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1. Introduction

In this article, we are concerned with the oscillatory behavior of solutions of a general class of
third-order differential equations with non-positive neutral coefficients of the type

(d(l) w (l) Z%(DYB(T;(Z))— , 121 >0, (1.1)
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where w(l) = y(l) — 27:1 a;(l) y((5 j (l)), a and B; are quotients of odd positive integers, and m, n are
positive integers. We shall consider the following two cases: the canonical case

|
D(ly) = f ——dl = oo, (1.2)
h de(l)
and the non-canonical case -
D () = f —dl < co. (1.3)
lh da(l)

Throughout the paper, we assume that

(Hy) d () € C([ly,0),(0,00)),a;() € C([ly,)),0 < a;()) < apj, XL a0; < 1,j=1,2,....m;
(Hy) 6;(D),7i(D),qi (D) € C([lp,)),0;() < Llim,0;() = lime7; () = o0, g;([) > 0,1 =
1,2,..,n,j=1,2,....m.

Any nontrivial function y(l) € C([ly, 00)),ly > Iy, such that w € C? ([ly, 00)) , d(]) (w” (l))a €

C! ([ly, 00)) and y (/) satisfies (1.1) on [/, o0) is called a solution of (1.1). Our attention is restricted to
those solutions y (/) of (1.1) that satisfy sup {[y ()| : [ > T} > O for T > [,. We tacitly suppose that (1.1)
possesses such a solution. A solution y (/) of (1.1) is termed oscillatory if it has arbitrarily large zeros
on [l,, 00); otherwise, it is said to be non-oscillatory. The equation itself is termed oscillatory if all its
solutions oscillate.

In dynamical models, delay and oscillation effects are often formulated by means of external
sources and/or nonlinear diffusion, perturbing the natural evolution of related systems (see, e.g., [1-4]).
Recently, there has been considerable interest in studying the qualitative properties of solutions of
various types of differential equations, see, e.g., [5-7], for the oscillation of second-order differential
equations, while [8, 9], for fourth-order differential equations, and the references [10-12], for the
oscillation of nth-order differential equations. In fact, it is notable that the analysis of differential
equations with non-positive neutral coefficients is more difficult in comparison with that of non-
negative neutral coefficients. The same thing can be said also for the non-canonical case compared
to the canonical case. Moreover, although there has been a lot of interest in the oscillatory behavior
of solutions of third-order equations with non-negative neutral coefficients (see, e.g., [13-16]), for
equations with non-positive neutral coefficients there are relatively fewer published results and so they
are not very prevalent in the literature (see, e.g., [17-20]). For instance, we mention here some of
the related works that motivate our work. In [20], Qiu established new oscillation criteria for the
third-order nonlinear dynamic equation on time scales of the type,

A2 A\T\A
(d1 (l)([dz D (@) £bDz(y)*)”] ) ) +2(Lz(x)) =0, (1.4)
with : ——Al = oo, [ —~Al = co. The authors in [17] were concerned with the D.E.,
a]" (1) Lo
@OE@) £bOVED]) +8OV 1) =0, =1, (1.5)

and established numerous criteria for the so-called Hile and Nehari type under the assumptions 0 <
b(l) < 1 and d’(l) > 0 in the canonical case (1.2). Meanwhile, Jiang et al. [19] were motivated by
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the work of Baculucova and Duzirina [17], and Li et al. [21], to establish an affirmative answer to the
question about the possibility of obtaining asymptotic criteria for the D.E.,

b 144
[d 0 [(V () - f pLEOVILD) df)

where @ > 0 is a quotient of odd positive integers, 0 < fa ’ p(,0)d{ < py < 1, without the need for the
restrictive condition d’ () > 0. More recently Garce [22] studied the oscillatory behavior of solutions
of the nonlinear differential equation

aN/ d
]+f g,v)v(,0)do =0, (1.6)

VO =pOV @) +gDV () = 0,121y >0, (1.7)

with 7(0) < L,o() < 1,7 (1) > 0, and o (I) > 0. Meanwhile, Garce et al. [18] were concerned with the
oscillatory behavior of solutions of nonlinear differential equations of the type

(@DIED=pOVv @) T) +g ¥ () =0,12 1y >0, (1.8)

using comparison methods and integral conditions, with y > B,7()) < L,o () < I,7(l) > 0, and
o () > 0 in the canonical case (1.2).

The principal goal of this paper is to study the oscillatory behavior of solutions of the
nonlinear third-order differential equation with non-positive neutral coefficients (1.1) in the two cases
canonical (1.2) and non-canonical (1.3) by using Riccati transformation without the need for the
restrictive condition d’ () > 0. Moreover, we do not need specific restrictions on the functions 7;(/),
that is, 7;(/) may be delayed or advanced; furthermore, we considered the two cases 8; > a and 3; < a.

2. Preliminaries

This section is devoted to present some notations and lemmas needed for our results.
Define

[ [
1
D\ (T) = f ——du, and D,(L,T)= f D (u,1y)du.
T do (1) T

We first start with the following two lemmas, which are very similar to Lemmas 2.1 and 2.2 of [19].

Lemma 2.1. Assume that y (1) is an eventually positive solution of (1.1), such that (1.2) be satisfied.
Then there exists 1} > ly, such that for all | > 1| the corresponding function w satisfies one of the
following four cases:

i w>0,w >0,w’">0,(dW)") <0,
i) w>0,w <0,w” >0,(dWw’)") <0,
i)y w<0,w <0,w” >0,(dWw)") <0,
) w<0,w <0,w”’ <0,(dWw")) <0.
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Lemma 2.2. If for any eventually positive solution y(l) of (1.1), the corresponding w(l) satisfies
case (i) of Lemma 2.1, then for any I, > | > I,

S d® (i dhdv
Jaw mydn

w(l) > w (1),

w ()

and ——=
le d (hdh

is nonincreasing eventually.

Now, we introduce the following preliminary result:

Lemma 2.3. If for any eventually positive solution y(l) of (1.1), the corresponding w(l) satisfies
case (ii) of Lemma 2.1, and

o ol | e :
fl f (mf Zq,.(s)ds] dudy = oo, (2.1)
o v u i=1

Proof. Since w(l) satisfies property (ii), then there exists a finite constant M > 0 such that

lim;,, w(l) = M. We claim that M = 0. Otherwise, assume that M > 0. By the definition of w,
y() = w(l) > M. Consequently, by (1.1), we have

then lim;_,, y (I) = 0.

@O D)) ==Y a0y @I) <= ) g hw! ()
i=1 i=1

<= Mg <=M ) q:(), (2.2)
i=1 i=1
where k = {E::(@l IXIE]. Integrating (2.2) from [ to oo, we obtain

1 * < :
d(l)fl ;qi(s)ds] .

Therefore, by integrating from / to co and then integrating the result from /; to oo, it follows that

PR G Gl ® < -
w(ll)ZMafl1 ﬁ [mfu ;qi(s)ds) dudv.

This contradicts (2.1). Hence, M = 0 and lim;_,., w () = 0. Next, we claim that y(/) is bounded. If
this is false, then there exists a sequence {/,,} such that lim;_,, /,, = oo and lim,,_,., y (/,,) = oo, where
y(ln) = max{y(s):lp < s <1,}. Since lim; 0;(l) = ©,6;(l,,) > Iy for sufficiently large m. By
0;(I) <1, we conclude that

w' () > M« (

¥(6; () = max{y(s) : lo < 5 < 6; (L)} < max{y(s) : lo < 5 < b =y ().
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and so

W) =y Un) = D a; ) y (65 ()

j=1

2y () - aj; (lm)y ()

.Ms

1l
—_

J

> [1 - Za()j)y(lm)a

J=1

which yields lim;_,o, w (1) = oo. This contradicts lim,_,., w (/) = 0, therefore y (/) is bounded, and hence
we may suppose that limsup,_, y (/) = by, where 0 < by < co. Then there exists a sequence {/;} such
that lim;_,, [ = o0 and lim;_,, y (I;) = by. Now assuming that by > 0, and letting

by (1 - 27:1 Clo]')
€= )

2 Z?:l o

we have y (6 j (lk)) < by + € eventually, and thus

0= limw() > lim [y (1) = D ao; (bo + e))

=1
m bo(1=%0ia0)) b, &
= by — Cloj(bo-l- - =—11- apj >0,
JZ::‘ 23 ao; 2 JZ::I
which is a contradiction. Thus by = 0 and lim;,, y (/) = 0. The proof is complete. O

3. Main results

Theorem 3.1. Assume that 5; > a, i = 1,...,n, (1.2) and (2.1) hold. Suppose that there exists I () €
C ([ly, 0)) such that
I() <inf{l,r; (D}, llimI(l) = 00, (3.1

If there exist a function v (I) € C' ([ly, ), (0, 00)), and a constant C, > 0 such that, for all sufficiently
large 1, > ly and for some I3 > [, > [,

[ n ’ a+1
lim supf [v (w) Z q; (u) Cfi—aN (u) — d)[v (w)] )du N (3.2)
b i=1

[—00 (@ + D@y (v)

where
a

T d oy diedss
i d® o dx

N = l (3.3)

then Eq (1.1) is almost oscillatory.
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Proof. Assume that y (/) is an eventually positive solution of (1.1). Then there exists a [; > [, such that
y() > 0,y(6;(1)) > 0and y (r; (1)) > 0 for [ > I;. It is clear by Lemma 2.1 that the function w (/) obeys
one of four possible cases (i), (i7), (iii), or (iv). Assume first that case (i) is satisfied for [ > [;. Define
the Riccati transformation ¢ (/) by

d()w” ()"

p()=v() Y

then ¢ () > O for [ > [, and

, v (D) [d (D) w” ()] d (D w” (D)™
)= [ [ - ) ———. 34
PO=Tnt OOy T O L G4
But since from (1.1) and the definition of w, we have
@D D) == a®y @ D)
i=1
<= aOw ().
i=1
Hence, since w’ ({) > 0 and ; (/) > I (!), then
@D D)) <= aOw A1), (3.5)
i=1
Then from (3.4), we have
s < Dty -y S gDV AW @O 46
v(l) (w’ (D) dv )
Now since w (/) is positive and increasing, then there exist a [, > [, and C; > 0 such that
W(l) > Cl, [ > lz. (37)
This, with (3.6), leads to
, v (D) C Bi—ar [W (! (l))]a @)
H < H—v( (DC - . 3.8
§ < o0 V();qo B e e (3.8)

Since I (/) < [, then by using the nonincreasing property of —; W __ (see Lemma 2.2), we obtain

-1
le dT (h)dh

W@ 4t

> . (3.9)
WO [aw nydn
Now by using Lemma 2.2, we have
wd )" (wd O)w T D)
[ w (D ] ‘( w (T Dyw D ) =N0, G190
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and so, by substituting from (3.10) into (3.8), we obtain

a+l

, v (D) C -~ (@) =
6 0< 2o -v)Y TN - e
v() P dDvd)e-
Applying the inequality
a+l aaTa+1
TV-RV'® <————— R>0, (3.11)
(@ +1)"*! Ro
. _ _ a _ v .
withV =¢(),R = Tt and T = 0 e obtain
d() v (h1*

' —v(l - (] ﬁi_aNl .
¢ () < v()éqlocl Ot s e )

By integrating from /5 (I3 > [,) to [, we arrive at

[ n ’ a+1
| [v Y g N @ - LT g,
b i=1

(@ + D@y (u)

this contradicts (3.2). Now consider the case (ii), then by Lemma 2.3, lim;, y(/) = 0. In both
cases (7ii) and (iv), similar analysis to that in [19, Theorem 3.1], case (iii), and case (iv) can be used to
arrive at the conclusion lim;_,., y (/) = 0. This completes the proof. O

Theorem 3.2. Assume that 5; < a, i = 1,...,n, (1.2) and (2.1) hold. Suppose that there exists I () €
C ([ly, )) satisfies (3.1). Suppose further that there exist a function k(I) € C' ([, 00), (0, ©)), and a
constant C > 0, for sufficiently large || > ly and some I3 > I, > ;. If

! " - DPU(s), 1) 1 (K ()
1. k . ﬁl @ 2 — d = 12
lmsupfh [ ) ;1 496G Di(s.) @+ D) D k| (12

|—00

then Eq (1.1) is almost oscillatory.

Proof. For the sake of contradiction, suppose that (1.1) has an eventually positive solution y (/). Then
for any, Iy > Iy, we have y (1) > 0,y(8;()) > O and y(z; () > 0,i = 1,2,..,n,j = 1,2, ...m. Ttis
clear by Lemma 2.1, that the function w (/) obeys one of the four possible cases (i), (ii), (iii), or (iv).
Assume first that case (i) is satisfied for [ > [;. Define

d)(w” )"

QW) =k W, I>1,

then Q (/) > 0, and by using (3.5), we obtain

, k' (1) > g (DwPi () dDw” (D) w ()
Q)< —=Q)—k( —ak(l ,
() < 0 D)=k w ) ak (1) v ()

But since w’ (1) > 0 and d (I) (w” (I))* is nonincreasing, we obtain

(3.13)

w (D) = (d (D) (W (D)) Dy (1) (3.14)
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Substituting into (3.13), we obtain

k(D) Y g (HwPi (D) d" e (1) (w” ()
Q) -k —ak() D, (1,1 :
I T kO Dy b = e

By the definition of €2, we have

Q)<

an<¥Pow ko ZaaOW o oo @O

= %0 w (1)° ki (1)

By applying the inequality (3.11), with

_ aD, (1)) T - k' (D)

R T =
ka (1) k(1)

and V =Q()),

we obtain

g (DwP (D) N 1 o ()

Y=k O=000 @+ T DY Gk ()

(3.15)

But since from (3.14), we have

( w’ ()

<0, forl>1 l,
m@m) orf=f=h

which leads to

"Dy (s, 1) W (s) w’ (1)
w () Z\[zz D (s.1) ds > D, (l,ll)D2 (1,0).

w(d Y
(D2 (l,lz)) <0. (3.16)

Hence

This with 1 () < [, yields
wdd) DD, b)
w(l) — Dy(,h)

Substituting from (3.17) into (3.15), we obtain

(3.17)

D, (I (1), lz)]a + 1 ™ (3.18)

Q) <~k (l);qi hwha (l))[ D, (1) (@+ )™ DY LIk (D)

Now since by (3.16), D;igl)lz)is decreasing, there exists a constant C, > 0O such that for /3 > l,, we have

w (D)
< C,, forl> 1.
D (L)~ > =k

Substituting into (3.18), we obtain

Dy (I (), h) 1 (K (1)

N : 3.19
Dy(,L)  (a+ D)™ DY L)k (D) G-19)

QD <—kd) Y g™
i=1
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Integrating (3.19) from /5 to /, we obtain

/ n i ’ a+1
f [k<s> 3 ai(s) A UCIL S S OV PR
I3 i=1

D} (s,h)  (a+ 1) D§(s,0) ke (s)
This contradicts (3.12). The proofs of the cases (ii)—(iv) are as in the proof of Theorem 3.1. O

Now, we discuss the oscillatory behavior of Eq (1.1) in the non-canonical case (1.3).

Theorem 3.3. Assume that B; > «, i = 1,...,n, (1.3) and (2.1) hold. Assume that I(l) be as in

Theorem 3.1, for sufficiently large || > Iy and for some I > 1, > 1}, (3.2) is satisfied. Suppose further
that there exist constants C3 > 0 and 0 < L < 1, such that

/ n a+l 1
it De (5) CPopeset (1 (s)f - (-2 ds = oo, 3.20
”fii“pfh[ (s);qm st ) - () D(s)di(s)} s (3.20)

then Eq (1.1) is almost oscillatory.

Proof. For the sake of contradiction suppose that (1.1) has an eventually positive solution y (/). In view
of (1.3), there exist six possible cases including (i/)—(iv) (as in Lemma 2.1), and the two extra cases:

v) w>0,w >0,w" <0,(dw)) <0,

vi) w<0,w >0,w” <0,(dWw’)") <O0.

The proofs of the four cases (i)—(iv) follow the same arguments of Theorem 3.1. Now consider the
case(v). Since d (w”)" is decreasing, then

d(s)y (W’ ()" <dD W' D))", s=>1>1. (3.21)
Integrating from / to g and letting g — oo, we have
w () > —d* ()w” () D (). (3.22)

In view of case (v), since w (l) > 0,w’ (I) > 0 and w” (/) < 0 on [/, o], for any constant L € (0, 1), we
have

w() > Liw' (), forl>1, > [. (3.23)
Now define 4 DT
w
() = ——— 324
(== (3.24)
then ® (/) <Oforl>1[,, and
dO W OrY [@(l)]“ﬁ?
@' () = —ad()|—= }
® wor 050
Thus, from (3.5), we have
=Y g (DwE () [cb(l)]"f
D' (I —ad()| —= . 3.25
0= v OF 0|50 (3:23)
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Therefore, in view of (3.23), we obtain

(Wlfl)) <0. (3.26)
But since I (/) < [, then

wd @) 1O [*
) > [ ; ] . (3.27)
This with (3.23), leads to 1
w( (1)) S LIt (1)
wi(d — i
Consequently, by substituting in (3.25), we have
O )<= aOw A0 LEE D) - a%. (3.28)

Now since, from the positivity and increasing properties of w (I), there exists a constant C3 > 0 such
that w (I) > Cs, then we have

: R C 10
D' ()< - J(DCE LYl (1 () - a———. (3.29)
2,006 ar ()
It is clear by (3.22) and (3.24) that
-D*(DD() <. (3.30)
Multiplying (3.29) by D“ (/) and integrating from /5 to /, we have
: : , : : [© ()] 1
f D% (s) Z qi (s) Cf’_aL“sO‘_Z ()L + aD” (s) ———— T +ad = (s) D (5) D (s)|ds
l3 i=1 a (§

< -D'DOD)+ D" ()P (Ly).

SetR = dDj—E‘Yi, T=da (s) D*!' (s) and v = —® (), then using the inequality (3.11), we have

fl [Da (s) Zn:  (5) cParaget (I(s))% — ( @ )“” 1 ]ds
I - qi 3 — oY o S

< 1+D"(L) D).

This is a contradiction with (3.20). Assume case (vi) holds. Now, by using an argument similar to that
used in Lemma 2.3, we arrive at the conclusion that lim;_,., y (/) = 0. The proof is complete. O

Theorem 3.4. Assume that 5; < «, i = 1,...,n, (1.3) and (2.1) hold. Assume further that I (l) be as in
Theorem 3.1, for sufficiently large |, > ly and for some I3 > [, > 1}, (3.12) is satisfied. If there exists a
constant C4 > 0, such that

! n ) a+1 1
1- Da ; C,Bi—(YL(l (l—% I % _ @ ]d = 00, 331
”fiiuPL [ (S);q it aot-(75) D)t (9] b

then Eq (1.1) is almost oscillatory.
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Proof. Let y (I) be a non-oscillatory solution of (1.1) such that y (/) > 0, in view of (1.3), there exist six
possible cases (i) — (vi) (as in Theorem 3.3). The proofs in the four cases (i) — (iv) are as in Theorem 3.2.
Now assume that case (v) holds. Then following the same lines of the proof of Theorem 3.3, we arrive
at (3.28), but since by (3.26), W(l) 1s nonincreasing, then there exists a positive constant C4 such that

l
wf ) < Cy,
Iz
I>L>1
This with (3.28), leads to
n atl
. a i (D l @
D' ()< - Z qi (D) Cff’_”L"l&_Z 04 (l))ﬁf - & (3.32)
P dz (1)

Multiplying both sides of (3.32) by D (/) and integrating from /4 (> I3) to [, and then applying the
inequality (3.11), we obtain

a+1

/ n . a+l 1
D° () CPrrest (1 (st - (-2 ds <1+ D) (L).
fl[ (S);Q(S) st - () D(S)dé(s)] <1+ D (1) (L)

This contradicts (3.31). Assume that case (vi) holds. By a similar argument to that used in Lemma 2.3,
we arrive at the conclusion that lim,,, y (/) = 0. The proof is complete. O

4. Examples

Example 4.1. Consider the differential equation

1 (1 1 (1) 1 1

Here a) = llz,aZ 14,d(l) =1L g )= l;,Q2(l) = 14,51 ) = ,52(1) = %aTl D=Lt =2La=p
=B, = 1. Note that fzo dv (s)ds = [} ds =

ff[d()fmiq’(”‘“) d“dv—f f f (—+—)dsdudv

Choosing v(l) =land I(l) =1, we have

I(D) s -1 @ [ s
N - J, I, d¥ (hdhds ) J, | dhds P2+
fa® (myan [ an 20-1) °
/1:21112—12,

AIMS Mathematics Volume 9, Issue 11, 32257-32271.
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and

! - ’ a+l
]hnamtf o0 Y N (- 4O ©) ]m
I3 i=1

[ (@ + D@y ()

s fl 1 .\ I\(2=2d,+2) 1 "
= u — - - —
A T L VER Y A W YR S R

i fl' 1 b, A 1 h o, 4 M
=lims - - - —
1—>o:lp s 120=0) @=0) 220-=0) 20-=0L) 20e=-0L) 250-1L) 4

o~

=0Q.

Thus, by Theorem 3.1, Eq (4.1) is almost oscillatory.

Example 4.2. Consider the differential equation

3 _ll_ll”’13l _5£_
[l- (y(l) 2,y(2) 7ly(3))] lfy (2) 4 (3)—0, [>1. (4.2)

Here ay = 211, - 7l’d(l) - 13 qi (l) - S’qZ(l) - 14761 (l) - 2’62(1) - 3’T1 (l) - 2,T2(l) - %
@ =1, =3,B, = 5. Note that " da(s)ds—f I73ds < oo,

f f [dL foqul (s)ds) dudy
lo uo=1
f f %f (ii %) dsdudv = oo

N_

Taking I (l) = % we have

L -1 1

F a7 iy dhds |’ o dnds By B g

N = = - ,
fla7 (h) dh finsan 37 -3

92

== —3ll ,

>h 2

choosing I, = 1,1, = (1,2), 13 > 6 and v (l) = il then
13

[ n a+1
. —a d [ (V)]
lim su f v(1) (1) CP N (1) -
[—>0 p I3 Z 1 ! ( + 1)a/+1 v (L)
;1
- "1 (c: cf %\r +L§lf + i3 1
= hmsupf - —+—4 ~ - —|dt
l— 00 L \t3 \ (3 L SL%IIT -3 361
_ 1 o[-+ A7 v pd)
> llmsupf - —5+—4 - —|dt
[—0c0 13 \i3 L 3L§ll3 361
AIMS Mathematics
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. ! —%Cf ny Cf C‘ll —%BL+L% +’)/L% 1
= limsup " +?+3—+T3 T " 36 di
[—00 I 23 L L 3 33 L

= 09,

for C? > L, and

12’
. n a+1
A a 4 a 1
lim Supf D¢ (S) § qi (S) C,Bz—“Lasa_Z (I (S))z - ( ) ] ds
[—00 I3 [ i=1 ’ atl b (S) dé (S)

; 1 1
) 3 1\t 3 1\t 1
= hl’;li:lpﬁ EC%L(g) + s_]$C§L(§) - E]ds = 00,

1
for C%L (%)L > %. Thus, by Theorem 3.3, Eq (4.2) is almost oscillatory.

5. Conclusions

In this article, we discussed a general class of third-order differential equations with non-positive
neutral coeflicients (1.1) in the two cases of canonical and non-canonical conditions. Our criteria do
not need to determine whether the functions 7; (/) are delayed or advanced. Moreover, our new criteria
do not need the restrictive condition d’ (/) > 0.
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