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Abstract: The main purpose of this paper is to obtain criteria for the oscillation of all solutions of a
third-order half-linear neutral differential equation. The main result in this paper is an oscillation
theorem obtained by comparing the equation under investigation to two first order linear delay
differential equations. An additional result is obtained by using a Riccati transformation technique.
Examples are provided to show the importance of the main results.
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1. Introduction

In this paper, we study the oscillation of all solutions of the third-order neutral differential equation

(@(O((h(OZ'(£))) + f(O)y*(£) =0, t = to, @

where z(t) = y(t) + p(t)y(c(t)), subject to the following assumptions:

(Hy) o € C([ty, ), R) with o(t) < t, and lim; e () = o0;

(Hp) p, f € C([tp,00),[0,00)),0 < p(t) < p <1, and f does not vanish identically;
(H3) ais aratio of odd positive integers;

(Hy) g, h € C([tg,0), (0,00)) and satisfy

© 1 N |
—dt = ——dt =
/to %(t) to h(t)

The function y(t) is said to be a solution of Equation (1) if the corresponding function z(t) €
Cl([Ty, )), Ty = to, (h(t)(Z'(1)*)" € C([Ty, 0)), g(t)(h(t)(Z'(t))*)" € C([Ty,0)), and y(t) satisfies
Equation (1) on [T}, ). We assume Equation (1) possesses solutions satisfying sup{|y(t)| : t > T} > 0
forall T > T, i.e., Equation (1) has continuable solutions. Such a solution of Equation (1) is called
oscillatory if it has infinitely many zeros on [T, ®), and nonoscillatory otherwise. We say that an
equation is oscillatory if all of its solutions are oscillatory.

In recent years there has been great interest in investigating the oscillatory and asymptotic
behavior of third-order functional differential equations. A significant difference between the results
here and those in [1-11] is that in all these papers the results obtained are of the form that a solution
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is either oscillatory or it converges to zero. This is often the “expected” result if direct proofs are
attempted. In the present paper, we are able to obtain the oscillation of all solutions due to the
technique of proof, namely, by comparing the equation under consideration to an inequality whose
oscillatory behavior is known.

In [12], the authors used a relation of the form

y(t) = (1= p(t))z(t) @

where y is positive and z is positive and increasing. In addition, based on a result given in ([13],
page 28), if y and z are positive and z is decreasing, they then assume that y is also nonincreasing.
This leads to the following relation between y and z:

y(t) > (%) 2(b). 3)

However, in a very nice paper [14], the authors present a counter example to show that if z is
decreasing, then y does not need to be decreasing, and therefore the relation Equation (3) is not correct.
Motivated by this observation, in this paper we first obtain a valid relation between y and z if both
are positive and z is decreasing (see Lemma 3 below). Then using this relation, we present some new
oscillation criteria for Equation (1). Thus, the results established in this paper are new and complement
results already reported in the literature.

2. Main Results

We begin with the following result that gives the basic properties of positive nonoscillatory
solutions of Equation (1). An analogous result holds for eventually negative solutions.

Lemma 1. Assume that y(t) is a positive solution of Equation (1). Then the corresponding function z(t)
satisfies one of two cases for all sufficiently large t:

(D z(t) > 0,2'(t) <O, (h(1)2'(£))" > 0,and (g(£)((h(1)Z'(1))')*)" <O;
() z(t) > 0,2'(t) > 0, (h()2'(t))" > 0, (g()(((1)Z'(1)))*)" < 0.

Proof. The structure of positive nonoscillatory solutions of Equation (1) under condition (Hy4) follows
from well known results of Kiguradze and Chanturia [15]. O

In the following two lemmas we obtain useful relationships between the functions y and z.
These will be used in place of the incorrect inequality (3) described in the previous section of this paper.

Lemma 2. Let y(t) be a positive solution of Equation (1) and let z(t) satisfy Case (II) of Lemma 1. Then
y(t) = (1= p(t))z(o(t)) )
for all sufficiently large t.
Proof. From the definition of z(t), we have z(t) > y(t) and
y(t) = z() = p(H)z(o(t)) = (1 = p(t))z((t))

since z is increasing. [J



Mathematics 2020, 8, 325 30f9

To simplify our notation, for any T > tj, we set

|
GT(t) = /Tg;(s) ’
t (3T(S)
T (S)

Qr(t) = °°( s du) s,
or(t) = exp (/ )

Hr(t)

forallt > T.

Lemma 3. Let y(t) be a positive solution of Equation (1) with z(t) satisfying Case (1) of Lemma 1 and assume

that (t) = (‘P;(T((t))) - p(t)) > 0 fort > T. Then,

z(t)pr(t) is increasing )

and

y(t) = ¢(t)z(e(t)) ©6)
fort > T.
Proof. Assume that y(t) is a positive solution of Equation (1) with the corresponding function

z(t) satisfying Case (I) of Lemma 1 for all t+ > T, for some T > t;. Then, it is easy to verify that
im0 h(#)Z(t) = 0 and lim¢ 0 ¢(¢) ((h(t)Z'()))* = 0. An integration of Equation (1) then yields

(1)) = [ ey < [T fez s <=0 [ £6)

Integrating again, we obtain

(B2 (t) > —=(t) /t°° (g(ls) /Soof(u)du>ids,

Z'(t) = —z()Qr(t).

or

Hence,

(z(Ogr(1))" =2 (Opr(t) +z()Pr(t) = z(t)(91(t) — Qr(t)¢r(t)) =
so z(t)¢r(t) is increasing.
From the definition of z, we have

y(t) > =(t) - pwzo() = XD )2 o)

("’;f(ff)” - p<t>) 2(o (1))

since z(t)¢r(t) is increasing. This proves the lemma. [

Our final lemma provides some inequalities involving z and z’ and the functions Gr and Hy
defined above. They are used in the proofs of Theorems 1 and 2 below.
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Lemma 4. Assume that y(t) is a positive solution of Equation (1) and z(t) satisfies Case (II) of Lemma 1 for all
t > T. Then

2() > %f‘(g) (1) (1)) G1 (1), )
2(t) > g= (1) (h(H)2' (1)) Hr (1), ®
and
2(e(t) = Hy(a(t) " ! ©)
forallt > T.

Proof. The relation Equation (7) easily follows from Lemma 5 in [11], and Equation (8) follows by
integrating Equation (7) from T to t and simplifying. From Equation (7), it is easy to see that

h(ﬂZ’(O)'
<0,
( Gr(t) ) —
and therefore % is decreasing for t > T. Furthermore,
Fh(s)Z'(s) Gr(s) , - h(t)Z' (1)
t) =2z(T ds > Hr(t
0=+ [ GGy w0 = e
Hence, ) )
h(o(t)z' (e (t)) h(t)z'(t)
>
2(0(1)) 2 Hr(o() LIS = Hi(e () s
since h(é)TZ(/t()t) is decreasing. This completes the proof of the lemma. O

We are now ready to state and prove our main results.

Theorem 1. Let ¢’ (t) > 0 and assume that there is a function &(t) € C'([to, o)) such that

§'(t) 20, §(t) > tand n(t) = o(§(5(1)) < t. (10)
If both of the first order delay differential equations
(1) (s2) .
w (1) + [h(ﬂ) [ g [ ssow o) ds2] 2(1(1) = 0 )
and
w'(t) + f(£) (1 = p(1))“Hr (o (t))w(o(t)) = 0 (12)

are oscillatory, then Equation (1) is oscillatory.

Proof. Let y(t) be a positive solution of Equation (1). Then there is a T > t; such that y(t) > 0 and
y(o(t)) > 0forall t > T. From the definition of z(t), we have z(t) > 0 for all t > T, where T is also
chosen so that Lemmas 1-4 hold forall t > T.

Case (I). Using Equation (6) in Equation (1), we obtain

@O ((r(BOZ' (1)) + fF(Op* ()2 (o (1) <0, (13)
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and integrating from f to {(t) yields

SOEZO)) = [T fenwt st (ols)ds:
()
> 2e@O) [ Fenytnds
Thus,
(t) i
00 = o€ (o [ FEvenas )

or

1

(t) (s2) "
) 2 =) (h(lt) [ (o [ ssow o) dsz)-

Finally, integrating from t to co gives

00 [T [ o) a0

Let us denote the right side of Equation (14) by w(t). Then w(t) > 0 is decreasing, w(t) < z(t),
and it is easy to see that w(f) is a positive solution of the differential inequality

, 1 E0 1 i) . x
w<t>+{h(t) I (g [ feow s dSz] w(y(1) <0

Then Theorem 1 in [16] shows that the corresponding differential Equation (11) also has a positive
solution, which is a contradiction.
Case (I1). Using Equation (4) in Equation (1), we have

() (D2 (D)) + F(D(1 — p(1)*2* (1) <O, £ > T. 15)
From Equation (8),
2(0(1)) = g(e(0)[(h(o(1)2 (0 (1)) |*HE (0 (1), £ 2 T, (16)
s0 combining Equations (16) and (15) yields
(O (((DZ (D)) + FD (1~ p(1)*Hy (0(0)g (@) [(h(e(1)2 ((1)))]* <0, 1> T.
Let w(t) = g(t)((h(t)z'(£)))* > 0; then we see that w(t) is a positive solution of the inequality
W (1) + £() (1~ p(1) *Hy (0 (1) yw(o(r)) < 0.

Again by Theorem 1 in [16], this implies that the corresponding differential Equation (12) also has
a positive solution, which is a contradiction. This completes the proof of the theorem. [J
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As an example of how to use our above theorem to obtain explicit oscillation criteria, we have the
following corollary.

Corollary 1. Let conditions of Theorem 1 hold. If

1
o t 1 &(s3) 1 G(s2) N ® 1
hgglf ” m/% <g(52) /52 f(s1)y (sl)dsl) dspdsz > - (17)
and
liminf/t F(s)(1—p(s))*H} (0 (s))ds > 1 (18)
t—oo  Jo(t) T e

are satisfied, then Equation (1) is oscillatory.

Proof. By ([17], Theorem 1), conditions Equations (17) and (18) imply that Equations (11) and (12)
are oscillatory. [

We conclude this section with the following theorem. The proof uses a Riccati transformation technique.

Theorem 2. Let o/ (t) > 0and let &(t) € C'([t, o)) satisfy Equations (10) and (17). If there exists a real
valued nondecreasing differentiable function p(t) such that

23 S /(g))« 1
i | oo ) - 20z

ds = oo, (19)

then Equation (1) is oscillatory.

Proof. Let y(t) be a positive solution of Equation (1). Proceeding as in the proof of Theorem 1,
we see that z(t) satisfies one of the cases in Lemma 1. Case (I) can be eliminated by using condition
Equation (17) as in the proof of Theorem 1. Now consider Case (II). Define

N OIUIOEL) D AP
F) =0y orf2 T (20)

then F(t) > Oforall t > T. Differentiating Equation (20) using Equation (15),and simplifying, we obtain

/ o F%(t)
Fy < PO rw — ot 01 — piyyr Aot e L t>T. 1)
()< PO~ pOF00 P G -
. . . _py il ot AR _0® g « -
Applying the inequality Au — Bu « < CES\ e with A = S B= T o and u = F(t)

in Equation (21), we obtain

Z0 ! a1
F(t) < (001 o) s + SUET @)

Finally, using Equation (9) in Equation (22) and then integrating the resulting inequality from T
to t, gives

: JHHE) | g(6)(6/(9)!
[ [ptorste) 1 = pie)p ZETS - SN s < pr) < o0

This contradicts Equation (19) and completes the proof of the theorem. O

3. Examples

In this section, we provide some examples to illustrate the importance of the main results.
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Example 1. Consider the third-order neutral delay differential equation
1
(VEHVEHy(6) + py(AD))) + zy(H) =0, £ > 1
Here we have g(t) = h(t) = V1, f(t) = tz,zx—l o(t) = At with0 < A < 1, and we take p < A?
Simple calculations show that Gi(t) = 2(v/t — 1), Hi(t) = 2(v/t —1)2, Q1(t) = 2/t, ¢1(t) = #3,
(A2—p) > 0. Choose &(t) = Bt with B > 1 and AB? < 1; then 5(t) = AB*t < t and
Bs2 1
- (A2 — p)dsidsydss
1

1 [hss 1
\/7 s2 57
1 1
1——)(1— B)lnrﬁz.

and y(f)
condition Equation (17) becomes
limin /
t—eo JAB2H \F 3
=2(A% = p)(
VB
Condition Equation (18) becomes
liminf [ 2(1— )(VAs —1)%ds =2(1 — p)Aln —
B 2 P -
Therefore, by Corollary 1, Equation (23) is oscillatory if 2(1 — p)Aln{ > L and 2(A%2 — p)(1 —
\/B)(l - B)ln ,\ﬁz >
Example 2. Consider the equation
2,1 VIS VAR
(89 (¢35 (y(£) + py(A8))7))3)" + Gy () =0,t>1 (24)
3
We have g(t) = £ ,h(t) = £, f)y =1, 0(t) =At,0< A < 1,a =1 and we take p < A2
£3
Calculations show that Gy (£) = 3(t5 — 1), Hy(t) = 3(2t —3t3 +1), Q1 (t) = 8, ¢ (t) = £7, 9(t) =
(A2 —p) > 0. Condition Equations (17) and (18) are satisfied if
81, .8 1 1 1 1
2(/\ P)(l—ﬁ?)(l—ﬁ%)l /\T&z P

1.1
(1 —p)3 h'lX > E
(25)

and
Then by Corollary 1, Equation (24) is oscillatory.
Example 3. Consider the third-order equation
(y(8) +py(AD)" + t3 Sy =0,t>1.
h(t) =1, 0(t) = M with0 < A < 1,a = 1, and f(t) = 2 where
= (t—1), Hi(t) = S,

AB?t and condition Equation (17) takes
1

1 1
- R0 e

1A = p)

In this case we have g(t)

¥ > 0is a constant. We take p < A, and it is not hard to see that G;(t)
Qi(t) = 4, ¢1(t) =17, and (t) = (A —p) > 0.

Taking (t) = Bt with B > 1and AB? < 1, we have 7(t)

the form
Bss sz 27
(A — p)dsidsyd
I

liminf
t—o0
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By choosing p(t) = t, we see that condition Equation (19) becomes
) 2y (As—1)2 1
llrtis;lp A [52(1 - p)m 5 ds

. ; 171 29A1-p)  1(1-p)
>111trl>soljp 1{{7(1;9))\24}5 s(s —1) +52(1s)}%oo

as t — oo provided (1 — p)A? > 1/4. Hence, by Theorem 2, Equation (25) is oscillatory if

1A= p)(B-1*(B+1)) lnL > % and 4v(1- P)/\z > 1.

B> AB?
4. Conclusions

In this paper, we have obtained some new oscillation criteria for Equation (1) in the cases where
0 < p(t) <p<landa € (0,00). These results ensure that all solutions of the equation studied are
oscillatory. Our results are new in the sense that the results in the papers [1-11] will not ensure that all
solutions of Equation (1) are oscillatory.

It would also be of interest to extend the results here to the cases where —1 < p(t) < 0 or p(t) is
oscillatory. The extension of the results here to higher order equations such as

(& ((h(DZ' (1)) + F(B)y (1) =0, > to,

where z(t) = y(t) + p(t)y(o(t)) and n > 3 is an odd integer would also be of interest.
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