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Abstract. Consider the delay difference equation with continuous time of the form

m
x(t) —x(t—=1)+ ) Pi(x(t—ki(t) =0,  t>t,

i=1
where P;: [tg,00) — R, kj: [to,) — {2,3,4,...} and limy e (t — k;(t)) = oo, for
i=1,2,...,m.
We introduce the generalized characteristic equation and its importance in oscillation
of all solutions of the considered difference equations. Some results for the existence of
positive solutions of considered difference equations are presented as the application
of the generalized characteristic equation.
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1 Introduction

Difference equations with continuous time are difference equations in which the unknown
function is a function of a continuous variable. Equations of this type appear as natural
descriptions of observed evolution phenomena in many branches of the natural sciences and
therefore appear in various mathematical models. This is the main reason why they have been
studied in many papers recently. See, for example, the papers of Domshlak [1], Ferreira and
Pinelas [2, 3], Golda and Werbowski [4], Korenevskii and Kaizer [7], Ladas et al. [8], Medina
and Pituk [9], Meng et al. [10], Nowakowska and Werbowski [11, 12, 13, 14], Shaikhet [17],
Shen et al. [18, 19, 20, 21], Zhang et al. [22, 23, 24, 25], and the references cited therein.
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In this paper, we introduce the generalized characteristic equation and its importance in
oscillation of all solutions of linear delay difference equations with continuous time. Some
results regarding the existence of positive solutions of the considered difference equations are
presented as the application of the generalized characteristic equation.

The investigated equation is

m
x(t) = x(t—1) + Y P(Ox(E— k(1) =0,  t> (1)
i=1
where m > 1 is an integer,
(Hy) P; : [tp,00) — R are bounded functions, i = 1,2,...,m,

(Hz) ki : [to, OO) — {2,3,4,...}, ki(t) < tand limtg)oo(t —ki(t)) = 0o, i= 1,2,. .. m.

Let tg be a positive real number such that
t_1(tp) = min {inf{¢ —k;(&) : & > to}} > 0.
1<i<m

It is clear that t_q1(ty) < fp—2 < ty— 1.
In this paper we introduce the concept of the generalized characteristic equation associated
to equation (1.1), namely, the nonlinear difference equation

m ki(t)—1 1
A —1+Y Pt T] A(t_.):o, t>to+1, (1.2)
i=1 =1 J

and investigate how it relates to the existence of positive solutions of equation (1.1).

A real-valued function x (A) is called the solution of the difference equation (1.1)
[of the difference equation (1.2)] if it is defined on the interval [t_1(tp),c0) [on the interval
[t_1(tp) + 1,00)] and satisfies equation (1.1) [equation (1.2)] for any t > t.

Let F denote the space of real bounded functions ¢: [f_1(tp),tp) — R. Then, for every
¢ € F, equation (1.1) has a unique solution x: [t_1(fp),00) — R with the initial function

x(t) = (P(t) for tfl(i’()) <t <ty (1.3)

and the generalized characteristic equation (1.2) has a unique solution A: [t_1(fp) +1,00) — R
with the initial function

AR =9(t),  t_q(t)+1<t<ty+1, (1.4)
where ;
qb((f(—)l)' t_1(to) +1 <t <ty
=37
AT PSt<ttl

assuming that the function ¢ is defined by (1.3) and ¢(t) # 0, t_1(to) < t < t.

We say that the solution x: [t_1(fy), ) — R of equation (1.1) [A: [t_1(tp) +1,00) — R of
equation (1.2)] is positive if x(t) > 0 for t > t_1(to) [A(t) > 0 for t > t_1(to) + 1].

A motivating example is the equation

x(t) —x(t—1)+P(t)x(t —s) =0, t>ty, (1.5)
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where
s > 2 isagiven integer and P: [tp,00) — R. (1.6)

In this case t_1(ty) = tp — s and hence the initial condition is

x(H)=¢(t), to—s<t<t. (1.7)
The generalized characteristic equation is
s—1
A(t) =1+ P(t 11A 0, t>ty+1, (1.8)
with the initial condition
At)=p(t), to—s+1<t<ty+1, (1.9)
where
P(t) , to—s+1 <t <t
o= 70T
S(E—1)" to <t <tp+1,

assuming that the function ¢ is defined by (1.7) and ¢(t) # 0, to —s < t < fo.
We can formulate the following statement.

Theorem 1.1. Assume that (1.6) holds. The solution x of the initial value problem (1.5) and (1.7) is
positive on [ty — s, 00) if and only if the solution A of the initial value problem (1.8) and (1.9) is positive
on [tg — s + 1, 00) with positive function ¢ defined by (1.7), and x may be written in the form

o(t), to—s<t<ty—s+1;

t) = 1.10
x(t) p(t—n) [TA(E—]), to—s+n<t<tg—s+n+1, n>1 (1.10)

Proof. Let x be a positive solution of the initial value problem (1.5) and (1.7). By dividing both
sides of equation (1.5) with x(t — 1) we get

x(t) x(t—s)
_ = > . .
(- 1) 1+Pauu_1) 0, t>t+1 (1.11)
Define the function

(1), to—s+1<t<to+1;

At) = x(t) (1.12)
> 1.
Xt —1) t>tg+

From the definition is obvious that the function A is positive and follows that

t—s -1

(

and so A satisfies the initial value problem (1.8) and (1.9) on [fp —s+1,00).

On the other hand, let A be a positive solution of the initial value problem (1.8) and (1.9)
on [tp — s+ 1,00) with positive function ¢ defined by (1.7). Then, function x defined by (1.10)
is positive. From the definition it follows also that it is equal to the initial function (1.7) for
to—s <t < tg. For n = 1 it follows that x(t) = A(t)x(t — 1) and so the equalities (1.13) hold.
That means that the characteristic equation (1.8) may be written in the form (1.11) and the
function x defined by (1.10) satisfying the difference equation (1.5). The proof is complete. [J

x(t) =A(H)x(t—1) and fort > to+1, (1.13)
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The goal is to find necessary and sufficient conditions for the solutions of the initial value
problem (1.5) and (1.7) to be positive on [ty — s, 0). The simplest case is P(t) < 0, t > t, since
for every initial function ¢(t) > 0, tp —s < t < tp, the solution of the initial value problem
(1.5) and (1.7) is positive. When P(t) > 0, t > fo, then the existence of a positive solution is
more delicate, while the most difficult case being whenever the coefficient P(t) is oscillatory
on [tg, 00).

Theorem 1.2. Assume that (1.6) holds. Let P(t) > 0 for t > t, and assume that there are two positive
functions w, B: [ty — s+ 1,00) — R such that

s—1 1 s—1 1
a(t) < B(t), a(t) < 1_P(t)]-:0a(t—j) and 1—P(t)gﬁ(t_].) <Bt), t>to+1

(1.14)
Then there exists a solution A: [ty —s 4+ 1,00) +— (0, c0) of the initial value problem (1.8) and (1.9)
with

a(t) = (1), to—s+1<t<ty+1

Proof. Let Ao(t) = a(t) for t > tp —s+1, and

Dc(t), to—s+1<t<ty+1;
Arya(t) = 1
r1(t) 1—P(t)H7., t>ty+1, forany integerr > 0.
jzo/\r(t_])

In this case we can prove that
Dé(t) :Ao(t) S/\1(t) <... </\k(t) < ... Sﬁ(f) fort > ty—s—+1,

and hence the limit function A of the sequence of functions {A,(t) },en exists for t > tg —s + 1.
That means

At) = le Ar(t) fort>ty—s+1
r—00
exists. Moreover, a(t) < A(t) < B(t) for any t > ty — s + 1. Then, the function A satisfies the
initial value problem (1.8) and (1.9) with the initial function A(t) = «a(f) fortg —s+1 <t <
to+ 1. ]

Remark 1.3. In the special case when «a(t) = «, () = p and P(t) = p are positive constants,
from the hypothesis (1.14) of Theorem 1.2 we get f°(1 — B) < p < a’(1 — a). The maximum
value of the function f(x) = a°(1 — «) we obtain for

a=—"_ andso f LI D S
Cos+1 TE\s+1) (s 1)t

So the new form of hypothesis (1.14) for the existence of positive solutions may be p < ﬁ
Thus, there exists a positive solution of the initial value problem (1.5) and (1.7). Similar
result may be proved for the general case.
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2 Preliminaries

In the work of Gyéri and Ladas [6] some results, such as Theorem 3.1.1, are shown related to
the generalized characteristic equation of linear delay differential equation

n

() A+Y pix(t—T(t) =0,  H<ELST (2.1)
i=1

with an initial condition of the form

x(t) = @(t), t 1 <t<ty, t_1= min { inf {t— ’l’l(t)}} , (2.2)

1<i<n | to<t<T
with ¢ € C[[t_1, to], R], where t) < T < co and
(HT) pi € C[[to,T),lR], T, € C[[to,T),]RJr], i=1,2,...,n.

In Theorem 3.1.1, a condition for the existence of a positive solution of the initial value
problem (2.1) and (2.2) is formulated. The unique solution of the initial value problem (2.1)
and (2.2) is denoted with x(¢)(¢) and exists for top <t < T.

Gy¢ri and Ladas have also obtained some results for the existence of positive solutions of
the considered differential equation.

Theorem A ([6, Theorem 3.3.2]). Assume that (Hj) holds and that there exists a positive

number y such that
n

Y pi()]e" i) <y for t > to.
i=1

Then, for every ¢ € {¢ € C[[t_1,to], RT] | ¢(to) > 0 and ¢(t) < ¢(to) for t_1 <t < to}, the
solution x(¢)(t) of equation (2.1) through (o, ¢), remains positive on top <t < T.

Papers [15] and [16] deal with the discrete analogues of the generalized characteristic
equation and Theorem A. Consider the linear retarded difference equation
m
a1 —an+ Y Pi(n)a, ) =0, neN¥ (2.3)
i=1
where N* = {n € N:ny<n <M, ngp <M < oo} and N is the set of positive integers. Let
(Hy) {P;(n)} a sequence of real numbers fori =1,2,...,m, n € N*%

(H3) {ki(n)} a sequence of positive real numbers fori =1,2,...,m, n € N*.

Associated with equation (2.3), we define the initial condition
ay =¢,, for n=n_qy,n_1+1,..,n9, ¢ €R, (2.4)

where

n_1 = min { inf {n—k,-(n)}}.

1<i<m | np<n<M

The unique solution of the initial value problem (2.3) and (2.4) is denoted with a(¢), and
exists for n € IN*.
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Theorem B ([16, Theorem 3.2]). Assume that (H;) and (H3) hold and there exists a real num-
ber u € (0,1) such that

m
Y IB(n)|(1—p) ™ <y forn e N*.
i—1

Then, for every {¢,} € {{¢j} :Pu, >0, 0 < ¢; < ¢y, forj=n_y,n_14+1,...,n9}, the solu-
tion a(¢), of (2.3) remains positive for n € IN*.

The papers of Golda and Werbowski [4], Shen and Stavroulakis [21], Zhang and Choi [25]
deal with the functional equation with variable coefficients of the form

x(g(t)) = P(H)x(t) + Q(H)x(g* (1)), (2.5)

where P,Q € C(]0,00),[0,)), g € C([0,),R), g is increasing, g(t) > t or g(t) < t and
Q(f) — o0 ast — oo.

Theorem C ([4, Theorem 1]). Assume that P,Q € C([0,00),[0,00)), ¢ € C([0,00),R), g is
increasing, g(t) > t or g(t) < t and g(t) — o0 as t — oo. If the equation (2.5) has a non-
oscillatory solution, then

1
.. <1 '
LiminfQ(#)P(g(t)) < 7, (2.6)
for large t.

Theorem D ([21, Theorem 1]). Assume that P,Q € C([0,00),[0,00)), g € C(]0,0),R), g is
increasing, g(t) > t or g(t) < t and g(t) — o0 as t — oo. If

Q(t)P(g(t)) < i, 2.7)

for large t, then equation (2.5) has a non-oscillatory solution.

Theorem E ([25, Remark 3.3]). Assume that P,Q € C([0,),[0,0)), g € C([0,0),R), g is
increasing, g(f) > t or g(t) < t and g(t) — oo as t — oo. If

Q (P(t) < :

7 fort > T, (2.8)

then equation (2.5) has a positive solution.
Shen and Stavroulakis [21] studied the linear functional equation of the form
x(t) —px(t—7)+q(t)x(t—0o) =0, (2.9)
where p, 7,0 € (0,00), g € C([0,00),[0,00)).
Theorem F ([21, Theorem 2]). If p, 7,0 € (0,00), g € C(]0,0),[0,00)), o > T and for large ¢

pE () < ("; T>g (";T)_l, (2.10)

then equation (2.9) has a non-oscillatory solution.

Zhang and Choi [25] have studied also the functional equation of the form

x(g(t)) = P(t)x(t) + Q(t)x(g¥(t)), where k > 1 is a positive integer. (2.11)
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Theorem G ([25, Corollary 3.4]). Assume that P,Q € C([0,00),[0,00)), ¢ € C([0,0),R), g

is increasing, ¢(t) > t or g(t) < t, g(t) = o ast — oo and k > 1 is a positive integer. If
limsup, . p(t) = p and

k—1)1

-

then equation (2.11) has a positive solution.

(2.12)

3 Main results

The following lemma can be easily proved by mathematical induction.

Lemma 3.1. Let A: [f_1(tg) +1,00) — Rand ¢: [t_1(t0),t-1(t0) +1) — R be two given functions
and consider the difference equation

x(t) = A(t)x(t—1), t>t_q1(tp) +1 (3.1)
with the initial condition
x(t) = (1), toq(to) <t <t_q(to) +1. (3.2)
Then, the initial value problem (3.1) and (3.2) has a solution which is given in the form
(1), ta(to) <t <t y(to) +1;

x(t) = (3.3)

n—1
pt—n)[[A(t=]), ta(to)+n<t<tq(to)+n+1, n>1
j=0

Theorem 3.2. Assume that (Hy) and (Hy) hold. Then x: [t_1(to),o0) — R is a positive solution
of equation (1.1) if and only if there are two positive functions A: [t_1(tp) + 1,00) +— (0, 00) and
@: [t_1(to), t_1(to) + 1) > (0, 00) such that

(a) A is a solution of equation (1.2) on the interval [t_1(ty) + 1, 00);
(b) x satisfies (3.1) and (3.2) or equivalently it is given by (3.3).

Proof. Let us assume that equation (1.1) has a positive solution, say x: [f_1(tp), o) +— R. Then,
one can show that

At) = x(’;(_t)l), F>tq(f) + 1,

is a positive solution of equation (1.2). Moreover, x(t) = A(f)x(t — 1), t > t_1(tp) + 1, with the
initial function ¢(t) = x(t) > 0 for t_1(ty) < t < t_1(to) + 1. So Lemma 3.1 shows that the
form (3.3) is satisfied.

On the other hand, if (a) and (b) hold then one can get that x is a positive solution of
equation (1.1). O

The following lemma will be useful in proving the main results.

Lemma 3.3. Let k be a given natural number and ay,ay, ..., ax, b1, by, ..., by positive real numbers.
Then

15 () ()0 ok

i=j+1
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Proof. The left side of the equality we can rewrite in the form

ko1
-1 = (Hb—m)
=1% j=1Y H
:1

where
k k k k—1 ] k k
[Tt TTo = TTb% (naenbz) e
j=1 j=1 i=1 j=1 \/=1 i=j+1 l=

k k k
bl aq Hbl> + (ﬂlnb —ﬂ1a2Hb> + (ﬂlﬂznbi —alazag,Hbl)
k

<C W) e 1bk—<ﬁ@> bk) (( -

1 k
ag | b —JJae
—1 =1

ﬁbz> by —a1) +m (Hb) bz —ﬂz) +map (ﬁbz> (bg —a3)

o~

i=3 i=4

(o) (o) o

L (ﬁw) (1)

Using the above transformation we get

; 1(nb) (o) (112) 0o = £ o)

e

(=1

=Lk
[To:] e

i=1 ({=j
O

The following theorem is the discrete analogue of Theorem 3.1.1 [6] and simultaneously
the generalization of the Theorem 1.1 [15] for continuous time.

Theorem 3.4. Assume that (Hy) and (Hy) hold, ¢ € F with ¢p(t) > 0 for t_1(tg) < t < to. Then
the following statements are equivalent:

(a) The solution of the initial value problem (1.1) and (1.3) is positive for t > t_1(to).
(b) The initial value problem (1.2) and (1.4) has positive solution on [t_1(to) + 1,00).

(c) There exist functions B,7: [t_1(to) +1,00) — R such that B(t) < ¢(t) < y(t) on the interval
[t_1(to) +1,t0+ 1), B(t) < y(t) for t > to + 1 and for every function 6: [t_1(to) +1,00) — R
with 6(t) = P(t) for t_1(to) +1 < t < to + 1, where the positive function  is defined by (1.4),
such that B(t) < 6(t) < y(t) for t > to + 1, the following inequalities hold:

B(t) < (S9)(t) < (1), t>t+1, (3.4)

where

> to+ 1. (3.5)
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Proof. (a) = (b). Let x: [t_1(tp),0) — R be the solution of the initial value problem (1.1)
and (1.3) and suppose that x(t) > 0 for t > t_4(tp). Our aim is to show that the positive
function

P(t), ta(to) +1<t<to+1;
At) =4 x(t) (3.6)
x(t—l)' t>tg+ 1.

is a solution of the characteristic equation (1.2) with the initial condition (1.4). From definition
(3.6)

¢(t), toq(t) <t <t_q(ty) +1;

x(t) = n(t) =1 ' (3.7)
pt—n(t) T At—j), t>ta(to)+1.
i=
is obtained, where n(t) = [t — (t_1(t9))] with the properties that t _1(ty) < t—n(t) < t_1(tp) +1
and t —n(t) +1 > t_1(tp) + 1 for a real number ¢ > t; + 1 ([t] denotes the integer part of the
real number t).
By dividing both sides of equation (1.1) with x(t — 1) we get

[e]

x(t) u x(t—ki(t))
x(t—l)_1+gpi(t)x(t7_1)—0, t>to+ 1.

Because of (3.7) we have

Thus, this part of the proof is complete.

(b) = (c). Let the function A: [t_1(tp) + 1,00) — R be a positive solution of the
characteristic equation (1.2) with the initial condition (1.4), and set B(t) = (t) = A(t) for
t > t_1(to) + 1. Then the statement of the proof follows from (1.2) and (3.5), so A(t) = (SA)(t)
fort > to+ 1.

(c) = (a). First, we show that under hypothesis (c), the initial value problem (1.2) and
(1.4) has a positive solution A: [t_1(f9) +1,00) — RR. The solution A will be constructed by
the method of successive approximation as the limit of a sequence of functions {A,(t)} for
t > t_1(tp) + 1 defined as follows.

Take any function Ag: [t_1(ty) + 1,00) — RT] between the functions 8 and 7:

0 < B(t) < Ap(t) < (), t>to+1 and Ag(t) = (1), fq(ty) +1<t<ty+1.

Set

A (t) = Ao(t), t(to) +1<t<ty+1;
YTV SA)(),  t>te+l, r=0,1,2,....

By condition (3.4) and using induction, it follows that

B(t) < Au(t) < (1), t>t q(to)+1, r=12,... (3.8)
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and so A,: [t_1(tg) +1,00) — RT. Next, we show that the sequence {A,(t)},en converges
uniformly on any subinterval [fp + 1, T1] of [tp + 1,00). Set

m k,‘(f)fl 1
L= Hhily, M= Pi(t U
max{u(toﬁafétsn{v()} } tof???in{i:l’ 011 (,B(t—E))Z}

k = max { max {ki(t)}}, M; :max{Mkal,l}.

1<i<m | to+1<t<Ty

Then from (3.8) it follows that

max {A(H)} <L forr=0,1,2,...
t_1(tg)+1<t<Ty

By elementary transformations and applying Lemma 3.3, we can show the following inequal-
ities:

m ki()—1 1 ki(t)—1 1
Ap1(t) = A (1) < P;(t - -
[Arr(t) = Ar(t)] l;\ (t)] 111 =) ]]1 NG
ki(H)—1
LSS At = ) = At = )
m P
L] =
[T (6t —0)?
=1
k—1
< MLEY A (=) — A (=)
j=1
k-1
<My Y |A(t—=]) = Apq (b =) fort >t +1.
=1

Thus for all ¥ =1,2,... and tp +1 < t < T; the inequality
k—1
Are1(t) = Ar()] < My ) A (E—f) — Aroa(E— )
i=1

]:

holds. By induction, we can show that forall» =0,1,2,... and tp +1 <t < T

Aea(8) = Ac(0)] < 2708
For r = 0 we have
AL(E) — Ao(f)] < 2L = ZLN(I)(l)!tO
Suppose that the inequality is true for r = g, i.e.
Mt

[Ag1(t) — Aq(t)| < 2L
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We will show that the inequality is true also for r = g + 1.

k—1
|/\q+2(t) - /\q+1(t)| < M Z MqH(t _]) - )‘q(t - ])‘
j=1
t—1 t—1 Mﬂgq
=M Y, M) = A0 <My Y 20—
(=t—k+1 (=t—k+1 q9:
M;’ —1 M? t—1 +1
M] M‘7 q+1
:2L—/ squ—Zl[ ]
q' Ji—k1 ! t—k+1
M7 M‘H'ltq—i-l
—or 1 <t‘7+1 —k+1)f ) S
q!

because f_1(fp) >0andsot—k+1 > 0.
For given n € N, t € R, and a function f: R — R we use the standard notation

/_Zf ft—n)+f(t—n+1)+---+ f(t).

It follows by the Weierstrass M-test that the series

iomm A

converges uniformly on every compact interval [to + 1, T;| and therefore the sequence

r—1
Ae(t) = Ao(t) + Y [Ajpa(t) = Aj(t)| fortg+1<t<Ty, r=0,1,2,...
j=0

also converges uniformly. Thus, the limit function

A() = lim A, (t) (3.9)

r—00

is positive for ty +1 < t < T;. Because of the convergence,

A<f>=}:%+1<>—}:%<1—21’ Hw_]-)>

i=1 j=1

=1-) n(t) T] Aoy btistsT

-~
Il
—
.
Il
—_

and A(t) = Ag(f) for t_1(tg) +1 < t < tp+ 1, which shows that A, as defined by (3.9), is a
solution of characteristic equation (1.2) on [t_1(to) + 1, T1]. As Tj is an arbitrary fixed point
on [ty + 1, 00), it follows that A, as defined by (3.9), is a solution of (1.2) on [t_1(tp) + 1,00).
Finally, we define the function x: [t_1(tp), o) — R by (3.7). It is obvious that the function
x, defined by (3.7), is a solution of the initial value problem (1.1) and (1.3), and the proof of
the theorem is complete. O
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For the special case, when k;(t) = k; € {2,3,4,...}, P € C[[tp,),R],i =1,2,...,m, the
equation (1.1) is a linear difference equation with continuous time and constant delay:
m
x(t) —x(t—=1)+ Y P(Hx(t—k) =0, t>t (3.10)
i=1

and the generalized characteristic equation

1
= > . .
) 0, t>ty+1 (3.11)

m ki—1
A =1+ )Y P()]]
i=1 j=1
Now, t_1(tg) = to — max{ky, ko, ... km}.
Let ¢ € C[[t-1(t0),to0) — R]. Let Fc denote the space of continuous functions
¢: [t-1(t0),to) — R. Then, for every ¢ € F¢, equation (3.10) has a unique piecewise con-
tinuous solution x: [t_1(t), o) — R with the continuous initial function defined by (1.3), and
equation (3.11) has a unique piecewise continuous solution A: [t_1(tp) +1,00) — R with the
continuous initial function defined by (1.4).
We can formulate the following corollary.

Corollary 3.5. Assume that P; € Cl[to, o), R] and k; € {2,3,4,....} fori =1,2,...,m. Let ¢ € Fc
such that ¢(t) > 0 for t_1(ty) < t < to. Then the following statements are equivalent.

(a) The solution of the initial value problem (3.10) and (1.3) is positive piecewise continuous for
t > t_1(to).

(b) The initial value problem (3.11) and (1.4) has positive piecewise continuous solution on
[t_l(t()) +1, OO)

(c) There exist functions B,y € C[[t-1(to) +1,00), R™] such that B(t) < ¢(t) < y(t) on the interval
[t_1(to) +1,t0+1), B(t) < y(¢) for t > to+ 1 and for every function & € C[[t_1(tp) +1,0),R]
with 6(t) = P(t) for t_1(to) +1 < t < to+ 1 such that B(t) < 6(t) < y(t) for t > to+ 1, the
following inequalities hold:

m ki—1
i 1
<1_ ) < > .
B(t) <1 ;Pl(t) [ 55— < y(t),  t>to+1
i= j=
4 Comparison results
Consider, now, the delay functional equation
y(H) —y(t=1) + ) qi(ty(t—ki(t)) =0 fort >ty CHY
i=1
and the delay functional inequalities
m
x(t) —x(t=1)+ Y pi(t)x(t —ki(t)) <0 for t > to, (4.2)

i=1

z(t) —z(t—1) + iri(t)z(t —ki(t)) >0 fort > . (4.3)
i=1
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The oscillatory behavior of delay differential equations and inequalities has been the subject
of many investigations. For a result we refer to [6, 5] and the references therein. The next
result is a discrete analogue of Theorem 3.2.1 [6] formulated for differential equations and
inequalities and the generalization of the Theorem 1.2 [16] in the continuous time domain.

Theorem 4.1. Suppose that p;, q;, i [to,00) — RT fori=1,2,...,m such that
pi(t) > qi(t) > ri(t) fort >ty i=1,2,...,m.

Assume that (Hp) holds and x: [t _1(tp),00) — R, y: [f_1(ty),0) — Rand z: [t_1(tp), ) — R
are solutions of (4.2), (4.1) and (4.3), respectively, such that

z(to) > y(to) > x(to), x(t) >0 fort > ty, (4.4)
x(t) y(t) z(t)
0< T <7D S 70-T fort_q(t)) +1<t<to+1. (4.5)
Then
z(t) > y(t) > x(t) fort > t. (4.6)
Proof. Set

ao(t):x(’;(_t)l), Bolt) = i1y 70<t)zz(j(_t)1), for t > t_1(ty) + 1.

Then, by using the previous notation, it follows that

k(D=1 4
-1+ —— <0, t>to+1,
L) I &e= :
m ki(t)—1 1
) —1+Y gi(t) — =0, t>ty+1,
z; l E Po(t =)
m kz(t) 1
—1+) r >0, t>to+ 1.
Z Z ﬂ Y0 t—] ’
We will show by induction and by using Theorem 3.4 that
ao(t) < Bo(t) < yo(t) fort>to+1. (4.7)

For the first part of inequality (4.7) let 6: [t_1(tp) + 1,00) — R be an arbitrary function such
that 6(t) = Bo(t) for t_1(to) +1 <t <top+1and ag(t) < é(t) <1fort > ty+1. Then

m ki(H)—1 1
ao(t) <1-— it
O() 1221’9() i (t—])
m ki(t —1
gl—Zqi(t) L =S5(t) <1, t>t+1.

Then, the statement (c) of Theorem 3.4 is true with B(t) = ao(t) and y(t) = 1 for + >
t_1(tp) + 1, so by the same theorem, the initial value problem

k(-1 4
—1+2ql Hé(t_],)zo, t>to+1

5(t) = po(t),  talt) +1<t<to+1,
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has exactly one solution for t > t_1(tg) + 1, and the solution of this equation is between the
functions ap and 1 on [t_1(tg) + 1,00). Since Bo: [t_1(tg) +1,00) — R is the unique solution
of the same initial value problem, hence it follows that 5(¢f) = Bo(t) for t > ty+ 1, and so
DCO(t) < ﬁo(t) <lfort>ty+1.

In order to prove the second part of inequality (4.7), we will show that ag(t) < o(t)
for t > top+ 1. Then, in a similar way as before, with B(t) = ag(t) and y(t) = o(t) for
t > t_1(tp) + 1, the second part of inequality (4.7) can be proved. From inequality (4.5) we
have that 0 < ag(t) < yo(t) for t_1(tp) +1 < t < tp+ 1. Let t > tp + 1 be such a point, that
t—1<ty+1. Then

m ki(t)—1 1
ao(t) <1-— i(t
o0 =1-L00 1T o5
m ki(t -1 1

——— < y(t) fort>ty+1.
i—1 =1 Yot =)

Let t >ty + 1 be such a point that t — ¢ < tp + 1, and suppose that ag(t) < o(t) for t > to+ 1.
Now, let t > to + 1 be such a point that t — (¢ + 1) < fo + 1. Using the previous inequality it
follows ag(t) < () for t > tg+ 1, too. Because of the equalities

x(t) =¢(t—mn(t)) T] ao(t—j) fort>t,
y(t) = ¢(t —n(t)) Bo(t —j) fort >t

2(t) = p(t—n() [] 7olt—j) fort>t,
i=0

(4.4) and (4.7) imply that (4.6) holds and the proof is complete. O

5 Existence of positive solutions

Our aim in this section is to derive results on the existence of positive solutions of equation
(1.1) by applying statement (c) of Theorem 3.4. To that end, we will postulate first the Theorem
which is the discrete analogue of the Theorem 3.3.2 [6] and at the same time the generalization
of Theorem 3.2 [16] in the continuous time domain.

Theorem 5.1. Assume that (Hy), (Hy) hold and that there exists a positive number p € (0,1) such
that

Y IP(1)I(1 — W) RO <y for b > tg 4+ 1. (5.1)

Then for every ¢ € F such that ¢(t) > 0 for t_1(tg) < t < to, the solution x: [t_1(ty),0) — R of
the initial value problem (1.1) and (1.3) remains positive for t > t.

Proof. Let u € (0,1) be a given number such that all the conditions of the theorem hold. Let
¢ € F be a fixed initial function such that 1 —p < ¢(t) <1+ pfort_q1(tp) +1 <t <tp+1,
where the function ¢ is defined by (1.4). Let the operator (S9)(f) be defined by (3.5) for
0: [to+1,00) — R. We will show that statement (c) of Theorem 3.4 is true with (t) =1 —u
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and y(t) = 1+ pu for t > t_1(tg) +1. Let é: [t_1(to) +1,00) — R be a function such that
O(t) =¢(t) fort_1(tp) +1 <t<tp+land1—pu <é(t) <14 pufort>ty+ 1. From (5.1), it
follows that

m ki(t)—1 1 m
(S6)(t) <1+ ) [Pi(#)] F[fj;=1+2ummu—uﬂﬁm§1+u
i=1 i=1 i=1
and
m ki(t)-1 1 m L k(s
(56)(0) 21 =Y PO [T g = 1= LIBOI0 -0 =1
i=1 i=1 i=1
for t > top + 1, and the proof is complete. O

The next theorem is a generalization of Theorem 5.1.

Theorem 5.2. Assume that (Hy), (Hp) hold and that there exists a real function u: [ty + 1,00) —
(0,1) such that

m
1
Pi(t ——— < u(t) fort>ty+1. (5.2)
;|l()| g 1—]1(1’—]) ]/l() f 0
Then for every ¢ € F such that ¢(t) > 0 for t_1(tg) < t < to, the solution x: [t_1(tp),c0) — R of
the initial value problem (1.1) and (1.3) remains positive for t > t.

Proof. Let u: [t_1(to) +1,00) — (0,1) be a given function such that the conditions of the
theorem hold for t > )+ 1. Let ¢ € F be a fixed initial function such that 1 — u(t) < (t) <
14 u(t) for t_1(tg) +1 < t < to+ 1, where the function ¢ is defined by (1.4). Let the operator
(50)(t) be defined by (3.5) for 6: [ty + 1, 00) — R. We will show that statement (c) of Theorem
3.4 is true with B(f) =1 — pu(t) and y(t) = 1+ u(t) for t > to+ 1. Let 6: [t_1(fp) +1,00) —» R
be a function such that §(t) = ¢(t) for t_1(tp) +1 <t <top+1land 1 —pu(t) < () <14 u(t)
for t > ty + 1. From (5.2), it follows that

m ki(t)—1 1
6&a)§1+gyﬂan]j ——7——f§1+ya)

i L= m(t—j)
and . ()1 )
(S0)(t) =1 —;|Pi(t)| E T—a(t=j) >1—p(t)
for t > top + 1, and the proof is complete. O

Set, now, that Pf(t) = max{0, P;(t)} for t > ty,i =1,2,...,m, and suppose that

(H3) k;: [to, o) — {2,3,4,...} are real functions such that tlim ki(t) = T;, fori =1,2,...,m
—00

and let max {T;} = T.
1<i<m

Theorem 5.3. Assume that (Hy), (H3) hold and let

m T-1 T-1

EEWOS(]Jﬂ”2m+l (5.3)
Then for every ¢ € F such that ¢(t) > 0 for t_1(to) < t < to, the solution x: [t_1(tp),0) — R of
the initial value problem (1.1) and (1.3) remains positive for t > t.
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Proof. Consider the functional equation

m

y(t) —y(t—1)+ Y P (y(t —ki(t)) =0 fort >t (5.4)
i=1

with initial condition y(t) = ¢(t) for t_1(ty) < t < to. Let ¢ € F be a fixed initial function
such that T2 < y(t) <1 fort_1(t)) +1 < t < tg + 1, where the function ¢ is such that

¢ft)(—t)1) fort_1(to) +1<t<ty, and @(t)> 4>(Z—1)

It is possible to show that the statement (c¢) of Theorem 3.5 is true for any function
5: [t-1(to) +1,00) — R such that 6(¢) = ¢(t) fort_1(tp) +1 <t < tp+ 1 and

forty <t <tg+1.

p(t) =

0<B(t) = % <6(t) <1=47(t) fort>ty+1. (5.5)
Because of (H3) and (5.5), it follows that
ki(t)—1 T-1 T-1
E 5(t1—j) = ]Ul < (TY:1>T—1' (5:6)
Combining (5.3), (5.5) and (5.6), we obtain
m k(-1 4
1>1 —;Pi+(f) E S(t—j) S4(t)
>1- ;pi+(t) (Ti_)l“ > T; !

Therefore, the solution y(¢)(t) of (5.4) is positive for t > t;. Since the solution x(¢)(t) of (1.1)
is also a solution of inequality

m

x(t) —x(t—=1)+ Y _ P (t)x(t —ki(t)) >0 fort >t

i
i=1

and by using Theorem 4.1, it follows that x(¢)(t) > y(¢)(t) > 0 for t > to, the proof is
complete. O

Theorem 5.4. Assume that (Hy), (Hy) hold and 0 < k1(t) < kp(t) < -+ < ky(t) for t > to and
S
Pi(t) <0 fors=1,2,...,m, t > ty+1. (5.7)
i=1
Then equation (1.1) has positive increasing solution for t > t.

Proof. Let ¢(t) =1 for t_1(tg) < t < to. The statement (c) of Theorem 3.5 will be true for any
function d: [t_1(tg) +1,00) — R such that §(t) = 1 for t_1(tp) +1 < t < ty, 6(t) = x(t) for
to<t<ty+1and

BH)=1<6(t) <1+ Y P = 7(t) fort>to+1. (5.8)
=1

1
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Because of t — ki (t) >t —ka(t) > -+ >t —ky(t), (5.7) and (5.8), it follows that

m km(t)*l 1 m ki(t)fl 1
1§1—{ Pi(t)} I ~<1-Y P(t) T] =] = S4(t)
i=1 ])

] j=1 (S<t _]> - i—1 =1
m ki t)fl 1 m
<1+) [P T _ <14+ Y |P(t)| fort>ty+1.
i=1 1 o(t—7J) i=1

Therefore, by Theorem 3.5, the solution x(¢)(t) of equation (1.1) is positive for t > t.
Moreover, x(¢)(t) = ]_[;-1:00)71 A(t —j) for t > to+ 1, where A is a positive solution of the
characteristic equation associated with equation (1.1), greater than 1 for t > ty + 1.
Hence, x(¢)(t) is an increasing solution of equation (1.1) and the proof is complete. O

6 Examples and remarks

Consider the delay difference equation with continuous time of the form

m
x(t) —x(t—1)+ ) Pi(t)x(t — [5(t)]) =0, t > to,
i=1
where P; € C[[ty, o), R], T; € C[[ty, o0),[2,00)] and tlim(t —T(t)) =00, fori=1,2,...,m.
—00
Now, the delay functions satisfy the hypotheses (Hp) with k;(t) = [5(t)],i=1,2,...,m.

Remark 6.1. For the special case, when m = 1 and ki(t) = k € {2,3,4,...}, condition (5.1)
has the form

[POIQ =) <p or [P(H)] < p(1—p*

Let F(u) = u(1— )" Then F'(4) = u(1 — u)*2(1 — k), Fuax (+) = (kn}# and the
condition of non-oscillation is
(k _ 1)k—1

kK )
For m = 1, for positive function P and for constant delay function, the condition (5.3) has the
same form as the above condition.

[P(t)] <

Remark 6.2. For0 < a+1 < tgand u(t) = % the condition 0 < p(t) < 1is valid for t > to > 0.
Now, for the special case when k;(t) = k; € {2,3,4,...},i=1,2,...,m, condition (5.2) can be
reformulated as

m ki—l

t—j a t—j
YIROITT =2y < § o tLIPOIT =1, <e

i=1 =1

For m =1 and k; = 2 we have

t—1 a a a
- < Z < - — .
PO, <5 o PO (1-175)

Let F(a) = % (1 —7%). Then F'(a) = tt’(}_’lz)“, F'(a) = 0 fora = 51, and Fuer (52) =

Now, we can reformulate condition (5.2) of non-oscillation as

t—1
Pt < ——
P(1)| <
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where the condition

|P(t)] < (6.1)

NI

is satisfied, too.

Remark 6.3. In the Theorems C, D and E, for P(t) = 1, g(t) = t — 1 and positive function
Q(t) = P(t), the conditions (2.6), (2.7) and (2.8), for the existence of non-oscillatory solutions
of the equation

x(t) —x(t—1)+P(t)x(t—2) =0
are of the form

P(t) < 7, 62)

NG

and it is the same as (6.1), or the condition (5.3) for T = 2 and positive function P.

Remark 6.4. In the Theorem F, for T = 1, ¢ > 1 and positive function g(t) = P(t), the
condition for the existence of non-oscillatory solutions of the equation

x(t) —x(t—1)+P(t)x(t—0c) =0

is of the form
(0. o 1)0’—1

. (6.3)

P(t) <
and it is the same as (5.3) for T = ¢ and positive function P.

Remark 6.5. In the Theorem G, for p = 1, k > 1 and an arbitrary real function Q(t) = P(f),
the condition for the existence of non-oscillatory solutions of the equation

x(t) —x(t—1)+P(t)x(t—k) =0

is of the form
(k—1)k1

PH(ry < E

(6.4)
and it is the same as the condition (5.3) for T = k.
Example 6.6. Consider the functional equation

(t—1)sint

x(t) —x(t—1)+ it

x(t—2)=0
with ty = 4, t_; = 2 and positive initial functions ¢ = j(t* —2) (Figure 6.1) and ¢ = j/t
(Figure 6.2), j € {0.5,1,5,2.5,3.5,4.5,5.5}. Since

(t—1)sint

t—1
P = <

g 4t 7

the solutions with positive initial functions remain positive.
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Example 6.7. Consider the functional equation

1 1
B —x(t—1)+—x(t—2)— —x(t—3) =
X(t) —x(t = 1)+ px(t—2) — x(t-3) =0
with ty = 5, t_1 = 2 and positive initial functions ¢ = j(t*> —2) (Figure 6.3) and ¢ = j\/t
(Figure 6.4), j € {0.5,1,5,2.5,3.5,4.5,5.5}.
The condition of non-oscillation has the form:

P8 (1 = )1 ) [Py (1) (1 — ) ) <

1

e D(t) = _1 and u = 0.5 we have

Form:2,k1:2,k2:3,P1(t): 3t

PLB)I(1 = )15 [Ba()] (1 )1

1 1-2) 1 1-3
:E(l—o.s)( )+§(1—0.5)< )
:%—i—%:%g%:‘u fort > 2.
S
100F 10¢ // // //
///////WW % g
e
Figure 6.3 Figure 6.4

Example 6.8. Consider the functional equation

*(1) —x(t—l)—f—szi[r;]tx(t— [;D —0
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with tg = 5, t_; = 2 and positive initial functions ¢ = jv/t (Figure 6.5) and ¢ = j(sin 6t + 2)
(Figure 6.6) for the values j € {0.5,1,5,2.5,3.5,4.5,5.5}.
The condition of non-oscillation (5.1) has the form:

P(B)](1 =)0 <

Form=1,7(t) = 5 Pi(t) = sint27[2] and # = 0.5 we have
i 1 1
P — 0 = P o5l = Jsing] S < 1=
o[3] 272
and the condition of non-oscillation is satisfied.
X X
14% ~
12} ’\-\\,\/‘(VWW\’W\ 20F
F PV e a'a e e aaN
10, e o
8r
6F 10f
4r
! >
P VA AA"AAVAVAVAVAYATA'ATAATATATAY
5 10 15 20 5 10 15 20
Figure 6.5 Figure 6.6

Example 6.9. Consider the functional equation

cost 3 o
x(t)—x(t—l)—l—Mx(t— [t—\/i]) =0
with tg = 8, t_; = 2 and positive initial functions ¢ = jv/t (Figure 6.7) and ¢ = j(sin 6t + 2)
(Figure 6.8) for the values j € {0.5,1,5,2.5,3.5,4.5,5.5}.

Form=1,1(t) =t— vt Pi(t) = cost2 [V and i = 0.5 we have

_oyielm) _ Jeostl o[- _ L1
PO L -os) cost]- 2 < 2 =

and the condition (5.1) of non-oscillation is satisfied.

Example 6.10. Consider the functional equation

2sint 2t+3 2cost 3t+5
x(t) —x(t—1)+ 57 x(t— [t—i—l ]) t— x(t— [t—l—l]> =0
with g = 5, t_; = 2 and the positive initial functions ¢ = j(t* —2) (Figure 6.9) and
¢ = j(sin6t +2) (Figure 6.10), j € {0.5,1,5,2.5,3.5,4.5,5.5}.

Since
B fim () ~fm oy =2 B m ) - fin 35 -3
T =max{Ty, T} =3, T-y- _T1T>T_1 = %,
P+ B () = S ((sint) + (cost)) < oo = T

the condition of non-oscillation (5.3) is satisfied.
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