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Abstract. In this paper new monotonic properties of nonoscillatory solutions for
second order linear functional differential equations with delayed argument

have been established. New properties are used to introduce criteria for elimination
of bounded nonoscillatory solutions for studied equations.
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1. INTRODUCTION

We consider the linear functional differential equation with delayed argument

In this paper it is assumed that

(H1) p(t) € C([to,0)), p(t) > 0,
(Hs) 7(t) € C([to,0)), T(t) < t, 7'(t) > 0, tlgrolo 7(t) = oc.

By a proper solution of Eq. (F) we mean a function y : [tp,00) — (—00,00)
which satisfies (F) for all sufficiently large ¢ and sup{|y(t)| : ¢ > T} > 0 for all
T > tp. We make the standing hypothesis that (E) does possess proper solutions.
The oscillatory character of the solutions is understood in the standard way, that is,
a proper solution is termed to be oscillatory or nonoscillatory according to whether it
does or does not have infinitely many zeros.
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If y(t) is a nonoscillatory solution of (E), then there exists a number ¢ € {0, 2}
such that

y(t)yD(t) >0 for 0<i</,

. _ (1.1)
(—=D)iy(t)y D () >0 for £<i<2.
Such y(t) is said to be a (nonoscillatory) solution of degree ¢ and the totality of solutions
of degree £ is denoted by N;. If we denote the set of all nonoscillatory solutions of (E)
by N, then we have

N = Ny UNG.

It is obvious that if y(¢) is a solution of (E), then also —y(t) is the solution of (E) and
hence as usually we can restrict our attention only to positive nonoscillatory solutions
of considered equation. Solutions from the class Ny are called Kneser solutions.

There are numerous papers devoted to monotonic properties and oscillation of
second order differential equations, see e.g. [1-22] and the references included. We men-
tion some of them in detail.

Koplatadze and Chanturia [13] (written in Russian, and so we refer also to [15])
formulated the following result:

Theorem 1.1. If 7(¢) <t and

t

lim sup /(s —7(t))p(s)ds > 1, (1.2)

t—o0
7(t)
then Ny = 0 for (E).

This result has been extended to more general differential equations. For example
Dzurina in [9] generalized it to trinomial differential equations with retarded and
advanced arguments

y' () = p(W)y(7(1))) + 9()y (o (1))
On the other hand, Kusano and Lali in [17] have shown that equation
(&1~ @) = pOly(r)*y(r (1), a>0

does not allow solutions of degree 0, i.e. Ny = 0 if

!

t

lim sup /(T(t) —7(s))*p(s)ds > 1.

t—o00
7(t)

A number of the authors focused on the development of similar techniques based
on the transformation of the nonlinear, neutral delay differential equations to the
first-order Riccati type equation or inequality, see, for instance [2, 19, 20, 22]. In [7]
authors present a comparison result in which the oscillation of second-order neutral
differential equations is deduced from that a first-order delay differential equation.
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The above mentioned results concern sublinear, superlinear, nonlinear, neutral
functional second-order differential equations, which is the current trend to study more
and more complicated differential equations. In this paper, we turn our attention to
simple linear differential equations and provide new criteria for such types of equations.

Our goal is to improve essentially the above mentioned criterion (1.2). The main
idea of the Koplatadze and Chanturia’s proof consists of the following estimates:

(o}

y(r(t) = /(S —7(t)p(s)y(7(s)) ds

(t)
t

> / (s — 7(t))p(s)y(r(s)) ds (13)
7(t)

So, there are two ways how to improve their result. The first one, Koplatadze and
Chanturia used the fact that y(¢) is decreasing (see the third line of (1.3)). Our
progress in the present paper is in establishing a new monotonicity for y(¢) in the form
that a(t)y(t) is decreasing for a suitable function «(t) such that «(t) — oo as t — oo.

The second one, the information about function (s — 7(¢))p(s)y(7(s)) is lost on the
interval (¢,00) (see the second line of (1.3)). We eliminate also this insufficiency by
establishing “the opposite” monotonicity of y(t) in the sense that 8(t)y(t) is increasing
for certain function 5(t).

Some new methods for asymptotic properties of (E) have been presented in
latest papers [6] and [9]. The comparison with obtained our criteria will be provided
in Example 2.9.

2. MAIN RESULTS

We are about to offer new monotonic properties of nonoscillatory solutions of degree 0
for equation (E).
To simplify our notation we employ the following functions:

()

P(t) = / p(s) ds, o)
alt) = efjl P(s)ds

where t1 > tq is arbitrary but fixed constant.
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Lemma 2.1. Let y(t) be a positive solution of degree O for equation (E). Then
a(t)y(t) is decreasing function (2.2)
fort>tq.

Proof. Tt is easy to see that for considered solution y(t) we have 3/ () < 0 and 3" (¢) > 0.
Then, in view of (2.1), an integration of (F) from ¢ to oo yields

T7H(t)

=y (t) = /p(S)y(T(S))dS > / p(s)y(7(s)) ds = y(t) P(t)

t

which is equivalent to
y'(t) + P(t)y(t) <0.

Using standard methods of calculus it is easy to verify that for any t; > ¢
k P(s)ds !
el "~ vacor <o

and we conclude that y(t)a(t) is decreasing function. O
Our first improvement of Theorem 1.1 is based on the established monotonicity.

Theorem 2.2. If

lim sup a(r(t))/ p(s) (s—7(t)ds| >1, (2.3)

t—o00

then Ny = 0 for (E).

Proof. Assume on the contrary that y(t) is a positive solution of degree 0 of equa-
tion (E). Integrating (F) twice from u to ¢ and changing the order of integration,

we obtain
t

y(u) > /p(s)y(r(s))(s —u)ds.

u

Employing the fact that y(¢)«(t) is decreasing function, we get

) 2 y(r(O)alre) [ (s was

which for v = 7(¢) provides

1> a(r(t) / P8 o 1)) ds.
(t)

This contradicts (2.3) and the proof is complete. O
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It is easy to see that Theorem 2.2 upgrades classical Theorem 1.1. We illustrate
this fact with the Euler differential equation.

Example 2.3. Consider the second order delay differential equation

y'(t) = S0, (1)

where pg > 0 and A € (0,1). By Theorem 1.1 of [13], equation (E;) for A = 0.5 has
not nonoscillatory solutions from the class Ny provided that pg > 5.177. On the other
hand, it is easy to verify that

P(t) =221 -3
and if we choose t; = 1, then
a(t) = t*°, where ap = po(1 — A).
Therefore, condition (2.3) reduces to

A0 -1 A-AT)
bo Qo 1+ ap

which for A = 0.5 takes the form py > 3.32, and this by Theorem 2.2 guarantees that
No = 0 for (E). The progress is obvious.

For the next improvement we need to establish the opposite monotonicity for y(t).
It is easy to see that (Hs) guaranties the existence of the inverse function 71(t)
and therefore the auxiliary function £(t) € C*([to, 00))

&) =771(t) (2.4)

is well-defined. To simplify our notation we employ the following auxiliary functions:

1)

Py =a() [
30)
TL(EW) (2.5)

5 P1 (t)
Pl(t)_l_PQ(t)v
R0 - hg
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Lemma 2.4. Assume that there exists a function £(t) € C1([tg,o0)) satisfying (2.4)
and y(t) is a positive solution of degree 0 of (E), then

1— PE(&1 (1) Py (1) — Pr(E(t) Py (t)
PE) P (EH(1))

Proof. Assume that y(t) € Ny is a positive solution of equation (E). Integrating (F)
twice from ¢ to co and changing the order of integration, we are led to

y(r(t)) < y(t). (2.6)

oo

y(t) > / p(5)y(r(3))(s — t) ds.

t

Employing auxiliary function £(t), we have

£(t) (1)
y(t) = /p(S)y(T(S))(S —t)ds+ / p(s)y(r(s))(s —t)ds
t £(t)
E0) 27
+ [ e - s
()
which in view of (2.2) and (2.5) implies that
y(t) = y(7(£(1))) PL(t) + y(t) Pa(t) + y(£(1)) P3(t).
Thus, for Ps(t) < 1, we obtain
y(t) = y(€7 )Py (1) + y(E()Ps5 (1) (2.8)
Therefore,
y(€7H(1) 2 y(r(O)PL(ETH () +y(6)P5 (€7 (1) (2.9)
and
y(§(1) = y(t) Py (E(t) +y(r () P5 (§(1)- (2.10)
Setting (2.9) and (2.10) into (2.8), one gets
v 2 [PEOPHE )] y(r(0) o

+ [P ) Pr () + Pr(E) Ps (1)) y(t).

Finally, we have

The proof is complete. O
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In what follows, we shall assume that there exist positive constants P/, ¢ =1, 3,
such that

Pr(t) > P. (2.12)
The following criteria immediately result from the proof of Lemma 2.4.

Corollary 2.5. If limsup P(t) > 1, then Ny = 0.

t—o0

Corollary 2.6. Let (2.12) hold and there exist a function £(t) € C1([tg,00)) satisfy-
ing (2.4). Assume that y(t) € Ny is a positive solution of (E). Then

Mﬂmslgﬁ?%w. (2.13)

Now, we are prepared to provide the opposite monotonicity for y(t) € Ny. We set
a couple of auxiliary functions:

_1eepppy Tl
="y “)/ a(s) (2.14)

i) = el 9%,

where t; > ty is arbitrary constant and the improper integral is assumed to be
convergent.

Lemma 2.7. Let (2.12) hold and there exist a function £(t) € CY([tg, o)) satisfy-
ing (2.4) and y(t) be a positive solution of degree 0 of (E). Then

B(t)y(t) is an increasing function (2.15)
fort>t.

Proof. Assume that y(t) € Nj is a positive solution of (FE). Integrating (E) from ¢
to oo, in view of (2.13) and (2.2) we get

(1) = / p(s)y((s)) ds < / Wp<s>y<s> ds < y()Q(L).

But the inequality ¢’ (¢) + y(¢)Q(¢) > 0 implies that y(¢)S(t) is an increasing function.
The proof is complete. O
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Now, we present the final improvement of Theorems 1.1 and 2.2.

Theorem 2.8. Let (2.12) hold and there exist a function &(t) € CY([tg,00)) satisfy-
ing (2.4). If

(2.16)

oty CEEE

then Ny =0 for (E).

Proof. Assume on the contrary that y(¢) € Np is a positive solution of (F). Integrat-
ing (E) twice from ¢ to co and changing the order of integration, we get

oo

mwzjfwwv@»@—wd&

t

Using the fact that y(t)a(t) is a decreasing function and y(t)S(t) is increasing,
we see that

[ pl)(s = 7(0)  ps)(s = 7(0)
zyﬁ&DMﬂﬂ)éa“@»<u+y@@DMT®)/%%ﬂ@)ds
which contradicts (2.16) and the proof is finished. O

By comparing (2.3) and (2.16) we see that main goal of the paper has been achieved
since the information about the function (s — 7(¢))p(s)y(7(s)) is saved also over the
interval (¢, 00). We support our progress with help of the several examples.

Example 2.9. Consider once more the differential equation

y'(6) = Z3y(\), po> 0,1 € (0,1) (1)
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It follows from Example 2.3 that a(t) = t*
verify that

, where ag = po(1 — A). It is easy to

1+ag

s [1=XZ X701
Pi(t) = poA~ %
1() Po 2 ( o + 1+Oéo )7
wo [1— AT AT )i
Py(t) = poA~ =
2() Po 2 ( 0 + 1+a0 )
a (1= A AT )
Py(t) = poA~ 2 .
3(t) = poA™ 2 ( ” + 1+ g
Then
L7 1Ry P 1-PR()
and 1—2P; P;
Po —alz i
t) =1t7, here =
B(t) where 7y l+ay (P)?
For (E4) condition (2.16) gives
AT ] A=)\ 1 A
+ - — > 1. 2.17
Po ™0 1+a0} po[w 7+1} (2.17)

Consequently, for A = 0.5 condition (2.17) simplifies to pg > 2.56 which by Theorem 2.8
yields My = 0 for (E;). On the other hand, Theorem 2.1 in [6] requires

QF +2Q1Q;3

(1-Q2)?
Q1= po (ln\lf)\-i-ﬁ—l),

Q2 = po <IH\%+)\—\&>7

Q3 =po <ln\1[\+/\\5\—/\>

which is satisfies for pg > 3.39. The progress is obvious.

>1

with

Example 2.10. Consider the equation

y"(t) = poy(t — 7o), (E2)

By Theorem 1.1, Eq. (E») for 79 = 0.5 has no nonoscillatory solution from the
class Ny provided that pg > 8. On the other hand, condition (2.3) from Theorem 2.2
takes the form

po > 0,79 > 0.

2
erms 1

2

—1 + —F
PoTy

> 1.

2
PoTy
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Now for 79 = 0.5, we see that if pg > 5.026, then Ay = 0. Finally, to apply Theorem 2.8
we find out that

POTH
1 1 ez
P=—g-—"5 5
PoTg PoT(
PoTa 1 5
2 POT
P2=—1+e + 2<6 20_1)»
2 DPoT(
Po7o 1 Po7g
Ps=—-+4e2 <e2 —1)
3 2 png
Moreover,
P (t Ps(t
Pl* — 1( ) , P* — 3( )
1— Pa(t) 1—Pa(t)
and 1—-2P;Pf
St —
B(t) =e7, where §=-—— 231
(Py)?
Criterion (2.16) for (E2) takes the form
Pty ] 2 1
1+ - — 4 B0 <1+>>1’
DoTy  PoT§ ) )

which for 7o = 0.5 gives that if py > 3.872, then (F3) does not have nonoscillatory
solutions from the class Ny. Again the progress is outstanding.

In this paper we presented a new technique for investigation of the second order
linear differential equation. We demonstrated the progress of our criteria on standardly
used equations (E4) and (F2). It remains an open problem to extend our technique to
higher order equations or eventually nonlinear equations and what to do if an improper
integral in (2.14) is divergent.

REFERENCES

[1] R.P. Agarwal, S.R. Grace, D. O’Regan, Oscillation Theory for Second Order Linear,
Half-linear, Superlinear and Sublinear Dynamic Equations, Kluver Academic Publishers,
Dordrecht 2002.

[2] R.P. Agarwal, C.H. Zhang, T. Li, Some remarks on oscillation of second order neutral
differential equations, Appl. Math. Comput. 274 (2016), 178-181.

[3] B. Baculikovd, Oscillation of second-order nonlinear noncanonical differential equations
with deviating argument, Appl. Math. Lett. 91 (2019), 68-75.

[4] B. Baculikovd, Oscillatory behavior of the second order noncanonical differential equation,
Electron. J. Qual. Theory Differ. Equ. 89 (2019), 1-17.

[5] B. Baculikova, Oscillation and asymptotic properties of second order half-linear differen-
tial equations with mized deviating arguments, Mathematics 9 (2021), 1-12.



Monotonic properties of Kneser solutions of second order linear differential equations. .. 37

[6]

[13]

[14]

[15]

B. Baculikovd, J. Dzurina, Asymptotic properties of even-order functional differential
equations with deviating argument, Carpathian J. Math. 40 (2024), 15-23.

M. Bohner, S.R. Grace, 1. Jadlovské, Oscillation criteria for second-order neutral delay
differential equations, Electron. J. Qual. Theory Differ. Equ. 60 (2017), 1-12.

G. Chatzarakis, 1. Jadlovskd, Improved oscillation results for second-order half-linear
delay differential equations, Hacet. J. Math. Stat. 48, (2019).

J. Dzurina, Oscillation of second-order trinomial differential equations with retarded and
advanced arguments, Appl. Math. Lett. 153 (2024), 1-8.

1. Jadlovska, Oscillation criteria of Kneser-type for second-order half-linear advanced
differential equations, Appl. Math. Lett. 106 (2020), 1-8.

1. Jadlovska, J. Dzurina, Kneser-type oscillation criteria for second-order half-linear
delay differential equations, Appl. Math. Comput. 380, (2020), 1-15.

I.T. Kiguradze, T.A. Chanturia, Asymptotic Properties of Solutions of Nonatunomous
Ordinary Differential Equations, Kluwer Acad. Publ., Dordrecht, 1993.

R. Koplatadze, T.A. Chanturia, On Oscillatory Properties of Differential Equations with
Deviating Arguments, Thbilisi Univ. Press, Tbilisi, 1977.

R. Koplatadze, G. Kvinkadze, I.P. Stavroulakis, Properties A and B of n-th order linear
differential equations with deviating argument, Georgian Math. J. 6 (1999), 553-566.

T. Kusano, On even order functional differential equations with advanced and retarded
arguments, J. Differential Equations 45 (1982), 75-84.

T. Kusano, Oscillation of even order linear functional differential equations with deviating
arguments of mized type, J. Math. Anal. Appl. 98 (1984), 341-347.

T. Kusano, B.S. Lalli, On oscillation of half-linear functional differential equations with
deviating arguments, Hiroshima Math. J. 24 (1994), 549-563.

G. Laddas, V. Lakshmikantham, J.S. Papadakis, B.G. Zhang, Oscillation of higher-order
retarded differential equations generated by retarded argument, Delay and Functional
Differential Equations and Their Applications, Academic Press, New York, 1972, 219-231.

T. Li, Y. Rogovchenko, Oscillation of second-order neutral differential equations, Math.
Nachr. 288 (2015), 1150-1162.

M. Naito, Oscillation Criteria for Second Order Ordinary Differential Equations, Canad.
Math. Bull. 63 (2020), 276-286.

S. Tamilvanan, E. Thandapani, J. Dzurina, Oscillation of second order nonlinear differ-
ential equation with sub-linear neutral term, Differ. Equ. Appl. 9 (2017), 1-7.

Y. Wu, Y. Yu, J. Xiao, Oscillation of second order nonlinear neutral differential equations,
Mathematics 10 (2022), 1-12.



38

Blanka Baculikova

Blanka Baculikova
blanka.baculikova@tuke.sk

Technical University of Kosice

Faculty of Electrical Engineering and Informatics
Department of Mathematics

Letnd 9, 042 00 Kosice, Slovakia

Received: June 26, 2024.
Revised: September 12, 2024.
Accepted: September 27, 2024.



