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Abstract. The present work is concerned with the oscillation and asymptotic properties of
the third-order mixed neutral differential equation

!
(a(r) (x(t) + p1 (D)x(t = 71) + p2()x(t +12))") + 1 ()x(t = ) +q2(0)x(1 + 1) =0, 1> 1.

We establish two theorems which guarantee that every solution x of the above equation
oscillates or limy ... x(t) = 0. These results complement some known results obtained in the
literature. Some examples are considered to illustrate the main results.
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1. Introduction

In recent years, there has been increasing interest in obtaining sufficient conditions for the
oscillation and nonoscillation of solutions of the third-order differential equations, we refer
the reader to the papers [1,2,5,8,15,18-20] and [3,4,6,7,9, 10, 12-14,16,17,21]. To the
best of our knowledge, it seems to have few results for the oscillation of third-order mixed
neutral differential equations, see the articles [7,9, 10,21]. We note that neutral differential
equations have various applications in problems dealing with vibrating masses attached to
an elastic bar and in some variational problems. For further applications and questions
concerning the existence and uniqueness of solutions of neutral differential equations, see
Hale [11].
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This paper is concerned with the following third-order mixed neutral functional differ-
ential equation

(a(t) (x(0) + pr (0)x(t = 70) + p2(1)x(t +12))")’

1.1
b +q1()x(t =) +q2(t)x(t +74) =0, t>10.

Throughout this paper, we will assume the following assumptions hold.

(h1) a € C'([ty,),R), a(t) > 0 for t > 1y;

(h2) pi € C([to,),[0,a;]), where a; are constants for i =1, 2, and a; + a3 < 1;

(h3) qj € C([t07°°)7 (07°°))’ forj: 1,2

(h4) 7; >0 are constants, fori =1, 2, 3, 4.

Regarding third-order differential equations, Hanan [15] studied the third order linear
differential equation

(1.2) () +pt)x() =0, t>1,

and established some sufficient conditions for oscillation and nonoscillation of equation
(1.2). He showed that if
2
liminf 2 p(t) > ——,
minfrp(t) > 777
then every solution of equation (1.2) is oscillatory. Baculikovd and DZurina [3] obtained
some sufficient conditions which ensure that all nonoscillatory solutions of

[ato) (1) + pOEON)] +a07(z0) =0, 1219

tend to zero when t — oo. Han et al. [12] considered the oscillation of nth-order neutral
delay differential equation

(x(r) = p(t)x(z(1)))" +q(1) f(x(8(1))) = 0, t > 10,

and the authors established some oscillation criteria for the above equation which general-
ized the results given in [15].

For the oscillation of nth-order mixed neutral functional differential equations, Grace [9]
obtained some oscillation theorems for the odd order neutral differential equation

(x(t) + prx(t — 7)) + pax(t + 72))<n) =qx(t —o1) +qx(t+02), t>1,

where n > 1 is odd. Grace [10] and Yan [21] established several sufficient conditions for
the oscillation of higher order neutral functional differential equation of the form

(1.3) (x(t) +ex(t —h) +Cx(t + H))™ 4 gx(1 — g) + Ox(t + G) =0, 1 > 1o,

where g and Q are nonnegative real constants.

The aim of this paper is to examine the oscillatory behavior of equation (1.1). By a
solution of equation (1.1), we mean a function x € C([Ty,0),R) for some T, > fy which
has the properties [x(¢) 4 p1(t)x(t — 71) + p2(t)x(t + 12)] € C?([Ty,),R) and a(t)[x(t) +
p1(O)x(t —11) + p2(t)x(t + 12)] € C'([Ty,0),R) and satisfying equation (1.1) on [Ty, ). As
is customary, a solution of equation (1.1) is called oscillatory if it has arbitrarily large zeros
on [ty, o), otherwise, it is called nonoscillatory. Equation (1.1) is said to be oscillatory if all
its solutions oscillate.
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The paper is organized as follows: In Section 2, we give some sufficient conditions which
guarantee that every solution x of equation (1.1) is either oscillatory or lim; .. x(#) = 0. In
Section 3, two examples are considered to illustrate the main results.

2. Main results

In this section we give some new oscillation criteria for equation (1.1). For the sake of
convenience, when we write a functional inequality without specifying its domain of validity
we assume that it holds for all sufficiently large ¢. Before stating our main results, we
begin with the following lemmas which are crucial in the proofs of the main results. In the
following, we use the notations

2(t)=x(t) + p1()x(t — 1)+ pa(t)x(t +12), Q) = O1(t) + Oa(1),

01(t) =min{q (1),q1(t —71),q1(t + ©2)},  Qa(t) =min{qa2(t),q2(t — 71),q2(t + ) },

n) = @Q(t), for some k € (0,1), and (p'(t));+ = max{0,p’(¢)}.

Lemma 2.1. Assume that

= 1

Furthermore, assume that x is a positive solution of equation (1.1). Then there are only the
following two cases fort > t| sufficiently large:

(1) z(t) >0, 7Z(t) >0, 7'(t) > 0, (a(r)"(r)) <0, or
(2) z(r) >0, Z(r) <0, 7'(t) > 0, (a(t)7'(¢)) <O.

Proof. Let x be a positive solution of equation (1.1). Then there exists a #; > #y such that
x(#) >0, x(t—11) >0, x(r + 1) >0, x(r — 13) > 0 and x(¢ + 74) > O for all 7 > #;. Then
z(t) > 0 for all t > ;. It follows from equation (1.1) that

2.2) (a(t)"(1)) = —qi(1)x(t — ©3) — a2 (1)x(r +12) <0, 1 > 11.

Hence, a(r)7”(¢) is strictly decreasing on [t;,0). We claim that Z’(¢) > 0 for ¢ > #;. If not,
then there exist r, > #; and ¢; < 0 such that

at)?'(t) <a(t)' () <ci1, t > 1.

Integrating the above inequality from 7, to ¢, we have

() <Z(t)+c /tt %ds.

Letting t — oo, then 7/(r) — —oo. Thus, there exist 3 > f, and ¢, < 0 such that for z > 13,
7(t) <.
Integrating the above inequality from 73 to ¢, we obtain
2(t) —z(B3) < 2 (t — 13).

Then lim, ., z(¢) = —eo, which is a contradiction. The proof is complete. |
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Lemma 2.2. [3, Lemma 4] Let z(¢) > 0, Z(¢) > 0, Z’(t) > 0, 2"(t) <0 on (T},). Then,
Sforany k € (0,1), and for some ty, one has
Z(t) - t—T, _ kt

> — t>t4>1;.
J0 - 2 =g for ==l

2.3)

Lemma 2.3. Let x be a positive solution of equation (1.1) and the corresponding z satisfy
(2) in Lemma 2.1. If

(2.4) /t: /:o ﬁ /m[01(s) + g2 (s)]dsdudy = o

u

holds, then lim;_,. x(t) = 0.

Proof. Note that a; +ay < 1. The proof of Lemma 2.3 is similar to that of [3, Lemma 2]. 1
Next, we will give some oscillation results which guarantee that every solution x of
equation (1.1) oscillates or lim, . x(¢) = 0.

Theorem 2.1. Assume that (2.1) holds. Suppose further that (2.4) holds, d'(t) > 0 and
T3 > 7). Assume also that there exists p € C'([tg, ), (0,0)) such that

1t taals—n)((p'(s)4)
4 p(s)

holds for all sufficiently large t|. Then every solution x of equation (1.1) oscillates or

lim; .o x(t) = 0.

t

(2.5) limsup {p ()n(s)

—o0 n

ds =00

Proof. Let x be a nonoscillatory solution of (1.1). Without loss of generality, we assume
that there exists a 71 > fy such that x(z) > 0, x(r — 1) > 0, x(t + 72) > 0, x(r — 73) > 0 and
x(t+14) > 0 for all # > #;. Then we have z(¢) > 0 and (2.2) for ¢ > #;. By applying (1.1),
for all sufficiently large ¢, we obtain
(a(®)" () +q1(0)x(r = 73) + g2 (1)x(t + )
+ai(a(t — 1) (t— 1)) +arqi(t — T)x(t — 71 — 73) +a1qa(t — T)xX(t + T4 — T1)
+a(a(t+ ’L'z)z”(t + ’L'z))/ +arqit+n)x(t+ 10— 13)+arqp(t+0)x(t+ 1+ 1) =0.
Thus
(a(t)2' (1)) +aralt = )2t = 7)) +az(alt + 1) (t + 1))
+01()z(t — 13) + O2(t)z(t + 1) <O.
By Lemma 2.1, there are two cases for z.

Assume that case (1) holds for r > #, > #;. It follows from 7'(¢) > 0 that z(t + 74) >
z(t — 13). Thus, by (2.6), we obtain

Q27) (a@)"(1)) +ar(a(t —1)2"(t = m))" + ax(alt + 1)2" (t + 7)) + Q(1)z(t — 73) <0

(2.6)

Using the Riccati transformation

a(t)z" (1)
Z(t—1)
Then o, (t) > 0 for t > 1,. Differentiating (2.8), we see that

ai0) =o' S50 pin GO

(2.8) (1) =p(t) t>1.

a(t)?" ()" (t — )
(Z(r—m)?
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By (2.2), we have a(t — 73)7" (t — 73) > a(t)Z”(¢). Thus, from (2.8), we get

(a)"(t)) __ (on(1))?

(2.9) (1) < 2i—-m) plalt—1)

o1 (1) +p (1)

Next, define the function @, by

alt—1)7"(t—11)

(2.10) w(t) =p(r) -

t>n.

) -

Then @, (7) > 0 for t > 1,. Differentiating (2.10), we obtain

(a(t — )" (t—7))’
Z/(l‘ — ‘L'3)

(t—1)"(t—71)
Z(t—13) +p(t)

alt—1)7"(t —1)7"(t — 13)
(Z(r—m))? '

Note that 73 > 71. By (2.2), we find a(t — 13)7"(t — 13) > a(t — 71)7" (¢t — 71). Hence, by
(2.10), we get

(1) = p'(1)%

—p(t)

/ (p'(t)+ (a(t—t)"(t—n)) (@)
2.11 < LT — .
G0 e = e PO T T pati -

In the following, we define another function @s by
_ at+m)" (t+m)

Then w;3(¢) > 0 for t > 1,. Differentiating (2.12), we find

pon gnat+ ) (1+ ) (at+ 1) (t+m))

w3(t)_p (t) Z/(t_,c?)) +p(t) ZI(I_TS)

a(t+1)"(t+1)7"(t — 13)
((t—13)) '

By (2.2), we obtain a(t — 73)7"(t — 73) > a(t + 72)7"(t + 72). Then, by (2.12), we get

—p(t)

< (0'0) (alt )+ B)  (@30))
e (A - -y E )

Therefore, by (2.9), (2.11) and (2.13), we obtain

o] (1) + a1 y(t) + a5 (1)
(@) (1)) +ai(alt —1)2"(t —0)) + az(a(t + )" (t + 2))'

<p@) Z(t—1)
2.14) (') @©2 0. (@)
0 P pwat-m) T e YT at - )
/ 2
Oy (@)
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Thus, from (2.7) and (2.14), we get

a){(t)—kalwé(t)—s—aza)é(t)
dt—m)  (P'(t)+
REITEES )
(o(1))? (p'(1)+ (w3(1))*
p(t) p(t)alt — )
On the other hand, using @’(¢) > 0, 7”(¢) > 0 fort > 15, and

(a()2" (1)) =d'(1)2" (1) +a(t)s" (1) <0,

@02 (PO
p(al— )

(0] (l‘) —

3(t) —a

we have
(2.16) () <0
for t > 1. Then, by Lemma 2.2, we find, for any k € (0, 1), and for 7 sufficiently large,

Z(t — T3) > k([ — T3)
Zt—1) ~ 2

due to (2.3). Combining the above inequality with (2.15), we get

o] (1) + a1 05(t) + a, 5(1)

Ki-1) (') @02 ()
1y STPO= o+ p@+mm—pm%;ﬁ)alp@+mm
(@) (') (3(1))2
~a s mat—m T b0 0 5t — )

for any k € (0,1). Then, by (2.17), we find that

o] (t) + a1 04 (t) + a0l (t) < —p ()N (t) + l+a£1‘+a2 a(t— 1'3)((p’(t))+)2'

p(1)
Integrating the above inequality from 73 (3 > 1,) to ¢, we obtain
4 14+a +aya(s—
[ Jpomes - e 3%?”) ds < 01 (13)+ a1 2(15) + (1),
3

which contradicts (2.5).
Assume that case (2) holds. Then, by Lemma 2.3, we can obtain lim,_,.x(¢#) = 0. The
proof is complete. 1

Let p(z) =t. Then we can obtain the following corollary by Theorem 2.4.

Corollary 2.1. Assume that (2.1) holds. Suppose further that (2.4) holds, a'(t) > 0 and
32> T.If
t

lim sup [sn (s)—

t—0o0 n

l+a;+apa(s—13)
4 s

holds for all sufficiently large t\, then every solution x of equation (1.1) oscillates or lim; ., x(t) =
0.

ds = o0
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Theorem 2.2. Assume that (2.1) holds. Suppose further that (2.4) holds, d'(t) > 0 and
T) > T3. Assume also that there exists p € C'([tg, ), (0,0)) such that

L+a+aya(s—7)((p'(5)1)?
4 p(s)

holds for all sufficiently large t|. Then every solution of equation (1.1) oscillates or lim,_,. x(t) =
0.

ot

(2.18) limsup [p (s)n(s)—

t—oo  JI

ds =

Proof. Let x be a nonoscillatory solution of (1.1). Without loss of generality, we assume
that there exists a 71 > fy such that x(r) > 0, x(r — 71) > 0, x(t + 72) > 0, x(r — 73) > 0 and
x(t+14) > 0 for all # > 1. Then we have z(z) > 0 and (2.2) for ¢ > 1. Proceeding as in the
proof of Theorem 2.4, we get (2.6).

By Lemma 2.1, there are two cases for z.

Assume that case (1) holds for ¢t > #, > 1;. Then, we obtain (2.7). Using the Riccati
transformation

and

B at+1)7"(t+n)
x(1) = p(n) S

respectively. Similar to the proof of Theorem 2.4, we get
a){ (1) +a1(1)é(t) —&-aza)é(t)
Ar—m)  (P'(1)
219y SPWOL )z o) o) .
(an(1))? GG (a3(1))?
p(t)at—71) p(1) p(ta(t—1)

On the other hand, we have (2.16) for t > t,. Then, by Lemma 2.2, for any & € (0,1), we
find

@ @7 (@0
plat—=) """ p()

—a w}(t)*(h

Z(l — 173) . Z(I— ’L'3) Z/(t — T3) > k(t — ’53) Z/(l— T3) > k([— ’L'3)
i-n) Zt-mu)d(t—1) " 2 Zt—1) 2
due to 71 > 73 and 7’ (¢) > 0 for t > t,. Combining the above inequality with (2.19), we get

o (1) + a1 05(t) + a5 (1)

Ki-1) . (') @02 ()
(2.20) < —P)= =0+ (l)+w1(t)_P(l)al(t*71)+al P(t)+w2(t)
(@) (') (3(1))?
s mat—m) T b0 20 5=

Then, by (2.20), we find that

a ar alt — ! 2
wi(f)+a1w§(t)+a2a)§(t)g_p(t)n(t)+1+ 411+ 2 alt nl)o((tl; (1)+)"
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Integrating the above inequality from #, to ¢, we obtain

! l+ai+aya(s—7)((p'(s))+)?
) p(s)
which contradicts (2.18).
Assume that case (2) holds. Then, by Lemma 2.3, we can obtain lim,_.x(¢) = 0. This
completes the proof. 1

ds < () + a1 (n) +arws(n),

Let p(¢) =¢. Then we can obtain the following corollary by Theorem 2.6.

Corollary 2.2. Assume that (2.1) holds. Suppose further that (2.4) holds, d'(t) > 0 and
T > If
t

lim sup [sn (s)—

t—0o0 n

l+a;+apa(s—1)
4 s

holds for all sufficiently large t, then every solution x of equation (1.1) oscillates or lim,_. x(t) =
0.

ds = o0

Remark 2.1. Adding some restrictions on arguments 7;(z), for i = 1, 2, 3, 4, our results
can be extended to the third-order mixed neutral functional equation

(a(t) (x(0) + pr (0)x(t = 71 (1) + p2(0)x(t + 22(0)))") +q1 (D)x(t = 73(1)) + a2 ()x( + T (1)) = O

for t > ty, the details are left to the reader.

3. Examples
Grace [10] and Yan [21] considered the oscillation of equation
3.1 (x(t)+cx(t —h)+Cx(t+H))" +gx(t —g) + Ox(t + G) =0, t>1,

where ¢, C and Q are nonnegative real constants, and g, G, h, H and Q are positive real
constants. They obtained some oscillation theorems for equation (3.1). For example

Theorem 3.1. [10, Theorem 5] If g > h, and

el " g—h c>1
14c+C 3 ’

then every solution of equation (3.1) is oscillatory.

Theorem 3.2. [21, Theorem 5] If g > h, and

e\’ 3 q 173
q(g) (g—h) >CXP[—<1+C+C> h

then every solution of equation (3.1) is oscillatory.

+c+Cexp

)

q 1/3
~(rrize) e

We note that Theorem 3.1 and Theorem 3.2 are based on the condition g > A, that is, these
results cannot be applied to equation (3.1) for the case when g < h. Therefore, Theorem 2.6
obtained in this paper complements results of [10,21].

In the following, we will give two examples to illustrate the main results.
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Example 3.1. Consider the third-order differential equation

(3.2)

1 1 " , 1 1
(x(t)+3x(t—1)+3x(t+l)> +<e +3e)x(t—2)+3x(t+l):O, t 2> 1.
Let

1 L, et 1
a) =1, pit)=p() =5, () =e"+ — @)= n=n=u=1n=2

Clearly, (2.1) holds. Take p(¢) = 1. Then condition (2.5) holds. On the other hand, we have
(2.4). Then, by Theorem 2.4, every solution x of equation (3.2) oscillates or lim;_,.x(¢) =
0. Tt is easy to find that x(f) = e’ is a solution of equation (3.2). However, the results
established in [10,21] do not apply to equation (3.2).

Example 3.2. Consider the third-order differential equation
(3.3)

(ot (x(1) + pr(1)x(t — 1) + pa()x(t + 1)) + gx(t —13)+ %/x(t +14)=0, t>1,

where o/, B, y are positive constants, 0 < p;(¢) < a;, fori=1,2,a;+ay < 1.
Let 5
1 Y
at) = at, (1) =p2() = 3, 00 =5, 20y = L.
It is easy to verify that all the conditions of Corollary 2.7 hold. Thus, from Corollary 2.7,
every solution x of equation (3.3) oscillates or lim;_x(¢) = 0.

Remark 3.1. It remains an open problem to study equation (1.1) when [, 1 /a(t)dt < coor
d(r) <0.
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