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Abstract. In this work, we obtain necessary and sufficient conditions for the oscillation of all
solutions of the second-order delay differential equation (1(y')") () + p(1) f (y(x(t))) = 0, under

the assumption [ (n(n))fl/de = oo, we consider two cases: when f(v)/vP is non-increasing,
and non-decreasing. In the final section, we provide examples illustrating the results and state an
open problem.
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1. INTRODUCTION

The motivation to study the oscillation of differential equations comes from sev-
eral systems in the real world, like species populations and neuronal populations
that exhibit oscillatory behavior. Thus, equations having delayed, advanced or both
delayed and advanced arguments have been used to model lossless transmission lines
in engineering, the switching of data packets in high speed networks and several other
natural or artificial processes, from celestial motion and bridge design to learning and
memory formation in the synaptic contacts between neurons in the brain.

In 1978, Brands [6] showed that the solutions to

Y'(t)+ p(t)y(t —1(1)) =0
are oscillatory if and only if the solutions to y”(¢) + p(¢)y(¢r) = 0 are oscillatory. In
2018, Pinelas and Santra [13] have obtained necessary and sufficient conditions for
the oscillations of the solutions of

0(0) + by —0)) + Y p6)f Ot — ) =0,
i=1

for different ranges of the neutral coefficient 5. Wong [18] studied necessary and
sufficient conditions for the oscillation of the solutions to

(v(t) +by(t —0))" + p(t) f(y(t — 1)) =0,
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where the constant p satisfies —1 < b < 0. Santra [17] has obtained several sufficient
conditions for the oscillation of the solutions for the equations

() (1) + ipi(f)f(y(t —1)) =0, z(t) =y(t)+b(1)y(t — o).
i=1

Karpuz and Santra [9] have established sufficient conditions for the oscillation and
asymptotic behavior of the solutions to the equation

m

(n) (1) + ;Pi(f)ﬁ()’(’fi(f))) =0, z(t) =y(t)+b(t)y(c(t)).

Migda et al. have studied asymptotic behaviors of solutions of second order dif-
ference equations with deviating argument. For a more detailed account of the os-
cillatory behavior of the solutions to this type of equations, we refer the readers to
[1-5,7-17,19]. Note that most publications consider only sufficient conditions, and
merely a few consider necessary and sufficient conditions.

In this work, we establish necessary and sufficient conditions for the oscillation of
all solutions to the second-order nonlinear delay differential equation

(=) () + p(6) f (y(x(r))) =0 (1.1)

by considering two cases: when f(v)/ B is non-increasing, and non-decreasing.
We assume that the following conditions hold:

(A1) yis the quotient of two odd positive integers, T, p € C(R,R) with 7t(r) > 0
and p is not identically zero eventually, T € C([fo,),R) such that t(r) <t
fort > 1, T(t) — 0 ast — oo.

(A2) f € C(R,R), f is non-decreasing and vf(v) > 0 for v # 0. Moreover, we

assume that f(uv) = f(u)f(v), Vu,v€R.

(A3) m(r) >0and [ (n(n))~/7dn = oo. Letting I1(¢) = [;(n(n))~"/Ydn, we have

limy o0 TI(#) = oo.

Initially, we consider a single delay. In a later section, we study for the several
delays. As examples of functions satisfying (A2) and (A3), we have f(u) = u" with
v the quotient of two odd positive integers and 7t(¢) = e~ or (¢) = 1 respectively.

By a solution to equation (1.1), we mean a function y € C([T;,),R), where
T, > to, such that my’ € C!([T;,0),R), and satisfying (1.1) on the interval [Ty, o).
A solution y of (1.1) is said to be proper if y is not identically zero eventually, i.e.,
sup{|y(t)|: t>T} > 0forall T > T,. We assume that (1.1) possesses such solutions.
A solution of (1.1) is called oscillatory if it has arbitrarily large zeros on [T, ); oth-
erwise, it is said to be non-oscillatory. (1.1) itself is said to be oscillatory if all of its
solutions are oscillatory.

From [16], we know that (A2) implies f being odd. Indeed, f(1)f(1) = f(1) and

f(1) > 0 imply that f(1) = 1. Further, (f(—l))2 = f(—1)f(=1) = f(1) = 1. Since



ASYMPTOTIC BEHAVIOR OF DIFFERENTIAL EQUATIONS 107

f(=1) <0, we conclude that f(—1) = —1. Hence,

f(=u) = F(=1)f(u) = = f(u).
On the other hand, f(uv) = f(u)f(v) foru >0and v > 0 and f(—u) = —f(u) imply

that f(xy) = f(x)f(y) for every x,y € R.
Also from [16], we have that under assumption (A2), if y(¢) is a solution of (1.1),

then —y(¢) is also a solution of (1.1).

2. PRELIMINARY RESULTS

Lemma 1. Assume that (Al)—(A3) hold and y is an eventually positive solution of
(1.1). Then we have

Y1) >0 and (m(/))(1) <0,
for sufficiently large t.

Proof. Suppose that there exists a ¢; >t such that y(z) > 0 and y(t(¢)) > 0 for
t > 1t1. From (1.1) and (A2), it follows that

(=G (1) = =p()f (¥(x(1))) <O fort >1. 2.1

Consequently, (n(y’)?)(¢) is non-increasing on [f; ). Since 7(¢) > 0, and thus either
y(t) <0ory () >0fore, >t, wheret > 1.

We claim that y'(z) > 0 for # > t,. To the contrary, assume that y'(¢) < 0 forz > 1,

then there exists k; > 0 such that (n(y)Y)(r) < —¥«; for t > 1,, which yields upon
integration over [f;,t) C [t2,00) after dividing through by 7 that

(1) < y(n) —x /t (nm))"Yan  fort>n. 2.2)

By virtue of condition (A3), lim,_, y(#) = —eo. This contradicts y(¢) being a positive
solution. So, our claim is true. This completes the proof. U

3. NECESSARY AND SUFFICIENT CONDITIONS FOR OSCILLATIONS

In this section, we study necessary and sufficient conditions for oscillations of
solutions of (1.1) by considering the cases when f(v) /v is non-increasing and non-
decreasing.

3.1. Non-increasing f(v)/vP
We assume that there exists a constant 3 such that 0 < B < yand

1) _ £

VB - uB ’

A typical example of a nonlinear function satisfying (3.1) is f(y) = |y|%sgn(y) with
O<a<B.

forO<v<u. (3.1)
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Lemma 2. Assume that (Al)—(A3) hold and y is an eventually positive solution of
(1.1). Then we have

y(1) <x"M() (3:2)
e FRE() U
w02 [ oo | PO P (O 6
for sufficiently large t.

Proof. Suppose that there exists #; > #o such that y(¢) > 0 and y(t(¢)) > 0 fort > 1.
Then, Lemma 1 holds true for # > #,. Since (n(y’)?) (¢) is positive and non-increasing,
there exists k > 0 and 73 > 1, such that (m(y')?)(¢) < x for ¢ > 3. Integrating the
inequality y'(¢) < (x/m(r))'/Y, we have

¥(t) < y(3) + %V (11(1) —T1(53))..
Since lim;_,. I1(¢) = oo, the last inequality becomes
y(t) < kYMI(r) forr>13.

Note that ¥ depends on y being evaluated at a time #3. Thus, (3.2) must include all
possible K’s.
By (3.1) and (3.2), we have

FOG0) g
) (t(2)) > (K1ATI(x(r)))

Integrating (1.1) from ¢ to oo, we have

tim [(=() )]} + [ p)

A—roo

FRIMI())
B

f((@) = W)

f(1TI(x(m))) 4
(x!/1TI(x(n)))"

Using that (m(y')?)(¢) is positive and non-increasing, we have

- pTIE)
1P )

(z(n))dn <0.

(t))dn < (r(y')")(r) fort>13.

Therefore,
, 1= f(M(em)) 4 1y
t)> | — — " YP(T d . (3.4)
Y02 [ [ o) iy |
Integrating (3.4) from 3 to ¢, we obtain

e FRTIGE) vy
w02 [ oo e ) (c(©) ] an
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L7 TEE) Y
> [ e ] P o) (+(0) ]

The proof of the lemma is complete. g

Theorem 1. Assume that (Al)-(A3) hold. Then every solution of (1.1) is oscillat-
ory if and only if

| P (M) dn = +e vie> 0. (3.5)

Proof. To prove sufficiency by contradiction, we assume that there exists a non-
oscillatory solution y(¢) of (1.1). Since —y(¢) is also a solution of (1.1), we can
confine our discussion only to the case where the solution y(7) is eventually positive.
Then there exists #; > #o such that y(¢) > 0 and y(t(r)) > 0 for t > #,. Since Lemmas
1 and 2 hold, (3.3) gives

(1) > (I(t) —(13)) ' (r)  for t>13,

where

)
o= [ p©)" e (c)))ﬁ ()t > 0.

Because lim,_,.. I1(t) = oo, there exists #; > 3 such that I1(r) — II(z3) > 3I1(¢) for
t > t4. Then

1
y(t) > EH(I)O)I/Y(I) fort > 14,
and y? /(«!/"IT)B > @B/ /(2k!/7)B. Taking the derivative of ® we have

S(0)
Vom0

< —p(0)f (M M(x(1))) 0P 1 (x(1)) (26/1) P <0,
Therefore, @(r) is non-increasing so ®P/Y(t(r)) /wP/¥(r) > 1, and
(wlfB/Y(t)), =(1— B/’Y)O)fﬁ/y(t)(o’(t) < (1-B/v)

e PO TIE)).
Integrating this inequality form #4 to ¢, we have

o B/Y(n)],4S—((12;1%?/’p(n)f(lcl/m(f(ﬂ)))dﬂ-

14

o'(t)=—

Since B/y < 1 and o(z) is positive and non-increasing, we have

[ s mc)an < 2208

1-B/y

® (t4),
(1-B/v)

which contradicts (3.5).
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Next, we show that (3.5) is necessary. Suppose that (3.5) does not hold; so for
some k > 0 the integral in (3.5) is finite. Then there exists T > fy such that

o K
/. s (e mcem))an < 5. (3.6)
Let us consider the closed subset of continuous functions
M = {y € C([ty,+°),R) : y(t) = 0 for to <1 < T and

@YWHM—HUHSﬂnéﬂﬂnw—nanmﬂ@g}

We define the operator Q : M — C([fp, +o°),R) by
0, 0<t<T

Ji [t [5 4+ e Q) (0(x(2)))dg]] am, T <1

Fory e M andr > T, we have

(Q)(1) = {

(QW02£n;m§”Wn=gymnm—nU»
Forye M andt > T, we have y(¢) < k!/YTI(¢) and f(y) < f(x"/"I1(r)). Using (3.6),

we have
ol K Ky 1
th</——+— dn = x"Y[[0(r) — T(T)].
(@) < | [5G +5)) M = <) —(r)
Thus, Qx € M. Now, we define a sequence of continuous function v, : [ty, +o0) — R

by the recursive formula

v (t) = {O, t € lto,T)

()M -1(T)), 1>T.

va(t) = (Qvy—1)(t) forn> 1.
It is easy to verify that forn > 1,
(5)01(0) ~ TI(T)] < w1 0) < a0) < 1) —T(T).

Therefore, the pointwise limit of the sequence exists. Let lim,_,ev,(t) = v(¢) for
t > tp. By Lebesgue’s dominated convergence theorem v € M and (Qv)(t) = v(¢),
where v(¢) is a solution of equation (1.1) on [T,e). Hence, (3.5) is a necessary
condition. This completes the proof. g

Example 1. Consider the delay differential equation

1

(OO + 1 0 =2)" =0, 1>0. (3.7)
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Herey=3/5n(t) =e~,1(t) =t =2, TI(t) = [;&>/3ds = 1 (/3 —1), f(v) =v!/3.
For B = 1/2, we have f(v)/v® =v~1/¢ which is adecreasmg function. To check (3.5)
we have

[ pmrermamyan= [ (@832 1)) Can = oo,

because the integral approaches +oo as | — +oo. So that all the conditions of The-
orem 1 hold. Therefore, all solutions of (3.7) are oscillatory.

3.2. Non-decreasing f(v)/v®

We assume that there exists [ > 7> 0 such that
/0) _ W)
Vﬁ - uB ’
A typical example of a nonlinear function satisfying (3.8) is f(y) = |y|%sgn(y) with
Y<B<oa.

forO<v<u. (3.8)

Theorem 2. Assuming (Al)-(A3) and T'(t) > 1, every solution of (1.1) is oscillat-

ory if and only if
*r 1 * 1/
/0 [715(71)/11 P(C)dq de = oo (3.9)

Proof. To prove sufficiency by contradiction, we assume that there exists a non-
oscillatory solution y(r) of (1.1). Since —y(¢) is also a solution of (1.1), we can
confine our discussion only to the case where the solution y(t) is eventually positive.
Then there exists #; > #( such that y(#) > 0 and y(t(r)) > 0 for 7 > ¢;. Then, Lemma
1 holds true for r > 13 > 1. Since y'(t) > 0, so y is increasing and y(z) > y(t3) for
t > t3. Therefore,

y(t(t)) > y(t(t3)) :=xk >0 fort >13.

From (3.8), we have

f(@) g Bz(r)) > <) B

FOO) =500 ~ 5P ).
Integrating (1.1) from ¢ to oo, we have
tim (50 )+ 2 [ pmnPiem))an <o,

Using that (m(y/ )7) (¢) is positive and non-increasing, we have

KB / pm)y*(x(m))dn < (=(y')") (1) < (=()7) (x(1)) < =() (")) (x(1))

for all ¢ > t5. Therefore,

(M) W[L /, °op(n)yﬁ(t(n))dn} e ¥y (1(1))

kP (t)
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implies that

f(K) yr 1 il l/y y( (t)) (’C(l))‘tl(t)
(F) [n(t)/, b m)d”} B/v(r(;))§ VBA(2(1)) (3.10)

Integrating (3.10) from #3 to oo, we have

(fiﬁ))l/v/ [<1>/°° (C)dC}l/Ydﬂ<y1;//;(j<?))<°°7

which contradicts (3.9).
Next, we show that (3.9) is necessary. Suppose that (3.9) does not hold; so for
each ¥ > 0, there exists 7 > ¢y such that

| [n(ln) /n (] an < Z(f(;)w G.11)

Let us consider the closed subset of continuous functions
M= {x € C([to,+o),R) : x(t) = g forz € [1p,T) and g <x(t) <xfort> T}.
We define the operator Q : M — C([fy,+o),R) by
K/2, fh<t<T
K/2+ [ [== [ p(C O)Nde]Yan T <1
T Laim) J p( )f (¢(x(£)))dC] " Fdn st

Note that for y € M, we have (Qy)(¢) > k/2. Also fory € M and r > T, we have
y(r) <xand by (3.11), (Qy)(r) < k. Therefore, Qy € M. As in the proof of Theorem
1, the mapping Q has a fixed point v € M; that is, (Qv)(¢) = v(¢) for t > to. It can
be easily verified that v(z) is a solution of (1.1), such that k/2 < v(¢) <k fors > T.
Thus we have a non-oscillatory solution to (1.1). This completes the proof. O

(Qy)(1) = {

Example 2. Consider the delay differential equation
("33 =0, t>0. (3.12)

Here y=1/5,n(t) =1,7(t) =t — 1 and f(u) = u/3. For p =4/3, we have f(v) /WP =
y!/3 which is an increasing function. Thus

/200[/1100(@+1)d§]5dn:oo.

So, all the conditions of Theorem 2 are satisfied, and therefore all solution of (3.12)
are oscillatory.
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4. CONCLUSION

In this section, we conclude the paper by stating a Remark and presenting two
examples.

Remark 1. The results of this paper also hold for equations of the form

m

(rG)'(0) + X pi0) fi(v(i(2))) =0,

i=1

where &, p;, f;,Ti (i =1,2,...,m) satisfy the assumptions (A1)-(A3), (3.1) or (3.8). In
order to extend Theorem 1 and Theorem 2, there exists an index i such that p;, fi, T
fulfill (3.5) and (3.9), respectively.

Next, we provide two examples, illustrating how Remark 3.1 can be applied.

Example 3. Consider the delay differential equation

s s
t+1(Y(f 2)) +t+2(Y(f 1))'°=0, r>0. 4.1)

Herey=3/5,n(t) = e/, 1i(t) =t —2,1(t) =t — 1, II(t) = [§V3dn =2 (53 -
1), fi(v) = vi/3 and fo(v) = v!/3. For B = 1/2, we have f;(v)/v® =v~1/¢ and
f>(v)/vB =v=3/19 which both are decreasing functions. To check (3.5) we have

(e—t(y/3/5)/ +

/:ipi(ﬂ)fi (<!/"M(zi(n)))dn > /Omm(n)fl (x"/"TI(t1(n)))dn
= /ownJlrl (1(5/32(?(“*2)/3 - 1))1/3dn =0 VKk>0,

because the integral approaches oo as 1 — +o0. So, all the conditions of Theorem 1
hold, and therefore all solution of (4.1) are oscillatory.

Example 4. Consider the delay differential equation
()P 4+ D)0 —-1) =0, 1>0. (4.2)

Here y=3/5, n(t) =1, 1(t) =1t — 2, (1) =1 — 1, II(t) = 1, fi(v) =v*/3 and
fH(v) =73, For B =4/3, we have f(v)/v? = v'/3 and f>(v)/v® = v which both
are increasing functions. Clearly, all the conditions of Theorem 2 hold. Thus, every
solution of (4.2) oscillates.

Open problem

Based on this work and [6, 9, 13, 15, 17, 18] an open problem that arises is to
establish necessary and sufficient conditions for the oscillation of the solutions of the
second-order nonlinear neutral differential equation.
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