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NONOSCILLATORY SOLUTIONS OF
NEUTRAL DELAY DIFFERENTIAL EQUATIONS

Ming-Po CHEN, J.S. YU AND Z.C. WANG

Consider the following neutral delay differential equation

*) L la(t) + p2(t - )] + Q)2 - 8) = 0, t > o
where p€ R, T € (0,00), § € RY =[0,00) and @ € C([to,0), R). We show that
if
(**) | 1aias <o
]

then Equation (*) has a nonoscillatory solution when p # —1. We also deal in
detail with a conjecture of Chuanxi, Kulenovic and Ladas, and Gyéri and Ladas.

1. INTRODUCTION

Consider the following neutral delay differential equation

(1) 2 (1) + p2(t = 7)) + QU)a(t — 6) = 0, £ > 1o
where
(2) PER, T€(0,00), § € R =[0,00) and Q € C([to, o), R).

Recently, the oscillation and asymptotic behaviour of Equation (1) have been inves-
tigated by many authors, see for example [1, 2, 3, 5, 6, 7, 8]. For a recent survey,
see [4]. All the papers mentioned above, however, assume that Q(¢) is nonnegative.
Considerably less is known about the behaviour of the solutions of Equation (1) when
the coefficient Q(t) is oscillatory. In particular, by combining the result in [5, 7, and
8] we know that if

3) Q(t) > 0 and /to ” Q(s)ds < oo
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then Equation (1) has a nonoscillatory solution when p # —1. For the critical case
p = —1, Yu, Wang and Qian [5] found a sufficient condition for the oscillation of all
solutions of Equation (1) under the assumption (3). One of our aims in this paper is to
study the existence of a nonoscillatory solution of Equation (1) when Q(t) is oscillatory.
In section 2, we show that

(4) /ow |Q(s)]ds < o0

implies that Equation (1) has a nonoscillatory solution when p # —1.

In addition, the following result on the asymptotic behaviour of a nonoscillatory
solution of Equation (1) has been established by Chuanxi, Kulenovic and Ladas 2], see
also [4].

THEOREM A. [2] Assume that (2} holds and that
) Q(t) > 0 and / Q(s)ds = oo.
to

Let z(t) be nonoscillatory solution of Equation (1). Then the following statements
hold:
(a) Ifp< -1, then tlim |2(t)] = oo
— oo
(b) Ifp>—1,and p#1, then tlim z(t)=0.

REMARK 1. As was shown in [1] and [2], the assumption tht p = —1, as well as (2) and
(5) bold, implies that every solution of Equation (1) oscillates. Thus the assumption in
the above Theorem A that p # —1 is harmless. But, the case p = 1 has not yet been
handled. Therefore, Chuanxi, Kulenovic and Ladas [2] posed the following conjecture.
See also [4, Problem 6.12.9 (Conjecture)).

CONJECTURE B. (2, 4] Assume that (2) and (5) hold. Let z(t) be a nonoscilla-
tory solution of the neutral differential equation

(6) %[z(t) +z(t—7)+Q)z(t—-6) =0, t > 1.
Then
) tli.rgo z(t) = 0.

The second aim in this paper is to answer in detail the above Conjecture B. In
section 3, we first give an existence result of a nonoscillatory solution not satisfying (7)
of Equation (6), and then by using this result we answer Conjecture B in the negative.
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Finally, we also show that, under appropriate additional hypothesis on @(t), Conjecture
B is also true. .

Let t; >ty and let ¢ € C([t; — m],R), where m = max{r,§}. By a solution of
Equation (1) with initial function ¢ at ¢; we mean a function z € C([t; — m], o0, R)
such that z(t) = ¢(t) for t € [t; —m, 1], z(t) + pz(t — 7) is continuously differentiable
for t > t; and z(t) satisfies Equation (1) for all ¢ > ¢;.

As usual, a solution of Equation (1) is called nonoscillatory if it is eventually
positive or eventually negative and oscillatory if it has arbitrarily large zeros.

2. NONOSCILLATORY SOLUTIONS OF EQUATION (1)

In this section we study the existence of a nonoscillatory solution of Equation (1)
with p # —1. The main result in this section is the following theorem.

THEOREM 1. Assume that (2) and (4) hold with p # —1. Then Equation (1)
has a nonoscillatory solution.

PRrROOF: The proof of this theorem is rather long and will be divided into five
claims. Let X be the set of all continuous and bounded functions on [ty,00) with the
sup-norm. Then X is a Banach space. 0

CLAIM 1. For the case —1 < p £ 0, choose a t, >ty sufficiently large such that
t]—‘l'>to, 1 —6>to and

/w 1Q(s)] ds < #.

ty
Define a bounded, closed and convex subset of X as follows

2(1+p) 4

A={zec X, 3 <z(t) € - fort 2 tp}.

W

Now we define a mapping T : A — X as follows

1+p—pz(t—7)+ [ Q(s)z(s — &)ds, t>t
(T=z)(t2), o <t<t.

(T=)(t) = {

Clearly, T is continuous. For every z € A and t 2> t;, we see that

4 41+p 4
t) < - = - ==
(Tz)(t)<1+p 3P+t3—2 3
p

and (Tz)(t)>21+p- 3
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Hence, (2(1 +p))/3 < (Tz)(t) < 4/3 fort >ty andso TAC A.

Now we shall shows that T is a contraction mapping on A. In fact, for any
21,22 € A and t > t; we have

(T21)(t) — (T22)(8)] < —plza(t — 7) — z2(t — 7))
+ / 1Q(8)| [21(5 = §) — 23(s — 6)| ds

1-3p

<
4

llz1 — 22|

Then it follows that
1-3p

| Tz3 — Tz <

21 — =]l

Since 0 < (1 —3p)/4 < 1, we see that T is a contraction. Therefore, by the Banach
contraction principle, T has a fixed point z € A, that is, Tz = z. Clearly, z(t) is a
positive solution of Equation (1) on [t1, co) and so the proof of Claim 1 is complete.

CLAIM 2. Forthe case p < —1, let t; >ty be such that t; + T — 8 > ty and

[ 1eids < 222,
t+r1
Set A={z e X; —gs::(t)g—?;;fortZto}.

Then A is a bounded, closed and convex subset of X. Define a mapping T : A —» X
as follows

1 1 [
—p—1——z(t+7)+ - Q(s)z(s—8)ds, t2t
P P +7

(T=)(2) =

t
(Tz)(t1), to <t < t.

In is easy to show that T maps A into itself, and by a fashion similar to that in the
proof of Claim 1 we see that for any z1,z2 € A

-3
T2y — Tza|| < 2

lz1 — 2] -

This means that T is a contraction, since 0 < (p — 3)/(4p) < 1. Therefore, by the
Banach contraction principle, T has a fixed point ¢ € A. It is easy to see that this z
is a positive solution of Equation (1) and the proof of Claim 2 is finished.

CLA:[M 3. Forthecase 0 < p <1,lett; >ty besuchthatt;—7 21,41 —86 2 1o

and

/tx |Q(3)|d3 < —

Set A={zeX: 21 -p)<z(t)<4fort >t}
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which is a bounded, closed and convex subset of X . Define T : A — X as follows:

3+p—pa(t—71)+ /wQ(s):c(s —8)ds, t2t

(Tz)(t1), to <t <.

(T=)(t) =

It is easy to show that T maps A into A and for any z,,z; € A,

1
T2y — Tz, < L3P

lz1 — 22|

As 0 < (1+3p)/4 < 1, the Banach contraction principle can be applied to obtain a
fixed point z € A. We can see easily that this z is a positive solution of Equation (1).
This completes the proof of Claim 3.

CLAIM 4. Forthecase p=1,let t; >ty be such that t; + 7 — § >ty and

* 1
[ 1aeas< g
t1+7
Clearly, the set A={ze X: 2<z(t)<4, fort > 1}

is a bounded, closed and convex subset of X . Define a mapping T on A as follows

o pttzir
3+ / Q(s)z(s — 8)ds, t=>t
(Tz)(t) = igl t+(2i-1)r ()= ) '
(Tz)(t1), to<t< U
Clearly T is continuous. It is easy to show that T maps A into A and for any
Z),z2 € A;

1
|T21 — Tz.| < 7 Iz - zs| -

Thus, by the Banach contraction principle, T has a fixed point =z € A, that is,

oo t+42ir
3+ > Q(s)z(s — 8)ds, t 21,
z(t) = i=1 Jet(2i-1)r
:L'(tl), to S t g tl.

It follows that z(t)+z(t—7)=6+ / Q(s)z(s —b)dz, t >t + 7.
t

From this we see that z(t) is a positive solution of Equation (1) with p = 1 on
[t1 + T,00) and so the proof for the case p =1 is complete.

CLAIM 5. Finally we consider the last case when p > 1. Let t; > to be such
that ty +7—-6 > ty and

/ 1Q(s)] ds < P=2.
t+r 4
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Consider the bounded, closed and convex subset of X ;
A={zeX: 2(p-1)<z(t) < 4pfort > ty},

and define a mapping T on A as follows:

1 1 [
Ip+1——z(t+7)+ = / Q(s)z(s —8)ds, t>t,
Y4 P t+Tr
(Tz)(t1), to <t < ty.

(T=)(t) = {

By an argument similar to that in the previous four cases, we can easily show that all
assumptions of the Banach contraction principle are satisfied. Therefore, T' has a fixed
point z € A. It is easy to see that this = is a positive solution of Equation (1) on
[t1 + T,00), and the proof of Theorem 1 is complete.

3. ON THE CONJECTURE B

Consider the neutral delay differential equation

(8) 2 fa(e) + 2(t 1) + QUe)e(t — 8) = 0
where
9) 7>0,8>0and Q € C([te, ),(0,00)).

First we establish the following result on the existence of a nonoscillatory solution of
Equation (8).

THEOREM 2. Assume that (9) holds and there exists a nonnegative continuous
function B(t) on [tg,00) such that

(10) B(t)+ B(t — 1) =Constant, t 2 to + 7.
Also suppose that there exists a positive number A such that
(11) AM1+€e*) > Q) (B(t— 8)e* + €], t > tg + 6.

Then Equation (8) has a positive solution z(t) satisfying z(t) > B(t) fort 2 to +7+§6
and z(t)— B(t) - 0 as t — oo.

PROOF: Set

y(t) =e
Then by (11) we have
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[y(t) +y(t =)' + Q)[B(t - 8) + y(t - 6)] <0, t > to + 6.
Allo let Q*(t) = ~[y() + y(t — ) /[B(t - 6) +y(t - 8).
Then @Q*(t) > Q(t) and y(t) satisfies

[W(8) + ¥(t — 7)) + Q (B — 6) + y(t— )] =0, £> to +&.

From this we have

v +3(t-7) = | T QU W)[B(s — ) +y(s — O)lds, t> 1o + 6
which yields

t+24ir

12)  y) = Z / Q" (s)[B(s — 6)+ y(s — 6))ds, t > 1o + 5 — .

+(2i-1)7

By a slight modification of Lemma 10.5.2 in [4] we can easily see that the corre-
sponding integral equation

t+21i1

z(t) = s)|B(s — z(s — 6)]ds
(t) = Z/(h ., QOB = 8) +2(5=5)
has a positive solution z : {to + § — 7,00) — (0,00) and 0 < z(t) < y(t). From (13) we
have
z(t)+z(t—-7) = /‘°° Q(s)[B(s — 8) + 2(s — &)]ds, t =t + 6.
That is @) +2z(t—7)) + Q(t)[B(t—8)+ 2(t —6)) =0, t > to + 6,

which implies that z(t) = B(t) + z(t) is a positive solution of Equation (8) satisfying
z(t) > B(t) and z(t) — B(t) — 0 as ¢t — co. The proof of Theorem 2 is complete. [

Note that by using Theorem 2, we can easily construct many examples which show
that the answer to Conjective B is negative. In fact for any constant ¢ > 0, we define

(0, t € [2ir, (2,~+ %)T]
B(t) = T <2i+%)71, ‘e [(2'+ )T’(2‘+1)T]
¢ te((2i+ 1), (2,~+ g)f]

2 . ., 3 .
Zler @, rel(+])n26+10]
where 1 =0,1,2,3,... . Clearly

B(t)+B(t—t)=cfort>7
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and B(t) is a nonnegative continuous function on [0,00). Thus, if Q(t) satisfies for
some A >0

)\(1 + e‘\")
2(e*® + B(t — §)e*t)

A(1 +e)
+ B(t — §)ert’

< QM) < = for t > §,

then (5) is satisfied and by Theorem 2 Equation (8) has a positive solution z(t) satis-
fying z(t) — B(t) » 0 as t — oo. But z(t) » 0 as t — o0, since limsup B(t) = c.

t—oco
The above example indeed shows that Conjecture B is not true. But, on the other

hand, the following theorem shows that, under appropriate additional hypothesis on
Q(t), Conjecture B is true.

THEOREM 3. Assume that all the assumptions of Conjecture B hold. Further
assume that there exists a positive constant 8 such that 8 # 1, and

(14) Q) <BQR(t—17T), fort =t + 7.

Then every nonoscillatory solution of Equation (6) goes to zero as t — oo.

PROOF: Let z(t) be a nonoscillatory solution of Equation (6). As —=z(t) is also a
solution of Equation (6), we may assume that z(t) is eventually positive. Thus there
exists a t; 2 to + v such that z(t —7) >0, z(t —6) > 0 for £ > ;. Set

y(t) = 2(t) + z(t - 7).
Then by (6) we have Yy () <0, y(t)>0fort >t
and ¥'(t) = —Q(t)=(t — 8) = —Q()y(t — 6) + Q(t)z(t — 7 — §)
< -Q)y(t—86)+PRU —T1)z(t — 7 - §)
= —Q(t)y(t - 8) - By'(t — 7).

That is ¥()+By'(t—71)+Q(t)y(t —8) < O0fort > t;.

It follows by (5) that tlim y(t) =0.
— o0

Consequently, tlim z(t) = 0.

The proof of Theorem 3 is complete. 0
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