40) on [tg — r,00), a necessary and sufficient condition is that there ex-
ists a continuous function X: [to —r,00) — (0,00) such that inequality

A(t) > cexp (tj A(s)ds) + dA(t — §) exp (ja A(s)ds) (41)

holds for t > tg.

From Theorem 7 and formula (41) where A(t) = A = const, we immediately
get the following corollaries. These criteria are well-known, we refer, e.g., to [24,
Theorem 5.2.10, Corollary 5.2.11], [25, Theorem 6.7.1]. Similar criteria can be
found, e.g., in [1, Corollary 6.5], [2, Theorem 3.5.3] and [23, Theorem 3.2.3].

Corollary 1. For the existence of a positive strictly decreasing solution

of (40) on [tg — r,00) it is sufficient the existence of a positive constant X
such that inequality

A > e’ + Ade (42)

holds.
For the choice A =1/7 or A =1/§ in (42), we get

Corollary 2. For the existence of a positive strictly decreasing solution
of (40) on [ty — r,00) it is sufficient that either inequality

1> cer +de/™ (43)

or inequality
1> coe™® + de (44)

hold.

Corollaries 1, 2 can be improved in view of Remark 2 (formulas (37), (38))
in the sense that if inequalities (42), (43), (44) are valid, then on [tg,c0) there
exist a positive solution vanishing for ¢ — co and having negative and vanishing
for t — oo continuous derivative.

Remark 3. In the paper we regard solutions of equation (1) as continuously
differentiable functions satisfying the given equation everywhere. As noted, e.g.,
in [28, p. 107] it leads to some complications, since the sewing condition must be
valid for continuously differentiable initial functions. In the proof of Theorem 5,
a modification of the retract principle suitable for neutral differential equations
was used. This principle, to be successfully applied, needs not only one initial
function, but a whole family of initial functions satisfying the sewing condition.
Therefore, the crucial moment of the proof was a special construction of such a
family of initial functions.

To compare our results with, e.g., those given in [1, Theorem 6.1] we empha-
size that the definition of a solution substantially differs (a solution is defined as
an absolutely continuous function satisfying the equation almost everywhere).
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In [1, 8, 23, 24, 25] part of the results is devoted to the existence of positive
solutions of neutral equations having, e.g., the form

(y(t)+ P(t)y(t — 7)) + Q(t)y(t —o) =0, t >t

under various conditions for P and Q). The substantial difference is that the
delays in the equation, unlike those in our investigation, are constant. Thus,
the results derived in the cited sources are, in principle, not applicable to equa-
tion (1).
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Abstract

A scalar linear differential equation with time-dependent delay x(f) = —a(t)x(t — t(¢)) is considered, where t € I = [t;, 00),
tneR,a:l — Rt := (0, 00) is a continuous function and 7: I — R is a continuous function such that t — 7(¢) > tg — t(tg) if
t > to. The goal of our investigation is to give sufficient conditions for the existence of positive solutions as ¢t — oo in the critical
case in terms of inequalities on a and 7. A generalization of one known final (in a certain sense) result is given for the case of 7
being not a constant. Analysing this generalization, we show, e.g., that it differs from the original statement with a constant delay
since it does not give the best possible result. This is demonstrated on a suitable example.
© 2008 Elsevier Ltd. All rights reserved.
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1. Preliminaries

In this paper we consider a scalar linear differential equation with time-dependent delay
x(t) = —a@)x(t — (1)), €y

where t € I := [tp,00), to € R, a:I — RT := (0, 00) is a continuous function and 7:/ — R is a continuous
function such that r — 7(¢) > 19 — 7(tp) if t > t9. The goal of our investigation is to give sufficient conditions for the
existence of positive solutions of (1) as + — oo in terms of inequalities on @ and 7. In the literature, several results
have been derived with the aid of a suitable estimation of function a. A final result (in a certain sense) in one of the
directions pursued is given in [1] for the case of a constant delay. Namely, it holds.

Theorem 1. (I) Let us assume that a(t) < ay(t) with

1 T T T T
ag(t) = — +

2
et 8et?  8e(tInt)? + 8e(tIntIny t)? Tt 8e(tIntIny ... Ing t)2 @
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if t — oo and an integer k > 0. Then there exists a positive solution x = x(t) of (1) with t(t) = Tt = const.
Moreover,

x(0) <@ =e /" /tIntIny - Ing ¢

ast — 0.
(II) Let us assume that

ot
t (1 3
) > () g e It 172 ®)
if t > 00, an integer k > 2 and a constant 0 > 1. Then all the solutions of (1) with T(t) = t = const oscillate.
In this theorem, Ing ¢ = In(Ing—1¢), & > 1, Ing¢ = ¢ and it is assumed that ¢t > exp,_, 1 where exp; t =

exp(expy_1 1),k > 1,expyt :=t,and exp_; t := 0.

Theorem 1 can be applied to what is called the critical case since inequalities (2) and (3) are almost opposite. With
respect to the critical case, we refer (in addition to the paper, mentioned above) to the papers [2-5] and the book [6].
We give a generalization of the first part of Theorem 1 for the case of t being not a constant. As a tool for this
generalization, we use the results on the existence of positive solutions for retarded functional differential equations
with unbounded delay and finite memory. The necessary relevant information is given in Section 2. The generalization
of Theorem 1 is given in Section 3. Analysing this generalization, we conclude that it differs from the original
statement with a constant delay since it does not give the best possible result. To show this, in Section 3 we formulate
another sufficient condition of positivity and in Section 4 we show that, for a class of delays, it yields a better result.
Finally, in Section 5 we explain why a generalization of Theorem 1 (i.e., generalization in both its parts) for the case of
T being not a constant is not possible. Other results concerning the existence of positive solutions, may, for example,
be found in [7-20].

2. Positive solutions of equations with p-functions

A continuous function p:R x [—1,0] — R is called a p-function if it has the following properties [21, p. 8]:
p(t,0) =1, p(t, —1) is a nondecreasing function of ¢, and there exists a 0 > —oo such that p(z, ©) is an increasing
function for ¥ for each t € (o, 00). Throughout the following text, we assume o = fy. We define pg := p(tp, —1).

We consider a differential equation with p -functions

m

i) ==Y cgOx(p(t, ¥y)), ©)
g=1
where ¥, = const, g = 1,...,m, =1 =19 < ¥ < --- < ¥, = 0, functions ¢,: [tp, 00) — Ry = [0, c0) are

continuous and Z;":_l] cq(t) > Ofort € [tp, 00). We will use one result derived in [14] concerning necessary and

sufficient conditions of the existence of positive solutions for equations with p -functions:

Theorem 2. A positive solution x = x(t) on [ po, 00) of (4) exists if and only if a locally integrable function
A:[ po, 00) — R exists continuous on [ pg, ty) U [ty, 00) and satisfying the integral inequality

A(s)ds

m t
OED N0
g=1
fort > ty. Moreover, x(t) < exp (— f;o )L(s)ds).
Eq. (1) is a particular case of (4). This becomes clear if we define

t+29t() if —1/2<9 <0,
p(t,9) = 1t — (o) +2(1 + ) (t — t(t) — (2o — T(%0)))
if —1<9<-1/2,
m=3,0=—-1,0=-1/2,93 =0,c1(t) =0, c2(t) = a(t) and c3(¢) = 0. Then py = t9 — 7(fp) and Theorem 2
reduces to:
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Theorem 3. A positive solution x = x(t) on [ty — t(tp), 00) of the Eq. (1) exists if and only if a locally integrable
function A: [tg — T(ty), 00) — R exists continuous on [ty — T (tp), to) U [to, 00) and satisfying the integral inequality

1) = a(nyeli-o O 5)
fort > ty. Moreover, x(t) < exp (— fz;—r(ro) )»(s)ds).
This theorem will be used for finding two explicit criteria for the existence of positive solutions of (1).

Remark 1. The above specification of p-function is obviously not unique. One can put e.g. p(t, ¥) =t + vt (¢),
m=2,0 =—1,9 =0,c1(t) = a(t) and ¢c(t) = 0 and assume that ¢+ — 7(¢) is a nondecreasing function of # on
I rather than assuming t — t(¢) > t9 — t(fp) if t > 1y as above. Then, pg = #p — 7(#) and Theorem 2 reduces to
Theorem 3 again.

3. Criteria of existence of positive solutions
3.1. First criterion — a generalization of Theorem 1, part I

Now we give a generalization of Theorem 1 with the aid of a suitable auxiliary function more general than the
function a (¢) given by (2). The form of this new function formally copies the old one, but now delay t will be a
function. The proof needs some auxiliary results. Below, symbols O and o mean the Landau order symbols. If real
functions fi, f», f3 are defined as r — o0, then the relation fi(t) = f2(t) + O(f3(¢)) means that there exists a
positive constant M such that

[f1(0) — f2()] < M| f3(1)]
as t — 0o, and the relation fi(¢) = f2(¢) + o(f3(¢)) is equivalent with

lim S10 = L0

=0 f3(t)

if f3(t) # 0.
Lemma 1. Let t(t) = o(t) ast — o0. Then

ot®t) o =Dt o0 —1)(c =270 )
-t 212 B 613 +0< 4 )]

fort — oo and any fixed o € R.

(©)

t—11)° =1° [1

Proof. This can be verified easily using the binomial formula. O

Lemma 2. Let t(t)Int = o(t) as t — o0. Then

inG — <))t =yt [1- 2O _ 20 <1+ 1 )+0(r3(z)>
i B 2tInt  42Int 2Int Slnt

ast — oQ.

Proof. For t — oo we have

oot [ o152
[In(t —t@)]2 = (nt)2 [1+ —1In|{1 - —=
Int t

_ 1 1 () T2 SONE
—(lllt) [I—E(T"‘ 2.2 +0( 3 ))] .

The proof can be finished by expanding the expression in square brackets using the binomial formula. O
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Lemma 3. Let t(t)IntInyz...Ingt = o(t) ast — oo. Then

[kt — T()]? = (e n)? |1 40
k - 2tlntlngt---Ing_1¢lngt
2
To(t 1
42IntIngt---Ing_q tIng t Int Intlnyt---Ing_1 ¢t
+ ! +0 0 )
2Intlngt---Ing_y tIng t t3ntlngt---Ingt

fort — oo and any fixed k > 1.

Proof. For k = 1, the proof follows from Lemma 2. Suppose that (7) holds with for k—1 (instead of k) and (k—1) > 1.
We use it for the representation of Ing_; (r — 7(¢)) in the relation

1
g (t — ()2 = (Ing )3 [1 + <ln M)T .
Ing ¢ Ing_1 ¢
We get
()

B 2tIntlngt---Ing_otlIng_yt

g (t — 1(t)]? = (g 1)? [1 + 2 (1
Ing ¢

=0 I+ — 4+ !
42IntInot---Ing_otIng_1 ¢ Int Intlngt---Ing_ot

1
1 3 2
+0 T .
2Intlnpt---Ing_otIng_g ¢t Bntlngr.. . Ing_; ¢

After decomposing logarithm In(1 — - - -) into its Taylor’s polynomial, we expand the expression in square brackets
by the binomial formula. Then, using only the necessary terms, we get the representation (7). O

Let us consider now a linear equation
(@) =—ADx@ — (1) (®)
with A: 1 — R.

Lemma4 ([1]). Let a(t) < A(t) on I and (8) have a positive solution x = u(t) on [ty — t(tg), 00). Then (1) has
a positive solution x = x(t) on [ty — T (ty), 00) and, moreover, x(t) < ju(t) holds.

Now we define a new auxiliary function

1 (1) (1) (1) (1)
et(t) 8et? 8e(tInt)?  Se(tlntlnyt)? 8e(tIntlnyt ... Ing )2

ar (1) = ©)
for t — oo and an integer k > 0.

Theorem 4. Let us assume that a(t) < ag;(t) and fzr—r(z) ds/t(s) < 1if t — oo and an integer k > 0. Let moreover
t(t)Intlnpt...Ing t = o(t) ast — 00. Then there exists a positive solution x = x(t) of (1) satisfying

! —1
x(t) <,/tlntln2t...lnkt-exp/ (—) ds (10
to—1(t9) T(S)

ast — oo.
Proof. Let us consider an auxiliary equation

x(1t) = —ap (Dx (@ — (1) an
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and let us prove the existence of a positive solution. We verify (5) for a(t) := ax,(¢) and

1 1 1 1

1
M) =m0t) = — — — — — e
t(t) 2t 2tIlnt 2tintlnpt 2tIntIngt.. . Ing t

With the aid of Lemma 1 (substituting ¢ = 1/2 in (6)), Lemmas 2 and 3 we estimate the exponential term on the
right-hand side of (5). We obtain

! ! ds t—1(t) In(t—1t(@) Ing(t — (1))
exp A (s)ds = exp —_— .
) r—z(n) T(S) t Int Iny ¢

_ () @) T30) )
5’_e[1_7_ 82 163 +0< 4 )]
() i) 1 T3(1)
T 2tInt 42Int <1+21nt>+0<t3lnt)]

[1 (1) B 2(1)

IA

X

2tlnt1n21 ng_ptlngt 42Intlngt.. . Ing_ptIng ¢
1 1
_|_
lntlngt ng_qt 2Intlnpr.. . Ing_qtlngt

+ 0 A0
t31nt Inpt...Ing_tlngt '

After some simplification, we get

t : 1 |
exp/ M()ds <& =e|l— T() I — e —
—t(t) Int Inz...Ingt

‘tz(t) 1 1 3(1) 3(1)
812 (1 Tzt (lnt...lnkt)2> “en TO (mnz)]'

Now we have, for the right-hand side R of (5),

1+

X

1 t t t t !
R<|— & @ *@ 4+ 40 e ! -exp/ A (s)ds
(t) 82  8(tlnt)?2  8(tlntlnyt)? 8(tIntlnyt...Ing )2 —e()

! 1 1 1 1 2(1) 0 2(1)
“ () 2t 2tlnt 2tlntlnyt 2tIntlngt...Ingt 83 3Int )’

Comparing the left-hand side £ of (5) and the right-hand side R of (5) we conclude that for £ > R

72(1) 72(1)
0> — 19}
- 83 + <t3lnt)

is sufficient. This inequality obviously holds as t — oo. Therefore, (5) is valid and (11) has a positive solution
x = u(t). Now it remains to apply Lemma 4 with A(#) := ax.(¢). Consequently, (1) has a positive solution x = x(¢)
that satisfies the inequality x(#) < u(¢) as t — oo. For g (f), we have an estimate

t
ni(t) < exp (—/ /\k(s)ds>
to—1 (1)

< tint...Ingt )2 ( /’ 1 )
= exp | — —ds | .
(to — ©(t0)) In(to — ©(20)) .. . Ing (fo — ©(20)) to— (o) T(S)

From the linearity of (1), it follows that there exists a positive solution satisfying (10). O

3.2. Second criterion

The second sufficient condition for the existence of a positive solution can be derived from inequality (5).
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Theorem 5. Let us assume that

alt) < L exp <_ /f E) (12)
() 1—(r) T(S)

ast — o0. Then there exists a positive solution x = x(t) of (1). Moreover,

v<on(-[ )
x(t) <exp|— v T®) .

Since the statement of Theorem 5 is a straightforward consequence of (5) with A(¢) := 1/7(¢), no proof is necessary.
We remark only that, for () = 7 = const, inequality (12) gives a classical sufficient condition for the existence of
positive solutions, namely, the condition a(t) < 1/(ze).

4. Analysis of both criteria

To compare Theorem 4 with Theorem 5, we will investigate equation (1), where
() =c+d/t (13)
and ¢, d are positive constants, i.e., we consider an equation

i) = —a®)x(t —c—d/1). (14)

4.1. Application of the first criterion

The delay (13) is decreasing, tends to ¢ as t — oo and satisfies the inequality
/ ! ds
— <1
1—z(r) T(S)

a(t) < ar (1) 15)

for an integer k > 0 as t — oo then, by Theorem 4, Eq. (14) has a positive solution. We will first develop several
terms of the asymptotic decomposition of ay, () with t(z) given by (13) if r — oo and rewrite condition (15). We get
sufficient condition for the existence of a positive solution of (14) in the form

O<am =~ L L (C 1] (16)
A== 7T e\ g) 2 \2)

If

Remark 2. The right-hand side of (16) was obtained only with the aid of two terms of expression (9) and does
not explicitly contain index k. In other words, we used only the necessary (for our following analysis) part of the
expression (9). Therefore, our decomposition and, consequently, inequality (16) holds for every & > 0.

4.2. Application of the second criterion
We compute

tod ! d d !
/ @ :/ s :[i——an(cs +d)]
r—z(r) T(S) t—c—d/t € +d/s c ¢ t—c—d/t

d d t
ct C t—c
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Now we are able to asymptotically decompose the right-hand side of inequality (12) as t — oco. We get

1 /, ds 1 LAy
— - exp|— — | = cexp|—1——+ =1n
0 P\ ) T evan P a2 e

—d/c?
_L =N e
ec 14d/(ct) t
= [to decompose the third term, we use Lemma 1 witho = —d /02 and t(¢) = cin (6)]

i.<]_i+£+o(i)>.<]+i+w+o<l)>
ec ct 2?2 12 ct 2c2t2 £2
< <1_i+d—2+o<l))
ct = 2c2t? 12
1 d 1 1 (d*> d\ 1 1
Z_E'?’LZ'(?’LZ)TZ“(TZ)'
Finally, by the second criterion, the sufficient condition for the existence of a positive solution of (14) is

(t)<1 d 1+1 d2+d 1+ 1 an
a —_——— -t - = =4ol—=]).
“ec e? t e \c3 2) 12 12

4.3. Final comparison

Comparing the right-hand sides of expressions (16) and (17), we see that the first two terms of both decompositions
coincide. The quality of every criterion is expressed by the coefficients of the term 1/¢2, i.e., by the coefficient

Cl_l d72+£
27 \3 '8

in the case of expression (16) and by the coefficient

CH_l diz_’_i
27 e \3 2

in the case of expression (17). We conclude C% < Cg if ¢ < 4d and C% > Cg if ¢2 > 4d. Thus, we have

Theorem 6. The first criterion is more general in the case of ¢*> > 4d; the second criterion is more general if
2
¢ <4d.

5. Theorem 1 cannot be generalized for variable delay

Let us formulate the following natural conjecture which is a generalization of Theorem 1 for variable delay (we
omit the inequality for a positive solution):

Conjecture 1. Let us assume frt—r(t) ds/t(s) <last — oo.
@ If
a(t) < ap: (1)

with ag. (t) defined by formula (9) for t — oo and an integer k > 0, then there exists a positive solution x = x(t)
of (1).
®) If

0t ()
8e(tIntlnyt ... Ing_1 )2

a(t) > ag—2,:(t) + (18)

fort — oo, an integer k > 2 and a constant 6 > 1, then all the solutions of (1) oscillate.
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Comparing the results in Section 4, we can conclude that the Conjecture 1 does not hold. This can be proved by
showing that Conjecture 1 is false for at least one variable delay. We will show that it does not hold for an equation of
the type (14) with variable delay (13). Wesetc =d =1,t(t) =14+ 1/t, k =2,

PRV
a= r 3 2

and consider an equation of the type (14), i.e.,

o M1, 4] . 1
X(”—‘;( _?+§'72>"<’_ ‘?)‘ a9

We will verify inequality (18). Due to Remark 2 and the decomposition (16), we have

G0 (1,9 1y, (1
a _ = = — = —_. — ol —
o7 Be(rInt)2 e r 8 12 12

as t — oo. Inequality (18) holds since

Ao ] 4 1 . 07 (t)
““—;( ‘;+§'ﬁ)>“°f“+igemnt)z

_ Lot e oy, (0
T e t 8 12 \»

as t — oo. Then all the solutions of (19) should oscillate by Conjecture 1, part (b). In our case, however,

o 1 1 1+4 1 1 | 1+3 1 n 1
a = — — — —— ) < = N R — ol —
e t 3 12 e t 2 2 12

as t — oo and inequality (17) holds. Then, by Theorem 5, Eq. (19) has a positive solution as ¢t — oo. This is a
contradiction with Conjecture 1.
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Zdenék Svoboda

ASYMPTOTIC BEHAVIOUR OF SOLUTIONS
OF A DELAYED DIFFERENTIAL EQUATION

1. Introduction

In this paper we consider the asymptotic expansion of solutions of de-
layed differential equations

N
(1) g®)i(t) = —ay(t) + Y ey )y (t 1),
i+5=2

where N > 2 is an integer, a > 0, 7 > 0 are constants, g(t) : R} — R4,
cij(t) : RS — R are continuous functions ( further conditions will be given
latter ). The purpose of this paper is to prove that for each real parameter ¢
and function 9% € B, = {¢ € C°[—,0],||%|| < 1, ¥(0) = 0} which describe
the power of the set of solutions, there is a solution y(t) = y(t,C,) of 1
which may be at ¢ — oo represented by asymptotic series (symbol ~ denotes
the asymptotic expansions)

(2) y(t,Co) = Y fu()e"(t,C)
k=1

where ¢(t,C) is the solution of equation g(t)j(t) = —ay(t), given by the
formula ¢(t,C) = Cexp fot gz—s)du, f1(t) = 1 and the functions fi(t) for
k =2,...,n are particular solutions of some system of auxiliary differential
equations. To prove our results we will use Wazewski’s topological method in
the form, proposed by K. Rybakowski [5], which may be used for differential
equations with retarded arguments. The first Lyapunoff’s method is often
used to construct the solutions of ordinary differential equations in the form
of power-like series. Such a way is not possible here. First lefthand ends
of existence intervals of partial sums can tend to infinity and, secondly, if
it does not happen, the partial sums need not to converge uniformly. The
modification of the first Lyapunoff’s method were used in [6], [1].
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Delayed differential equations appear in many technical problems. The
form of equation (1) include some equations which have been recently con-
sidered. For example the logistic equation with recruitment delays

&(t) = z(t — r)(A — Bz(t))

which were considered by Gopalsamy [2], with regard to the applications on
ecology. After substitution z(t) = 4 + y(t) have the form of equation (1), |
where g(t) = 1,a = A, ¢11 = —Bande¢;;j =0fori #1,5#1, N = 2.
Moreover also one branch of the equation partially solved with respect to
derivative in Diblik’s work [1] have (after solving with respect to deriva- \
tives) the form of the equation (1), in which are not terms with retarded
arguments.

2. Preliminaries

To describe simply coefficients of power series raised to a power, it is
suitable to denote: a,  — are sequences of nonnegative integers with finite
sumation.

Let o = {ax}{2,, then we denote

la] = Zak, V(ia)= Zkak, al = H ai!, max(a) = max{k | ax # 0}.

Let a = {ak},C=1 be any sequence (of numbers or functions). We define
(oe]
AT = H ap*, where ad =1 for every ay.
k=1
Then it is possible to prove

(Cow)" = 35w 5 M,

k=1 k=n

where Es denotes the sumation over all sequences such that |a| = n, V(@) =
k. As we work with the product of the power series raised to a power, we
denote }:k is the sumation over all couples (a, #) such that V(a)+V(8) =

k, lo = 1, 8] = 4.

Throughout this paper ¢(t), G(t) denote functions such that
C1. g(t) € C°[0,00), g(t) > 0 for t > t and g(¢) = O(1) as t — oo.
C2. G(t) = o(g(t)) as t — oo, where G(t) = (fotg‘l(u) du)™1
C3. there is a constant A > 0 such that

g () GlE =) 1

A — 00.
iGank bod o(G*(t)) ast
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This condition enables us to consider relative large class of functions: g(t)
may be constant, a periodical function (risa period) or there is a positive
lim;— oo g(t) and if lim¢ o g(t) = 0 in addition then the function g(t) must

satisfy
t
f g(u)du = o(g*(t)) ast— o0, k> 0 is a constant.
0
LeMMA 1. Let functions g(t), G(t) satisfy the conditions C1, C2, C3.
Then:

1.G(t)~G(t—K) ast— 0 where K is any constant
2. g(t)(g~(t —ir) — gl (t—ir+r))= o(G*(t)) as t — oo.

Proof.
i G(t) . Jo 97 (u) du — Ji_x 97 (w) du
—»m - K = -—1+m o =
imoo G(t — K)  t— Jo 971 (u) du
t

=¥ tan(}oG(t) f g (u)du=1,

t—K

therefore the function G(t) is a decraesing function and we obtain

1 i
lim G(?) [ g7 (w)du < lim [ G(u)g™H(u) du < Ko(1) = 0.
t—K t—K

Moreover for t — oo using C3 we get

g(t) = g(t—ir) H(l + o(GM(t—jr))) = g(t=ir) _H(l +o(GA(B)(1 + o(1)))

J

- gte-in 3 (D) 1e(e a0+ o) = ot in)1+ oA G D)

Thus
g(t)—gt—ir) _,
g(t ce 2'7.) T (Gk(t))
Eventually we get
g@B)(g Mt —ir)— g7 (t—ir 7)) = |
g(t) —g(t—ir) _ g =gl=ir 1) _ jehp).

g(t—1ir) g(t—ir+r)
LEMMA 2. Let the coefficients of equation
(3) g(t)i(t) = Ky(t) + E()f ()

satisfy:
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1. K > 0 is a constant,

2. the functions g(t), G(t) = (fotg‘l (u)du)~! fulfill C1, C2, C3,

3.E(t)=exp) ftt__z.iHT gi((uij du, where K; > 0 are constants,

4. the function f(t) has the asymptotic form f(t) = GY(t)b(t) +
O(G*1(t)), as t — oo where £; > 0, 7 are constants, b(t) € C[ty, o)
and moreover: b(t) = o(G'(t)) as t — oo, for all > 0, 9(1)b(t) = o(G°(t))
as t — oo, where § > 0 is a constant.

Then there exists the solution Y (t) of (3) such that, the Jollowing asymp-
totic relations hold

Y0 = 5050 -5+ o) ¥ =06 ner)

where 0 < ¢ < min(), ¢4, 6, 1) is a constant.

Proof. After the subtitution y(t) = z(t)E(t) the equation (3) has form:
(1) 9(0a(0) = (K + 3 Kig@)a™ (¢ ir) ~ g (t = ir + 1) )a(t) + (1)

We define the domain 2 = {(z, )t > to, u(z,t) < 0}, where w(z,t) =
(az+G7(1)b(1))2—G*(+€) (¢). The assumptions of Picard-Lindel6f’s theorem
are locally satisfied in the domain 2, therefore throught each (z,t) € 12 goes
a unique solution of (4). Using the assumptions 1, 2, 3, 4 we compute the
trajectory derivative u(z,t) along the solution z(t) of (3) on the bound 92:

Wz, t) = EJ(Q—t){KGQ(%E)(t) _ G2(7+5+1)(t) o G2(7+€+A)(t)o(1):i:

£ GG Ob()o(1) + KG=(1)0(1) - vh()G(t) + G5 (1)o(1)]}.

For sufficiently large ¢ the construction of the number ¢ implies
2a
sign (2, ) = sign — G2t () = 1.
gnu(z, 1) = sig PO ()

Then according to Wazewski’s principle [4, p. 282] there is at least one solu-
tion z(t) of (4) such that z(¢) € £2. The asymptotic form of the solution z(t)
and also y(t) = E(t)z(t) is obtained from the construction of the domain 2.

3. Main results

Let the formal solution of equation (1) be expressed in the form (2),
where ¢(t,C) is the general solution of the equation ¢(#)y(t) = —ay(t),
consequently ¢(t,C) = C exp fti ﬁ ds, where C is a constant and fil)=
1, fe(t) for k > 2 are unknown functions for the time being. After substituing
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y(t,C) in the equation (1) and comparing coefficients of the same powers
©*(t,C) we obtain an auxiliary system of linear differential equations:

k
i+j=2 3]

N SR
(50 90 = alk - DB+ Y e ;_!!Jﬁ_’!fa(t)hﬁ(t)
where |

£(6) = {s(®}iZ1,  h() = {r(D}iZ1 = {fk(t — 1) exp f gi(lz—) ds}

o
k=1

As V(a) + V(B) = k and |a| + |8] > 2 yields a; = 0 and By=0ford = k,
the auxiliary system (5) is recurrent. Therefore we may define recurrently
two sequences of functions:

b= (peO}zrs a) = (o = {mi- e [ s}

t—r k=1

Pl(t) =1,

1 B ka0
() = 5T b5 Cz‘j(t)Z a!—ﬁlpa(t)qﬁ(t)-

i+5=2

If || # 0, then the expresion exp ftt_r g‘Z’;) ds is included in q?(t) and also
in pi(t). Now using Lemma 2 we describe the asymptotic behaviour of par-
ticular solutions of the system 5.

THEOREM 1. Let the functions pi(t) have the asymptotic form
pr(t) = Ex()G™ (1)(bx(1) + O(G™ (1))

ast — oo where e > 0, yx are constants, by(t) € C*[tk, o), bi(t) = o(g7(1))
as t — oo for any positive T, g(t)bi(t) = o(g**(t)), as t — 00, Ap > 0 is
a constant.

Nk .t—ir+'r ds
Ei(t) = exp Z K f W)
i=1 t—ir g

Assume further there is a sequence {vy}52, such that
vk € (Y, 7k +min(A, 6, 1,65 — A%)),

where A* = max(Ay,...,Ar-1), 41 = 0, Ay = ni+e—v Jorl:="2 . s pli==lis
Then the coeficients fi(t) of the series (2), which are the solutions of the
auziliary system (5i), i. e.
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(6x) fi(t) =
_oo___l_No-ski!j!"s B(s)ex —SMU S
- [ 7w 2,0 Lt O { e ind

can be expressed in the asymptotic form

) = B0 - s 4 0 0)
(7k) , 1
fe(t) = g—(t—)Ek(t)O(G b))

Proof. The formulas (6;) are obtained by integrating the system (5).
The convergence of (6;) is evident. Tt remains to show the asymptotic esti-
mate (7). This will be done by induction.

For k = 2 the coefficients of the equation (52) satisfy the requirements
of Lemma 2, thus the solution (62) has the form (72).

In spite of f(t) being substituted instead of p(t) and h(t) being substi-
tuted instead of q(t), in the recurrent definition of p(t), the asymptotic

form

has the same asymptotic properties like pi(t). Therefore the equation (5x)
satisfies the assumptions of Lemma 2, then (65) takes the form (7x) and the

theorem is proved.

Rem ark. The necessary condition for satisfying assumptions of Theo-
rem 1 is limyeo ¢ij(1) exp(—7G (1)) = 0. This is satisfied for example if
functions ¢;;(t) have the same asymptotic behaviour pr(t).

We shall denote

1
Pi(0) = (O (bus(d) + OBa DS O)G(D) |
\

n N k R
= S AOAGC) it YO= Y Y st On o,
k=1 n i+j=2 i

THEOREM 2. Let the assumptions of Theorem 1 hold and suppose that
lim Sk () exp(-7G71 (1)) =0,

where T < 1 is a constant. Then for every C # 0 and ¢ € C°[-r,0], [|[¢]] £ 1,
$(0) = 0 there egists a solution ye(t) of equation (1) such that \

(8) ‘yC(t) o yn(t)| < 6lfn+1(t)90n+l(t7c)| ]
for t € [tc,00) where coefficients fr(t) are the solutions (6x) of the sys- |
tem (55), 6 > 1 s a constant, tc is a function of the parametr C and of

d,m.
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Proof. The existence of solution yc(t) which satisfies the inequality (8)
will be proved by Wazewski’s principle for retarded functional differential
equations § = f(t,¥:), where y; denotes an element of C° = C°[—r,0] defined
as y:(0) = y(t+0),0 € [—7,0] for any continuous mapping y from an
interval [—r + t,t] into R. For this method see [5]. The function JHIGYDE
R x C°[—r,0] — R, defined by a formula '

N
8 = =5~ adO + iﬂzj:zcixtwi(owf(—r))

is continuous and Lipschitzian in % in each compact set in £2¢, where

0° = {(t, D)t > to — 75 llp — ynell < A}
¢l = sup [6(6)] and A(t)=(e+1) max (Fatr1(8)0"(8,C))
—r<6<0 t—r<0<t

for a positive constant €. Thus for any (t,¢) € 2° there exists the unique
solution of the equation y = f(t,yt) [3.p- 42].

We shall prove that w = {(y,1) | I(y,t) < 0, t > tc}, where I(y,t) =
(y—yn(1))* - (8 fng1 (@™ (2, C))* is the regular polyfacial set with respect
to the equation § = f(t,y:), where f(t,¢) is defined as above. Then for all
K e (-1,1)

i) = =25 (8™ (4Ol ar (D) [~ alyn(®) £ 66" Ol fara (DD +
N
£ 3 esOwa®) £ 8l fara (Dl O X (walt = )
i+j=2

4 Kl fura(t = Pl = 1, C) + aya(t) = 3¢ 1O T (0] -
k=1 k

(6 (4, O la(n + D a8 + 9D Fa (D (O])-

Using binomial theorem for 1, j-power in sumation Zﬁ j=o W obtain

i(y, 1) = -gf—t) (65, C=aln + D () = 90 s O fwra (]
n N
+51(1,0)[ - Y POV M+ Y e O =D
k=1 k i+j=2

o (O™ (4, O+ (=™ (1, OO WA )] ),
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where
=1 ,. -1
= IN vt (= [ K T a(n+1)
wo =3 (7)o (bt e f 4 4) s

% ((Pn+1(t7 C))j—l—l,
B0 = 3 () D SO0 e o)
=0
Therefore

{(&,8)| V(a) + V(B) < n+1, |a| + 6] > 2, max(a) < n, max(f) < n} =
{(e, BIV(e) + V(B) < n+1,]al +16] 2 2},

we obtain
N n=1
> asliuh@u( - = 3 0 X0
i+5=2
DS cumz SO,
k=n+2 i+j=2 injn
wherez ;

_ denotes the sumation ower all (a, B) such that V(a)+V(8) = k,
|l =4, |ﬂ[ = j, max(a) < n, max(f) < n.
Eventualy we get

. 2
I(y,t) = —_992n+2 (¢, C)x

9(t)
 [(@n 24100 ~ 9OFar O Fair (D)8 £ 85020 S (O] 2
n+1
23 (1, C)[ Z o*"2(t,C) Z i t)z |]ﬁ|f“(t Yhe(t)
k=n+2 i+j=2 injn

x S e®(+UE VD) + it = r)Va(t) + " (G C)Vl(t)‘@(t))]-
i+5=2

For sufficiently large ¢ > t¢ and ¢ > 1 we deduce that
signi(y, t) = sign(anfry1 (1) = 9(8) farr (D) frra (2)-
As lim;_, o0 g(8) P50 Faa(8) _

O] — lim o0 (GVn+1 72741 (1) = 0 We obtain

signi(y,t) = signanfi 1 (t) = 1.
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Consequently w is the polyfacial set regular with respect to the equation (1),
Wedeﬁnep:B:Zﬂ(ZUW):Z—%C’as:

n+1
o=y sutic) -1 IR b (b for 2=(o-t0)

The mapping p(z) is evidently continuos and for every z € B p(z) satisfies:
(tc + 0,p(2)(0)) € w for 6 € [—7,0).

Moreover it holds: Z N W is a retract of W but Z N W is not a retract
of Z. Then all assumptions of Wazewski principle for retarded functional
differential equations are satisfied and thus there exists at least one solution
ye(t) of (1) such that yc(t) € w for t > tc. The asymptotic form of the
solution yc(t) is obtained from the construction of the domain w and proof
is complete.

Remark. As the relation hi(t) = fe(t —7)exp ftt_r 9?’;) ds is used in
the definition of the sequences £(t) and h(t) and the function hy(t) is used
in the definition of fr41(t) the lefthand end of the existence interval of
the function fry1(t) is greater by 7 then the lefthand end of the existence
interval of fi(t). If lefthand ends of the existence intervals of the functions
¢i;(t) are finite then lefthand ends of the existence intervals of the functions
fi(t) must tend to infinity.

COROLLARY. If all asumptions of Theorem 2 are satisfied for every m,
then there ezists the asymptotic ezpansion of the solution yc(t) in the form

yo(t) = z fn(t)@n(t’c)’

where the coefficients fr(t) are the solutions (5n)-

Proof. As
fn+1(t)90n+l(t’c)
lim =
M T e (. 0)
o — brnt1(t) + O(g 17742 (1))
= t1—1—>r§o G’y +17 (t) bln(t) i O(gun—'yn (t))

the assertion is proved.

wt,C)=0

ExAMPLE. We consider the equation:

%g}(t) — _oy(t) + 42t — 1) + tsin g2 (O)y(t = 1.
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In this case we have a = 2, r =1, g(t) = %, A =2, ¥(t) = —1. Then the
auxiliary system (4x) have a form:

%fn(t) =2(n—1)f(t) + (7—1—55—' exp(ant + ba)(1 + O(t~09)).

Using Lemma 2 we obtain:
1 .
) = alit B ) (1 ]
Fult) = gy ©XB(aat + )1+ 0G)

where a, = n% +2n —2 and b, = —§(2n® + 3n% — 11n + 6). Then according
the Theorem 2 and corollary we obtain
2

- C i
yc(t) ~ Zl mexp <ant + bn = '2—)
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Abstract. We study the asymptotic behavior of the solutions of a differential equation
with unbounded delay. The results presented are based on the first Lyapunov method,
which is often used to construct solutions of ordinary differential equations in the form of
power series. This technique cannot be applied to delayed equations and hence we express
the solution as an asymptotic expansion. The existence of a solution is proved by the retract
method.
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1. INTRODUCTION

The first method of Lyapunov is a well known technique used to study the asymp-
totic behavior of ordinary differential equations in the form of a linear system with
perturbation. This method uses the solution in the form of a convergent power
series, for details see [1]. The results for equations in the implicit form [2] or for
integro-differential equations [8] were derived by modifying the first method of Lya-
punov. The existence of solutions with a certain asymptotic form were proved in the
results cited using Wazewski’s topological method. For analogous representations
of solutions for a retarded differential equation, see [6], [7]. The perturbation has a

polynomial form in both cases. In this paper, we study an equation in the form

(1.1) 9(t) = —a(yt) + > a) [T ()"

li[=2 J=1

239



n

where i = (i1,...,i,) is a multiindex, i; > 0 are integers and |i| = )_ i;. The
j=1

continuous functions ;(t) satisfy ¢t > £;(t) > ro for all t € [tp,00) and the function

&(t), which is defined as £(t) = 1r<n'i£1 &i(t), is nondecreasing for ¢ > ty. Therefore, all

S

asymptotic relations such as the Landau symbols o, O and the asymptotic equivalence
~ will be considered for t — oco. This fact will not be pointed out in the sequel.
The function a(t) satisfies the following conditions:
(C1) a(t) is continuous and positive on the interval [tp, 00) and 1/a(t) = O(1),
(C2) (t—¢&(t))a(t) = o(A(t)) where the functions A(t), a(t) are defined as A(t) =
fti) a(u) du, a(t) = mgix(a(u))

~

Further conditions for continuous functions ¢;(t): [tg,00) — R will be given later.
In order to apply the first method of Lyapunov to the equation (1.1) we assume the
solution in the form of a formal series

(1.2) y(t,C) = falt)e" (¢, C)

where ¢(t, C) is the solution of the homogeneous equation y(t) = —a(t)y(t) given by
the formula p(t,C') = C exp(—A(t)), the function f;(t) = 1, and the functions fy(t)
for £k = 2,...,n are particular solutions of a certain system of auxiliary differential
equations. Using Wazewski’s topological method in the form as used in [3] and [4]

for differential equations with unbounded delay and finite memory, we prove the
existence of a solution y,,(t,C) ~ Y, (t,C) = > fe(t)p"(t, O).
k=1

2. PRELIMINARIES
Lemma 2.1. Let a function a(t) satisfy conditions (C1), (C2). Then
(2.1) A(t) ~ A(€(t)) as t — oo for any integer i € N
where £1(t) = £(t), and for i > 1, the functions £'(t) are defined by

ErH(t) = €€ (1))

Proof. First, we see that, by virtue of condition (C2), the assertion is true for
1= 1:

t ~rN nd lim w
/5 20 du < (1= E(@)A() = o(A(1)) and Jim Zres
1.

240



The assumption £(t) / oo for ¢ — oo implies that there exists a constant &(oco) and
condition (C2) is not satisfied. If £(t) — oo for t — oo, then £¢(t) — oo for t — oo,
too. Now we use the assertion for i = 1 substituting £(¢) for ¢ and the proof follows
by induction. O

Remark 2.1. Note that condition (C1) implies the divergence of the integral
j;ooo a(u) du, which has two consequences.

First, the function ¢(t, C) satisfies the relation ¢*(t,C) = o(¢'(t, C)) for k > I,
which guarantees that the sequence {¢"(¢,C)}72; is asymptotic.

Second, the divergence implies the relation 1/A(¢) = o(1) which is suitable for
asymptotic estimation.

In order to specify the asymptotic behavior of the solution of the auxiliary equa-
tions we consider the equation

(2.2) y(t) = na(t)y(t) + f(t)

where n > 0 is a constant and the properties of the function f(t) are described by a
function k(t), a constant K, and the relations

(F1) tlggo f(t)exp (tk(t)) =0 for all 7 < K,

(F2) tlggo |f(t)| exp (Tk(t)) = oo for all T > K.

The asymptotic behavior of the solution of equation (2.2) depends on the relation
between the functions k(t) and na(t).

Lemma 2.2. Let either k(s) — k(t) = o(f; na(u)du) or k(s) — k() =
O(fts na(u)du) and K = 0 where K is the constant used in assumptions (F1),
(F2). Now if the function f(t) satisfies assumption (F1), then there exists at least
one solution Y (t) of equation (2.2) satisfying also assumption (F1). If the func-
tion f(t), moreover, satisfies assumption (F2), then the solution Y (t) also satisfies
assumption (F2).

Proof. We may rewrite assumptions (F1), (F2) for the function f(t) satisfying
them so that, for sufficiently large ¢t and constants 71,7 > 0, the function f(t)
satisfies the inequality

exp (K —m)k(t)) < [f()] < exp (K +m)k(t)),

t) = [ —f(s)exp [ —na(u) duds, we have
2.2)

and also, for the desired solution Y'(

estimates of the solution of equation (

exp((K + 1)k()) /too exp{ — (K +711)(k(t) — k(s)) — /ts na(u) du} ds > |Y (¢)]
> exp((K — 1)K (1)) /too exp { (K — )7 (k(s) — k(1)) — /t na(u) du} ds.
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Now utilizing the assumptions of this lemma, we see that the asymptotic behavior
of exponents involved in both integrands are the same as the asymptotic behavior
of the function [’ na(u)du. As the function (na(t))~' is bounded, the integral
fts na(u) du is divergent for s — oo and the integrals on both sides of the inequalities
are convergent and there exist constants A;, Ay such that

Avexp (K —m)k(t)) <[Y(1)] < Azexp (K +71)k(t)) -

Assumption (F1) implies the second inequality, which ensures the convergence and
thus the existence of the integral defining Y (¢) which is the solution of the given
equation. 0

To make the specification of the coefficients of the power series which is the product
of the power series raised to a power easier, we use the following notation: s =
(s1,...,8,) is an ordered n-tuple of sequences s; = {51"}20 ) of nonnegative integers

o0 n
with a finite sum [s;| = ) 5 , and we denote s! = H H 5’“‘ i(s)! = [] |si]!, V(s) =
k=1 j= j=1

n oo
> > ks%,i(s) = (Is1],- . ., [sn]). For any ordered n-tuple of sequences (of numbers
=1 k=1
n o0 5"-:
or functions) C = (cy,...,c,) where ¢; = {cf}zil, we denote C* = 1_[1 knl (c?) I
J= =
where (c;?)o =1 for every c;?. Then it is possible to write

n [e’e] ij (e%e]
(X)) = 5
=1 k=1 k=|i| i(s)=i

Vi(s)=k

where the symbol > denotes the sum over all s such that V(s) = k, i(s) = i and,

i(s)=i
V(s)=k

for empty set of s, this symbol equals 0.

3. MAIN RESULTS

We assume that the formal solution of equation (1.1) is expressed in the form (1.2)
where ¢(t, C') is the general solution of the equation ¢(t) = —a(t)y(t). Consequently,
@(t,C) = Cexp(—A(t)) where C # 0 is a constant, f1(t) =1 and fx(t), k > 2 for the
time being are unknown functions. Substituting y(¢) in equation (1.1) and matching
the coefficients at the same powers ©* (¢, C'), we obtain an auxiliary system of linear
differential equations

(3.1) Fu(t) = (k= Da®) fu() + O alt) > <i.)'f
li|=2 '

i(s)=i
V(s)=k
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where F(t) is the n-tuple of sequences {fi(&(t))exp (k(A(t) — A(&(t))))} ey Le.
Ft) = (... {fr(&®) exp (k(A(t) — A(& (1))} oy s - - -)- The facts V(s) = k > 2 and
li(s)| > 2 imply s = 0 for I > k. Moreover, the auxiliary system (3.1) is recurrent.

Theorem 3.1. For the functions c¢;(t), let tlim ci(t)exp(—TA(t)) = 0 for all
positive 7. Then there exists a sequence {fi(t)}72, of solutions of the auxiliary

system (3.1)

(32)  fult) = /too —a(s) exp{ _ /:(k = 1a(u) du} i at) iZ |1231'}" ds

li|=2 (s)=i
V(s)=k

such that tlim fi(t)exp(—TA(t)) =0 for all T.

Proof. Formula (3.2) can be obtained by integrating the system (3.1). When
applying Lemma 2.2, we put k(t) = A(t). Condition (C2) proves that for the func-
tion y(t) satisfying assumption (F1) of Lemma 2.2, the function y(£7(t)) satisfies this
assumption, too. Therefore, the sum and the product of functions verifying assump-
tion (F1) of Lemma 2.1 satisfy the assumptions of Lemma 2.2. Using Lemma 2.2,
we can then easily show the convergence of (3.2) and the desired property. 0

Remark 3.1. An assertion analogous to the one of Theorem 3.1 with the prop-
erty described by assumption (F2) of Lemma 2.2 cannot be proved as the sum of
functions verifying the assumption (F2) need not satisfy this assumption.

Let || - || denote the maximum norm on C[r*,¢y]. Moreover, we denote

o!
i(a)=i
V(a)=k

k - .
w(®) =Y 00, S0 =Y e Y W
=1 lij=2

Theorem 3.2. Let the assumptions of Theorem 3.1 hold and let

lim f .l () exp(—TA(t)) =0

t—o0

where 7 < 1 is a constant. We denote r* = mitn(f(t)). Then for every C # 0 and

=lo

¥ € COr*, to], ||| < 1,%(to) = 0, there exists a solution yc(t) of equation (1.1) such
that

(3.3) [y (t) = yr(®)] < ol frar ()" (E, O

for t € [tc,00) where the functions fi(t) are solutions (3.2) of system (3.1), 0 > 1 is
a constant. to is a function of the parameter C' and of o, k.

243



Proof. The existence of the solution yc(t) is proved by Theorem 1 in [3], which
is based on the retract method and the second method of Lyapunov. A sufficient
condition for the existence of a solution of the equation with unbounded delay and
finite memory is described there. The theory of this type of equations (referred to
as p-type retarded functional differential equation) is given in [5|. In this case we
put p(t,¥) =t + J(t — ¢ (t)) and the function on the right hand side of the equation
f(t,yr): Rx C[—1,0] — R is defined by the formula:

oo

Ft, ) = —a()p(p(t,0) + Y a(t) [ o™ (o(t, 94, ()))

li|=2 =1

where 9;,(t) = —(t — &, (t))/(t — &(t)). The set w used in Theorem 1 is defined as

w={1): w(t) = olfera| )" <y <yk(t) + ol firai (), >t}

Note that the numbers p, n used in Theorem 1 in [3] equal 1 and, consequently,
the indices of functions 6, o are omitted, i.e., § = yx(t) + o|fri1|(t)* (¢, C) and
0 =1yr(t) — o|fer1|(®) "1 (t,C). We verify the inequalities

§(t) > f(t,m) and o' (t) < f(t,7)

where m € C([p(t,—1),t],R) is such that (0, 7(0)) € w for all § € [p(t,—1),t) and
m(t) = 6(t) or w(t) = o(t), respectively, for a sufficiently large ¢. As the sequence
{pF(t,0)}2, is asymptotic, we can rearrange the terms in these inequalities with
respect to the powers of the functions ©* (¢, C'). We verify the first inequality.

First, for sufficiently large ¢, fr1190%71(¢,C) # 0 and the derivative &’ (t) exists:

Mw

3'(t) =) (fily) = la®)fil) ¢'(t,C)

+ osign(fri1 () (frys (t) — (k4 Da(t) fea () "1 (2, O).

o~

Second, for 7(t) = 0(t) there exist suitable positive constants such that

flt,m) = —a(t) (ye(t) + olfrn ()" (8, C))
+ Z Cl H ) +Kl0|fk+1( )|(70k+1(t70))2l
Since the system (3.1) is recurrent, the coefficients at !(t,C) after substitut-
ing y(¢,C) in the form (1.2) and y(t) = yr(t) £ o|fer1|(t)p*1(¢,C) in the sum
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ci(t)(y(g(t)))i coincide for [ =1,...,k+ 1, i.e.
2

(8

lil

Fibm) = (Zfz (£, C) + o fia | (D6 (1 o>)
k+1 .
+ Z S ()e(t, C) + o(t, C) T2 R(t)

where R(t) is a function satisfying tlim R(t) exp(—T fti du/g(u)) = 0 for all posi-
tive 7.
Now we can evaluate the sign of the difference §'(¢t) — f(¢,m) (with 7(t) = 6(t)):

k
§'(t) — f(t,me) = Z(fl 1_1(735{1() i(t))sol(t,c)
=1
 [rsien(n ) (Fia(0 - L) S 0|40 0) - ot 01RO,

The functions fi(t) are solutions of (3.1) for [ = 1,...,k. Therefore, the mini-
mal power of ¢(t,C) in the difference 0'(t) — f(¢t,m) is k: + 1. Moreover, the term
©(t,C)**2R(t) and higher powers are very small for sufficiently large ¢, the sign of
this difference is given by the factor at the power o(t, C)**1 i.e.

kfesr(t)y A

k+1 k+1 k+1

= osign(fi1(8)) 22 (8) = 22 (1) = o sign(fe1(2)) 22 (1)

sign(s'(t) = £(t,m)) = o sign(fiorr (8)) (Fh1 (8) -

Due to definition (3.2) of fxy1(t), we obtain sign(d’(t) — f(t, 7)) = —1 and the
inequality ¢'(¢) > f(t,m) holds, too. A similar consideration for the difference o (t)—
f(t,m) (with 7(t) = o(t)) gives o'(t) < f(t,m). Now we may use Theorem 1 in [3]
to obtain the existence of a solution satisfying the estimate (3.6). O

Theorem 3.3. Let the assumptions of Theorem 3.1 be satisfied and let there exist
a sequence {Kj}72,, Ko = 1 such that the assumptions of Theorem 3.2 are satisfied
for every Ky, i.e., 1tlirn f}}i (t)exp(—TA(t)) = 0. Then there exists an asymptotic

expansion of the solution yc(t) in the form

fe’s) Kr—1
%ZFk(t), where Fy(t Z f1(t)
k=1 =K1

and f;(t) are solutions of (3.2).
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Proof. Since the assumptions of Theorem 3.2 are fulfilled for every K}, there
exists a solution yc(t) satisfying the inequality in this theorem. Then the existence
of an asymptotic expansion follows from the fact that the sequence { Fj }*° is asymp-
totic, i.e., tlirgo Fy11(t)/Fr(t) = 0 and the assertion is proved. O

Example 1. We study the asymptotic properties of the solutions of the equation

ke try (O (W (E)))*
(2k)!

y(t) = —ycos(ty(£(1)) = —y(t) + ) (1)
k=1

on the interval [1,00) for two various delays r1(t) = r > 0, i.e., &(t) =t — r, and
ro(t) = Int, ie., £&2(t) = t — Int. In this case we have a(t) = 1, A(t) =t — 1,
s = (s1,82), c12k) = (—1)""12F /(2k)! (for other multiindices ¢; = 0). If we denote
F = ({fi(t)}52q, { fi(£(t))e?t=EE) 10 ) the system of auxiliary differential equations
of the form

fi®) = (k=D fi®) Z ”“t >
) hl(ﬁ)( )(1 ,21) o
V(s

has a particular solution fo, = 0. First, fo(t) = 0 is due to fo(t) = fa(t). We will
prove by induction that the equation for the function fo has the form fo(t) = far(t),
therefore, the odd (|i(s)|] = 1 + 2l) sum of odd exponents (due to the induction
hypothesis) is not even (2k) and every product on the right-hand side of the auxiliary
equation contains zero multiplicands (f2;). The asymptotic form of the solutions
for+1 depends on the delay r;(t) but the property far—1(t) ~ far—1(£(¢)) holds for
both ;(t).

First, for r1 (¢) the solutions have the asymptotic form fa 11 = t2¥(cor1+0O(1/1)),
where c¢; = 1 and cgi41 are given by the recurrent formula

1 o= (=1 ,
C2k+1 = Hp Z ((22 )l § CC2,  where C = {¢;};2;, Cr = {ciexp(ir)};2;.
=1 | e

Second, we have the relation exp(k(A(t) — A(£(t)))) = exp(kInt) = t* for the
delay 75(t) and the function fs satisfies the equation f5(t) = 2fs(t) + 5t* and we
obtain the solution f3(t) = t*(—1 + O(1/t)). Applying induction for the solutions
fors1 in the form for_1(t) = t?*)(d(k) + O(1/t)), we see that the main power
of t in the sum on the right hand side of the equation for for_; is at the product
2 f1 () f1(ED))t far—s(E())12F3 = 2k+P(k=1)(q(k — 1) + O(1/t)) and we obtain the
equation fopi1(t) = 2k fory1 () +t25TPE=D (d(k—1)+O(1/t)). The solution fo_1(t)
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has the asymptotic form foy, 1 = —t2**P=1) (d(k — 1)/2k + O(1/t)) . The constants
d(k) and p(k) satisfy the recurrent formulas d(k) = —d(k—1)/2k, p(k) = p(k—1)+2k,
otherwise d(k) = (—1)*=127%/(k — 1)! and p(k) = (k + 2)(k — 1). By Theorem 3.3,
we obtain the existence of a pair of asymptotic expansions yi (¢), y2(t) of the solutions
for two different delays 71 (t), r2(t):

oo

U1 (t) ~ Z t2(k_1)Cgk_1e(2k_1)t02k_1,
k=1

2 (— 1)k 1p(H2) (k=)
2k(k —1)!

y2(t) ~ e(2k:71)t02k71‘

k=1

Remark 3.2. This example shows a fundamental dependence of the asymp-
totic properties of the expansion on the magnitude of the delay. For a small delay
(r1(t) — 0), the expansion y;(t) converges to the expansion of the solution of an
ordinary equation y(t) = —ycos(ty(t)). For a sufficiently large delay ro(t) = In(t),
the expansion 2 (t) is the same as for the equation (t) = —y(t) +t2y(t)y*(t—1Int)/2,
i.e., the expansions for the perturbation with infinite sum and for the perturbation
with only the first summand are the same.

Acknowledgement. This paper was supported by the Grant 201/08/0469
of the Czech Grant Agency (Prague) and by the Czech Ministry of Education in
the frame of project MSM002160503 Research Intention MIKROSYN New Trends
in Microelectronic Systems and Nanotechnologies.

References

[1] L. Cezari: Asymptotic Behaviour and Stability Problems in Ordinary Differenal Equa-
tions. Springer, 1959.

[2] J. Diblik: Asymptotic behavior of solutions of a differential equation partially solved
with respect to the derivative. Sib. Math. J. 23 (1983), 654-662 (In English. Russian
original.); translation from Sib. Mat. Zh. 23 (1982), 80-91.

[3] J. Diblik, Z. Svoboda: An existence criterion of positive solutions of p-type retarded func-
tional differential equations. J. Comput. Appl. Math. 147 (2002), 315-331.

[4] J. Diblik, N. Koksch: Existence of global solutions of delayed differential equations via
retract approach. Nonlinear Anal., Theory Methods Appl. 64 (2006), 1153-1170. zbl

[5] V. Lakshmikantham, L. Wen, B.Zhang: Theory of Differential Equations with Un-

N N
E E

bounded Delay. Kluwer Academic Publishers, Dordrecht, 1994. zbl
[6] Z. Svoboda: Asymptotic behaviour of solutions of a delayed differential equation. Demon-
str. Math. 28 (1995), 9-18. zbl

[7] Z.Svoboda: Asymptotic integration of solutions of a delayed differential equation.
Sbornik VA Brno fada B 1 (1998), 7-18.

247



[8] Z. Smarda: The existence and asymptotic behaviour of solutions of certain class of the
integro-differential equations. Arch. Math., Brno 26 (1990), 7-18.

Author’s address: Zdenék Svoboda, Faculty of Electrical Engineering and Commu-
nication, Brno University of Technology, Brno, Czech Republic, e-mail: svobodaz@feec.
vutbr.cz.

248



BIBLIOGRAPHY 143

SVOBODA Z., Representation of solutions of linear differential systems of second-order

with constant delays. Neliniini Kolyvannya 19 No 1 (2016), pp. 129-141, ISSN 1562-
3076.

This article may be published with the publisher’s consent



Electronic Journal of Qualitative Theory of Differential Equations
2017, No. 89, 1-15; https://doi.org/10.14232/ejqtde.2017.1.89 www.math.u-szeged.hu/ejqtde/

Asymptotic unboundedness of the norms of
delayed matrix sine and cosine

Zdenék Svoboda™

CEITEC - Central European Institute of Technology, Brno University of Technology
Purkytiova 656/123, 612 00 Brno Czech Republic

Received 7 March 2017, appeared 12 December 2017
Communicated by Mihély Pituk

Abstract. In the paper, the asymptotic properties of recently defined special matrix
functions called delayed matrix sine and delayed matrix cosine are studied. The asymp-
totic unboundedness of their norms is proved. To derive this result, a formula is used
connecting them with what is called delayed matrix exponential with asymptotic prop-
erties determined by the main branch of the Lambert function.
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1 Introduction

Recently, a new formalization has been developed of the well-known method of steps [12,13]
for solving the initial-value problem for linear differential equations with constant coefficients
and a single delay through special matrix functions called delayed matrix functions [6,15,20].
Using this method, representations have been found of solutions of homogeneous and non-
homogeneous systems, and some stability and control problems were solved in [5,16]. Also,
a generalization has been developed to discrete systems and applied in [4,21].

Let A be a nonzero n X n constant matrix, T > 0 and let | - | be the floor function.
The delayed matrix exponential, defined in [15], is a matrix polynomial on every interval
[(k—1)t,kT),k=0,1,..., defined by

Lt/z]+1 t—(s—1)7)°
et = Z AS ((s')) ) (1.1)
s=0 :

The delayed matrix exponential equals to zero matrix ® if t < —7, the unit matrix I on [—7,0],
and is the fundamental matrix of a homogeneous linear system with a single delay

#(t) = Ax(t — 7). (1.2)

®Email: zdenek.svoboda@ceitec.vutbr.cz



2 Z. Svoboda

For the proof, we refer to [15]. In [15], too, a representation is derived of the solution of the
Cauchy initial problem (1.2), (1.3), where

x(t) =o(t), —T<t<0, (1.3)

and ¢: [—7,0] — R" is continuously differentiable.

Fundamental matrix (1.1) serves as a nice illustration of the general definition of a funda-
mental matrix to linear functional differential systems of delayed type [12,13]. For system (1.2),
this definition reduces to (details are omitted)

t
A X(u —1)du + I, for al tallt > —7,
X(t) = { . ( ) or almost a (1.4)

O -21<t< —T
and its step-by-step application gives
X(t) = e, t> =21,

With its usefulness, the delayed matrix exponential stimulated the search for other delayed
matrix functions capable of simply expressing solutions of some linear differential systems
with constant coefficients. In [6], solutions of a homogeneous second-order linear system
with single delay

i(t) = —A%x(t — 7). (1.5)

are expressed through delayed matrix functions called the delayed matrix sine Sin;At and
delayed matrix cosine Cos; At defined for t € R as

Lt/T]+1 2s5+1
, _ _ys a2t (E= (s =1)7)
Sin At — S;] (—1)°A o 11 (1.6)
and el
t/T|+ _ _ 2s
Cos At = Z (_1)SA25 (t (S 1)7) (17)

= (2s)!
Matrices (1.6) and (1.7) are related to the 2n x 2n fundamental matrix X (¢) of 2n-dimen-
sional system

y(t) = Ay(t —1/2),

_(© A _(n
A=(5 o) v=()

equivalent with (1.5) through the substitution x(t) = y1(¢). In much the same way as above,
we can derive (for details we refer to [24])

_ a _ (CoscA(t—1/2)  Sin;A(t—71)
x0=eth= (Soai 0 conatt—/n):

where

The paper aims to prove the asymptotic unboundedness of the norms of delayed matrix sine
and delayed matrix cosine. This is done by utilizing relations between these functions and the
delayed matrix exponential. The proof is based on the properties of the main branch of the
Lambert function.

Therefore, we at first describe the necessary properties of the delayed exponential of a
matrix and the Lambert function in Part 2. Then, in Part 3, the main result on the asymptotic
properties of delayed matrix sine and delayed matrix cosine is proved.



Unboundedness of the norms of delayed matrix sine and cosine 3

2 Delayed matrix exponential and Lambert function

To explain clearly the relationship between delayed linear differential equations and Lambert
function, we first consider the scalar case. Let n = 1, A = (a). Then, the fundamental matrix
to the scalar case of the system (1.2), i.e., of

x(t) = ax(t — 1) (2.1)

is defined by (1.1) as

at __

[t/7]+1 e s
S ey

|
=0 s:

and its values at nodes t = k1, k=0,1,... are

k+1 s k S5
ke (kt —(s—1)1)° (k+1—-s)T
=2 s! =L s!
s=0 s=0
B kt 5 (k—1)272 p 2K gk
=1 +ag + ot e S

Assume that there exists a real solution ¢ of a transcendental equation
c=ae (2.2)

i.e., that there exists a solution x(t) = et of (2.1). Moreover, assume that, for a real root c
of (2.2), we have

kT k2T2 K
akt ckt __ e 2 .. n e
e; ~e —1+c1!+c o +---4c o +
when k — oo. Then,
a(k+1)T c(k+1)T
er € — T, k — oo. (2.3)

e%kr ~ eckr

Analyzing equation (2.3), provided it is valid, we can expect that, in a general case, the se-
quence of values of delayed matrix exponential at nodes t = k7, k — oo is approximately
represented by a “geometric progression” with the ordinary exponential of a constant matrix
serving as a “quotient” factor.

It is reasonable to expect that such a constant matrix can be expressed by the principal
branch of the Lambert function since (2.2) can be rewritten as

cT

cte’t =at (2.4)

or as
ct = W(at) (2.5)

where W is the well-known Lambert W-function [3] (its properties given below are taken from
this paper), defined as the inverse function to the function

z = f(w) = we", (2.6)

ie, w=W(z).If z= x+iy and w = u + iv, then (2.6) yields
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x+iy = (u+iv)et® (2.7)

and

x =e"(ucosv —vsinv), y =e"(usinv+vcosv). (2.8)

The Lambert W-function is multi-valued (except for the point z = 0). Forreal z = x > —1/e
and w = u > —1, equation (2.6) defines a single-valued function w = Wy(x). The function
Wo(x) can be extended to the whole complex plane as a holomorphic function Wy(z) except
for the values x < —1/e and y = 0. The extension w = Wy(z) is called the principal branch of
the Lambert function.

The range of values of the principal branch W = Wy(z) is bounded by a parametric curve
[3, p. 343]

f= v + iv, —nT<ovo<T (2.9)
tanv

and equals to the domain

%
L:=<(u,v)eC:u>—-1,|v| <|v*| < where  —uy.
tan v*

For more details about the Lambert W-function, see [3].

The asymptotic properties of exp(Wo(z)) are, in principle, determined by the real part of
Wo(z). Let z = x + iy and

Wo(x +iy) = Re Wo(x + iy) + iIm Wy(x + iy) = u + iv.
The set of complex numbers z = x + iy such that ReWy(z) = u =0, i.e., (see (2.7), (2.8)),
x + iy = ivexp(iv)

is a closed curve /:
X = —vsino, Y =70VCOSV (2.10)

where, as it is clear from the definition of £, |v*| = 71/2 for u = 0 and |v| < 7r/2. We have (as
a consequence of (2.8))

Re WQ(Z) <0

if z lies within the interior of this curve and
Re Wy(z) > 0 (2.11)

for numbers z of its exterior. From (2.10) it follows easily that the exterior domain to ?is
specified by the inequality

R
|z| > — arctan <|h§;) . (2.12)

Lemma 2.1. For complex numbers z = x + 1y, z # 0 with x > 0,

| Im Wy (z)| < g (2.13)
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Proof. First, from (2.9) and definition of £, we obtain inequality |v| = |[Im Wy(z)| < 7, there-
fore,
vsinv > 0. (2.14)

Secondly, for w = u +iv = Wy(z), the inequality u < 0 implies |v| < 77/2 (see the definition of
L) and, in this case, (2.13) holds. This guarantees that sign(u cosv) = signu. Applying (2.8)
and the assumption that x is nonnegative, we obtain

e“(ucosv —vsinv) = x > 0= u > 0 = arg Wp(z)Im Wy(z) > 0.
This fact also implies
|arg Wo(z) + Im Wy(z)| = | arg Wo(z)| + |Im Wp(2)|. (2.15)

Equation (2.6) yields
z = we® = Wo(z)e™ ).

Therefore,
argz = arg Wo(z) + Im Wy (z)

and, due to relation, (2.15) we also have
|arg z| = |arg Wy(z)| + |Im Wy(z)|. (2.16)

For z # 0 with non-negative real parts, we have Re Wy(z) > 0 by (2.11), from (2.14), we deduce
arg Wo(z) # 0, Im Wy(z) # 0, and, utilizing (2.16), we also have

/2 > |argz| = |arg Wo(z)| + [Im Wo(z)| > |Im Wy(z)]. O

Reverting to equation (2.3), we can expect that, in some cases, there exists a constant n x n
matrix C such that
lim e2 FTUT(edkT) 1 = oCT) (2.17)

provided that the matrices e2” are nonsingular (this property will be assumed throughout

the paper). One of such cases is analysed in [23] where the following is proved.

Theorem 2.2. Let Aj, j =1,...,n be the eigenvalues of the matrix A and let its Jordan canonical form
be
diag(Ay,...,Ay) = DYAD (2.18)

where D is a reqular matrix. If
[Ajl < 1/(eT),

j=1,...,n, then the sequence
ef(kﬂ)f(efh)*l, k — oo

converges, (2.17) holds and
e“T = Dexp (diag(Wo (A7), ..., Wo(A,T)) D2 (2.19)
Note that from (2.19) we immediately get explicit form of C since
Ct = D (diag(Wo (A7), ..., Wo(An, 7)) D71

and
C = Ddiag (Wo(M7T)/7, ..., Wo(AuT)/T) DL,
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3 Main result

The asymptotic properties of the delayed matrix sine and cosine can be deduced from the
relations with the delayed exponential of a matrix. We give relevant formulas that are similar
to the well-known Euler identity. Namely, for an arbitrary n x n matrix A and t € R, we have

‘ , 1 /. »
Sin: A(t — 1) = Im e}, = > <elf}t2 — eT/“Z“) 3.1)

and ,
Cos A (- 5) = Reelh = (et +eig") . (3.2)

Formulas (3.1), (3.2) can be proved directly using the definitions of ed!, Sin; At and Cos, At
given by formulas (1.1), (1.6) and (1.7) (for the proof we refer to [24]). Below, we use the
spectral norm of a matrix defined as

|Allg = 1/ Amax(A*A) (3.3)

where A* denotes the conjugate transpose of A and Anmay is the largest eigenvalue of the matrix
A*A. The main result of the paper follows.

Theorem 3.1. Let Aj, j =1,...,n be the eigenvalues of the matrix A and let its Jordan canonical form
be given by (2.18). If |Aj| < 1/(et), j = 1,...,n and there exists at least one j = j* € {1,...,n}
such that Ajs # 0, then

limsup || Cos; At||s = o0
t—roco

and

lim sup || Sin; At||s = oo.
t—o0

Proof. We will only prove the assertion for Cos. At as the proof for Sin; At is analogous. Using

equation (3.2), we derive the assertion of the theorem utilizing the asymptotic properties of

the delayed exponential of matrix ei%. From the assumption (2.18), we readily get

(iA)* = Ddiag((iA)K, ..., (iA))D7Y, k>0
and, using the associativity, we may express eif}gr/ 2 (with the aid of definition (1.1)) as

Aikt/2 _ . Mikt/2 Anikt/2Y) -1
e,y '* = Ddiag (eT}2 o € ) D™ (3.4)

For a natural number ¢ we define

i Ai(k+0)T/2 /_Aik -
Fl(A) = IS0/ (Aike/2) 1,

By Theorem 2.2 (formula (2.17)) and by (2.19), we have

lim Fl(A) = Dexp (diag(Wo(A1i1/2),..., Wo(Auit/2)) D72 (3.5)

k—o0

From ,
F(a) =TTF 1 (4),
1=1

we obtain
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lim F{(A) = lim ﬁF,f(A) = ﬁ lim F{(A)

:(D xp (diag(Wo(A1iT/2),. Wo(/\niT/Z))D_l)é.

Imagine, for a while, that the matrix A is a 1 x 1 matrix, i.e., A = (a). Then, from (3.5) (with
A =a, D := (1)), we get

Fl(a) = (exp(Wo(ait/2))) (14 va(k)) (3.6)
where k is an arbitrary natural number and v = v,(k) is a real discrete function such that

lim v,(k) = 0. (3.7)

k—o00
Applying formula (3.6) ¢ times, we obtain

{
F{(A) = (exp(Wo(ait/2))) TT(1 + va(k —141)).
1=1

Now we can derive a similar formula in the case of an n x n matrix A. First, utilizing (3.6),
we obtain:

Fl(A) = Ddiag (ei‘l/l'z(k—i-l)T/Z/ 3 ‘/ei\;iz(k-ﬁ—l)r/z) D-1

~1 . -1
x D diag (( /\1zkr/2) o (eix,}zzkr/z) ) D!

o Mik+1)t/2 [ Agikr/2\ 1 Mi(k+1)7/2 [ Aikr/2) 1) -1
= D diag <eT/2 (eTl/z ) PR (eT/2 ) D

— D diag ((exp(Wo(A1iT/2))) (1 + v, (K)), ... (3.8)

., (exp(Wo(AniT/2))) (1 + oy, (k))) D71
= D diag (exp(Wo(A1iT/2)),...,exp(Wo(Ay iT/Z)))D !
x Ddiag ((14vp,(k)),...,(14+va,(k))) D
= D diag (exp(Wo(A1iT/2)),...,exp(Wo(Anit/2))) D™ M(k)

where the matrix M(k) is defined as
M(k) := Ddiag((1+ vy, (k)),...,(1+0,,(k)))D~

Denote '
Wolid)T/2 .= D diag (exp(Wo(A1iT/2)), ..., exp(Wo(Anit/2))) D7}

This matrix commutes with M(k) since

WoliA)T/2 M1 (k) = D diag(exp(Wo(A1iT/2)), . .. ,exp(Wo(A, 1T/2)))
x Ddiag((1+v1(k)),...,(1+0v,(k)))D~
= Ddiag((1+vy(k)),...,(1+0,(k)))D7!
x D diag(exp(Wo(A1iT/2)),...,exp(Wo(Anit/2)))D
— M(k)eMolid)T/2,
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Utilizing (3.4), (3.6), and (3.8), we derive

F{(A) = Ai(k+£)T/2( Az’(k+€—1)T/2)71'”eAi(k-Q—Z)T/Z( Ai(k+1)r/z),1 Ai(k+1)T/2( Aike/2) -1

eT/2 eT/2 /2 /2 T/2 T/2
I Mik+0)t/2 ( Ai(k+0-1)7/2\ "L Mi(k+0)T/2 ( Agilk+e—1)7/2\ "1\ -1
= Ddiag (eT/2 (eT/2 soee €0 €. D

o, e -1
« D diag <e;\1/12(k+€ 1)7/2 (eiyz(kw 2)T/2) .

Mi(kH-0=1)T/2 [ Ai(k+0-2)T/2) 1) ~-1
e (er/z ) D

(3.9)

. Mik+1)t/2 [ Agikr/2\ 1 Mi(k41)T/2 ( Aikr/2) 1\ -1
x D diag <er/2 (eT]/2 ) PR e D

WO(iA)T/ZM(k + /— ) Wo(iA)T/ZM(k + /— 2) . -eWO(iA)T/ZM(k)

_ < Wy (iA) T/2> HM k+1).

It is easy to see that the values of functions e/T\I/ﬂZCT/Z, exp({Wo(Ajit/2)) (I = 1,...,n) and

the values of the same functions with complex conjugate arguments are complex conjugate
too. Applying this fact to Cos;A ((k+¢ —1)1/2) = Re (e :3(2“/ v/ %) (see (3.2)), we get (utiliz-
ing (3.4), (3.9)):

iAk+0t/2\ 1 [ iA(k+0T/2 | —iAKk+0)T/2
Re (eT/Z ) =5 (eT/2 +e )
1 AikT/2 ikt /2 WRTTITN =
=5 Dd1ag(erl/2 . ,eTylzT )D (e o(i )T/> [IM(k+1)
1=0
) ) ¢ =1
+Ddiag (e 5"/, e, /) D (M) T M(k+ 1)
1=0

;D diag (e ( M2 oxp (EWo (MiT/2))

e T2 exp(— W (MriT/2)), . T/leT/Z exp ({Wo(AniT/2))

+e eXp(—fwo(Anir/z))) D1 ] Mk +1)
I=0

= D diag (Re (ei%‘r/z exp(EWo(AliT/Z))) S

., Re (eijizh/zexp(éwo()t iT/Z)))) 1HM k+1)

) /-1
= D diag (Re (eﬁl/g“”expuzwo Ait/2) )l [ 1+ oy, (k+1)),..
/-1

., Re (eiygkm exp(ﬁWo(/\niT/Z))) [1(1+ o, (k+ z))) Dl (3.10)
1=0

Now we use the well-known formula Re(z1z2) = |z1||z2| cos(argz; + argz,) for complex
numbers z1, z5. Set

21 — 21 (k, )\1) = ei\l/ﬂér/z, Zy = Zz()\l) = exp(éWo(AliT/Z)),
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where ! € {1,...,n}, and denote

&1 (k/ /\l) = argzi (k; /\l) = arg <e_)r‘l/”2("f/2) )

a(A;) :=argzp(A;) = arg (exp({Wo(AiT/2))).

From the facts that the spectral radius is less or equal any matrix norm, the following inequal-
ity for the spectral norm holds

|Cosc A ((k+£¢—1)1/2)|ls > p (Cosc A ((k+¢—-1)T/2))
. 3.11
— 0 (Re <e;f>(2k+€)r/2>) - (3.11)

The similar matrices have same spectra and the spectral radii. The spectrum of diagonal
matrix consists to elements of the diagonal and using (3.10), we obtain

Ajikt /2 . =
o = max { |Re (eT " exp(zwo(Ajzr/z))) [T +on(k+1)
=L 1=0 (3.12)
SN Ajikt/2 p
> (1+0°(K)" max {[Re (7)o" exp(tWo(jit/2)) )|}
where
vk = J':l,...,rf;r}lzt(l),...,f_l {UAJ' (ke + l)}
and, by (3.7),
lim o* (k) = 0. (3.13)

k—00
Applying (3.11) and (3.12) we obtain the inequality

|Cosc A ((k+€—1)T/2)||s > (1+ v*(k))éjgl% {‘Re (ejf;"z‘”z exp(ewo(Ajn/z))) \}

> (1+0*(k))" max {‘ei"/ﬂ;/z
n

[ lexp(EWo(AjiT/2))] |cos (as (k, Ar) + aa(A)]}
Assume that j = j* € {1,...,n} is fixed and that the eigenvalue A;» # 0 of the matrix A

is real. Then, the number z* = iA;:7/2 lies in the exterior domain of ? since inequality (2.12)
holds, i.e.,

|z*| = |iAjT/2| > — arctan Rez® ) _ —arctan0 =0 (3.14)
|Im z*|
and, by (2.11),
Re Wy (z*) = Re Wo(iAji7/2) > 0. (3.15)

Now assume that j = j* € {1,...,n} is fixed and that the eigenvalue A;» # 0 of the
matrix A is a complex number. Since Aj: is an eigenvalue of A as well, we can assume that
Aj» = x — iy where y > 0. Then, the number z* = iA;»T/2 lies in the exterior domain of ¢ since
inequality (2.12) holds, i.e.,

. T,. T Re z* y
| = i\ — — 2 2 _ t — t
2| = |idjT/2] ;]zx+y\ \/ 2y > arcan<“ z*]) = arcan<’ |>

where arctan (y/|x|) > 0. Then, by (2.11),

Re W()(Z*) = Re Wo(l)\]* T/2) > 0. (3.16)
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From (3.15) and (3.16), it follows that there exists an eigenvalue A« of A and a constant C such
that

Re Wo(iAj7/2) > C > 0. (3.17)
Utilizing (3.1), (3.2) (where A := (Aj-) and t = k1/2) we derive

eif/*z”“/ 2 _ CoscAj (k—1)1/2) +iSincAp (k/2 — 1)t (3.18)

Let k = k* be such that
CosAj: (k* —1)t/2) #0. (3.19)

It is easy to see that such a k* always exists and note that it can be assumed greater than an
arbitrarily given sufficiently large positive integer. Then (3.18), implies

wy (K5, ) # i; (3.20)

By (2.13), we have |az(A+)| < 71/2. With regard to aa(A;+), we consider two cases below:

a) Let ax(Aj) # 0. Then, each interval [71/2 + 2s7, 7w/2 + 257t + 7|, where s = 0,1,.. .,
contains at least two elements of an equidistant sequence

{Dél (k*, /\]*) + 71062()\]'*)};0:700

and, in each interval, there exists an element of this sequence «° such that

s _ TS _ n
la® —7t/2] > 1 o —7t/2 — 1| > 1
and
| cos(a®)| > V/2/2. (3.21)

b) Let a»(Aj<) = 0. Then, (3.20) implies
| cosa®| = | cosay(k*, Aj)| # 0. (3.22)

Therefore, in both cases a) and b), there exists a sequence of positive integers {¢;}{ ; such that
lim;_,o, = o0 and (due to (3.17), (3.21) and (3.22)) for all sufficiently large ¢;

| eXp(ﬁlWO(i)\j*T/Z)) H COS([Xl (k*, )‘j*) + 51062()\]‘*))‘ > Mexp(f;CT/Z) (3.23)
where
V2 .
M= {2' if az(dp) #0,
|cosay (K, Ajr)|, if ap(Aj) =0

and C is a constant satisfying 0 < C < C. Moreover, from (3.13), it follows that, for every
sufficiently large k, there exists a constant Cy satisfying 0 < Cy < C such that

1+ 0*(k) > exp(—Cot/2). (3.24)
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From (3.12), (3.23), (3.24), we can derive

X .k Awik*T/2
[CoscA (K + 6= 1)7/2) | = (1+0" (k)" |, |

X ‘exp(élwo()\j*iT/Z))} ‘cos (oq(k*,)\j*) + Déz()\j*)”

exp(—¢,Cot/2) ei?ék*r/zl Mexp(¢,Ct/2)

Vv

Awik*T/2

=Mle/, ’ exp(¢;(C — Co)T/2).

Finally, we conclude

limsup || Cos; At||s > hm |Cost A ((K* + ¢, —1)t/2) ||s

t—o0

> ZlggM eij/*zlk 7/2’ exp(¢;(C —Co)T/2)
= Q.

An analogous assertion can also be obtained for Sin; At. The scheme of the proof in this
case remains the same with the following minor modifications. In (3.10) the imaginary parts
of the complex expressions considered is used instead of their real parts. The relation (3.10)
turns into

/-1
SincA ((k+ ¢ —2)7/2) = D diag (Im ( K2 exp ((Wo (MiT/2)) ) 1+ 0y, (k+1)),..
=0

—

‘ -1
., Im (eﬁ;’zh/zexp(gwo (AniT/2)) )l | (14 1,, k+l))> D!

and the estimation (3.12) has the form

[Sinc A ((k + £ =2)7/2)]|
> (1+0* (k)" ]max {

Aji kT/Z"

e fWO /\ ZT/2 ‘ |sm lX1<k /\l) +062()Ll))|}

In (3.19), Sin; instead of Cos; is used and the constant M must be redefined as

2 .
M= {\g i aa(Ag) £0,
| sin (xl(k*,)\j*) ,if (xz()\j*) =0.

4 Concluding remarks

In this part, we discuss some connections with previous results and facts. The author is
grateful to the referee for drawing attention to several topics which are discussed below.

i) Relationship with a linear ordinary non-delayed system. In the paper, properties of de-
layed matrix exponential and the Lambert W-function are used to prove that spectral norms
of delayed matrix sine and delayed matrix cosine are unbounded for t — co. This property is
proved under the assumption that the spectral radius p(A) of the matrix A is less that 1/ (et).
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Many papers bring results on so-called special solutions of delayed differential systems (we
refer, e.g., to [1,2,7-11,14,17-19,22] and to the references therein) approximating, in a certain
sense, all solutions of a given system. One of the conditions guaranteeing the existence of
special solutions is often (restricted to system (1.2)) the inequality

Al <1/(eT)

where || - || is an arbitrary norm. The totality of all special solutions is only an n-parameter
family where n equals the number of equations of the system. Moreover, it is often stated
that, in such a case, some properties (such as stability properties) of solutions of the initial
system are the same as those for solutions of a corresponding system of ordinary differential
equations.

Because of the well-known inequality p(A) < ||A||, it is generally not possible from an
assumed inequality p(A) < 1/(e7) to deduce ||A|| < 1/(eT). Nevertheless, for the spectral
norm (3.3) used in the paper, we get (under the conditions of Theorem 3.1),

p(A) = [|Alls <1/(eT).

It means that, in a way, the properties of solutions of (1.2) are close, in a meaning, to properties
of an ordinary differential system and (1.2) is asymptotically ordinary. Le., every solution of
system (1.2) is asymptotically close to a solution of a system of ordinary differential equations.

The construction of such a linear non-delayed system is described, e.g., in [1, Theorem 2.4]
(see also the Summary part in [17]). However, to find such a system is, in general, not an
easy task. The formula defining the matrix of ordinary differential system ([1, formula (2.8)]
or [17, formula (2.10)]) is a series of recurrently defined matrices and to find its sum is not
always possible (we refer to [7, Theorem 1.2], [17, part 4]).

In the case of a constant matrix, the fundamental matrix X,(t) of the corresponding ordi-
nary differential system equals an ordinary matrix exponential X,(t) = exp(Aot) where the
matrix /g is a unique solution of the matrix equation

A = Aexp(—AT)

such that ||Ag|| T < 1 (see the proof of statement (i) of the Theorem in [17]). So, an analysis of
the asymptotic behavior of the solutions of system (1.2) reduces, in a meaning, to an analysis
of the asymptotic behavior of solutions of a system of ordinary differential equations x’ = Aox,
i.e., analysis of the properties of the matrix Ag. Tracing the proof of Theorem 3.1, we can assert
that the investigation of properties of the matrix Ag is, in our case, performed by using the
properties of Lambert W-function defined in Part 2 (see also the motivation example (2.1) and
formulas (2.2)—(2.5)).

ii) Existence of a root of characteristic equation with positive real part. Let n = 1 and
A = (a) in (1.5). Then, the characteristic equation (derived by substituting x = exp(At))
equals

A2 = —a?exp(—TA) 4.1)
and is equivalent with
Ao (A7) = 217
2 P 2 )" 2
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therefore, all roots of (4.1) are values of the Lambert function. For
z = z4 = +iat/2,

inequality (2.12), which determines the domain of the points for which the principal branch
of the Lambert function Wy has positive real parts (inequality (2.11)), holds (see also (3.14),
(3.15)). Thus, we conclude that the unboundedness of the delayed matrix sine and cosine is
related to the existence of a root of characteristic equation with positive real part.

iii) Asymptotic behavior of the fundamental matrix solution by using the characteristic
equation. As noted in the Introduction, the general definition of a fundamental matrix to
linear functional differential systems of delayed type in [12,13] yields (in the simple case of the
matrix of the system with single delay being a constant matrix) a delayed matrix exponential
by formula (1.4). Delayed matrix sine and cosine can be expressed through delayed matrix
exponential by formulas (3.1), (3.2). Therefore, both Theorem 2.2 and Theorem 3.1, formulate
the asymptotic properties of the relevant fundamental matrix solutions depending on the
properties of the eigenvalues of the matrix A and, consequently, through the properties of
the roots of the characteristic equation described by the Lambert W-function. It is an open
question if the method used in the paper can be extended to matrices A with Jordan canonical
forms different from (2.18) in order to get further results on the behavior of the fundamental
matrix solution.
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