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INTERVAL OSCILLATION OF SECOND-ORDER
EMDEN-FOWLER NEUTRAL DELAY DIFFERENTIAL
EQUATIONS

MU CHEN, ZHITING XU

ABSTRACT. Employing Riccati techniques and the integral averaging method,
we establish interval oscillation criteria for the second-order Emden-Fowler
neutral delay differential equation

[l O 2" ()] + a1 (®)|y(t — 0)|* y(t — o) + g2 (D) |y(t — 0)|* "yt — o) =0,
where ¢t > to and z(t) = y(t) + p(t)y(t — 7). The criteria obtained here
are different from most known criteria in the sense that they are based on
information only on a sequence of subintervals of [tg, 00), rather than on the
whole half-line. In particular, two interesting examples that illustrate the
importance of our results are included.

1. INTRODUCTION

Consider the second-order Emden-Fowler neutral delay differential equation
[l2" () " () + ar (D]y(t =) |* 'yt — o) +a2(B)ly(t — )|yt —o) = 0, (L.1)

where ¢t > to and z(t) = y(t) + p(t)y(t — 7). In what follows we assume that

(Al) 7 and o are nonnegative constants, «, § and « are positive constants with
l<a<y<p

(A2) q1, 92 S C([tO7OQ)7R+), R+ = (0700)7

(A3) p € C([tg,),R), and —1 < pg < p(t) < 1, po is a constant.

For any ¢ € C([to—0,1t0],R), 6 = max{r,0}, has a solution y(t) extendable
on [tg, 00) satisfying the initial condition y(t) = ¢(t) for [tg — 0, to]; see, e.g., Hale
[6]. Our attention is restricted to those solutions y = y(t) of which exist on
some half-line [t,, 0o) with sup{|y(t)| : t > T} > 0 for any T > t,, and satisfy (L.1).
As usual, a nontrivial solution of is called oscillatory if it has arbitrarily large
zeros, otherwise it is called nonoscillatory. Finally, is called oscillatory if all
its solutions are oscillatory. We say that satisfies the superlinear condition if
¢1(t) = 0 and it satisfies the sublinear condition if ¢(t) = 0.
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We note that second order neutral delay differential equation are used in many
fields such as vibrating masses attached to an elastic bar and some variational
problems, etc., see Hale [6].

In the last decades, there has been an increasing interest in obtaining sufficient
conditions for the oscillation and/or nonoscillation of second order linear and non-
linear neutral delay differential equations (see, for example, the monographs [I}, B}, 5]
and the references therein). Recently, the results of Atkinson [2] and Belohorec [4]
for the Emden-Fowler equation

y"(8) +a@®]y(H)]""'y(t) =0, ¢ € C([ty,0),R) and 7 >0 (1.2)
have been extended to the second order neutral delay differential equation
[y(®) +p()y(t —7)]" +a(t)f((y—0)) =0 (1.3)

by Wong [13] under the assumption that the nonlinear function f satisfies the
sublinear condition
cd cd
0< [ 2L M s foralle >0,

o+ f(u)’ o- [flu)

as well as the superlinear condition

< d T d

0< 7”, / 7u<oo for all € > 0.
e S Joo flu)

Also it will be of great interest to find some oscillation criteria for special case for

(1.3), even for the Emden-Fowler neutral delay differential equation

[y(t) +pt)y(t — 7)) + q®)ly(t — o)yt —o) =0, ~>0. (1.4)

This problem was posed by [13, Remark d]. As an positive answer to it, Saker [10],
Saker and Manojlovi¢ [I1], and Xu and Liu [I4] have given some oscillation criteria
for , and . As we know, the results obtained in [10, 1T} [13] [14]
involve the integral of the functions ¢, ¢, g2 and hence require the information
of those functions on the the entire half-linear [tg,00). As pointed out in Kong
[8], oscillation is an interval property, that is, it is more reasonable to investigate
solutions on an infinite set of bounded intervals. Therefore, the problem is to find
oscillation criteria which use only the information about the involved functions on
these intervals; outside of these intervals the behavior of the functions is irrelevant.
Such type of criteria are referred to as interval oscillation criteria. The first beautiful
interval criteria in this direction was due to Kong [8], who gave some interval criteria
for the oscillation of the second order linear ordinary differentia equation

(r(®)y' (£)'(t) + a(t)y(t) = 0. (1.5)

Recently, Yang et al [15] extended Kong-type interval criteria to certain neutral
differential equations.

Motivated by the ideas of Kong [8] and Philos [9], in this paper, by using Ric-
cati technique and the integral averaging method, we will establish some interval
oscillation criteria for , that is, criteria given by the behavior of (1.1) only
on a sequence of subintervals of [ty,c0) (see Theorems for details) rather
than the whole half-line. Our theorems essentially improve some known results in
[10, T4]. In particular, two interesting examples that illustrate the importance of
our results are also included.
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2. MAIN RESULTS

In this section, we shall establish Kong-type interval oscillation criteria for (|1.1))
under the cases when 0 < p(¢) < 1 and —1 < py < p(t) < 0. It will be convenient
to make the following notations in the remainder of this paper. Define

“apay 1
H= mln{ﬁ o 7—04} k_(1+7)1+7
Q1(t) = p[l —p(t—o0o)]” [ )qg ()]U(ﬁ—a)

(e
Qa(t) = play " (B3~ ()]0

In the sequel, we say the a function H = H(t, s) belongs to a function class H,
denoted by H € H, if H € C(D,[0,00)), where D = {(t,s) : —00 < s <t < o0},
and H satisfies

(H1) H(t,t) =0, H(t,s) >0 for ¢t > s;

(H2) H has partial derivatives 0H /9t and OH/Js on D such that
OH
ot
where hy, hy € LlOC(D,R).

The following Lemma will be useful for establishing oscillation criteria for

whose proof can be found in [12].

Lemma 2.1. Let Ay, A1, Az € C([tg,00), R) with Ay > 0, and w € C'([ty, ), R).
If there exist interval (a,b) C [tg,00) such that

w'(s) < —Ag(s) + A1(s)w(s) — A2(3)|w(s)|('y+1)/7, s € (a,b), (2.1)
then for any c € (a,b),

—(t,8) = h1(t,s)\/H(t,s) and aa—i[(t,s) = —ho(t,s)\/H(t,s),

e ), (B0 = st oo 22)
1 b kY . .
+m/€ {H(b,s)Ao(S)—m|¢2(b,s)l + }dSSO

for every H € 'H, where

)= s, a)\/H (s, a) + Ay (s)H(s, a)

d1(s,a (H(s,a))/0+D ’

bo(b ) = —ha(b, s)\/H(b, s) + A1 (s)H (b, 5).

(H (b, s))7/O+D

Theorem 2.2. Suppose that there exist interval (a,b) C [to,00), constant ¢ € (a,b),
and functions H € H, p € C([tg,0),RT), such that one of the following two
conditions is satisfied:
(C1) 0<p(t) <1, and
1 C
m/a p(s) [H(s,a)Ql(s) - k|¢1(s,a)|’”1}d$

! ’ H(b k|pa(b, s)|" 1] ds > 0;
g | P QE) = kon(b )]s > 0
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(C2) =1 <po <p(t) <0, and

ﬁ) / pls) | H (s, @)Qa(s) — klor (s, )" | ds

1 b .
* m/ p(s) [H(b, 5)Q2(s) — k|o2(b, s)| +1}ds >0,

(2.4)

where

b1(5,a) = hi(s,a)\/H(s,a) + (p'(s)/p(s))H(s, a)
1S a (H(s,a))/0+1) ’

R (H (b, s))/O+D) '
Then every solution of has at least one zero in (a,b) .
Proof. Case (C1): Let y(t) be a nonoscillatory solution of (1.1). Without loss of

generality we may assume that y(¢) > 0 for ¢t > ¢y. (The case of y(¢) < 0 can be
considered similarly). Furthermore, we may suppose that exists a t; > o such that

y(t) >0, yit—7)>0, yt—o)>0 fort>t. (2.5)
As in [I5, Lemma 1 (1)], for some Ty > t; + 7 4 o, we have immediately that
z(t) >0, 2'(t)>0, 2'(t)>0 fort>Tp—7—o0. (2.6)

Using these inequalities and noting that x(t) > y(¢), we obtain

y(t) = z(t) — p(t)z(t — 7) = [1 — p(t)]a(t).
Thus, for all t > Tp,
y(t—o) > [1—p(t—o)z(t—o).

Then implies that for ¢t > Tp,

(|2’ (&)~ e ()] +q1 () [1=p(t—0)]*a® (t—0)+q2(t) [1-p(t—0)] 2" (t—0) < 0. (2.7)
Define Ly

wit) = o) O 23)
Differentiating w(t), and using (2.7), we get
w'(t) < —pt){a®)[ —p(t —o)]"2*(t - 0)

Pty — oty ()

+a2()[1 = p(t — o)) 2"t — o)} + p(t) z(t — o)
(2.9)

since 2/(t) < 2/(t — o). By Young’s inequality [7, Theorem 61], we have
g: qu(t)[l —pt—o0)|%z* 7 (t—0)+ ; : ZqQ(t)[l —p(t —0))P2°~%(t — o)
> [1—p(t — o)]"[g) " (t)gd (1)) 0=,
and consequently,
Q[ = plt — )52 (t = 0) + ()1 — plt — P20t — ) = Qu(t), (2.10)
Combining this inequality with , we get

w'(t) < —p(t)Q1(t) + pp/((tt))w(t) - pl/z(t) lw(t)| 0TV for t > Ty, (2.11)
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Comparing the above inequality and (2.1)), we find that

B _ (@) __ 7
Ao(®) = p(O@i(1). (0 =75 Aalt) = s

Applying Lemma 2.1]to (2.11)), we see that inequality (2.3) fails to hold, hence y(t)
has at least one zero in (a,b).

Case (C2): Let y(t) be a nonoscillatory solution of (I.1I). Without loss of gen-
erality we may assume that y(¢) > 0 for ¢t > ¢¢. Furthermore, as in [I5] Lemma
1(2)], we suppose that there exists a ¢; > to such that holds. Then, for some
Ty > t1 + 7 + o, we still have holds for ¢ > Ty. Note that y(t — o) > z(t — o)
for t > Tp, changes into

[|' ()12’ ()] + @1 ()x*(t — o) + ()2’ (t — ) <0, > Tp. (2.12)
Consider the function w(t) also defined by (2.8)), as in the proof of (2.11)), we obtain

J(0) Y
'(t) < —p(t)Qa(t t) — £)| D/ 2.13
w'(t) < —p(t)Qa(t) + p(t)w() pl/,y(t)lw()\ (2.13)
The rest of proof is similar to that of case (C1) and hence is omitted. O

If the conditions of Theorem [2.2| hold for a sequence {(an,b,)} of intervals such
that lim,,_, . a, = 00, then we may conclude that (|1.1)) is oscillatory. That is, the
following theorem is established.

Theorem 2.3. For each T > tg, if there exist H € H, p € C([tg,o0),R), and
constants a, b, ¢ € R with T < a < ¢ < b, such that the conditions of Theorem 2.2
are satisfied, then (1.1) is oscillatory.

Theorem 2.4. Suppose that there exist H € H, p € C*([to,00),RT), and for each
T > to, such that one of the following conditions is satisfied:

(C3) 0<p(t) <1, and

lim Sup/ p(s) [H(s, 7)Q1(s) — k|¢1(s,7)|7+1]ds >0, (2.14)

t—o0

lim sup / p()[H(t,)Q1(5) — Klon(t, )] ds > 0 (2.15)

t—o0o

(C4) —1 <po <p(t) 0, and

Jim sup / () [ H (5, 7)Qa(s) — ko (s, 7)1 ] ds > 0, (2.16)

t—oo

lim sup/ p(s) [H(L $)Qa(s) — k|éa(t, s)nﬂds >0, (2.17)

t—o0o
where ¢1 and ¢o are defined in Theorem [2.23
Then (1.1) is oscillatory.

Proof. We only prove case (C3). The proof of case (C4) is similar. For any T > ¢,
let a =T. In (2.14]) we choose 7 = a, then there exists ¢ > a such that

/ p(s) [H(s,a)Ql(s) — K|$1 (s, a)|7+1]ds > 0. (2.18)
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In (2.15) we choose 7 = c¢. Then there exists b > ¢ such that

b
[ 909 [ Hb:5)@u(5) = Kool )]s >0 (2.19)
From this inequality and (2.18)), we obtain (2.3). The conclusion thus comes from
Theorem (C1). The proof is complete. O

With an appropriate choice of functions H, one can derive from Theorem [2.3] a
number of oscillation criteria for . For the case where H := H(t — s) € H, we
have that hq(t — s) = ho(t — s) and denote them by h(t — s). The subclass of H
containing such H(t — s) is denoted by Hy. Applying Theorem to Ho, we get
the following results.

Theorem 2.5. For each T > to, if there exist H € Hy, p € C([tg,0),R), and
constants a, c € R with T < a < ¢, such that one of the following conditions is
satisfied:

(C5) 0<p(t) <1, and

[ H - Dp)Qu(s) + pl2e - Qe - s)ds > kB(ack (220
(C6) —1 < po < p(t) <0, and
/ H(s — a)[p(s)Qs(s) + p(2¢ — $)Q1 (26 — 8)lds > kO(a, ), (2.21)
where
0.0 = [ s o {0 - VAG = + £ H s - o
p'(2c—s)

y+1
+p(2c—s)‘—h(s—a) H(s—a)+ H(s—a)‘ }ds.

p(2c—s)
Then 18 oscillatory.
Let
H(t,s)=(t—s)*, (t,s)eD, (2.22)
where A > max{1,~} is a constant. Then H € Hy and

hi(t—s) =ho(t —s) = h(t—s) = ANt —s) 2.
By Theorem we obtain the following oscillation criteria of Kamenev’s type.

Theorem 2.6. For each 7 > ty and for some A > max{l,v}. Then (1.1) is
oscillatory provided that one of the following conditions is satisfied:

(C7) 0<p(t) <1, and
y+1
hmsup— (s — 1) Q1(s)ds > k)\)\

t—oo

(2.23)

1 " kAL
lim sup —— = /T (t —5)*Q1(s)ds > Py ; (2.24)

t—oo -
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(C8) —1 < po <p(t) <0, and

, I N AL

hﬁiﬂpﬂj[ (s —7)"Q2(s)ds > pyu— (2.25)
I kAT

li — — ) . 2.2

imsup tM/T(t ) Qalis)ds > 2 (2.26)

Proof. We only prove Case (C7). The proof of Case (C8) is similar. Taking H (¢, s)
as in (2.22)) and p(t) = 1 for t > to, we get
t pNaR!

t
/ p(s)|¢1(s,7)["T ds = A7 / (s — )2~ Fgs = Sy (t—7),
! ¢ y+1
/ p(s)[02(t, 5)[ " ds = X7H! / (1= s O ds = 2 (- )
T T -

In view of the fact A > ~, it follows that

t oA

A = /T p()lon(s, 7)|"Hds = A=~ (2.27)
I A+

Jim o [ ols)lonlt ) s = 3 (225)

From ([2.23)) and (2.27)), we have

timsup o [ p(5)H (5, 7)Qa(s) ~ Kl (s. 7))

t—o0
: ! N kAt
= h?ii‘.fp Py /T (s —7)"Q1(s)ds — e 0.
i.e., (2.14) holds. Similarly, (2.24) and (2.28) imply that (2.15)) holds, By Theorem
(C3), (1.1)) is oscillatory. The proof is complete. O

3. EXAMPLES

In final section, we will show the application of our oscillation criteria by two
examples.

Example 3.1. Consider the equation
[l2' @& "2" ()] + aa (8)]y(t = 2)1* (e = 2) + g2 (B)y(t = 2)° Myt —2) = 0, (3.1)

where ¢ > 2 and z(t) = y(t) + poy(t — 1), =1 < py < 1, 0 < o < v < ( with
7= (a+ 8)/2 and g1, > € C([ty, 00), RY) with

n(t — 3n), 3n<t<3n+1,
q(t) =q(t) =S n(—t+3n+2), 3n+1<t<3n+2,
qo(t), 3n+2<t<3n+3,

for n € {1,2,...}, where qo(t) is any positive continuous function which makes
¢1(t) a continuous function, and

k(X +2)A+!
;o 0<po <1,
p s 4 2=y (=) ’
E(A+2)\+!
L —1 <p0§07

2(A=7) 7
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is a constant for fixed A > max {1,v}. Now, we consider the following two cases:
Case 1: 0 < py < 1. Note that Q1(t) = 2(1 —po)?q1(t). Let a = 3n, ¢ = 3n+1,
H(t,s) = (t —s)* and p(t) = 1. Then

/C(S —a)MQ1(s) + Q1(2¢ — 8)]ds — 2k /c(s —a)* s
' " sk

3k+1
> 4n(1 —po)” / (s — 3k)""tds — 2EXT ! / (s — 3k) (D s
3k 3k

_ An(1 —po)” 2k 7L
A +2 A—7

i.e., (2.20) holds.

Case 2: —1 < pg < 0. Note that Q2(t) > 2¢1(¢). The rest of proof is similar to
that of Case 1. Thus, (3.1) is oscillatory by Theorem
However, the known results such as in [10} 1T, I3} T4l [T5] do not apply to (3.1).

>0,

Example 3.2. Consider the neutral delay differential equation
(2" ()~ " () + a1 (8)]y(t = 2)|* y(t = 2) + @)yt —2)|° 'yt —2) = 0, (3.2)

where ¢ > 2 and z(t) = y(t) + poy(t — 1), =1 < pp < 1,0 < a < v < (B with
v = (a+B)/2, and q1, g2 € C([tg,00), RT) with ¢ (t)g2(t) > (e/t7+1)? with

LAl
21%7w 0<po<1,
g > (v;po)
k
%7 _1<pOS0a

where 9 = max{1,7}. Let p(t) = t~("*D. The following two cases will be consid-
ered.
Case 1: 0 < pg < 1. Note that Qy(t) > 2¢ (1 —po)7t~*+1. Let A > 9. Then

) tre A
/T(s—T)AQ1(S)d3225(1_p0)’ythm 1 /T (837:1) ds

lim
t—oo tA—Y

oo tATY
2e(1 — po)? — )
_2(-po) | (t-7)
)\—’7 t—o0 t)‘
o 26(1 —po)’y
A—vy

For any € > k 40" /(2(1 — po)7), there exists A > 7o such that

2e(1—po)? _ kAT
‘—a  A—a
This means that (2.23)) holds. By [8, Lemma 3.1], holds for the same .
Applying Theorem(C? ), we find that is oscillatory.
Case 2: —1 < py < 0. Note that Qy(t) > 2et~ (1), The rest of proof is similar
to that of Case 1. Hence, Theorem [2.6] (C8) holds. Thus, is oscillatory .
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