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Some oscillation criteria are established for the second-order superlinear neutral differential
equations (r(t)|z' ()% 12/ (1)) + f(t,x(c(t))) = 0, t > to, where z(t) = x(t) + p(H)x(T(t)), T(t) > ¢,
o(t) >t,p e C([ty, ), [0,po]), and a > 1. Our results are based on the cases J’;O 1/r/%(t)dt = oo or
f;:’ 1/r"/%(t)dt < oo. Two examples are also provided to illustrate these results.

1. Introduction

This paper is concerned with the oscillatory behavior of the second-order superlinear differ-
ential equation

<r(t)|z’(t)|“’1z'(t))' +f(tx(0() =0, t>t, (1.1)

where a > 1 is a constant, z(t) = x(t) + p(t)x(7(t)).
Throughout this paper, we will assume the following hypotheses:

(A1) r € CY([tg, ), R),r(t) > 0 for t > ty;
(A2) p € C([to, ), [0, po]), where py is a constant;
(A3) T € C'([to, ), R), T'(t) > 10> 0, 7(t) > t;

(Ag) 0 € C([ty,0),R), o(t) >t,To0=00T;
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(As) f(t,u) € C([ty, 0) xR, R), and there exists a function g € C([t, o), [0, o)) such that

f(t,u)signu > q(t)|ul®, foru#0, t>to. (1.2)

By a solution of (1.1), we mean a function x € C([Ty, o), R) for some T > t, which has
the property that r(t)|2'(t)|*2'(t) € C'([Tx, ), R) and satisfies (1.1) on [Ty, o). We consider
only those solutions x which satisfy sup{|x(t)| : t > T} > 0 forall T > T,. As is customary, a
solution of (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 are oscillatory.

We note that neutral differential equations find numerous applications in electric
networks. For instance, they are frequently used for the study of distributed networks
containing lossless transmission lines which rise in high-speed computers where the lossless
transmission lines are used to interconnect switching circuits; see [1].

In the last few years, there are many studies that have been made on the oscillation and
asymptotic behavior of solutions of discrete and continuous equations; see, for example, [2—
28]. Agarwal etal. [5], Chern etal. [6], DZurina and Stavroulakis [7], Kusano and Yoshida [8],
Kusano and Naito [9], Mirzov [10], and Sun and Meng [11] observed some similar properties
between

(1 ® 7% M) + g x@E)I* 2@ (®) =0 (13)
and the corresponding linear equations
(r()x'(£))" +q(t)x(t) = 0. (1.4)

Baculikova [12] established some new oscillation results for (1.3) when a = 1. In 1989, Philos
[13] obtained some Philos-type oscillation criteria for (1.4).

Recently, many results have been obtained on oscillation and nonoscillation of neutral
differential equations, and we refer the reader to [14-35] and the references cited therein. Liu
and Bai [16], Xu and Meng [17, 18], Dong [19], Baculikov4 and Lackova [20], and Jiang and
Li [21] established some oscillation criteria for (1.3) with neutral term under the assumptions
T(t) <t o(t) <t

t
R(t) = f #ds — o ast — oo, (1.5)
to rl/d(s)
* 1
—dt < . 1.
LO T R (1)

Saker and O’Regan [24] studied the oscillatory behavior of (1.1) when 0 < p(f) < 1,
T(t) <tand o(t) > t.

Han et al. [26] examined the oscillation of second-order nonlinear neutral differential
equation

(r®[x) + pOxEe)]) +aW f o) =0, t2t, (17)
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where 7(t) < t, o(t) <t 7'(t) =7 > 0,0 < pt) < po < oo, and the authors obtained some
oscillation criteria for (1.7).
However, there are few results regarding the oscillatory problem of (1.1) when 7(t) > ¢

and o(t) > t. Our aim in this paper is to establish some oscillation criteria for (1.1) under the
case when 7(t) > t and o(t) > t.

The paper is organized as follows. In Section 2, we will establish an inequality to prove
our results. In Section 3, some oscillation criteria are obtained for (1.1). In Section 4, we give
two examples to show the importance of the main results.

All functional inequalities considered in this paper are assumed to hold eventually,
that is, they are satisfied for all t large enough.

2. Lemma

In this section, we give the following lemma, which we will use in the proofs of our main
results.

Lemma 2.1. Assume thata >1, a,be R Ifa>0, b >0, then
a“+b“>i(a+b)“ (2.1)
= Da-1 :

holds.

Proof. (i) Suppose that a = 0 or b = 0. Obviously, we have (2.1). (ii) Suppose that a > 0, b > 0.
Define the function ¢ by g(u) = u*, u € (0, ). Then g"(u) = a(a — 1)u*2 > 0 for u > 0. Thus,
g is a convex function. By the definition of convex function, for A = 1/2, a,b € (0,0), we
have

g<a;b> < 8@ ;g(b), (22)

that is,
a*+b* > %(a+b)“. (2.3)
This completes the proof. O

3. Main Results

In this section, we will establish some oscillation criteria for (1.1).

First, we establish two comparison theorems which enable us to reduce the problem
of the oscillation of (1.1) to the research of the first-order differential inequalities.
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Theorem 3.1. Suppose that (1.5) holds. If the first-order neutral differential inequality

[ (f)+( Po)* u(T(f))]

= 1Q(i‘)(R(G(i‘)) - R(t1))"u(o(t)) <0 (3.1)

has no positive solution for all sufficiently large t1, where Q(t) = min{q(t),q(7(t))}, then every
solution of (1.1) oscillates.

Proof. Let x be a nonoscillatory solution of (1.1). Without loss of generality, we assume that
there exists t; > tg such that x(t) > 0, x(7(t)) > 0, and x(c(t)) > 0 for all t > t;. Then z(t) > 0
for t > t1. In view of (1.1), we obtain

(rolZ 012 ) <-gbx©®) <0, txh. (3.2)

Thus, r(t)|z' (t)|* ! Z'(t) is decreasing function. Now we have two possible cases for z'(t): (i)
Z'(t) < 0 eventually, (ii) z'(t) > 0 eventually.
Suppose that z'(t) < 0 for t > t, > t;. Then, from (3.2), we get

r(t)|Z (]2 () < r(R)|Z ()| 2 (h), t2h, (3.3)

which implies that

z(t) < z(h) — r/*(t2) |2 (1) | t rV/%(s)ds. (3.4)
ty

Letting t — oo, by (1.5), we find z(t) — —oo, which is a contradiction. Thus
Z'(t) >0 (3.5)

fort > t.
By applying (1.1), for all sufficiently large t, we obtain

(po)”
7'(t)

(r(z(t) (2 (z(£)))") < 0.
(3.6)

(r(Z (1)) +qB)x (1) + (po) “q( (1) x" (0 (7 (¢))) +

Using inequality (2.1), (3.2), (3.5), T 0 0 = 0 o T, and the definition of z, we conclude that

(PO)

(r(t)(# (t)) ) + ——r(t(t)) (' (T(1))" ) +—Q(#)z"(o(t)) <0. (3.7)

2111
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It follows from (3.2) and (3.5) that u(t) = r(t)(z'(t))* > 0 is decreasing and then

1/a

2(t) Z_[t (r(s)(='(s)))

F7a(s) ds=u""((R(H) ~R(t). (38

sz [ i

Thus, from (3.7) and the above inequality, we find
[ () + —— b ) ——u(r (f))] T 1Q(f)(R(G(f)) = R(t2))*u(o(t)) <0. (3.9)

That is, inequality (3.1) has a positive solution u; this is a contradiction. The proof is
complete. O

Theorem 3.2. Suppose that (1.5) holds. If the first-order differential inequality

’ 70 _ a
() + WQ(f)(R(G(f)) R(t1))"n(o(t)) <0 (3.10)

has no positive solution for all sufficiently large t1, where Q is defined as in Theorem 3.1, then every
solution of (1.1) oscillates.

Proof. Let x be a nonoscillatory solution of (1.1). Without loss of generality, we assume that
there exists t; > ty such that x(¢) > 0, x(7(t)) > 0, and x(c(t)) > 0 for all £ > t;. Then z(t) > 0
for t > t;. Proceeding as in the proof of Theorem 3.1, we obtain that u(t) = r(t)(z'(t))" is
decreasing, and it satisfies inequality (3.1). Set () = u(t) + (po)“u(7(t)) /79. From 7(t) > t, we
get

() = u(t) + (PO) u(r (t))<< (pTO) >u(t). (3.11)
0

In view of the above inequality and (3.1), we see that

/ T a
() + mQ(f)(R(G(f)) R(t1))"n(a(t)) <0. (3.12)

That is, inequality (3.10) has a positive solution #; this is a contradiction. The proof is
complete. O

Next, using Riccati transformation technique, we obtain the following results.

Theorem 3.3. Suppose that (1.5) holds. Moreover, assume that there exists p € C'([t, ), (0, 0))
such that

N OO (P0)"\ r&)(PLs)™ ]
hrtrls:jp to[ T _(a+1)“+1 <1+ o > () ds = oo (3.13)




6 Abstract and Applied Analysis

holds, where Q is defined as in Theorem 3.1, p',(t) = max{0, p'(t)}. Then every solution of (1.1)
oscillates.

Proof. Let x be a nonoscillatory solution of (1.1). Without loss of generality, we assume that
there exists t; > £y such that x(t) > 0, x(7(t)) > 0, and x(o(t)) > 0 for all t > t;. Then z(¢) > 0
for t > t;. Proceeding as in the proof of Theorem 3.1, we obtain (3.2)—-(3.7).

Define a Riccati substitution

rOEOF s, (3.14)

w(t) = p(t) =)y - P

Thus w(t) > 0 for t > t,. Differentiating (3.14) we find that

iy = TOEEO L OE®O)) ) (0) 2 ()2 (1)
w'(t) = p'(t) zo)F p(t) =) ap(t) e : (3.15)
Hence, by (3.14) and (3.15), we see that
’ _ P,(t) (r(t)(z'(t))“), a (a+1)/a
w'(t) = mw(t) +p(t) D) - pl/“(t)rl/“(t)w (t). (3.16)
Similarly, we introduce another Riccati substitution
(t) = p(t) T(T(t)()z(é)()’;(t))) , t>h (3.17)
Then v(t) > 0 for t > t,. From (3.2), (3.5), and 7(t) > t, we have
, r)\""
Z'(t) > < (0 > zZ' (T(t)). (3.18)

Differentiating (3.17), we find

o o TE)) (Z (T())" (rE@)EEm)s r(T(h) (2 (T(H)) 2" ()2 (t)
B R =) GO |
(3.19)
Therefore, by (3.17), (3.18), and (3.19), we see that
’ P,(t) (r(T(t))(z,(T(t)))a>, [ (a+1)/a
u'(t) < mv(t) +p(t) COF o v (). (3.20)
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Thus, from (3.16) and (3.20), we have

o+ 8L ¢ LOEO + (@ ) )0
p((t)) ®- p”“(t;l/“(t)w(mw(t) " (Proo)u Z((:))
~ (P:O) pl/"‘(t)ar o @ /a .
It follows from (3.5), (3.7), and o (f) > t that
wr Pl < Lpmow + R P
(P:O) P+((ti;) () - (P;)O)“ pl/a(t;xrl/a(t) pl@/a ).

Integrating the above inequality from £, to t, we obtain

() ()

w(t) - w(t2) +

o(t) - u(t2)

pi(s) a

t 1 a+ a
<], e f [ oo e (s)]ds

t (pO)a P:—(S) a (at+1)/a
t, 70 [p(s) U(S)_pl/u(s)rl/u(s)v (s) |ds.

Define

u a/(a+1) pir(t) 0( a —a/(a+1)]
4 [m] v B p<t>a+1[p““<t>f”“<f>] |

Using inequality
a1 gua_ pa < %B(“”)/“, for A>0, B>0 are constants,
we have
PO e 1 OO
p(t) pl/a(tyrt/a(t) (@+ 1" pH)*

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)
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Similarly, we obtain

' (t ¢ e a+l
P )v(t) - “ v/t < L - A )(p*(a» . (3.27)
p(t) prEBr/(t) (a+1)* p(t)
Thus, from (3.23), we get
o) - it + L oy - P
To To
t a , a+l (328)
[ [ee._1 (.. ()" r&) (Pl ]
> h 2a-1 (a + 1)u+1 Ty P(S)a ’
which contradicts (3.13). This completes the proof. O
As an immediate consequence of Theorem 3.3 we get the following.
Corollary 3.4. Let assumption (3.13) in Theorem 3.3 be replaced by
¢
limsup | p(5)Q(s)ds = oo,
t— o0 ty
(3.29)
t ’ a+1
lim supf Mds < oo.
t—o  Jt (P(S))

Then every solution of (1.1) oscillates.

From Theorem 3.3 by choosing the function p, appropriately, we can obtain different
sufficient conditions for oscillation of (1.1), and if we define a function p by p(t) = 1, and
p(t) =t, we have the following oscillation results.

Corollary 3.5. Suppose that (1.5) holds. If

t

limsup | Q(s)ds = oo, (3.30)

t— oo to

where Q is defined as in Theorem 3.1, then every solution of (1.1) oscillates.

Corollary 3.6. Suppose that (1.5) holds. If

lim sup t [SQ(S) - L <1 + (po) >®:|ds = 00, (3.31)

toow Ji| 2770 (a+1)*! 7o s*

where Q is defined as in Theorem 3.1, then every solution of (1.1) oscillates.
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In the following theorem, we present a Philos-type oscillation criterion for (1.1).
First, we introduce a class of functions fR. Let

={(t,8) : t>s>ty}, D={(ts):t>s>1t}. (3.32)

The function H € C(ID, R) is said to belong to the class 2R (defined by H € R, for short) if

(i) H(t,t) =0, fort > ty, H(t,s) >0, for (t,s) € Dy;

(ii) H has a continuous and nonpositive partial derivative 0H(t,s)/0s on Dy with
respect to s.

We assume that ¢(t) and p(t) for t > ty are given continuous functions such that p(t) > 0
and differentiable and define

Pt

o(t) = (t)

+(@+ D)0 = p { rOsOT - rB) ()},
(3.33)

bit,5) = T2 (%nwyﬂ

(a+1)*! H{(t,s)

Now, we give the following result.

Theorem 3.7. Suppose that (1.5) holds and a is a quotient of odd positive integers. Moreover, let
H € R be such that

limsupH(j ™ H(t )[P(S)(j)(s)—< (P°> >((p(s)+qb(t s))]ds— (3.34)

oo 2a-1

holds, where Q is defined as in Theorem 3.1. Then every solution of (1.1) oscillates.

Proof. Let x be a nonoscillatory solution of (1.1). Without loss of generality, we assume that
there exists t; > ty such that x(t) > 0, x(7(t)) > 0, and x(o(t)) > 0 for all t > t;. Then z(t) > 0
for t > t;. Proceeding as in the proof of Theorem 3.1, we obtain (3.2)—(3.7). Define the Riccati
substitution w by

r(t) (= ®)"

wit) = p(t)| LD

+ r(t)g(t)], t>t >t (3.35)

Then, we have

(O 0)" ()2 (1)" |
W) = /0| L0 r(t)g(t)] o) | LR+ ]
0 (rHEE)") oep O
p’ t r(t)(Z' ()" B r(t) (2 (t)™"
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Using (3.35), we get

(1) (r®E®))")  ap(t) Jwlt) (e
/() = E) + pO) (0] + p(t) s - SEL |2 rio o
(3.37)
Let
_w® _
=0 B =r(t)g(t). (3.38)
By applying the inequality (see [21, 24])
Als@)/a _ (4 _ gyl+a/a < pl/a <1 . 1 >A _ lB] for a = % >1, (3.39)
we see that
w(t) (refe wore () (tray/a_ @+ 1 (st
aRrosn] 2 G Zemen) e - S EOE . @40
Substituting (3.40) into (3.37), we have
W) < |28+ @ 060wt + o rwg - r)6(0) )
(rE )" o
rt) ()% a (L+a)/a
POy T Epen
That is,
, (r)(Z )" a (1+a)/a
W' (t) <O w(t) + @ (t) + p(t) D) - Tl/"‘(t)pl/“(t)w (t). (3.42)
Next, define another Riccati transformation u by
u(t) = p(y [LLOECON i), 228 (3.43)

(z(1)*
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Then, we have

(1) (2 (r()"
(z(1)*

(r(z())(Z (z(1))")
(z(1)*

r(r(t) (2 (z(1)))"

GO +r(Bs()

u'(t) =p'(t)

“r(s(0)] +p0)|

_P®
p(t)

r(r(®)((x(1)"2'()
(z(t)™!

u(t) + p(H)[r (s (O] + p(t) —ap(t)

(3.44)

From (3.2), (3.5), and 7(t) > t, we have that (3.18) holds. Hence, we obtain

i < PO L @) E )Y (rE®)E )
u'(t) < o (b) I +p() ()" ap(t) 7D () )
(3.45)
Using (3.43), we get
p(t) ) (rE®M)EE®)Y)  apt) [ut) (1+a) /a
w(t) <y utd) + pOIre®1 + pt) EO% i | 08 (t)]
(3.46)
Let
IOk B =r(t)g(t). (3.47)
By applying the inequality (3.39), we see that
(1+a)/a (1+a)/a 1/a
[”Eg r(t)G(t)] > ”OT/E:; + 2 (r(b)g(t) T/ - “; 1 (T(t);((tt))) Wb, (3.48)
Substituting (3.48) into (3.46), we have
)< |25+ @ D60 [u + o) [ 0c0) - 1060
(@) 1)) (34
r(t(H) (2 (T(1)))” ~ a (1+2)/a
+p(t) ) YT va/a g,
That is,
u'(t) < Ot)u(t) + (P(t) +P(t) (T(T(t))(z’(’l‘(t)))"‘> 24 u(1+u)/u(t)' (3.50)

(z(1)" ~rl/a(pl/a(t)
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By (3.42) and (3.50), we find

<t>+(’”°> (t)<< (Po) > & + p(p TOE O+ ((0)"/) (r(r () ()"’
- (z(t)"

+a)/a (po)
+0(tw(t) - WWO VE(t) + ——0(t)u(t)
(PO)R a (1+a)/ax
- rl/“(t)pl/“(t)u (t).
(3.51)
In view of the above inequality, (3.5), (3.7), and o(t) > t, we get
) (PO) (P0> p(HQ() a @)/
W' (t) + ——1u'(t) < < > t) - T +60(Hw(t) - Wpl/“(f) (L+a)/a g
(PO) (po)” a (1+a)/a
00t = i,
(3.52)
which follows that
‘e, )[ms)Q(s) <1 , () > (P(S)] ds
tr T
t t
<-| H(,s)w (s)ds+ J. H(t,5)0(s)w(s)ds
N . (3.53)
f aw e (s) ()" [ ,
- H(t )rl/“(s)pl/“(s) o i H(t,s)u'(s)ds
(PO) (PO) au+9/x(s)
. H(t S)Q(S)M(S)ds . H(t, S)Wpl/u(s)
Using the integration by parts formula and H(t,t) = 0, we have
ft H(t, s)' (s)ds = —H (t, ba)w(t) — ft OHtS) s)ds,
§ . (3.54)

t P OH(t,s)

H(t,s)u'(s)ds = —H (t, t2)u(ty) — J. asl u(s)ds.
t

t
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So, by (3.53), we obtain

13

t 24
i H(t,s) [% - <1 + %)w(s)] ds
< H(t, b)w(t) + (PO) PV H( tyut)
0H (t,s)/0s t aw 0/ (5)
+ J;Z H(t, S) [G(S) + W] (U(S)ds - . H(t, S)Wpl/a(s) S
(po)” (" OH(t,s)/0s (o) (' au1+0/%(5)
+ e Lz H(t,s) [9(5) + —H(t,s) ]u(s)ds T LZ H{t, S)—rl/“(s)pl/“(s) S
(3.55)
Using the inequality
By - Ay/a o @ B™ (3.56)
y-Aay ((X+ 1)u+1 Aa’ :
where
3 a 3 OH (t,s)/0s
a Tl/u(s)pl/u(s), =0(s) + H{(t,s) ! (3.57)
we have

t

t

due to (3.55), which yields that

—< (po) >(qf(s)

which contradicts (3.34). The proof is complete.

H(t, tp)

H(, )[”(S)Q() < (po)” >(<p(s)+¢(t s))]ds<H(t tz)w(f2)+(p0) H( byu(t)

(3.58)

()“

u(tz),

(3.59)

+¢(t, s))]ds <w(ty) +

O

From Theorem 3.7, we can obtain different oscillation conditions for all solutions of
(1.1) with different choices of H; the details are left to the reader.

Theorem 3.8. Assume that (1.6) and (3.30) hold. Furthermore, assume that 0 < p(t) <p1 < 1. If

J«;o
to

then every solution x of (1.1) oscillates or lim;_, o, x(t) =

1 s 1/a
[r(s) q(u)du] ds = oo,

(3.60)
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Proof. Let x be a nonoscillatory solution of (1.1). Without loss of generality, we assume that
there exists t; > tg such that x(t) > 0, x(7(t)) > 0, and x(c(t)) > 0 for all t > t;. Then z(t) > 0

for t > 1. Proceeding as in the proof of Theorem 3.1, we obtain (3.2). Thus r(#)|z'(t)|* 12/ (t) is
decreasing function, and there exists a f, > t; such that z'(t) >0, t >t or 2'(t) <0, > to.

Case 1. Assume that z'(t) > 0, for t > t,. Proceeding as in the proof of Theorem 3.3 and setting
p(t) =t, we can obtain a contradiction with (3.31).

Case 2. Assume that z'(t) < 0, for t > ;. Then there exists a finite limit

tli_)rg)z(t) =1, (3.61)

where [ > 0. Next, we claim that I = 0. If not, then for any € > 0, we have I < z(t) <[ +¢,
eventually. Take 0 < € < I(1 — p1)/p1. We calculate

x(t) =z(t) —pt)x(z(t)) > —p1z(7(t)) > -pi1(l +€) =m(l + €) > mz(t), (3.62)
where
_ 1 _ 1 -p1) —epn
m—m—pl—T>0. (363)
From (3.2) and (3.62), we have
(r)(=Z(#)") 2 q(H)x*(0 () 2 (ml)*q(H). (3.64)
Integrating the above inequality from t, to t, we get
¢
(= 0)" = r(E) (-2 ()" > * [ q(e)ds, (3.65)
ty
which implies
1 ¢ 1/a
Z'(t) < -ml|— s)yds| . 3.66
(t) [r(t) tzq() ] (3.66)
Integrating the above inequality from £, to t, we have
t 1 s 1/a
z(t) < z(tp)) —ml —_ u)du ds, 3.67
(t) < 2(k) tz[r(s) L ] (3:67)

which yields z(t) — —oo; this is a contradiction. Hence, lim;_, ,,z(t) = 0. Note that 0 < x(t) <
z(t). Then, lim;_, ,,x(t) = 0. The proof is complete. O



Abstract and Applied Analysis 15
4. Examples
In this section, we will give two examples to illustrate the main results.

Example 4.1. Consider the following linear neutral equation:
(x(t) +2x(t+ (2n-1)x))" + x(t+ 2m-1)r) =0, for t > t, (4.1)

where n and m are positive integers.
Let

rit)=1, pt)=2, Tt)=t+Q2n-1)m, qt)=1, olt)=t+2m-1)r. (4.2)
Hence, Q(t) = 1. Obviously, all the conditions of Corollary 3.5 hold. Thus by Corollary 3.5,

every solution of (4.1) is oscillatory. It is easy to verify that x(¢) = sin t is a solution of (4.1).

Example 4.2. Consider the following linear neutral equation:

!

<e2t (x(t) + %x(t + 3)) > + (ezm + %eZt_2>x(t +1)=0, fort>ty, (4.3)

where n and m are positive integers.
Let

ri)=e*,  pt)= % gty =¥ +e?2/2, a=1. (4.4)

Clearly, all the conditions of Theorem 3.8 hold. Thus by Theorem 3.8, every solution of (4.3)
is either oscillatory or lim;_, ., x(t) = 0. It is easy to verify that x(t) = e is a solution of (4.3).

Remark 4.3. Recent results cannot be applied to (4.1) and (4.3) since 7(t) > t and o(t) > t.

Remark 4.4. Using the method given in this paper, we can get other oscillation criteria for
(1.1); the details are left to the reader.

Remark 4.5. 1t would be interesting to find another method to study (1.1) whenToo#0c o 7.
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