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Interval Oscillation Criteria for Second-Order
Delay Differential Equations

Qinghua Feng *

Abstract—We present new interval oscillation cri-
teria for certain nonlinear delay second order differ-
ential equation that are different from some known
ones. Our results extend and improve some previ-
ous oscillation criteria and handle the cases which are
not covered by known results. In particular, several
examples that dwell upon the sharp condition of our
results are also included.
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1 Introduction

In this paper, we are concerned with the interval oscilla-

tion behavior for the second-order delay differential equa-

tion

(r(O)p(z(®)2"(7(1)) + q(t) f(x(r(t)) = 0,t = 1o > 0

(1.1)

where

(1) 7, ¢, 7 € C([la,00), R) with r(t) > 0 on [a,0) for

some a > 0, limy_, o 7(t) = 00, 7/(t) >

(c2) f, ¥ € C(R,R), 0 < ¢(z) <m for some positive

constants m > 0 and for z # 0;

By a solution of Eq.(1.1), We mean a function
r € CYT,,<), T, > to, which has the property
r(t)(x(t))z’(1(t)) € C [Ty, 00) and satisfies Eq.(1.1). A
solution of Eq.(1.1) is called oscillatory if it has arbitrar-
ily large zeros, otherwise it is called non-oscillatory. Fi-
nally, Eq.(1.1) is called oscillatory if all its solutions are
oscillatory.

The theory of oscillation is an important branch of the
qualitative theory of differential equations. It’s founda-
tion were laid down by the well-known results regarding
zeros of solutions of self-adjoint second-order differential
equations published in 1836 by Sturm. Since then, oscil-
lation behavior of solutions to different classes of linear
and nonlinear ordinary, functional, partial, discrete, im-
pulsive differential equations have attracted the attention
of many researchers.

In the last few decades, there has been increasing interest
in obtaining sufficient conditions for different classes of
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second order differential equations [1-6]. In particular,
much work has been down on the following particular
cases of Eq.(1.1):

2 (O)+a(a(t) = 0 (r(t) = 1, $(a(t) = 1, fla(r(t =3
(a(t)2’ (1) +a(O(t) = 0, (¥(x(t) = 1, f=(r(t) L
(a()a' () +q() f(@(t) =0,  (((t) =1, 0=

From the Sturm Separation Theorem, we see that oscil-
lation is only an interval property, i.e. if there exists a
sequence of subintervals [a;, b;] of [tg,00), as a; — oo,
such that for each 7 there exists a solution of Eq.(1.2)
that has at least two zeros in [a;, b;], then every solu-
tion of Eq.(1.2) is oscillatory. El-Sayed [7] established an
interval criterion for oscillation of a forced second order
equation, but the result is very sharp, because a com-
parison with equations of constant coefficient is used in
the proof. In 1997, Huang [8] and A. Elbert presented
some interval criteria for oscillation and non-oscillation
of Eq.(1.2). In 2000, Wan-Tong Li and Ravi P. Agarwal
[9] obtained several interval criteria for a particular case
of Eq.(1.1).

Motivated by the idea of El-Sayed [10], Kong [11], Li
and Agarwal [9], by using averaging functions and a gen-
eralized Riccati technique, in this paper we extend and
improve several earlier interval criteria that of previous
authors, that is, criteria given without any restriction on
the sign of p'.

In the sequel we say that a function H = H(t, s) belongs
to a function class X, denoted by H € X, if H € C(D, R),
where D = {(t,s), —00 < s <t < oo} which satisfies

H(t,t)=0,H(t,s) >0, t>s,

and has continuous partial derivatives 0H/0t and O0H/0s
on D such that

0H OH
E = hl(t,s) H(t,s), g = —hg(t,s>

H(t,s).
2 Oscillation criteria for increasing f

In this section, we shall deal with the oscillation crite-
ria of Eq.(1.1) under the assumption (c¢1) — (c2) and the
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following assumption:

(c3) f'(z) exists and f'(x) > p for some p > 0 and for Letting ¢ — b~ in (2.4) and dividing it by H(b,c), we

all x # 0. obtain
——— [ H(b, d
Theorem2.1  Suppose (c1) — (c3) be fulfilled and for H(b,c) /c (bs (s)ds
any T > tq. If there exists (a,b) C [tg, ), ¢ € (a,b) and 1 b p(s)r(s)
a positive function p € C1([ty, o0), R) such that / PASITAS) 2 b, s)d 2.5
([to, 00), R) <w(e) + Hoo ). 4k1¢’(s)Q2( ,8)ds (2.5)

c b
H;/ H(s,a)p(s)q(s)ds + ﬁ/ H(b,s)p(s)g(s)ds On the other hand, if we multiply H(s,t) through (2.3)
a) J, ( and integrate it (with ¢ replaced by s) over (t,c) for

4H (c.a) / Q1($ a)ds t € [a,c), we yield for s € (¢, (]
P(S 7“(8) 2
+4H(b, ¢) /C k17’ (s) @a(b, s)ds. (2.1) ) )
: H(s,t ds < — [ H(s,t)'(s)d
where Q1 (s,t) = hl(s/,(t))+ Z 5)) H(s.1), /t C(S )P(S)Qf:’)) 5 /t ((S) ic: js) s
_ _pLs s s p(s B 7(8)w?(s )
Qa2(t, s) = ha(t, s) o) H(t,s) +/t H(s. 1) [p(s) o) — 1y T ) (0% } .

Then every solution of Eq.(1.1) is oscillatory.
= —H(t, c)w(c) —/ w(s)hy(s,t)\/H(s,t)ds
¢

Proof :  Suppose to the contrary. Suppose that z(t)

be a non-oscillatory solution of Eq.(1.1), say z(¢) # 0 on ‘ s p’(s)w s) — 17—/(5)“)2(5) s
[to, 00) for some su}gﬁcient large Tgé to). De}i':me( 7 Jr/t Hs.1) [P(S) (s) & p(s)r(s) } !
/ < p(s)r(s) 2
o) = i >f((z<(t)g ))(;(t)) vt (22 <—HEne+ [ 52 Qi (20

Then differentiating (2.2) and making use of Eq.(1.1), Letting ¢ — a* in (2.6) and dividing it by H(c,a), we

assumptions (c1) — (c3), we have obtain

1 c
m / H(s,a)p(s)q(s)ds

o PO FEEO) )

SO = 2o+ O = ) < o [ i )
, 2 ‘ H(c a) ,41m() ’ ‘

a0+ 20t - T2 = Ly 2

Adding (2.5) and (2.7), we have the following inequality
Multiplying (2.3) by H(t,s) and integrating it (with ¢
replaced by s) over [c,t) for t € [¢,b), we have for s € [c, t)

f H(t Va(s)d f He, (s)d ﬁ/ﬂﬁ(s,a)p(s)q(s)dﬁﬁ/ H(b, s)p(s)q(s)ds
t, p s< — t S w’ $)ds

oy L[ () . sy .
[ Ht o Hs))() mW}ds < ey | s et b)/ SIS
= H(t,c)w(c) — fc w(s)ha(t,s)\/H(t,s)ds

which contradict to the condition (2.1), therefore, every

/ 2
/ H(t,s [ w(s) — TP((Z);(S()S)} ds = H(t,c)w(c)—  solution of Eq.(1.1) is oscillatory. The proof is complete.

@ )k (5) 1/2 1 { pls)r(s) 1/2 > Remark 1: In some p'revious papers, the function ¢(t)
o)) w(s) — 5 Fir(5) (t,8)| dsshould be positive, but in Theorem 2.1, we can see when

q(t) is negative, the conclusion is valid as well.

p(s)r(s) Cp(s)r(s) 2
+/c Ak T ()QZ(t s)ds < H(t, c)w(c)—i—/c 4k17’(5)Q2(t’s)d8 With the standard yet choice of the H(t,s),
(24) H(t,s) = (t—s)", t > s > ty, where A\ > 11is a
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constant, we obtain the following corollary:

Corollary 2.1 Suppose that the main assumption
(c1) — (c3) are satisfied, then every solution of Eq.(1.1)
is oscillatory provided that there exists a function
p € CY[tp,0), R) such that for each | > t; and for
A > 1, the following two inequalities hold:

t

(s =
l

p(s) ’
TS)(S - l)} ds} >0

) 1
h]tﬂlSUP F{ q(s)p(s)ds

p(s)r(s)
4k17'/($)

ok

and

(s — A2 [A +

lim sup

t—o00

p(s)r(s)
4]{?17’( )

e [ = 9 ants)as

¢ o () 2
- t— A+ t— } ds} >0
/ = [ L= 0o
Theorem2.2  Suppose (c¢1) — (c3) be fulfilled and
q(t) > 0 for any T > tp, there exists a function

p € C([tg,00),(0,00)) such that for any u € Cla,b|
satisfying u'(t) € L?[a,b] and u(a) = u(b) = 0, we have

b N P OLONS 1u5pf(s)2 )
/a{ump( Ja(s) [,m/(s) () +35 ()p<s>l }d .

(2.8)
then Eq.(1.1) is oscillatory.

Proof :Suppose to the contrary. Suppose that z(t)
be a non-oscillatory solution of Eq.(1.1), say z(¢t) # 0
on [tg,00) for some sufficient large Ty > to. Similar to
the proof of Theorem 2.1, we multiply (2.3) by u2(t),
integrate it with respect to s from a to b and use

which contradicts to the condition (2.8), so every
solution of Eq.(1.1) is oscillatory. The proof is complete.

3 Oscillation criteria for non-monotoic f

f (xw)

(ca) f(z) satisfies > ko for some kg > 0 and for all

x#0

Theorem3.1 Suppose (¢1) — (¢2) and (c4) be fulﬁlled
and for any T > to. If there exists (a,b) C [tg,00), ¢
(a,b) and a positive function p € C([tg, o0), R) such that

1 (&
M/a H(s,a)kop(s)q(s)ds

(s)g(s)ds

L[ male)r(s)
5 ), e

L ()
C)/C SQgbds (B
where Q1(s,t) = hy(s,t) + ’l;/((;)) H(s,t),
Qalt, s) = ha(t, s) — f;'((;)) VHE,5)

Then every solution of Eq.(1.1) is oscillatory.

Proof : As above, Suppose that z(¢) be a non-
oscillatory solution of Eq.(1.1), say z(t) # 0 on [tg, o0)
for some sufficient large Ty > . Let

u(a) = u(b) = 0, then we get w(t) = p(t)r(t)zp(;b((j)(i;c)’(ﬂt))’ £t (3.2)
f; u?(s)p(s)q(s)ds Then differentiating (3.2), we obtain
b2 p'(s) 7' (s)w?(s) _ PO oy Se@@)p®)a(t) T
- [ ot v [ 80 - T as e = Edotn- L0 b B
/[ / ps) ™' (s)w° (5) /
=2 [ttt [ o [ St - T P o)~ kot - D0 (33)
- _fab[ %u(s)w(s)— Multiplying (3.3) by H(t,s) and integrating it (with ¢

B w(s) + u(s) 252
b)) 1y 1, 2]
+ /. { kit (5) u'(s) + 5uls) p(s)l ds

’ 2 p(s)r(s) lu s p(s
/ {u o) - | AL+ Ju 2

o
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replaced by s) over [c, t) for ¢ € [¢,b), we have for s € [c, t)

s)ds < — /Hts

t )],
+/C it l *) mp<s>r<s>ld
oo+ [ Qs
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Letting t — b~ in (3.4) and dividing it by H(b,c), we
obtain
(s)ds
mp(s)r(
<w(c)+ b J / ( ® Q2(b s)ds (3.5)

On the other hand, if we multiply H(s,t) through (3.3)
and integrate it (with ¢ replaced by s) over (t,c) for
t € [a,c), we yield for s € (¢, ]

/C H(s, t)kap(s)q(s)ds
/ mp

Letting ¢ — a™ in (2.6) and dividing it by H(c,
obtain

Hc,t)w(c) Q2(S t)ds

a), we

1 c
m/a H(s,a)kzp(s)q(s)ds

1 “mp(s)r(s)

H(c,a) 47 (s) Q1(s,a)ds

—w(c) +

(3.6)

Adding (3.5) and (3.6), we get the following inequality

; /C H(s,a)kzp(s)q(s)ds

/H@st)Ud
/ mol S)T )Ql(s a)ds

Ter@g
+4H(b, c) /C 7'(s) @2 (b, s)ds

which contradict to the condition (3.1), Therefore, every
solution of Eq.(1.1) is oscillatory. The proof is complete.
Remark 2:The Remark 1 is also valid in this section.

b
< 1
H(c,a

The following result is analogous to Corollary 2.1 with
the assumption (c3) replaced by (c4):

Corollary 3.1 Suppose that the main assumption (¢q)—
(co) and (c4) are satisfied, then every solution of Eq.(1.1)
is oscillatory provided that there exists a function p €
C!([tg, ), R) such that for each | > tg and for A > 1,
the following two inequalities hold:

li?isc,gp tA%{/l (5 — 1) kaq(s)p(s)ds
_[fmelr(s) e[y, 28 0]
[ e o £ e ] >
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and
limsup %{/I (t — 5) kaq(s)p(s)ds
O LO PSSO PN
[ o S5 o] ag o

Theorem3.2 Suppose (c1) — (¢2) and (cq) are satisfied
and ¢(t) > 0 for any T > to, there exists a function
p € C([tg,00),(0,00)) such that for any u € Cla,b]
satisfying u'(t) € L*[a, b] and u(a) = u(b) = 0, we have

"L hapa)ats) — [ O
L{ (s)hap(s)a(s) { o m]}d

>0
then Eq.(1.1) is oscillatory.

"(s) + u(é’)

Proof: Suppose to the contrary. Similar to the proof
of Theorem 2.2, we multiply (3.2) by u?(t), integrate it
with respect to s from a to b and use u(a) = u(b) = 0,
then we get

JP u2(s)kap(s)a(s)ds
— bu2 s)w'(s)ds bu p(s) §) — T’(S)wg(s)
< [esas [ ()L@ o) — L
- ;[ m[)TSST(S)u(s)w(s)—
)2ds

1)) (061 4 L) 28)
L (s) + fu( 215

b {mp(s)r(s) ey o L) 2G| 4
+ [P + Ju 23] a

mp(s)r(s) Ps)e
/{u hap(s)a(s) [l () gute) S s < 0

which contradicts to the condition, the proof is com-
pleted.

w'(s)+

4 Examples

In this section we will show the applications of our os-
cillation criteria by two examples. We will see that the
equation in the example is oscillatory based on the results
in Section 2 and Section 3.

Example 1 Consider the nonlinear differential equa-
tion

1 1 1

[ete_[”(t)]Q_l"Sx/(it)}/ + etx(it)[l + x2(§t)] =0, t>1

Clearly, f(z) =z + 22, fl(zx) =1+322>1=p, 0<
p(x) = e OF=IS <18, p(t) = q(t) = ¢!, 7(t) = 3.
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Let u(t) = cost, p(t) = e, choose k sufficiently large,
set a = 2km + 5, b= 2km + 37”, it is easy to verify that

2km+3E 2km+3Z x
/ u? (t)p(t)q(t)dt = / cos?(t)dt = 5

2kt I 2kmt %

But

ptyr(t) , . 1 p(®)]
h#@)u“)+2u@)Mﬂ} it

/ka+3;‘
2k7‘r+%

2k7r-|-377r . ) ,
= /2167‘--"_l [4(_$Znt) -+ ECOSt . (_2):| dt — 17% < g
2

Then equation is oscillatory by Theorem 2.2.

Example 2 Consider the nonlinear differential equa-
tion

o3 - g -’ (20))'+

e—%f[1+x4(2t)][x(2t)+x2(2t)sgnx(2t)|sinx(2t)|] =0, t>1

Clearly, f(x) = (1+a%)(x + 2%sgna - |sinz|), it is hard to
verify that f’(z) > p which p is a non-negative constant,
but we can see that f(x)/x > 1 = ks, so we consider the
Theorems in Section 3.

Yat) =1=m, r(t) =qt) =e 2!, 7(t) =2t >t

Let u(t) = cost, p(t) = et choose k sufficiently large,
set a = 2km + 5, b= 2km + 37“, we obtain

2k7r+37"' 2k7r+37" -
/ u? (ko () p(t)q(t)dt = / cos?(t)dt = 5
2

km+% 2km+35
But
2kt t)r(t 1 707
[ [ 20
2km+ 75 T (t) 2 p(t)
kTt 1 5t W
= ——sint + —cost)?dt = —— < —
/2k7r+g ( 5 5in + 4005) 3 <3

Then equation is oscillatory by Theorem 3.2.
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