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OSCILLATION THEOREMS FOR CERTAIN EVEN ORDER
NEUTRAL DIFFERENTIAL EQUATIONS

QIGUI YANG AND Sul SUN CHENG

ABSTRACT. This paper is concerned with a class of even order nonlinear
differential equations of the form

%(\ () +p0(r () "D [ @) + p0)a(r )Y
+ F(t,z(g(1))) =0,

where n is even and t > tg. By using the generalized Riccati transformation
and the averaging technique, new oscillation criteria are obtained which are
either extensions of or complementary to a number of existing results. Our
results are more general and sharper than some previous results even for
second order equations.

1. INTRODUCTION

Let n be an even positive integer, a a positive constant, I = [tg,00) and R} =
(0,00). Consider the n-th order nonlinear functional differential equation

(1) <| (x(t) +p(t)x(7(t))) (n—1) |a71(x(t) + p(t)x(T(t)))("*l))/
+ F(t,z(g(t) =0, tel,

where F' : T x R — R is a continuous function and F(¢,z)sgnz = sgnzx for
(t,z) € I x R. In what follows, we always assume without mentioning that

(A1) p: I — [0,00) is continuously differentiable such that p is not identically
equal 1 on any interval of the form [T, c0);

(A2) 7: I — Ry = (0,00) is continuously differentiable and strictly increasing
such that tlirgo 7(t) = o0

(Asz) g: I — R is continuously differentiable with tlim g(t) = oo
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(Ay) there exists a function ¢ : I — R4 such that
F(t,z)sgnx > q(t)|x|“sgnz for x#0 and t > to.

By a solution of Eq. (1) we mean a function z € C" ([T}, c0), R) for some T}, >
to which has the property that Hx(t) + p(t)z(r (1)) ‘O‘fl [z(t)+p(t)z( (1)1
€ C'([Ty,0),R) and satisfies Eq. (1) on [T}, 00). A nontrivial solution of Eq.
(1) is called oscillatory if it has arbitrary large zeros; otherwise, it is said to be
nonoscillatory. Equation (1) is oscillatory if all its solutions are oscillatory.

Qualitative properties of nonlinear special differential equations of the form (1)
have been investigated by many authors (e.g. see [1-4, 6-16] and the references
quoted therein). In particular, some optimal properties for oscillation of solutions
of special cases such as

- %Ox(n—n@|a*1x<n—1>(t)) + F(t,2(g(t)) =0,
@) %( 20" 2 (1) + F(t,2(9(8)) =0,
and

() 2(t) + F(t,x(g(t) =0

are contained in the papers [2, 8, 12, 13] and the references quoted therein. In
particular, Agarwal et al. in [1] obtained some oscillation theorems of Eq. (1)
which improve and extend several known results established in [2, 8, 9, 12, 13].
On the other hand, Yang et al. in [16] (see also Kong [7]) also obtained a number of
oscillation criteria based on Wirtinger type inequalities when equation (1) becomes

(5) (z(t) + pt)z(t — )" +q(®)f(x(t =) =0,

under appropriate assumptions. For recent contributions we refer the reader to [1,
2, 6, 11-16] and the references therein.

Very extensive literature also exists (see [1-4, 11-16] and the references therein)
for the oscillatory properties of equations (2) through (5), but we have found that
these results are not always compatible with the results for (1) and the corre-
sponding theory for (1) is less developed. This situation motivated us to study (1)
further.

In this paper, by means of the generalized Riccati transformation and the aver-
aging technique, we obtain new oscillation theorems for Eq. (1), thereby improving
the main results in [1, 4, 7, 14]. Some results in this paper are based on the in-
formation only on a sequence of subintervals of [tg, 00), rather than on the whole
half-line. By choosing appropriate averaging functions, we can present a series of
explicit oscillation criteria. Thus, results of this paper extend, improve and unify
a number of existing results.

As is well known, the following lemmas are useful in working with even order
nonlinear differential equations.
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Lemma 1.1 ([9]). Let u € C™([tg,00),Ry). If ul™(t) is eventually of constant
sign for all large t, say, t > to, then there exist a t, > to and an integer I,
0 <1< n, with l even for u(")(t) >0 orl odd for u(™ (t) <0 such that

1 >0 implies that u(k)(t) >0 for t>t,, k=0,1,...,1—1,
and
1 <n—1 dmplies that (—1)**u® () >0 for t>t,, k=11+1,...,n—1.
Lemma 1.2 ([9]). If the function w is as in Lemma 1.1 and

umTV W u™ () <0 for every t >t

then for every A, 0 < XA < 1, we have
91-n

il

n—1
’/\ H "V @)|, for all large t.

For the sake of convenience, we introduce some notations and state some pre-
liminary definitions:

Do={(t,s):t>s>to}, D={(t,s):t>s5>to};
z(t) = z(t) + p)z(7(t));

and
227" 11 1
-
0N ==z 2
Definition 1.1. The triplet (H,k, p) is said to belong to X if H € C(D;R), k
and p € C*([tg,00); R4) and if there exists h € C(Dg;R) such that the following
conditions hold:
(I) H(t,t) =0 for t > t9, H(t,s) > 0 on Dy;
(IT) H(t,s) has a continuous and nonpositive partial derivatives 9H/ds on Dy;

(1) Z(H(t, s)k(s)) + H(t,s)k(s )’;((9)) = h(t, s), for (¢,s) € Dy.

Definition 1.2. The triplet (H, k, p) is said to belong to Y if H € C(D;R), k and
pE Cl([to, oo);RJr) and if there exist hq, ha € C(Dp;R) such that the following
conditions hold:

(I H(t t)=0fort >ty H (t,s),> Dy;
(1) g (H (¢, 9)k(t)) + H(t, 5)k (L‘)p( 1( s), for (t,s) € Do;
(III) QQ(H(L‘, s)k(s)) + H(t,s)k(s) = ha(t, s), for (¢,s) € Dy.

n—2
] , where A€ (0,1).

)

2. OSCILLATION CRITERIA FOR THE CASE 0 < p(t) <1

In this section we always assume that the following condition holds:
(A5) 7(t) <t,0 < p(t) <1 and there exists o: I — R4 which is continuously
differentiable and satisfies
o' (t) >0, o(t) <inf{t,g(t)}, and Jim o(t) =00 for t>tg.

t—o0
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To prove the main theorems in this section, we first establish the following
lemma about oscillation of solutions of the differential inequality

(nfl)‘afl

(a(t) + p(t)a(r())“™") |sena(t)
+a(t)]a(9(1)[" <0

for t > to, where p,7,g and ¢ are defined in (A;)-(A44). Solutions and oscillatory
solutions for (6) are defined in manners similar to those of (1).

©) [ (160) +pee)

Lemma 2.1. Suppose A € (0,1) and conditions (A1)-(As) and (As) hold. Then
the differential inequality (6) is oscillatory provided that one of the following con-
ditions is satisfied:

(X) there exists (H, k,p) € X such that either
(7) lim sup [A(t, to) — (o + 1)~V e=(n, A\)B(t, to)]ds = oo,

t—o0

or,n =2 and

(8) 1i£n sup [A(t, to) — (o + 1)*(0‘“)B(t,t0)} ds =00,
where
Alt,to) = Tty ), H{(t, s)k(s)p(s)a(s)(1 — p(g(t)))*ds,

_ C L p)lh(t st
B(t,to) = H(t,to) /to [H(Ls)k(S)O'an(s)J’(S)]a

(Y) For each T > to, there exist (H,k,p) € Y and a, b, ¢ € R such that
To <a<c<b and either

(9) Ai(e,a) + A(b,c) > (a+ 1)~ DO~ (n, \) [Bi(c,a) + B(b,c)] ,

ds.

or, n =2 and

(10) Ai(c,a) + A(b,¢) > (o + 1)~ (@+D) [Bi(c,a) + B(b,c)],

where
A(t0) = s / (s o E((s)a(s)(1 = plg(t)"ds,
Lt ) )
Bilt-t0) = F ) / Hs to)k(s)om2(8)o ()"

(Z) For each l > to, there exists (H,k,p) € Y such that either
(i) the following two inequalities

(11) limsup H (¢, 1) [A1 (8, 1) — (a+ 1)~ @TDO(n, \)By (t,1)] > 0
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and

(12) limsup H (¢, 1) [A(t, 1) — (o + 1)~ TV~ %(n, \)B(t,1)] >0

t—o00
hold; or,

(ii) n = 2 and the following two inequalities
(13) liin sup H(t, D[ A (1) — (a+ 1)~ @FIB(t,1)] >0
and
(14) liin sup H(t,D[At1) — (@ + 1)~ @B, 1)] >0
hold.

Proof. Suppose (7) in (X) holds. Without loss of generality, we may assume that
there exists a nonoscillatory solution z of (6), say x(t) > 0 and z(7(¢t)) > 0 for
t >1t1 > to. Then z(t) = z(t) + p(t)z(7(t)) > 0 for t > ¢1 > to. By (6), we obtain

(15) (|20 2" () 'sgna + q(t) [+(g(1)|* < 0

which implies that |z("_1)(t)|0h1 2("=1)(t) is decreasing and z(" =1 (t) is eventually
of one sign. If 2("~1)(¢) < 0 eventually, then

0> (|2 V@) 2V () = a( =2V @) T M),

/

we find that 2(™(t) < 0 eventually. But then Lemma 1.1 implies that z(™ () > 0
eventually. Furthermore, when z(”*l)(t) > 0 eventually then again from Lemma
1.1 (note that n is even) we have z/(t) > 0 eventually. Thus there exists ta > ¢
such that

(16) Z)>0 and z"YV(@#) >0 for t>ty.
From (A1), (A2) and (As), we see that
(t) = 2(t) = p(t)z(7(t)) = 2(t) — p(t) [2(7(t)) — p(r(t))2(7 o 7(1))]

(17) > z(t) = p(t)z(r(t)) = (1 - p(t))=(t)
for ¢ > to. By using conditions (17) in (15), we get

(|2 D@ V@) + qt) (1 - plg(1) 2% (g(H) <O for t=t3> 1t
Thus, it follows from (As) that
(18)  (|= 0@ 2V @) + (1) (1 = pg(1) 72 ((1) <O for ¢ > 1.
Define

(19) w(t) = p(t)(m
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where A € (0,1). Differentiating (19) and making use of (18), we may see that for
t> t3;
(20)

/() £ ~pa(BL - pa(0)" + 25

By Lemma 1.2 (note that since 2"~V (t) > 0 for ¢ > t,, we have

’(t)w(t) _adp(t)a' (1) (V)" 2 (A (1))
z2t 1 (Aa(t)) '

(D)) = alz00)" W <0 for ¢,

which in turn implies z(")(t) < 0 for ¢ > tq), there is t4 > t3 and a constant
A € (0,1) such that

2—n n—2
Z(Aa(t) > (3_ ol [% - % GRG0
(21) > %@(n,)\)an_z(t)z("_l)(t) for t>ty.

Using (21) in (20), we obtain

W () < — p(t)a(®)(1 — pla(t))” + %wm
a©(A, n)0n72(t)0/ (t) wlet/a (t).

. D7)

If we replace t in (22) with s, multiply the resulting equation by H (¢, s)k(s) and
then integrating from T to t, where t > T > ¢4, then we have

[ B k)10 (1 - plgl) " ds < HET)E / Ih(t, )lu(s)
T
(23) —aB(n, \) /T H(t,s)k(s)o"2(s)o" (s)p~ /% (s)w @tV (s)ds .

According to the Young inequality

|h(t, $)|w(s) < (a+ 1) p(s)[O(n, N H (t, s)k(s)o" 2 (s)0” (s)] " |h(t, s)[*
(24) + aO(n, \)H(t, s)k(s)a"_Q(s)a’(s)p_l/a(s)w((”l)/a (s).

From (23) and (24), we get
(25) A, T) < w(T)k(T) + (a 4+ 1)~ @*VO=%(n, N)B(L, T).
Let T = t4 in (25), then

(26)  H(t,ta) [A(t, ta) — (a+ 1)~ @TVO(n, N)B(t, ta)] < H(t,ta)k(ts)w(ts)



OSCILLATION THEOREMS FOR NEUTRAL DIFFERENTIAL EQUATIONS 111

for every t > t4 > tg. Thus we obtain
H(t,to) [A(t,to) — (v + 1)~ DO~ (n, \)B(t, to)]
= H(ts, to) [A(ta, to) — (e + 1)~FDO(n, \)B(to, t4)]
+ H(t,ta) [A(t,ts) — (@ + 1)~ @FDO™(n, \)B(t, 4)]

4

< Hit ty) / k()p()a(s) (1 — p(g(s)))ds + H (L, to)k(ta)uw(ta)

0

—H(tt0)| [ Ke)p(s)alo)(1 - plo(s)))ds + K(taults)].
to
Dividing both sides of the above inequality by H(¢,to) and taking the superior
limit as t — oo, we have
limsup [A(t, to) — (o + 1)~ (@FTVO™%(n, \)B(t, to)]

t—o0

< / " B(s)p(8)a()(1 — pla(t))ds + K(ta)w(ts) < oo,

to
which is contrary to (7).
In the particular case where n = 2, the condition (7) can be replaced by (8).
Indeed, without loss of generality, we may assume the existence of a nonoscillatory
solution z(t) of (6) such that z(¢) > 0 for t > ¢; > to. Define function

2'(t) \@
(27) w(t) = p(t)( ) >t
z(o(t))
Differentiating (27) and making use of (18) with n = 2, and (21), we may see that
for t > t4,

p’(t)w(t) _ ap(t)a’(t)(='(£)* 2 (o (1))

a pl(t) O[Ul(t) a+l)/a
(28) < —p(t)q()(1 —p(g(t)))* + o0 w(t) — pl/a(t)w< +D/a ().

The rest of the proof is similar to the general case and is omitted. The proof of
the implication of (X) is complete.

Next, suppose (9) of (Y) holds. As in the proof just shown, we can obtain (26).
If we replace t4 by ¢, then
(20)  H(t,o)[A(t,0) — (a+1) "0~ (n, NB(t, )] < H(t, k(c)u(c)
where ¢ € [¢,b). Letting t — b~ in (29) and then dividing both sides by H (b, c),
then we have
(30) A(b,c) = (a+ 1)~ DO (n, \)B(b, ¢) < k(c)w(c).

Next we go back to (22) and repeat the calculations by first multiplying by
H(s,t)k(s) instead of by H(t,s)k(s) and then integrating from a to ¢ (¢t > a >
ty > to). Then, by symmetry considerations, we may also show that

(31) Ai(c,a) — (a4 1)"@DO~%(n, \)By (¢, a) < —k(c)w(c).
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Now we assert that = has at least one zero in (a,b). For otherwise adding (30)
and (31) would yield an inequality which contradicts our assumption (9). Finally,
the proof is completed by picking {T;} C [to, 00) such that T; — oo as i — oo, and
then apply what we have just shown to conclude x has a zero in each (T}, c0).

The case where n = 2 is similarly proved.

Finally, we assert that the conditions in (Z) follow from (X) and (Y). Indeed,
for any T' > Ty > to, let a =T. In (11) we choose | = a. Then there exists ¢ > a
such that

(32) H(c,a)[Ai(c,a) — (a+1)~@TO™(n,\)Bi(c,a)] > 0.
In (12) we choose [ = ¢. Then there exists b > ¢ such that
(33) H(b,c)[A(b,c) — (a+1)"@FtDO%(n, \)B(b,c)] > 0.

Combining (32) and (33) we obtain (9). The conclusion (i) in (Z) thus follows from
(Y). The conclusion (ii) is similarly proved. The proof of Lemma 2.1 is completed.

We may now establish our main oscillation criteria in a relatively easy manner.

Theorem 2.1. Assume that (A1)-(As)hold and one of the conditions (X), (Y) or
(Z) in Lemma 2.1 holds. Then Eq. (1) is oscillatory.

Indeed, without loss of generality, we may assume that there exists a nonoscil-
latory solution x(t) of (1) such that x(t) > 0 for ¢t > t; > ty. By (A4), we obtain
d n—1)ja—1 n—
0= {5 (| [z® +pOar@®)] """ (@) + pO2(r() ") }
x sgnx(t) + F(t,z(g(t)))sgnx(t)
d n—1)ja—1 n—
> {2 (|[20) + ()] """ @) + pOa(r) ") }
x sgna(t) + q(6)|(g(t)]"

which implies that z(¢) of (1) is a nonoscillatory solution z(t) of (6). An applica-
tion of Lemma 2.1 then yields our assertion.

Corollary 2.1. Let (Ay)-(As) hold and p € C*(I,R,) with p'(t) > 0. Assume
that (I), (IT) in Definition 1.1 and

(34) I (H(1,5)) + H (1 5) ’;)/ ((j))

hold. Suppose further that either (7) or (8) holds with

Alt, to) = ﬁ / H( )p(s)ale) (1~ plos)"ds,

= h(t,s), for (t,s) € Dy

and

_ U @)t
B(t,to) = H(t,to) ~/to [H(t,s)a"—Q(S)U’(S)]ad '

Then (1) is oscillatory.
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Remark 2.1. If h(t, s) and hq(t, s) are replaced by
h(t,s)\/H(t,s)k(s) and hqi(t,s)\/ H(t,s)k(s)

in Theorem 2.1 respectively, we may show that Eq. (1) is oscillatory. The proof
is similar and therefore omitted.

Next, we define

(35) R(t) :/ o™ 2(s)a (s)ds, t>tg
and let
(36) H(t,s) =[R(t) — R(s)]*, t>s>to

where p > max{1, a} is a constant.

Theorem 2.2. Suppose (A1)-(As) hold. Then Eq. (1) is oscillatory provided that
there is some p > max{1,a} such that one of the following conditions is satisfied:
(1) for any l > to,

. 1 K " &%
limsup s [ R) = RO a(s)(1 = plofs)ds
(37) 51 et and
6 (m,N) (@ + 1)@ (i —a)
. 1 ¢ u o
timsup s [ R = RGP a(s)(1 = plofs)"ds
(38) 1 /.LOH_l

> ;
6%, ) (a + DT (i~ a)
(IT) n =2 and for any l > tg, one of the following conditions is satisfied:

1
lims
NP R (1)

/l [R(s) — R q(s)(1 - plg(s)))*ds

H(x+1

(39 T )@ iy
limsup s [ R = RE)a(s)(1 = plofs)"ds
H(Jn—&-l
(40)

Tt D)@ (i—a)

Proof. (I) Pick H(t,s) as in (36) and k(t) = p(t) = 1 for t > ty. By Definition
1.2, it is easy to see that

[P (t,s)| = plR(t) — R(s)[* 10" *(t)o’(t)  and

[ha(t,s)| = ulR(t) — R(s)[* 0" 2(s)0" (s).
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Note further that

H(t,l)Bl(t,l):/l pHR(s) — R~ Y62 (5)0" (s) ds

MaJrl

[R(t) — R(D]*—“ and

HHR(E) — R()P V0™ ()0 (s) ds

—
+1

T
Ht DB, 1) = / t
l

e
In view of the fact that limsup,_, . R(t) = oo, we see that

, L p(s)[ha(s, D)t _ pott
I = ol v ox o e e re o ey

(41) [R(t) - R()" .

and

1 ' p(s)Ih(t, s)[** pett
43) lims : = .
@3) i oty | IR T~ D)
From (37) and (42), we have
1
0 < lim sup mH(t, DAt 1) = (a+ 1)~ @O~ (n, \)Bi (t,1)]
t—oo
H(x+1

(@ + 1)t (p—a)’
i.e. (11) holds. Similarly, (38) and (41) imply that (12) hold. By the case (Z) (i)
of Theorem 2.1, Eq. (1) is oscillatory.

(IT) The proof is similar to the previous case by means of the condition (Z) (ii)
of Theorem 2.1.

— 0 %n, \)

Remark 2.2. Corollary 2.1 is an improvement or an extension of the results by
Agarwal et al. [1, Theorem 2.1], Grammatikopoulos et al. [4], Xu and Xia [14,
Theorem 2.1]. Moreover, Theorem 2.2 is an improvement of Kong [7, Theorem
2.3].

3. OSCILLATION RESULTS FOR THE CASE p(t) > 1

In this section we consider the oscillation of Eq. (1) when the function p(t) > 1.
In this section we always assume the following condition.

(Af) 7(t) > t, p(t) > 1 and there exists o* : I — Ry which is continuously
differentiable and satisfies

(0*(t)) >0, o*(t) <inf{t, 7 og(t)}, and lim o*(t) =00 for t>tg,

t—o0o
where 77! is the inverse function of 7.
We also let

1 1
P(t) = =) (1 - e T—l(t))) for all large t.
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Lemma 3.1. Let conditions (A1)—(As) and (Af) hold. Then the differential in-
equality (6) is oscillatory provided one of the following conditions is satisfied:

(X*) there exists (H; k,p) € X such that either
(44) lim sup [A* (£, to) — (o + 1)~ etDg=(p, N B*(t,to)] ds = oo;
t—o0

or,n =2 and

limsup [A*(t,0) — (v + 1)@tV B* (L, )] ds = oo

where
i) = 1 | H (K5 (Plolt) s
N pls) (t, )+ )
B(010) = Fir 1) / H(E, 9)k(s) (0 (5) 2o () "

(Y*) For each T > to, there exist (H;k,p) € Y and a, b, ¢ € R such that
T <a<ec<b and either

Ai(e,a) + A*(b,0) > (a+ 1)~ DO (n, X) [Bi (e.a) + B*(b,0)]
or, n =2 and

Ai(e,a) + A*(b.¢) > (a+ 1)~ [Bi(c,a) + B7(b,0)]

where
Ait.t) = g | R0 (Pla(0) s,
L[ st .
540 = i, TR (T

(Z*) For each l > ty, there exists (H; k,p) € Y such that either

(i) the following two inequalities

(45) limsup H (¢, 1) [A}(t,1) — (@ + 1)~ DO~ (n, \) B} (,1)] > 0
t—o0o

and

(46) limsup H(t,1)[A*(t,1) — (a + 1)~ @FtDO=(n, \)B*(t,1)] >0

t—o0

hold; or

(ii) n = 2 and the following two inequalities

limsup H (¢, 1)[A}(t,1) — (o + 1)~ DB (¢, 1)] > 0
t—o0



116 QIGUI YANG AND SUI SUN CHENG

limsup H(t,1)[A*(t,1) — (a + 1)~ @FIB*(,1)] >0

t—o0

hold.

Proof. Assume (44) holds. Without loss of generality, we may assume that there
exists a nonoscillatory solution z(t) of (6), say z(t) > 0 and z(7r(t)) > 0 for
t >t > to. Then z(t) = z(t) + p(t)x(r(t)) > 0 for t > t; > tg. Proceeding as in
the proof Lemma 2.1, we see that (15) and (16) hold for ¢ > ¢5. From (A4;) — (A42)
and (Af), it follows that

-1

(1) = s (7 (1) — 2(r(0)

@) 1 (T(T tor7l(t) aw(r”lor 1(75)))
p(r=1(1))  p(rt () \p(r~toT 1(t))  p(r~tor (1))
N Gl () B G e )
“p(ri®)  p(rH(E)p(rTt o TH()
> 1 | )
T T a1 )
(47) = P(t)z(77'(1))

for t > to. By using conditions (47) and (Af) in (15), we obtain
0> (|2 V@)* 2D (@) + q()(P(g(1) 2 (7 o (1))

(48) > (| 0@ 2V @®) + q(t) (Pg(t) = (o (1)
for t > t3 > to. Define

Z(nfl)(t) «@
4 t) =p)| ———=% t>13.
(49) w(t) =00 (Zogey) - t2
Thus, for t > t3, in view of (49) and (48), we have

(50)
, o P arp(t)[o* (1)) (z(”_l)(t))a 2 (Aa*(t))
w (t) < _p(t)q(t)(P(g(t))) + p(t) w(t) - Za+1(/\0'*(t)) :

By Lemma 1.2, there is t4 > t3 and a constant A\, A € (0,1) such that

(51) Z'(Ao*(t)) > %9(%}\) [o*(1)]" 22D (t) for ¢ >ty

Using (51) in (50), we obtain

(52)
w’(t) < —p(t) q(t) (P(g(t)))a + ,(;((tt)) w(t) . Oé@(/\7 n) [;1/(2)(]15) [0' (t)] w(a+1)/a (t) ]

The remainder of the proof is similar to that of Lemma 2.1. So we omit the
details. 0

The following theorem is an immediate result of Lemma 3.1.
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Theorem 3.1. Suppose conditions (A1)—(As) and (A}) hold. Suppose further that

one of the conditions (X*), (Y*) and (Z*)in Lemma 3.1 holds. Then Eq. (1) is
oscillatory.

Corollary 3.1. Suppose (A1)—(A4) and (A%) hold and p € C1(I,Ry) with p'(t) >
0. Assume that (I), (1) in Definition 1.1 and (34) hold. Suppose further that the
condition (X*) in Lemma 3.1 holds with A*(t,to) and B*(t,to) replaced by

A10) = ey . HOpPo0)" ds.
and

ds

\ ! t p(s)[h(t, s)]**?
B0 = g ). HE e o T T

respectively. Then (1)) is oscillatory.

Now, we define
(53) R = [l @ 2o @) ds, e 2o,

and let
H(t,s) =[R(t) = R(s)]*, t>s>to
where p > max{1, «a} is a constant.

Theorem 3.2. Suppose (A1)—(A4) and (Af) hold. Then Eq. (1) is oscillatory
provided that there is some p > max{1, a} such that one of the following conditions
is satisfied:

(I) for any 1 > to,

. ]- i I @
timsup 2= [ [R() = ROV a(s)(Plas)” s

t—o0 R[L—Ol

1 Hoc+1
(54) > 0°(n, \) (@ + 1)@ (1 — a) and
. 1 !
timsup 2= [ [R() = RO a(s) (Plo(s) " ds
(55) S i

0°(m,\) (a+ @D (u—a)’
(II) n =2 and for any I > ty, one of the following conditions is satisfied:

. ]- ¢ I [0}
limsup s / [R(s) — R()Fq(s)(Pg(s))) ds

t—o0 Rp—

Hoc+1

(%) e e i)

or
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. 1 ‘ " a
timsup 2= [ [R() = RO a(s) (Plo(s))" ds

t—o00 Rp—

H(x+1
> .
(@ + D~ a)

This theorem can be proved in a manner quite similar to the proof of Theorem
2.2. The details are omitted here.

We remark that different choices of k(s), p(s) include 1, s, etc.; while choices
of H include H(t,s) = [R(t) — R(s)]?, H(t,s) = [logQ(t)/Q(s)]?, or H(t,s) =
[f: w(lz) dz]’g, etc., for t > s > tp, where § > max{1,a} is a constant, R(t) =
ftto ds/u(s), Q(t) = [ ds/u(s) < oo, for t > to, and w € C([ty, 00),Ry) satisfying
j;zo ds/w(s) = oo.

(57)

Remark 3.1. Our results are general since the function ¢(¢) in (1) is only re-
quired to satisfy lim; o g(t) = co. Therefore Theorems 2.1-2.2, Theorems 3.1—
3.2, Corollaries 2.1 and 3.1 may hold for ordinary, retarded or advanced type
equations.

4. EXAMPLES

In the following, we will give some applications of our oscillation criteria. We
will see that there are equations that cannot be handled by results in [1-4, 6-16],
but we may show that they are oscillatory based on our results.

Example 4.1. Let (n — 3)a > 2, consider even order nonlinear equation

+q)|z(vt)|*ta(vt) =0, n even,

where p > 0, «, v, v are positive constants and ¢ € C([1,00), Ry ). By Corollaries
2.1 and 3.1, we can show that Eq. (58) is oscillatory under some appropriate
assumptions.

In fact, choose p(t) = t*, k(t) = 1 and H(t,s) = (t — s)* for t > s > 1 such that

atl<pu<n—2a—-1, p(t)q(t)> for ¢>0.

S+ 10

Then, by simple computations, we may check that (A;)-(A4) and

9 p(s) _ " s
—a(H(t,s))—i—H(t,s)p(S) = u(t —s) (1+t—s)

hold. From Theorem 4.1 in [5], we have the inequality

h(t,s) =

(t—s) >l — sttt for t>s>1.



OSCILLATION THEOREMS FOR NEUTRAL DIFFERENTIAL EQUATIONS 119

(i) Consider the case 0 < p < 1. It is easy to see that o(t) = vt for 0 < v < 1.
Further (As) holds if 0 < v < 1. Thus

t
limsup A(t, 1) = lim sup tlﬂ (t—9)"p(s)q(s)(1 —p(s))*ds

t—o00 t—o00 1

¢ -1
th — pstt
> ¢(1 —p)*limsup — LY ds=o
t—oo 1 S

and

o T 1 ¢ p(s)ha+1(t,s)
lim sup B(t,1) = lim sup D /1 (L )0 2(5)0(5)]" ds

t—o0 t—00 H
t
TR u—(n-2)a p—a-1
_h?ibogpy(n—l)atufafl : s (t—2s) ds

t—o00 I/(nil)a ( t
i.e., (7) holds for A € (0.1). Applying Corollary 2.1, Eq. (58) is oscillatory if
0<p<l,0<y<land0<v <.
(ii) Consider the case p > 1. It is easy to check that

1 v v 1 1

—1 —1 *
T (t)=—-t, T og(t)=-t, o(t)=-1, Pt:—(l——), for 0<v<
(t) ~ (t) ~ (t) ~ (t) Y

and (Af) hold if v > 1. Similar to the case (i), we get that

a+1 1\ p—a—1 t
< limsup B 1-— —) / st=(n=2)a gg < oo
1

¢
limsup A*(¢,1) = lim sup 1 / (t—9s)"p(s)q(s)P*(s)ds = o0
1

t—o0 t—o0 tH

and
limsup B*(¢,1) = limsup B(¢,1) < oo,
t—oo t—o0

imply (44) holds for A € (0,1). If p > 1, v > 1 and 0 < v < ~, then (58) is
oscillatory by Corollary 3.1.
Therefore, under the following condition

Q(t)ztu% for C>07

where « + 1 < p < (n — 2)a — 1, we conclude the following;:

(i) T0<p<1l,0<y<1land 0 <v <1, then (58) is oscillatory by Corollary
2.1.

(ii) If p>1,y>1and 0 < v <7, then (58) is oscillatory by Corollary 3.1.

Next, we shall construct an example including the following Euler equation as
a special case:

(59) "+ t%x =0.

The following example also illustrates Theorem 2.2.
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Example 4.2. Let 0 < ¢, 0 <p < 1,0 < a and 0 < v < 1. Consider the even
order nonlinear equation

L (a(0) + par) | alt) + pr0) )
(60) + %%;(t)‘x(g(t))‘alx(g(ﬂ) =0, n even, t=>1g,

where g satisfies (As), o satisfies (As) and R is defined as in (35). Let ag :=
max{1,a}. Then we can verify that (60) is oscillatory for

(n — 2)!22"—4)a agtt
(

> co =
€7 ( 1—p a+ 1)att

by the case (I) of Theorem 2.2.
Choose H (t,s) = [R(t) — R(s)]* for p > ap. Note that p > ag > 1 and

[R(s) — R()J* > R*(s) — uR(R""1(s) for s>1>1o
and
[R(t) = R(s)]* > R“(t) — pR(s)R* (1) for t>s>tp.
It follows from R/(t) = 0"~ 2(t)o’(t) that for each [ > to
dR(s) = 0" (s)o’ (s)ds
and thus

co™"2(s)o’(s)

. 1 ‘ u a
lim sup 7@)/1 [R(s) — R(l)] W(l —p(s))*ds

t—00 R,u—oz
L [PRA(s) - pRORSNs) (1 p)
quw/' Reri(s) R ==

> ¢(1 — p)*limsup

t—o0

For any ¢ > cg, there exists p > aq such that

C(l_p)a n—41%
e > [(n —2)122"74) T D )

Moreover, it is easy to see that

a+1
(61) K

a+1 1 a+1

9 _ 9)192n—4]® H > H
02 L= e =) 2 8 N fa D i)
for A € (0,1). From (61) and (62), we see that (37) holds.

On the other hand, we get

o 1 ¢ M00”’2(3)0’(5) o
timsup e [ [R(0) = R T ST (1= ple))” ds

t—o0
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Noting that when oo =1,

1

lim sup +@ /1 [R'(t) — pR(s)R* (1))

= lim (LR(t) —plnR(t) + pln R(1) — 1) =00

e \ R
when a # 1,
, 1 i a1 1
fimsup e [ [RA(0) = iR(6)R (0] s dR(6)
e L (R

Then for any ¢ > 0,1 >p >0, a >0 and pu > g, we obtain that

1 co"2(s)o’(s)

limsup 7o /l [R(0) = RO (1 = p(e) ds = .

t—oo RHTQ

In view of Theorem 2.2 (I), we see that (60) is oscillatory for p > co.

Remark 4.1. The results in [1-16] fail to apply to Eq. (60). However, there are
many equations which satisfy the hypotheses of Example 4.2. For example, we
may choose 0 < g(t) < vt? with 0 < v, 3 < 1 for t > 0; here we omit the details.
In particular, noting that Eq. (60) with p=0,n =2 and g(t) =t — 0 (§ > 0) for
t > tg: = 0 becomes

@) (PO 0) e - - ) =0, 120,

Then, by Example 4.2, Eq. (63) is oscillatory for ¢ > ¢ = af*/(a + 1)t
We note that this conclusion does not appear to follow from the known oscillation
criteria in the literature. Moreover, when o = 1 and 6 = 0, Eq. (63) reduces to Eq.
(59). In this case, ¢g = 1/4, then Example 4.2 is consistent with the well-known
result of (59) that Eq. (59) is oscillatory if ¢ > 1/4 and to a certain extent it also
reveals some of the peculiar nature of the Euler equation (59).
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