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ABSTRACT. This paper is focused on the following nonlinear impulsive neutral delay differential

equation with positive and negative coefficients
{ [r(@)(z(t) + c(t)z(t —7))'] + p(t) f(2(t = 6) — q(t)g(x(t — o)) =0,

x(te) = Ie(z(ty ), 2'(tk) = Ju(2'(t)), k=1,2,3,...,
where 0 < tg < t1 <ty < --- < tp--- with klim tr = oo. For this equation, oscillation criteria are
— 00
established.
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1. INTRODUCTION

In the last few years, there has been an increasing interest in the study of oscil-
latory behavior of solutions of second order neutral delay differential equations with
positive and negative coefficients, see for example [21, 20, 15] and the references cited
therein. Recently, there has been increasing interest on the oscillation and nonoscilla-
tion of second order neutral delay differential equations with impulses, see the paper
(1,2, 3,4, 5,10, 11, 12, 17, 18], and references contained therein. However, to the
best of our knowledge, there is little in the way of results for the oscillation of im-
pulsive neutral delay differential equations with positive and negative coefficients, see
for example [13] and the references cited therein. For the theory of delay differential
equations and impulsive differential equations, see the recent books by Gyori and

Ladas [6] and Lakshmikantham et al. [10], respectively.
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In this paper, we consider the second order nonlinear neutral delay differential

equations with positive and negative coefficients

[r()(z(t) + c(t)zx(t — 7)) + p() f(x(t = 0)) — q(t)g(z(t — o)) =0,
(1) a(ty) = L(x(ty)), o' (k) = Ju(2'(ty)), k=1,2,3,...,

o(t) = t), to—1 <t <ty

where 7,0, 0 are positive real numbers, m = max(7,9,0), 0 < to < t; <ty < -+ <
ti - - - with klim tr = oo and tyy —tp > m for all k € N, ¢ € PC'([tg,0), Ry) and

¢,¢ : [to— 0, to] — R have at most a finite number of discontinuities of the first kind

and are right continuous at these points.

Through out this paper, we always assume that:

(Hy) f,g:[to —m,+00) x R X R is continuous, uf(t,u,v) > 0, ug(t,u,v) > 0 for all
uv > 0 and there exist a function M (t) > 0 such that
%zz; < M(t) for u # 0, where M (t) is continuous in [tg, +00);

(Hs) m,p,q € (R, [tg, +00)) with r is positive, ¢(t) > 0 and is nondecreasing for all
t > to, q(t) >0 for all ¢t > tg and f is nondecreasing;

(H3) Iy, Jy € C(R, R) and there exist a positive constant ay, @, bx, such that @z <
1,
H2) o J(@) = be(x) for all 2 £ 0, k= 1,2,3, . -

(Hy) c(t) and ¢/(t) are right continuous on (tx, tx41) with left lateral limits

1 1
c(ty) = —c(ty) and d(t;) = — (tx)
bk bk
for all k € N.
Let J C R be an interval, we define PC(J,R) = {z : J — R;xz(t) is continuous

everywhere except some t;’s at which x(f;) and z(t)) exist and z(t;) = z(t)};
PC'(J,R) = {z € PC(J,R) : z(t) is continuously differentiable everywhere except
some t)’s at which 2/(¢;) and 2/(¢]) exist and 2/(t; ) = o/ (t) }-

By a solution of equation of (1), we mean a function = € PC([ty, +00), R)[)
PC'([ty, +00), R) which satisfies (1).

In [18], Mingshu Peng and R. P. Agarwal considered equation (1) when ¢(t) = 1,
p(t) =1, and ¢(t) = 0 and classified all solutions of equation (1) into four classes and

established conditions for the existence and nonexistence of solutions in these classes.

Motivated by the above observations, in this paper we divided all the solutions
of equation (1) into the following four cases: Let S denote the set of all nontrivial

solutions of equation (1). Then

M* = {z €S : there exists t, > to such that z(t)z'(t) > 0 for t > t,};

>
<

M~ = {x € S: there exists t, >t such thatz(¢)z'(t) <0 for t > t,};

0OS = {x € S: there exists t, — oo such that z(t,) = 0};
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WOS = {x €S :x(t)is nonoscillates but 2’(t) is oscillates}.

A nontrivial solution of equation (1) is said to be nonoscillatory, if it is eventually

positive or eventually negative; otherwise, the solution is said to be oscillatory.

This paper is organized as follows. In Section 2, we prove two interesting lemmas,
which will be used in Section 3 to prove our main theorems. To illustrate our results,

examples are provided in Section 4.

2. SOME LEMMAS

We start by presenting a lemma which is borrowed from [10] replacing the left

continuity by the right continuity of m(t) and m/(t) at t; for all k € N.

Lemma 1. Suppose

(i) the sequence {t}ren satisfies 0 < tg <ty <tg < -+ <t--- with lim t;, = oo;

t—o00

(ii) m,m’ : Ry — R are right continuous on Ri\{ty : k € N}, there exist the lateral
limits m(t;,), m'(t), m(t), m'(t5) and m(t)) =m(ty), k =1,2,3,..;
(i) for k=1,2,3,... and t # to, we have
(2) m'(t) < pt)m(t) +q(t), t#u,
(3) m(ty) < agm(ty) + B,
where p,q € C(Ry, R), oy and By, are real constants with oy, > 0. Then the following
inequality holds

) i) <mieo) T] awesw ([ sras) + [ TT esw ([ st ey

to<tp <t 0 s<t<t
+ > [ asexp (/ (s)ds) B, t>to.
to<tp<ttp<t;<t

Lemma 2. Let z(t) be a positive solution of equation (1) for allt > T and by > 1.

If
(i) p(t) > Mq(t) > 0 for all t > to;
(i) o > 6.
If
t 1 bk
5 hm _— 7d8 — —|—OO,
(5) t=oo Jy 7(s) tj<1;1<8 max{ay, by }

then y'(t) > 0 fort € [tg, tr + 1), ty > T, where y(t) = z(t) + c(t)x(t — 7).

Proof. Since xz(t) is positive we may assume without loss of generality that x(t—7) > 0,
forall t > T > ty. Then

y(t) =a(t) +c(t)z(t—7) >0 fort>T >t,.
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At first we prove that y/(¢,) > 0 for ¢, > T'. If it is not true, then there exist some
jsuch that t; > T, y/(t;) < 0. Let y/(t; ) = —a with a > 0. Since ty41 —tp >m > 7
for each k € N, we have
(6) b <tpy1 — T < tpp1
for all £ € N. Thus from the continuity of x and 2z’ on [tg_1,), inequality (6),
assumptions (H3) and (H,) and equation (1), we have /() = bry'(t; )-

On the other hand, if t € [tg,txs1), K € N and ¢, > T, it follows by (H;) and
equation (1) that

(r()y'(t)) = —p)f(x(t —0)) +q(t)g(z(t — o))
< —=[p(t) = Mq(t)]f(x(t —0)) < 0.
Hence
(r@y' (1) <0, t>t;, t#t, k=j+1,7+2,.. ..
and
y(te) =iy (), k=j+1,j+2,....
Let m(t) = r(t)y'(t). Then
(7) mt) < 0, t>t;, t#t, k=j+1j+2, . ..
(8) m(ty) = bgm(ty), k=7+1,7+2,....

Using Lemma 1 in (7) and (8), we obtain

m(t) < m(t;) J]

©) SO < %H b

Fork=j5+1,7+2,...

y(te) = x(te) + cltp)z(r(ty — 7))
< ap(z(ty)) + be(ty)z(r(t, — 7))

(10) y(ty) < max{ag, bpty(t,), k=j+1,7+2,....

Again by using Lemma 1 in (9) and (10), we have

v <o) TT maxtown + [ T maxtonnd | 2850 T o as

‘. r(s
ti<tp<t J s<tp<t ti<tp<s
< || max (ag, by) |y(t:) a(t)/t ! II b ds
X ) — ar(t; — _ )
- ko Ok ) LI ] r(s) max{ay, by }
tj<tp<t J tj<tp<s
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Letting t — oo in the last inequality, we see that by condition (5), y(¢) — —oo which
is a contradiction. Therefore y'(¢,) > 0 for all ¢, > T'. Since r(t) y'(¢) is nonincreasing

on [tx,tg11), it is clear that

/ T(tiﬂ)y'(tiﬂ)
y'(t) = ()

The proof is now complete. O

>0 forte [tk,tk+1), t>1T.

3. MAIN RESULTS

In this section, we present some sufficient conditions for the existence and nonex-

istence of solutions of equation (1) in the four classes.

Theorem 1. Assume that

(i) 2(ty —90) = x(ty = 9);

(ii) o > 0.
If
¢ 1
(11) lim / H —[p(s) — Mq(s)]ds = 400,
J t]‘<tk§8
then M* = ().

Proof. Suppose that equation (1) has a solution z € M. Without loss of generality
we may assume that z(t) > 0 for ¢t > ¢, (the proof is similar for the case z(t) < 0).
Then 2/(t) > 0 for t > T} > to. It follows from Lemma 2 that /() > 0 for ¢ €
[tk,ter1), K =1,2,.... Define

r(t)y'(t)

wlt) = 200
R )
Then w(t;) > 0 (k = 1,2,3,...) and w(t) > 0 for ¢t > T;. Using (H;) and the

equation (1) for ¢t # t;, we have

W) = (r(®)y' ()" r)y' (@) f (x(t =)'t = 9)

t 4t > Ty

f(x(t —9)) fA(x(t —9))
B g(x(t — o))
< —(p(t) — Mq(t))

Also

O = St — o)) Sl —a)) o)

Therefore w(t) satisfies the following differential inequalities:
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Using Lemma 1, we have,

[T b [ T blots) — Mats)as

t

t<tp <t J os<tp<t
< I o |wtt / IT 5 ((s) — Ma(s)yas|
tj<tp<t i ty<ty <s

which, in view of condition (11) and w(t) > 0, leads to contradiction as t — oo. The

proof of the theorem is complete. O

Theorem 2. Assume that

(i) 7 <o <4
(ii) foaf‘f“ <ooandf Ty > —00;
(iil) f is sub multzplzcatwe i.e., f(uv) < f(u)f(v) for uv > 0.

If (7) holds and

(12) Z/tkﬂ - )f(1+c [t_)oo/ H Mq(v))dv | ds = o0,

k=0 s<ty, <U

then M— = ().

Proof. Suppose that equation (1) has a solution z € M~. Without loss of generality
we assume that there exist ¢t > T} > t, such that z(¢) > 0, 2/(¢) <0, (t —m) > 0
and 2'(t —m) < 0 for t > Ty. Then y(t) = x(t) + c(t)x(t —7) > 0 and y'(t) < 0 for
t e [tk,tk+1), t, > 1. Define
r(t)y'(t)
w(t) = =22 Lt > T
fz(t = 9)) 1

Since 0 < ¢ and 2/(t) < 0, using the argument in Theorem 1, we obtain the inequality

From the above inequality, we have

w(t) f Hv<tk<t b (p(v) — Mq(v))dv

w(s) >

s<tk<t by, Hs<tk<t b,
> / H — Mg(v))dv
(13) f(;és(s_ / <1:[< Mq(v))dv.

Since x(t) is nonincreasing and 7 < 4, we see that

y(t) < L+ c()a(t = 9)),  for t € [ty tr),
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and
F(®) < FQL+ D) falt —6)), for t € [ trnr).
Then
y (1) /(1)
(14) Tt ) f (et =) = Fu()
From (13) and (14), we obtain
y/(s)F(1+ cls)
00) L?JL Ma(v))dv,
Yy'(s)
o) 2 T L?LL Maw))dv.

For s € (ty, txs1], K =1,2,..., we have by condition (ii),

> I o ele) - Mafo)
dv| ds
P /tk r(s )f(1+c t_’oo/s S<tk<v
+00 tei1 +oo y(tk+l
—Z/ Z/ T <o
This contradicts (12) and the proof is complete. O

Theorem 3. Assume that (11) holds. If equation (1) has a nonoscillatory solution
x(t) € M~ then tlim z(t) = 0.

Proof. We may assume that x(t) > 0 for ¢ > t3. Then 2/(¢t) < 0, which implies there
exist a constant 3 such that tlim x(t) = p.
If 5 =0, then the proof is complete. If not, then § > 0 and z(t — o) > 3 and
f(z(t—96)) > f(B). From equation (1),
(rit)y' (1) < —(p(t) — Mq()) f(x(t - 0))
< —(p@t) — Mq(®))f(B).
Let m(t) = r(t)y'(t). In view of Lemma 2, m(t) > 0 and m(t) satisfying the following

differential inequality
() < —(p(t) = Ma@)F(B), t>t, t#be k=j+1j+2...
and
m(ty) =bym(ty), k=j+1,j+2,....

Then applying Lemma 1, we obtain

[T te=r) [ TI wlols) = Ma(s)yas.

t<tp<t J os<tp<t
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or

mt) < TT o |m) = 10) [ TT 5006~ MaGo)is

tj<tp<t tj tj<tg <s

In view of (11), the right side of the above inequality is eventually negative,
whereas the left side is nonnegative, which is a contradiction. This completes the

proof. O

Theorem 4. Assume that

(i) c(t) is bounded;
(il) x(t; —0) = x(ty, — 9).

If

(15) lim

t—o00 Iy |:
J ot <t <s

)= Ma(s) [ —ide] ds = o

then every solution in the class M™ is unbounded.

Proof. Let x be a solution of equation (1), such that x € M*. Without loss of
generality, we may assume that x(t) > 0, 2/(t) > 0, z(t —m) > 0 and 2/(t —m) > 0
fort > T, > ty.

Let y(t) = «(t) + c(t)x(t — 7). Then by Lemma 2, y(t) > 0 and y/(¢) > 0 for
t € [ty tkyr1). Define

e [,
) = = - >>/ e 2T
)

Then w(t;) <0 (k=1,2,...) and w(t) <0 for ¢t > T}. For t # t;, we have

GOy W) Y OF - E-0] £ 1 ()
ot —0) " (et —9)) ]/Tm)ds Fa(t —5)

w'(t) = |—

or

Now for t = t, we have,

e 1,
wlt) = =it g L e = )

Therefore w(t) satisfies the following differential inequality

w'(t)y>o(t), t>t;, t#t,, k=j7j+1,74+2,...

and
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where

v(t) = (p(t) — Mq(t))/T T(ls)ds _ f(j(/t(tz 5)

Using Lemma 1, we obtain

wt) >w(t;) [] bk+/% IT bev(s)ds,

tj<tp<t 7 s<tp<t

> T1 o vt [ TL g (00wt [ e = it s

b <t <t i ty<tp<s T
or
¢ 1 1
w) = T wfue)+ [ T o (060~ drae) [ sae) as
t<tp<t i tj<tr< i 7 7(§)
J JSUSS
t 1 /
_/ H _%ds]
tj tj<tk§8 bk‘ f (x(s - 6))
Since f(j(/t(t_)é)) is positive in [ty, tx41), the limit as ¢ — oo of the last integral on the

right hand side of the last inequality exists. Assume that
' 1 y(s)
——— " —ds = M; < o0.
/ AL 57a6—m
This gives tlim w(t) = oo, which contradicts w(t) being negative. Thus
' 1 y(s)
16 lim / ——2 - ds = o0.
(16) =y tjg@ b P (s —0))

Since f(x) is nondecreasing, we have

fla(t=2¢)) = flz(ti—0))

or
1 1

Fa—0) = Tam_o)

Therefore
t L y(s) / ' 1
Y ds < M —/(s)ds.
/tj tj<1;[§3 by, f’(x(s - 5)) ’ tj tj<1t_klgs b ( )

From (16), we obtain
(17) tlim y(t) = oo.

Since y(t) = «(t) + c¢(t)z(t — 7) and 2/(t) > 0, we have y(t) < (1 + ¢(t))z(t). In
view of (15), and the fact that ¢(¢) is bounded, this implies that tlim x(t) = oo. This
completes the proof. O
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The following result is an immediate consequence of Theorem 1, Theorem 2 and
Theorem 3.

Theorem 5. If (5) and (11) hold with x(t, —7) = x(tx — 7) and 0 = 6, then every

solution of equation (1) is either oscillatory or weakly oscillatory.

4. EXAMPLES

In this section we present some examples to illustrate the main results.

Example 1. Consider the following second order impulsive type neutral delay dif-

ferential equation

[12(t) + z(t — 1)]" + tz(t)
—(t—1Dax(t—-1)=0, t>1, t#2* k=1723,... (18)
2(28) = (5)=((25)7), 2'(2M) = (52 ((25)7), k=1,2,3,....

Here r(t) = 1, c(t) = 1, ar, = by = B p(t) = ¢, q(t) =t — 1, tp = 2¥, t5 = 1,

T=10=1,0=0, f(u) = g(u) = u, and M = 1. Clearly conditions (i) and (ii) of

Theorem 1 are satisfied. Further a straightforward calculation shows that

t t
im [ T —lp(s) — Ma(s)lds = / I —ds
=00 Jig to<tp<s i to o<tp<s K
/ 1T —ds+/ 1T —ds+
1<ti<s 1<y, <s
/ 11 =" ds+/ pds -
1<tp<s 1<y, <s
—1—1——><2+l><g><22 —x = xZx2
2 2 3 2 3 4
= +00.

Therefore all the conditions of Theorem 1 are satisfied and hence M+ = ().

Example 2. Consider the following second order impulsive type neutral delay dif-

ferential equation

[12(t — 1)2(x(t) + z(t — 1)) + 4t(t — 2)3x3 (¢t — 2)
2t —1Pz3(t—1)=0, t>1, t#2* k=123, .. (19)
r(28) = 2((2%F)7), 2/(2F) =2/((2%)7), k=1,2,3,...

Here r(t) = t2(t — 1), c(t) = 1, ap = by = 1, p(t) = 4t(t — 2)3, q(t) = 2(t — 1)3,
th=2¢ty=1,7=1,0=1,0=2, f(u):g(u):u%,anszl. It is easy to see
that all conditions of Theorem 2 are satisfied, therefore M~ = ().
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Example 3. Consider the following second order impulsive type neutral delay dif-

ferential equation

[ (@(t) +a(t = 1)) + ga(t)

—at—1) = t>1, t#2% k=1,2,3,... (20)
2(2) = (BH)x((2%)7), /(2% = ()2 ((2%)7), k=1,2,3,...
k+1 .

Here r(t) = 1, c(t) =1, ap = by, = — pt) =7 qt) =5 tp =2 to=1,7=1,
c=1,0=0, f(u) =g(u) =u, and M = 1. It can be easily see that all conditions of

Theorem 4 are satisfied. Hence every solution in the class M is unbounded.
We conclude this paper with the following remark.

Remark: It would be interesting to extend the results of this paper to equation (1)

when the function c(t) is negative.

Acknowledgements: The authors thank the referee for his/her comments and sug-

gestions which improved the content of the paper.
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