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The paper investigates an equation with single delay x(t) = —c(t)x(t-7(t)), where 7 : [to—7,00) —
0,7],r>0,tp e R,and ¢ : [ty —1, ) — (0,00) are continuous functions, and the difference t — 7(t)
is an increasing function. Its purpose is to derive a new explicit integral criterion for the existence
of a positive solution in terms of c and 7. An overview of known relevant criteria is provided, and
relevant comparisons are also given.

1. Introduction

Let us consider an equation
x(t) = —c(t)x(t - (1)), (1.1)

where T : [fg—1,00) — R* is a continuous function, t) € R,0 < r = const R* = (0, 00), 7(t) <7
ift e [ty—r,00),and ¢ : [ty—r,00) — R* is a continuous function. The symbol “-” denotes the
right-hand derivative.

A function x is called a solution of (1.1) corresponding to an initial point t* € [ty, o0) if
x is defined and is continuous on [t* -1, c0) and differentiable on [t*, o) and satisfies (1.1) for
t > t*. We denote by x(t*, ¢)(t) a solution of (1.1) corresponding to an initial point t* € [t;, o)
generated by a continuous initial function ¢ : [t* —r,t*] — R. In the case of a linear equation
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(1.1), the solution x(t*, ¢)(¢) is unique on its maximal existence interval [t*, oo) (see, e.g., [1]).
If in the paper an initial point is not indicated, t, is assumed.

As is customary, a solution of (1.1) corresponding to an initial point t* € [y, o0)
is called oscillatory if it has arbitrarily large zeros. Otherwise it is called nonoscillatory. A
nonoscillatory solution x of (1.1) corresponding to an initial point ¢* is called positive (negative)
if x(t) > 0 (x(t) < 0) on [t* — r,00). A nonoscillatory solution x of (1.1) corresponding to
an initial point t* is called eventually positive (eventually negative) if there exists +** > +* such
that x(f) > 0 (x(t) < 0) on [t**, o). Instead of the terms “eventually positive” (“eventually
negative”), the phrase “positive for t — oo” (“negative fort — o0”) is very often used.

In order to simplify the formulation of results in the paper, we do not mention all the
technical conditions. Typically, we do not mention that inequalities are valid on an interval
[to, o0), tacitly assuming that t( is so large that the necessary assumptions hold on the interval
in question, nor do we mention an initial point * when we characterize a property of a
solution.

In the paper, we derive a new explicit criterion for the existence of a positive solution
of the scalar differential equation with delay (1.1). Although, by its form, (1.1) is a simple
equation, it plays an important role in the theory of differential equations with delay. One
of the reasons is that, because of its simplicity, it is often used for testing new results and
comparing them with previous ones.

In the literature there are numerous criteria for positivity even for equations more
general than (1.1).

Below, we give an overview of previous results (we assume that above assumptions
are true in spite of the fact that some of criteria are valid even under weaker assumptions).

In [2] the following criterion for the existence of a nonoscillatory solution is given.

Theorem 1.1. If

t
1

lim sup c(s)ds < -, (1.2)
t—oo  Jit-T(t) e

then (1.1) has a nonoscillatory solution.
In addition to this, according to a result in [2], we have the following.

Theorem 1.2. If

[CR R

It c(s)ds <

t—7(t)

, (1.3)

for all sufficiently large t, then (1.1) has a nonoscillatory solution.

In [3], the authors consider (1.1) in the form
. 1
x(t) = _<E + a(t))x(t -1, t>1, (1.4)

and prove the following.
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Theorem 1.3. Assume that
a(t)<1 (1.5)
~ 8et?’ ’

for all sufficiently large t. Then (1.4) has a solution
x(t) >Vt e (1.6)

In [4], Theorem 1.3 is improved to the following theorem.

Theorem 1.4. Assume that

1 1
He—o(1+— 17
M%WW<+MJ’ {47

for all sufficiently large t. Then (1.4) has a solution
x(t) > Vtinte™. (1.8)

The authors then demonstrate that, in terms of the values of the coefficient of the
equation itself, inequalities (1.5), (1.7) are sharp in a sense because the following result holds.

Theorem 1.5 (see [4]). Let 7(t) = T = const in (1.1). Assume that

liminfc(t) = l,
t— oo Te

T

o 1\,.] _
lim inf (c(t) - ;)t ] - (1.9)
im i Neo Tl -cs> X
htrgglf{ [(c(t) %)t g]ln t} =C> 8o

Then all solutions of (1.1) oscillate.

Motivated by Theorems 1.3-1.5, the second author gave in [5] a generalization of these
results. To formulate them we need to introduce the concept of an iterated logarithm.

Definition 1.6. Let one calls the expression Ingt, k > 1, defined by the formula

Ingt =Inln---Int, k>1, (1.10)
k
a kth iterated logarithm if t > exp,_,1, where
expt = SeXp(EXP(' rexp t)))J k>1, (1.11)

k
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exp,t =t, and exp_;t = 0. Moreover, let us define Ingt = t. Instead of expressions Inot, In;f, we
will write only ¢ and In t in the sequel.

Theorem 1.7. Let T(t) = T = const in (1.1).

(A) Let one assumes that

1 T T T T
c)S —+ >+ 5+ S+t 5
er 8et® 8e(tlnt)” 8e(tintlnyt) 8e(tIntInyt - - - Inkt)

(1.12)

fort — oo and an integer k > 0. Then there is a positive solution x = x(t) of (1.1).
Moreover,

x(t) < €T \/tintIngt - Ingt (1.13)

ast — oo.
(B) Let one assumes that
T T T or

c(t)2i+—2+ s+t 5+ 5
eT 8et* 8e(tlnt) Se(tIntlnyt---Ing_1t)>  8Se(tIntlnyt---Ingt)

(1.14)

fort — oo, an integer k > 0, and a constant 6 > 1. Then all solutions of (1.1) oscillate.
Recently, Theorem 1.7 has been generalized for variable delay in [6].

Theorem 1.8. (A) Let 0 < 7(t) < r fort — oo, and let condition (A) of Theorem 1.7 hold. Then
(1.1) has a nonoscillatory solution.

(B) Let T(t) > r >0 for t — oo, and let condition (B) of Theorem 1.7 hold. Then all solutions
of (1.1) oscillate.

For further criteria on the existence of positive solutions, we refer, for example, to
papers [6-14], books [15-18], and relevant references therein.

2. An Integral Positivity Criterion, Comparisons, and Open Problems

Theorems 1.3-1.8 in part 1 are formulated in terms of the values of the coefficients c or a
itself whereas Theorems 1.1 and 1.2 are formulated in terms of the average of the coefficient
¢. In accordance with the opinion presented, for example, in [4], we observe that, sometimes,
conditions of the first of the types mentioned yield stronger results. However, conditions of
the second type are, in general, preferable.

The following criterion is of an integral type (i.e., of the second type) and uses the term
“average” of coefficient c of the form

It c(s)w(s)ds (2.1)

t—7(t)

with an appropriate weight function cw.
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Theorem 2.1. Let one assumes that

t
f c(s)e ™)/ 29 g5 < i &, (2.2)
bz () e 2et

fort € [ty, 00). Then there exists a positive solution x = x(t) of (1.1) on [to, o0). Moreover,

x(t) < exp <—ej c(s)e"T(S)/(Zs)ds> (2.3)

fort € [ty, o0).

The proof of this criterion, given in part 3, is not difficult and uses the retract technique.
Now we consider a simple example of (1.1) to show that known criteria cannot be applied.

For simplicity, a constant delay 7(¢t) = T = const is assumed. The symbol O (big “O”) below
stands for the Landau order symbol.

Example 2.2. Let

1 1 2ot
o(t) = — + —e™/ @ gin 2 (24)
Te 2Te T

be chosen in (1.1); that is, we consider an equation

o _ 1 1 T/(zt) . 2.71-t
x(t) = <Te + 2Tee sin - x(t—T). (2.5)

Let us apply Theorem 2.1. Then the integral on the left-hand side of inequality (2.2) equals

t t
1 1 2
f c(s)e ™/ ds = J <— + —e™ @) sin 2)e"T/(zs)ds =1 (t) + I (t), (2.6)
tr - \Te 2Te T

where

1 t
Li(t) = —f e T/ 29ds,
Te t—1

1 27rs
L(t) = — in ——ds.
2(t) 7re sin — ds

t-1

2.7)
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Obviously I,(t) = 0. It remains to estimate I;(t) in order to show that inequality (2.2) holds.
We develop an asymptotic decomposition for I;(t) for t — oo with the necessary degree of
accuracy. We obtain

1 (t 1 (t T T2 1
I - —-7/(2s) - 1- — 4+ — <_>
1(t) p— L_Te ds o) 25+852+(9 3 ds
1 1 1 T /1 1 1
B PO SN (e -
e 2e '1-(1/1) 8e<t t—r>+o<t3>
1 1 1 1 1 T 1 1
= In(1+>+— ) -(1- ———— =
e 2e n( +T+T2+O<t3)> 8et< 1—(T/t)>+o<t3) (2.8)
_1o1 T+T2 +T2 +O<1>
e 2e\t 22 Set? £

1 T2 1
1‘@‘@*%5)

This means that

' 1 r 7 1 1 7T
~T/(28)dg= = - — — il - 29
ft_Tc(s)e %% e 2et 8et? +(9< ) < e 29)
and inequality (2.2) holds. By Theorem 2.1, (2.5) has a positive solution.

We use this example to compare Theorem 2.1 with known criteria mentioned in
Section 1.
Comparison with Theorems 1.1 and 1.2

We show that the results mentioned cannot be applied to Example 2.2. For this, we will
analyse the integral

t t 1 1
J c(s)ds = f <— + —e™/ @) gin 2ﬁ)ds. (2.10)
tr - \Te 2Te T

For an arbitrarily large integer k, we set tx = 10k7. Then t; — 7 = (10k — 1)7 and

ty 10kt
f c(s)ds = f (i b L /@) gin 25;—5>ds = J1(k) + Jo(k), (2.11)

te-T (10k-1)r \T€  2Te
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where
10kt
1 1
Ji(k) = j —ds = -,
(10k-1)r T€ €
L ke ) (2.12)
Jo(k) = — e™/ (29 gin ﬁds.
2te ) qok-1)r T
Then
1 (10k-(1/2))T 2 1 10kt )
Jo(k) = — e/ @) sin o4 4 — ™/ @) sin T8 4
2te (10k-1)7 T 2te (10k=(1/2))T T
(10k—(1/2)) 10k
> Lel/(zok—l) j ' sin @ds + Lel/(mk_l) f ' sin 2ﬂ-—sds (2.13)
2te (10k=1)r T 2te (10k—(1/2))7 T
10kt
_ 1 ek J' sin 25 45 = 0.
2te (10k-1)7 T
We conclude that, for every k, the inequality
tk 1
f c(s)ds = J1(k) + Jo(k) > - (2.14)
tk—T

holds. Since k can be sufficiently large with limy_, .tk = oo, inequalities (1.2) and (1.3) in
Theorems 1.1 and 1.2 are not valid for all sufficiently large ¢ because at least the values t = f;
must be excluded. We conclude that Theorems 1.1 and 1.2 are not applicable to (2.5).

Comparison with Theorems 1.3-1.8

Using Example 2.2, we show again that the results mentioned cannot be applied. We will
demonstrate the nonapplicability of Theorem 1.7. The same arguments can be used for the
remaining theorems.

For an arbitrarily large integer p, we set t, = (10p — (3/4))7. Then,

1 1 2ot 1 1 3
ye Lo b e g 2T 21 L L veo-e) gin (a0p - (2
c(ty) Pl sin—— = —+ 5 e sin{20p - (3 ) )7

1,1 veop-eray

Te 2Te

Let t = t,. Then inequality (1.14) becomes

1 1
(b)) = — 4 —al/(20p-(3/4)
( p> Te 2Te

T T T

< — W+ 5+ St 5
ef,  8e(tyInt,)” 8e(t,Int,Inyt,) 8e(t, Inty Inaty, - - - Ingty,)
(2.16)
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Asp — oo, we have t, — oo. Inequality (2.16) does not hold because, for p — oo, the left-
hand side and the right-hand side tend to 3/(2e7) and 1/ (eT), respectively, but the inequality

3 1 (2.17)
2eTr T erT
does not hold.
The sharpness of Theorem 2.1 will be illustrated by the following example.
Example 2.3. Let T(t) = T = const and
oy = L+ T (2.18)
~re  8et?’ '
where a parameter ¢ < 1 is chosen in (1.1); that is, we consider an equation
x(t)—-( 1, e >x(t—r) (2.19)
~ \Te 8ef? ’ '

Let us apply Theorem 2.1. Then the integral on the left-hand side of inequality (2.2) equals

Te  Sef?

1= etees= [

t-1 t-1

< 1, i)e—r/(zs)ds. (2.20)

We develop an asymptotic decomposition for I(t) for t — oo with the necessary degree
of accuracy. Applying some similar asymptotic decompositions obtained by calculating the
integral I (t) in Example 2.2, we get

1= (G gm0
S Geram) (arare(3))
JLGeram) (g o(3))
JL (et T )
(i) T o p)

1 7 12(e-1) 1
-z‘z—eﬁseT*O(rs)-

(2.21)
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This means that Theorem 2.1 will be applicable to (2.19) if inequality (2.2), that is, the
inequality

! 1 v 1Xe-1) 1 1 7
O ds= - — 4Oz )< -— 2.22
J‘t—rC(S)e ST e et 8et? " <t3> <o 2et’ (2:22)

holds. This is true since ¢ < 1. We finish this example by concluding that, in the case of
a constant delay, Theorem 2.1 gives a result not equivalent to that given by Theorems 1.3—
1.8. Nevertheless, as can be seen from the form of the function ¢ in (2.18), which almost
coincides with the first two terms of the auxiliary comparison function on the right-hand side
of inequality (1.12) in Theorem 1.7, the result of Theorem 2.1 is not so far from a “sharp”
criterion.

At the end of this part, we will formulate open problem not answered in this paper as
a mathematical challenge for further research in this field.

Open Problem 1. Is it possible to improve the result of Theorem 2.1 in such a way that the new
result completely covers the parts (A) of Theorems 1.7 and 1.8?

3. Proof of Theorem 2.1

Let C,([-r,0],R), be the Banach space of continuous functions from the interval [-r, 0] into R
equipped with the supremum norm. If c € R, A > 0,and x : [c—r,0+A] — Ris a continuous
function, then, for each t € [0,0 + A], we define the function x; € C, by x,(0) := x(t + 0),
0 € [-r,0]. Let us consider a retarded functional differential equation

x(t) = f(t,x1), (3.1)

where f: Q— R, Q C RxC, is a continuous quasi-bounded map which satisfies a local Lipschitz
condition with respect to the second argument. We assume that the derivatives in the system
(3.1) are at least right-sided.

In accordance with [1], a function x is said to be a solution of (3.1) on [c — 1,0 + A)
with A >0if x : [c—-r,0 + A) — R is a continuous function, (t,x;) € Q fort € [0,0 + A),
and x satisfies (3.1) on [0, 0 + A). In view of the above conditions, each element (o, ) € Q
determines a unique noncontinuable solution x(o, ¢) of system (3.1) through (o,¢) € Q on
its maximal existence interval. This solution depends continuously on the initial data [19].

For continuously differentiable functions p,6 : [tp — r,00) — R with p(t) < 6(t) for
t € [ty — r,0), we introduce the sets

Q:= [ty—1,0) xC,,
(3.2)
w:={(tx):t>tg—1, pt) <x<6()}.

In the sequel, we employ the following particular case of Theorem 1.1 from [10]. Its
proof uses the topological (Wazewski’s) retract principle known in the theory of ordinary
differential equations. The relevant references can be found, for example, in [10].
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Theorem 3.1. Let fort > ty, ¢ € C,,and (t +60,$(0)) € w, 0 € [-1,0), the inequalities

8'(t) < f(td) when $(0) = 6(t), (3.3)
P(t)> f(t,§) when $(0) = p(t) (34)

hold. Then there exists a solution of (3.1) on [ty — r, o0) such that

p(t) < x(t) <6(), tE€[to—1 00). (3.5)

Proof of Theorem 2.1. In our case f(t, x;) := —c(t)x(t — 7(t)) and f(t,p) := —c(t)p(-7(t)). We
will apply Theorem 3.1 with

f(t,$) =—ct)p(-T(t)),
p(t) =0,

() = exp <—e f c(s)e ™/ <2S>ds>, (3.6)

to

t
w = {(t, x):t>ty—-r, 0 <x <exp (—ef c(s)eT(S)/(zs)ds> }
to

First we verify inequality (3.3). We get

&) - f(t @) = [exp <—e f: c(s)e-T<S>/<2S>ds>] +c(HP(-1(t))
' (3.7)

=—e-c(t)e™ /@ exp <—e J‘t c(s)eT(s)/(zs)ds> +c(t)P(-1(t)) = (¥).
to

Since, in accordance with the assumptions of the theorem, (t + 6, ¢(0)) € w if 0 € [-r,0), we
can estimate the last term ¢(-7(t)):

—7(t)
p(-1()) < 6(t - T(t)) = exp <—e j: c(s)e™e)/ <25>ds>. (3.8)
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Continuing, we have

t
(*) < —e-c(t)e ™D/ exp <—ef

to

t—7(t)
+c(t) exp <—e f c(s)eT(S)/(zs)ds>

to

C(S)e—T(s)/(Zs) dS)

(3.9)
t—7(t)
=c(t) exp <—e f c(s)e‘T(S)/(zs)ds>
to
t
x [-e-e ™M/ exp —ej c(s)e T/ 2)ds ) + 1| = (%%).
t—7(t)
Using inequality (2.2), we can obtain the estimate
t
exp <—ef c(s)e"T(s)/(zs)ds> >el. /@), (3.10)
t=7(t)

Therefore,

t—7(t)
(#%) < c(t) exp <—ef c(s)e‘T(S)/(ZS)ds> [—e e T/ o7l eT()/(20) | 1] =0, (3.11)

fo

and inequality (3.3) holds because &'(t) — f(t,¢) < 0. It is much easier is to verify inequality
(3.4) since

p'(t) = f(t,¢) =0- (—c(Hp(-7(t))) = c()p(-7(t)) > 0. (3.12)

All assumptions of Theorem 3.1 are fulfilled, and, therefore, by (3.5), there exists a solution
x: [to—7,00) — R* such that

t
0 <x(t) <exp <—ej c(s)eT(s)/(zs)ds>. (3.13)
to
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