Oscillation of Second Order Neutral Delay
Differential Equations

L. Erbe, T. S. Hassan* and A. Peterson
Department of Mathematics,
University of Nebraska-Lincoln,

Lincoln, NE 68588 — 0130, U.S.A.

Abstract

We present new oscillation criteria for the second order nonlinear
neutral delay differential equation
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where t > ty, 7, and « are positive constants and the functions
p,q,a,0 € C([tp,0),R). Our results generalize and improve some
known results for oscillation of second order neutral delay differential
equations. Our results are illustrated with an example.
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1 Introduction

Consider the second order nonlinear neutral delay differential equation

(a® @ +pOyt—7)) +a@)ly@ O y(@®)=0, (L.1)

where ¢ > tg, 7, and « are positive constants, p,q,a,0 € C ([ty,0),R).
Throughout this paper, we assume that

(@) 0<p) <1, q(t) 20, a(t)>0, a>0;

(b) o(t) <t, o (t) >0, lim_ 0(t) =oc;

(¢) tzo % = 0.

Second order neutral delay differential equations have applications in
problems dealing with vibrating masses attached to an elastic bar and in
some variational problems (see Hale [10]).

Our attention is restricted to those solutions of equation (1.1) that satisfy
sup{ly (t)] : ¢t > T} > 0. We make a standing hypothesis that (1.1) does
possess such solutions. By a solution of equation (1.1) we mean a function
y € C([0,00),R), 8 = min{tg — 7,0 (ty)} in the sense that both y(¢) +
p(t)y(t—7)and a(t) (y(t)+pt)y(t—7)) are continuously differentiable
for t > tq and y (t) satisfies equation (1.1) on [tg, 00) . For further questions
concerning existence and uniqueness of solutions of neutral delay differential
equations see Hale [10].

A solution of equation (1.1) is said to be oscillatory if it has arbitrarily
large zeros, and otherwise it is nonoscillatory. The equation itself is called
oscillatory if all its solutions are oscillatory.

In the last few decades, there has been increasing interest in obtaining
sufficient conditions for the oscillation and nonoscillation of solutions of dif-
ferent classes of second order neutral delay differential equations, see for
example [2],[6],[7],[9] and the references quoted therein. For oscillation of
various functional differential equations we refer the reader to the mono-
graphs [1],[7], [9], [20].

In particular, much work has been done on the following particular cases
of (1.1) :

y' () +aq(t)y(t) =0, (1.2)
(r @)y () +qt)y(t) =0, (1.3)
y' () +qt)yt—o)=0, (1.4)



(y (&) +p®yt—7)"+qt)y(t—o)=0. (1.5)

An important tool in the study of the oscillatory behavior of solutions of
these equations is the averaging technique which goes back as far as the
classical result of Wintner [25] where it was proved that (1.2) is oscillatory if

1 t s
lim —/ / q(v)dvds = 0. (1.6)
t—oo t to Jto

Hartman [11] proved that the limit in (1.6) cannot be replaced by the limit
supremum and proved that the condition

1 t s 1 t s
—00 < liminf—/ / q (v) dvds < limsup—/ / q (v)dvds < oo, (1.7)
t to Jto t to J1o

t—o0 t—o0

implies that every solution of (1.2) oscillates.
Kamenev [12] improved Wintner’s result by proving that the condition

lim —/ (t—9)"q(s)ds = o0, (1.8)

for some integer n > 1 is sufficient for the oscillation of (1.2).
Yan [26] proved that if

1 t
lim sup m (t—s)"q(s)ds < o0,

t—o0 to

for some integer n > 1 and there exists a function ¢ on [tg, 00) satisfying
f;;o ¢% (t) dt = oo where ¢, (t) = max{¢ (t),0} and

lim sup ti" / (t—5)"q(s)ds > sup ¢ (u), (1.9)

t—o00 u>to

then every solution of equation (1.2) oscillates.

Philos [18] further improved Kamenev’s result by proving the following:
Suppose there exist continuous functions H, h: D = {(t,s) : t > s >t} —
R such that

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

T



and H has a continuous and nonpositive partial derivative on D with respect
to the second variable and satisfies
0H (t,s)

o =h(t.s) VH(t.s) > 0. (1.10)

Further, suppose that

/tt [H (t,5)q(s) — ih? (ts)|ds—oo. (111

lim
t—o00

H (t,to)

Then every solution of equation (1.2) oscillates.

We note, however, that when ¢ () = %2, (1.2) reduces to the well-known
Euler-Cauchy equation
2
u” (t) + 2t (t)y=0, t>1, (1.12)

to which none of the above mentioned oscillation criteria is applicable. In

1
fact, the Euler—-Cauchy equation (1.12) is oscillatory if v > 7 and nonoscil-

1
latory if v < 1 5ee [13]. For further results on the oscillation of superlinear

and sublinear equations, we refer the reader to the papers [3] — [5], [24].

For oscillation of equation (1.3), Leighton [15] proved that if:

/ —— =00 and / q(t)dt = o0, (1.13)
t

o T (t) to

then every solution of equation (1.3) oscillates.
Willett [23] used the transformation

:(/*’Cg)) w®) = (y (1),

to establish a new version of Leighton's criterion and obtained the following
oscillation result: If

/:%:OO and /:q(t) (/toorcé—z)ycit:oo, (1.14)

then every solution of (1.3) oscillates.
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We note, however, that the oscillation criteria of Leighton and Willett
are not applicable to the equation

(' () +yu(t) =0, t>0, (1.15)

where v is a positive constant. Kong [13], Li [16], Li and Yeh [17], Rogov-
echenkov [19], and Yu [27] used the generalized Riccati technique and have
given several sufficient conditions for oscillation of (1.3) which can be applied

1
to (1.15); in fact every solution of (1.15) oscillates if v > 1 5ee ([17],[18]) .

In [22], Waltman extended Leighton’s criterion to equation (1.4) and
showed that (1.4) is oscillatory if ¢ (t) > 0 and

| atds =

But, Travis [21] showed that Leighton’s criterion is not enough to ensure
the oscillation of equation (1.4). Hence, the oscillation analysis of the delay
differential equations is more complicated than that of ordinary differential
equations.

There has recently been an increased interest in the studying of the os-
cillation of second order neutral delay differential equations. The results of
Waltman and Travis have been extended to neutral delay differential equa-
tions by Grammatikopoulos, Ladas and Meimaridou [8]. They proved that
if

0<pt) <1 q(t)>0,

and

/“q<s)[1_p<s_a>]d3:oo,

to

then equation (1.5) is oscillatory.

In this paper, we use the generalized Riccati transformation technique to
establish some new sufficient conditions for the oscillation of equation (1.1).
To the best of our knowledge nothing is known regarding the qualitative
behavior of equation (1.1). The relevance of our results becomes clear in an
example that we give in Section 2. In the sequel, when we write a functional
inequality we will assume that it holds for all sufficiently large values of ¢.



2 Main Results

In this section, we will establish some new oscillation criteria for the os-
cillation of equation (1.1), which extend and improve some known results.
Throughout this section, for any function ¢ € C* ([tg, >0)), we define

Q (t) =4q (t> (1 —-Pp (U (t)))a ) k (t) 2o’ (t)

CNa(e(®) [0 alo(s))
- / e .

for some constant Ny and t; > to, and

o) = oo (-2 [ 0@ ), 500 =00 (1- 1),

v = 20 Q0+ 5 @080 - 06 ).
Theorem 1. Suppose there exists a negative function ¢ € C* ([ty, 00)), such
that

Y ()alo ) -
( o (1) ) <0, fort>ty, (2.1)
and .
ligglf/ ®(s)Q(s)ds >0, (2.2)

and there exists continuous functions H, h : D — R such that

(1) H(t,t) =0, fort>to,

(i1) H(t,s) >0, fort>s>to,

(13i) H has a continuous and nonpositive partial derivative on D with
respect to the second variable.
Assume there exists a function v € C* ([tg,00), (0,00)) and T > to such that

—%[H(t,s)v(s)] +2H (t,5) v (s) 6 (s) (1 - 28) = h(t,s)V/H (t,s) v (s).

Further assume for all sufficiently large T,

/t {H (t,5)0 () (5) — 3 (5) K (5) (t’5>1 ds = co.

" 4
(2.3)

.
L VH ()



Then equation (1.1) is oscillatory for all o > 1.

Proof. Suppose to the contrary that equation (1.1) possesses a nonoscilla-
tory solution y (¢) on an interval [tg, c0) . Without loss of generality, we shall
assume that y (t) > 0 for all t > t,. let

() =y () +pB)yt—7). (2.4)

Then in view of condition (a), we see that z () > 0, (a(t) 2 (t)) < 0 for
t >ty > tg. Therefore a(t) 2z (t) is a decreasing function of ¢, in view of
Ruan [[20], Theorem 1], we have immediately that 2’ (¢t) > 0 for ¢ > t;.
Consequently,

2(t) >0, 2/ (t) >0, (a(t) (1)) <0, fort>t. (2.5)

Now, observe that from (1.1), we have

(a(®)2 () +q )y (o () =0, (2.6)
Now using (2.4) and (2.5), we get
y(t) = z@)—p@)y(t—r7)
= 20 —p@)(z(t—7)—pt—7)y(t —27))
2z(t)—pt)z(t—7)22(t)(1-p(t)). (2.7)

Using (2.6), (2.7) and using the definition of the function @ (t), we have
(@) () +Q (1) (o (1) <0, t>1. (25)
We now define the function
— =+ (t)) . (2.9)
This and (2.8) imply for ¢ > ¢; that
w'(t) < =2¢ (t) w (t)

o0 {-Q+ oy - “HZEZHIEO )




From (2.5), and assumption (b), we get

a(o ()2 (o (t) = a(t)2 (1),

From this and (2.10), we get for ¢ > ¢,

W (8) < 26 (t) w (1)

+¢<t>{—@<t>+<a<t>¢<t>>’— 0 (a(t)Z/t(;; ) } o

1
where v = %. Also, from (2.5), and assumption (b), we can write (2.11)

in the form
) <@ (1) {-Q(t) —2a(t) ¢* ()

gt
Fleter= M(o—(t&)) S () e

Integrating (2. 12) from ¢, to t (t > 1), we get

28 o oomurae L
/tl <()<;D>§S)< (zv)@()fds (2.13)

o
where C' = w (t1) — a(t1) P (t1) ¢ (t1) . Since lim; o 0 (t) = oo, for ¢ suf-
z

ficiently large o (t) > t1, a(s)2'(s) < a(o(s)) 2 (0 (s)). Then by Bonnet’s
Theorem, since % is nonincreasing, for a fixed ¢ > t;, there exists
€ € [t1,t] such that
"' (s)a(s) 2 (s) o' (s)a(o(s)) 2 (o(s)) o (s)
R o el e o
_ Y (t)a(o(t) [*Z(0(s)a’ (s) .
Sl A
_ ¥(Walm) O
- o' () /z<a<t1>) !
(I), (tl a (O’ (tl))




a (o (t1)) @' (t) 27 (0 (t1))
=10 ) M. (2.14)

Thus, for ¢t > t;, we find from (2.13), that

a(t) 2 (t)
2 (o (1))

<

D (1) < L—/tt(I)(s)Q(s)ds

[ (2

where L = C'+ M > 0 and hence, since ® (¢) aa

[ “em (557) «
a(t)z (1)
2 (o (1))
<L—lﬁu@@@m& (2.15)
From (2.2) and (2.15), we have that the integral
[ (o

converges as t — oco. Thus, there exists a positive constant N such that

tag’(s)(b(s) (I(S)Z’(S) 2 .
/tl a(o(s)) ( 27 (s) )ds§N> for all ¢ > ;. (2.16)

By Schwarz’s inequality, we get

> 0, we have

<L-d(1)

—[@@@@@

(s) a(o(s)) ac'(5)(s) als)2/(s) |
(5) a0/ (5)0(s)a (5) \| _alo(s))  21(s)
<leu$m;a@“<Aazg<$(a2@ ) )




Hence, for t > t;
1 ;
0wl <002 ()

Therefore there exists a constant Ny and ¢ > t; such that

1

‘21_7 (t)| <N (/tlt = (:)(g 23)&2 (S)ds> 2 , fort >t

Since lim;_, o (%)
o (t) >ty for all ¢

= 00, we can assume that there exists a T > t5 such that
> T'. Hence

DN —

o(®) a(o(s
o) < M ( [ s (s>ds) CdmteT,

or

N —

o(t) a(o(s
27 (0 ()] < |2 (0 (£)| Ny ( /t — (8)((1)28;)@2(8)d3> fort > T

(2.17)
From (2.17), (2.11) and the definition of k (¢), we get, for t > T

w/(t)S_2¢(t)w(t)+<b(t){—Q(t)+(a(t)¢(t))l_ : <a<t>2/zs(;))) }

Equation (2.9), yields

w'(t) < =26 () w(t)

o {—Q 0+ @@o) - 1 (51~ B0 ) }

— v -200 (1- £ )00 - g @, 1)

10



Multiplying both sides of (2.18) by H (t, s) v (s) and integrating from 7" to ¢,
we have, for all t > T > t4,

/T H(t,s)v(s)y(s)ds

< —AtH(t,s)v(s)w’(s)ds—Q/TtH(t,s)U(S)(ﬁ(s) (1_ Z(S)

[ HESE L
/Tk<s><1><s> (s)d

Juwis)s

Hence /Tt [H (t, ) v (s) ¥ (5) — iq) (s)k (s) h? (t,s)} ds

2

SH(t,T)v(T)w(T)—/[ H(t, s)u(s)

1
K(5)®(s) w(s) + 3 D (s)k(s)h(t, s)] ds.

' (2.19)
By this equation, we have, for t > T
/T [H (t,5)v () ¥ (s) — i(b (s) k() B2 (1, s)} ds
< H(t,T)v(T)|w(T)|. (2.20)

11



It follows from (2.20) that

i sup- (i’ . /T {H(t,s)v(s)w(s)—}L(I)(s)k;(s)hQ (t,5)| ds

< v(M (1))

which contradicts assumption (2.3). Therefore, equation (1.1) is oscillatory.

Remark 1. The conclusion of Theorem 1 remains valid if assumption
(2.3) is replaced by the two conditions

lirtrisupH(i T /TtH(t,s)U(s)w(s) ds = o0,

lim sup

t—oo H (t,T) /T O (s) k(s) h* (t,5) ds < oo.

Remark 2. With the appropriate choice of the functions H, v and h,
we can deduce from Theorem 1 a number of oscillation criteria for equation
(1.1). Consider, for example,

H(t,s)=({t—s)", (ts)eD, v(s)=s,

where n is an integer greater than one. Then H is continuous on D and
satisfies
H(t,t) =0, fort > t,

H(t,s) >0, fort>s>t.

Moreover, H has a continuous and nonpositive partial derivative on D with
respect to the second variable. Clearly, the function

(n—2)/2
t _
ht,s) = (t—s)" "
NG
is continuous and satisfies for ¢t > s >t

—% (H (t,s)v(s)) +2H (t,s)v(s) B(s) =h(t,s)\/H(t,s)v(s).

(n+1)s—t+2s(t—3s)5(s)], t>s2>t1,

Therefore, by Theorem 1, we get the following oscillation criterion.

12



Corollary 1. Let assumptions (2.1) and (2.2) hold. If for all sufficiently
large T,

1 t
lim supt—n/ [A(t,s) — B(t,s)]ds = o0,
T

t—o00

where

Aft,s) = (t—s)"sv(s),

1 (t—s)""

B(t,s) = Z@(s)k(s) [(n+1)s—t+2$(t—s)ﬁ(s)]2,

for some integer n > 1, then the equation (1.1) is oscillatory for all o > 1.

Theorem 2. Let assumptions (2.1) and (2.2) hold, the functions H, h, v
be defined as in Theorem 1, and suppose that

H
0 < inf [iminf L) | < o (2.21)
s>to | t—oo H (,t0)

If there exist a function ¢ € C* ([to,00),R) such that

li?iing ) /T P (s)k(s)h?(t,s)ds < o0, (2.22)

) 1 t 1 2
hiriing T /T [H (t,s)v(s)(s) — ZI) (s) k (s) h* (t, s)} ds > ¢ EZ;)))
h?iigp/r[ " (s)gfg((;))k (S)ds = 00, (2.24)

where ¢, (s) = max{¢ (t),0}, then equation (1.1) is oscillatory for all o >
1.

Proof. As in Theorem 1, without loss of generality we may assume that
there exists a solution z (t) of equation (1.1) such that x (¢) > 0 on [¢;,00)
for some t; > tg. Again we define the function w (¢) as in Theorem 1, we
arrive at (2.19) which yields for ¢t > T > t;,

ﬁ/T {H(t,s)v(s)w(s) - i@(s)k’(s) h%(t,s)| ds

13



Thus,

IN

v(T)w(T)
minf— L[| JELS ) L e ST s | ds
_ 112£fg<t,T)A[ P00 LTV ek, )] ds.

From (2.23) , we have

+lim inf

L[| [H&s)v(s) 1
100 H(t,T)/T [ () D (s) " (5)+3 (s)k(s)h(t,s)] ds,

Then, for T" > t,

v(T)w(T) = ¢(T) (2.25)
and
o t H(t,s)v(s) 1 i
hﬂé?fH(t,T)/T[ Ww(s)+§\/ (S)k(s)h(t,s)] ds < oo.
Thus
im inf—— tMuﬂs s)v(s)w(s s-s
imint s [ w6 4 VTG, )]
o 1 t H(t,s)v(s)w . 1 RYAE 5- s
< llgng(t,T)L [\/ F) a0 VgVl kh, )_ d
< o0. (2.26)
Define . CH(s) )
v =5 T)/T P a () W s



and

v(t):%/T VH(ts)v(s)w(s)h(t,s)ds

for ¢t > ¢;. Then (2.26) implies that

liminf [u () + v (t)] < oo.

t—o00

Now, we claim that

/C’ov(s)w2 (s)
v k(s)®(s)

By (2.21), there is a positive constant M; such that

s>to

R H (1 )

inf [hmlnf H(t, 8)} > M; > 0.

(2.27)

(2.28)

(2.29)

(2.30)

Let M; be any arbitrary positive number. It follows from (2.29) that there

exists a t9 > T such that

t 2
/ Md3> M, for all ¢ > 2.

v k(s)®(s) My’

Consequently, for all t > t,,

i e[ e
{ LG
> R e

> %Héﬂ/t - aH(t’ﬂ

15

7080
dg] .

dg] ds,

My H (t,1)

T M H (T



By (2.30), we have

H (t,s)
H (t, 1)

> M,, forallt>T,

this implies
u(t) > My, forallt>T.

Since M, is an arbitrary constant, we conclude that

lim u (t) = oo.

t—o0

Consider a sequence {t,} -, € (t1,00), t, — 00 as n — oo such that

lim [u (£) + v (t,)] = lim inf [u (t) + v (1))

n—oo —00

By (2.27), there exists a number M such that
u(ty) +v(t,) <M, forn=12 ...
It follows from (2.31) that

lim u (t,) = oo.

n—oo

Thus, (2.32) yields
lim v (t,) = —o0.

n—oo

It follows from (2.33) and (2.34) that for large values of n,

v (ty)
u(ty)

where € € (0,1). Thus, by (2.34) and (2.35), we conclude that

<e—1<0,

lim * (tn)
n—oo U (tn)

v (t,) = oo.

On the other hand, by the Schwarz inequality, we get

)= {5 [ ) 0 O (3) h () ds}Q

16

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)



{mon | SeRe e
{ﬁ/jk(sm(s) B2 (b, 5) ds}

gu@n){m/jk(s)ws) B (b, 5) ds},

for any positive integer n. Consequently for n large enough,

f((tt:)) S g (ti, T) /T k(s) @ (s) h? (t, s) ds.

By (2.36), we have

1 b
nhiEO m/q" k(s)® (s)h? (tn,s)ds = cc.

Consequently,

1 t
lim su k(s)® (s)h%(t,s)ds = oo,
msup s [ RSB ()R 1,9

which contradicts assumption (2.22). Therefore, (2.29) fails to hold and we
have proved that (2.28) holds. Hence, by (2.25),

g2 () Suu(s)
/T v(s)@(s)k(s)dSS/T B (s)k(s) =

which contradicts (2.24). This completes our proof.

Corollary 2. Let assumptions (2.1) and (2.2) hold, the functions H,h,v
be defined as in Theorem 1, and let (2.21) hold. If there exists a function
© € C' ([ty,00),R) such that (2.24) and

lim inf (17 . /T H (1, 5) ) (s) ds < oo, (2.37)
liminf (;’ . /T [H (t,8) v (s) ¥ (5) — }lfb(s)k(s) B2 (1 8)| ds > o (T),
(2.38)

17



where ¢y (s) = max {¢ (t),0}, then equation (1.1) is oscillatory for all o >
1.

Remark 3. If we take
H(t,s)=(t—s)",
where n is an integer with n > 1 as in Remark 2,
n—2
v(s)=1, h(t,s)=(t—s) 2 (n+2(t—3s)6(9),

then the following oscillation criterion can be obtained from Theorem 2.

Corollary 3. Let assumptions (2.1) and (2.2) hold. If
limsup— / (t,s)
t—00

limsup—/ [(t —s) - %L(t s)lds > ¢ (T).

t—o00

where

L(t,s) =@ (s)k (s) (t = )" " (n+2(t — ) B(s))*
for some integer n > 1, and (2.24) holds, then equation (1.1) is oscillatory
for all a > 1.

Remark 4. When we choose ¢ (t) = 0 in the above results, we get another
result for the oscillation of equation (1.1) for all a > 0.

Corollary 4. Suppose that there exists continuous functions H, h : D — R
such that

(1) H(t,t) =0, fort>ty,

(17) H(t,s) >0, fort>s>t,

(13i) H has a continuous and nonpositive partial derivative on D with
respect to the second variable.

Suppose there exists a function v € C([ty,00),(0,00)), T > to such
that, for some t; > to, o (t) >ty for t > T and

—%(H(t7s)v(s)):h(t,s) H{t,5)0(s).

18



If

liginf /tQ (s)ds >0,
i sup- (27 5 /Tt [H (t,5) v (5)Q (5) — ik (s) 2 (¢, s)] ds = oo,

then equation (1.1) is oscillatory for all a > 0.

Example. Consider the following second order neutral delay differential

equation, for t > 3, a > 0,
tor (2 t A t
S ()] e (5) -0
3
)

1 1 A\
(%[?J(t) + ﬁy(t —1)] ) + (t—2)
(2.39

1
Let us take H (t,5) = (t — s)” and v (t) = 7 Then t; =tg=3,T =9,

3

ot 1 M (24 cost) [ V3 )
h(t7s)_m+ﬁaQ(t)_ (t_2)oc (1 m) ’
and VAN .
_ 1 _
k(t) = 3 (275 \/¥> :
Now, we can prove that
: 1 !
tliglom /T k (S) h2 (t, S) ds
A LAY L PO WA B
- M (t—9)2/9 (28_ ﬁ) (sﬁ+ \/E) o
= N12 < 00
B 15v/3a2 7
: 1 !
tlggom /T H(t,s)v(s)Q(s)ds
L 1 bt —s)” s (24 cos (s)) B 3\
a tlgglo(t_g)Q/g s (s —2)“ (1 s—3> ds
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then all the hypotheses of Corollary 4 are satisfied. Hence equation (2.39)
is oscillatory for o > 0. Note that none of the above mentioned oscillation
criteria can be applied to (2.39).
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