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Abstract

New oscillation criteria are given for second order nonlinear ordinary differential equations with
alternating coefficients. The results involve a condition obtained by Kamenev for linear differ-
ential equations. The obtained criterion for superlinear differential equations is a complement
of the work established by Kwong and Wong, and Wong and Philos, for sublinear differential
equations and by Yan for linear differential equations.

1980 Mathematics subject classification (Amer. Math. Soc.) (1985 Revision): primary 34 K 15;
secondary 34 C 10.

1. Introduction

This paper deals with the problem of oscillation of second order ordinary
differential equations of the form

(1
(@Ox"(0)" +pOx' () + a0 seaxn) =0, >0, ("= ).

where a, p, q: [, 00) = R = (—00, co) are continuous and a(f) > 0 for
t>14,>0.

Only such solutions, x, of equation (1) which exist on some interval
{t,, ), t, = t; > 0, are considered. A solution of equation (1) is said
to be oscillatory if it has arbitrarily large zeros; otherwise, it is said to be
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nonoscillatory. Equation (1) is called oscillatory if all of its solutions are
oscillatory.

The oscillation problem for second order nonlinear ordinary differential
equations with alternating coeflicients has been investigated by many authors.
Some of the more important and useful tests involve the average behavior of
the integral of the alternating coefficients. These tests have been motivated
by the averaging criterion of Kamenev [5] and its generalizations. For such
averaging techniques in second order nonlinear oscillation, we choose to refer
to the paper of Butler [1}, Grace and Lalli [2]-[4], Kanemeyv [5], Kwong and
Wong [6], Philos [7], [8], Wong [9], [10], Yan [11] and Yen [12].

Several years ago, Kwong and Wong [6, Theorem 1] obtained an interesting
criterion for the oscillation of equation (1) with a(t) = 1, p(¢) = 0 and
0 < A < 1. This criterion has been extended by Philos [8] to more general
equations of the form

x* () +q() f(x(1))=0

where ¢:[f,,0) — R and f: R — R are continuous, xf(x) > 0 for
x #0, f is nondecreasing and [, du/f(u) <oo.

Recently, Yan [11, Theorem 2] proved that Kwong and Wong’s theorem in
[6] with averaging condition of Kamenev’s type [5] remains valid for equation
(1) when 4 = 1. The results in [6], [8], and [11] are not applicable to equation
(1) with A > 1.

Therefore, the main purpose of this paper is to establish new criteria for
the oscillation of equation (1) by using an averaging condition of the type
introduced by Kamenev [5]. The result obtained for the superlinear case,
that is, for 4 > 1, is a continuation of the work done by Kwong and Wong
[6], Philos [8] and Yan [11]. We also mention that the results of this paper
for the sublinear case, that is, for 0 < A < 1, are independent of those in [6],
(8] and [11], but that they are similar to that of Yan [11] when A=1.

2. Main results

THEOREM 1. Suppose that there exist a differentiable function p: [t,, co0) —
(0, 00) and a continuous function ¢: [t,, o) — R such that

(2) hm inf lp(s) (s)ds > —oc0,

(3) np°(t) — p(t)p(t) = y(t) 2 0 and y*(t) <0 fort>1,,
1

(4) / n(s)ds =00, wheren(t)= 2070
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and for every constant 0 >0 and a € (1, o)

. 1 /!
(5) lim sup t_"/ (t—u)p(u)g(u)du < oo,

—_ to

t

(6) Jim inf R P [(z — u)p(w)q(w)

6 1 ; 2 4
- QWD’(u)n(u)( ~u)—a| du>¢(s)

and

) tim [ 0(5)62(5)ds = oo

where v(t) = n(1)/ [, n(s)ds, ¢,(t) = max{¢(t), 0}.
Then equation (1) is oscillatory forall 2> 1.

PrOOF. Let x(¢) be a nonoscillatory solution of equation (1). Without
loss of generality, we assume that x(f) # 0 for ¢ > f,. Furthermore, we
suppose that x(¢) > 0 for ¢ > z,, since the substitution # = —x transforms
equation (1) into an equation of the same form subject to the assumptions
of the theorem. Now, we define

W{t) = p(1) ())E)() fort>1,.

Then it follows from equation (1) that

. .2
® W0 =-p0at) + (5 0
x*(t)

,1+1()

~dap() St 124,

and consequently

0 _ Lo x%(s)
9) a(t)p(t)xl(t) =¢ /to p(s)q(s)ds + /to y(S)xl(s) ds

t . 2
-/ Aa(s)p(s) (;c_ﬂ%) ds,

where B =(A+1)/2 and ¢, = a(to)p(to)x°(t0)/x’1(t0) . By the Bonnet theo-
rem, for any ¢ > ¢, there exists ¢ € [¢,, ] such that

t x'(s) ¢ x*(s) @
/to 1Oy 4= [ Srds =) [ du
;(toi (to) ME 1(5)]< Y(to) - 1(10)_
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Thus, for ¢ > ¢, we get

(10)  a()

s)p(s( ”) ds+ [ pis)a(s)ds < L
(S) Iy
or

(11) W(t)+}./

t

xz(ﬂ_l)(s)Wz(s) ds+ | p(s)q(s)ds< L,
tO

a(S)P(S)

where L=c¢ + M, .
Next, we consider the following three cases for the behavior of x°.

Case 1. x° is oscillatory. Then there exists a sequence U P
[¢,, ) with lim,__t, = oo and such that x°(t,)=0 (m=1,2,...).
Thus (8) gives

" 1a(s)p(s) (;‘ 8

tm
) ds<L - p(s)q(s)ds m=1,2,...),
)

fo

and hence, by taking into account (2), we conclude that

(12) / a(s)p(s)( ((s))) ds < 0.

L

So, for some positive constant N, we have

. 2
/ a(s)p(s) ( ES))) ds< N fort>t,

By the Schwarz inequality

2 2
L x(s) Yods ! x°*(s)
J (x”(s)) ds' = </ a<s>ﬂ<s>) (/ ) (x”(s)) ds)

t dS t
SN/,OW‘N , Te)ds

or
p 1/2
P - x Pl < 1 - Bl (N / n(S)dS) :

There exists ¢, > ¢, and a constant M > 0 so that

t

1/2
1-g
lx ") <M ( n(s)ds) forall ¢t >¢,.

b
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Using (13) in (8) we get

(14 W0 <-p0al) + ZHDW ) - W)t

and consequently, for all ¢ > s> ¢
t t
/ (t—u)Wu)du < - / (t — u)* p(u)q(u) du
5 s

- [0 [ Zrvtw ) - v w ) du
Since
/:(t — W)W (uydu=—(t-5)"W(s) +a /st(z ~w)* ' 'W(u) du,
we obtain that

(15) [ (-’ puaw)du

<(t-9We) - [ [(t - u)“;j—zv(u)wz(m

(=0 ) (- u) a]W(u)] du

and hence

m2 (t _ u)a——2

ae) | [(r—u)"mu)q(u)—ﬁ 2 (y(u)n(u)(z_u)_af] du
<@-swe) - [ ' [-A‘;(t W T W ()

af2-1 2
_M(t—u) (y(u)n(u)(t—u)—a)] "

2\/Av(u)

S@-s)"W(s), s>,

Now we proceed in a way similar to that in the proof of [11, Theorem 2].
Dividing (16) by ¢* and taking the lower limit as ¢ — oo, we obtain ¢(s) <
W(s), s > t,, which implies that

(17) ¢ (s) < W(s).

We define functions

Yty =1 / [ (u)n(u)(t — u) — a(t — u)* " W (u) du
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and

z(ty=t" /t %(t — ) v(uW)W(u)du, t>1,.

4

From (15), we get
t
(18)  y(@)=z2(t) <t (1) W(t) —/ (¢~ u)*p(u)q(u)du,
’l
and we see that (6) implies that

19 Jiminte - i e duz ), 521,
and

(20)  lim sups™® (t-u) p(u)q(u)du

(t— )" du > ¢(t,).

2 1
- 11m mf—t / [y(@)n(u)(t — u) — a]l @
Together with (5), (20) shows that there exists a sequence
(21) {Tn}n=,’2,_", T, >t,n=1,2,..., lim 7, = o0,

n—oo

such that

(22)  lim —z / [y()n(u)(t — u) — ]zv(lu)(t—u)a_zdu<oo.

Next, taking the upper limit as ¢ — oo in (18) and using (19), we have

t
(23) lim sup[y(s) + z(5)] < W (t,) — lim inft_"/ (t —u)’ p(u)q(u)du
— — 00 t|
< W(t]) - ¢(t[) =K
Hence for all sufficiently large n
(24) wWT,)+z(T,) <K
Since

z(t)=%/t (1- %) vw* @ du> 0

is increasing in ¢ > ¢, , we see that lim,_ __ z(t) = b, where b =00 orisa
positive constant. Suppose that b = oco. Then lim z(T,) = oo and by
(24) we have

(25) lim y(T,) = —oo.

n—oo

n—oo
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Now (24) and (25) lead to

T
WT,) +1<0, where0< o <1 isaconstant,
z(T,)
that is,
»(T,)
(26) 2(T.) <o-1<0 foralllarge T,.

On the other hand, by the Schwarz inequality we have

—2a T" a—1 2
0< T / [ (@n(u)(T, — u) ~ al(T, — w)*~ W (u) du

2

T, -
< (T,,' ’ /, [y()n(u)(T, - u) = ol (T, — )" ﬁ du)

T’l
: (T;a/ (t, - u)“v(u)Wz(u)du> , forall large T,.
t

Thus,
2 T MZ e T, a—
Ty S I om0 - o G @,

~—

0<

By (22), we get

(
. yT)
< n
0< lim 27

1
v(u)

which contradicts (25) and (26). Hence lim,_,__ z(f) = b < oo. Using (17),
we obtain

M (T 2 am2
<2 lim [ Dm0 - af s (T, - 0" du < oo,
n—o0 t]

t !
lim ] - u)“v(u)q&i(u) du < lim t_a/ (t — w) v (W)W (1) du
— 00 t] —+00 t
M?b
=—— <00,

A
which contradicts condition (7).

Case2. x* >0 on [T, co) forsome T > ¢,. From (2) and (10) it follows
that (12) holds, and hence we can complete the proof by the procedure of
Case 1.

Case 3. x* <0 on [T, oo) for some T > t, - If (12) holds, then we can
arrive at a contradiction by the procedure of Case 1. So, we suppose that the
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integral in (12) diverges. Using (2) in (10) we have
O : (x*(5))”
0 2> C+/1/T a(s)p(s) (x‘“(s)) ds,

where C is a constant. By the assumptions, we can choose 7, > T so that

(27) —a(t)p(

(x°(s))°
l/ a(s)p(s) )d s=1+C

/1+l(

and then for any ¢ > 7| we get

~a0p0F (A5) | xt

—C+lfTa(s)p(s)%;%5(% ds  x(0)°

Integrating the above inequality from T, to ¢ we obtain

ln[ C+A/ a(s)p(5) M ] '1/ ( )ds‘l“ (x,g‘)))l

which together with (27) ylelds
x°(t x(T)*
—a(t)p(t) 1( ) z( (7) ) ;

x*1) x(t)

from which it follows that
o 1
x (t) £ —(=x( l)) FIOYI0) <0 fort>T,

or

x() < x(T}) - )/ “) =00 25— 00,

contradicting the fact that x(¢) > 0 for t > t,. This completes the proof.
The follow result is concerned with the oscxllatory behavior of equation
(1) forall A>0.

COROLLARY 1. Let the differentiable function p assumed in Theorem 1

be defined by
(28) p{t) = exp / p(s) ds)| fort>t,,
1, a(s a(s)
and let conditions (2), (4)-(7) hold. Then equation (1) is oscillatory for all
A>0.

ProoF. Let x(¢) be a nonoscillatory solution of equation (1), say x(¢) >0
for ¢ > t,. From (28), we see that y(¢) = 0 forall ¢ > ¢,. Now, if W is
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9] Oscillation criteria for second order differential equations 51

defined as in the proof of Theorem 1, then we obtain (10) or (11). The rest
of the proof is similar to that of Theorem 1 and hence is omitted.

In the following corollary we study the oscillatory behavior of the un-
damped equation

(29) (a(t)x* (1) +aOlx@) sgnx(t) =0,  4>0,

where the functions a and g are defined as in equation (1).

COROLLARY 2. Suppose that there exists a continuous function ¢: [t,, o)
— R and a € (1, o) such that

!

(30) tlim inf [ q(s)ds > —o0,
(31) / LN
a(s) o>
. 1t @
(32) ll_lglo sup -z (t—u) qu)du < oo,

%
and for every 6 >0
(33) lim inf — / t(z —u)™? [(t —u)’q(u) ~ 0o’ du > 4(s),
t=oo 17 g 4Av(u)
and

(34) / " u()¢% (s)ds = oo,

where ¢ (1) = max{(), 0} and v(1) = 25 (f. 25 ds)".
Then equation (29) is oscillatory for all 4 > 0.

ProoF. This follows from Corollary 1 if we let p(t) =0 and p(¢) =1 for
t>t
Z iy
For illustration we consider the following example.
ExaMPLE 1. Consider the differential equation

(35) (}x’(z)) + 250+ L x(0)l sgnx() = 0,

A>0, t>1t,>0.
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Taking p(f) =t and a =2, we have

y(t)=0, v(t)=% fort2t0>0,

t
lim inf | cossds > —o0,

t—00
f
t

lim sup — (t—u)zcosudu=—sint0<oo,
f—oo 1" Jy,

t
lim infl2 [(t—u)2c05u—i du> —sins — k,
t—oo t“ Js Au
where k is a positive constant. Set ¢(s) = —sins — k.

Next, we consider an integer N such that (2N + 1)z + n/4 > ¢,. Then
for all integer n > N and 2n+ )+ n/4<s<(2n+1)m—-=n/4,

¢(s) = —sins — k > s,

where ¢ is a small constant. Thus,
2(n+1)n—~n/4

t [e3]
tlim / v(s)¢i(s)ds > Z 62/ sds = oo.
0, N=n (

2n+yn+m/4

Hence equation (35) is oscillatory for all 4 > 0 by Corollary 1, whereas none
of the known criteria can cover this result.

REMARK 1. It is easy to check that the conditions (2), (3) and (4) of
Corollary 1 are superfluous if 0 <A< 1.

REMARK 2. Corollary 1, when 0 < A < 1, is new and is independent of
the results of Kwong and Wong [6] and Philos [8], while Corollary 1 for the
linear case (A = 1) is of the type obtained by Tan [11].

The following result is concerned with the oscillatory solution of equation
(1) when condition (5) fails.

THEOREM 2. Suppose that there exist a differentiable function p: [t,, co) —
(0, oo) and a constant o € (1, oo) such that conditions (2)-(4) hold and for
every 8 >0
t

() Jimsupz [ (6= (1= 1 plua(w)

9 1
42 v(u)

where n and v are defined as in Theorem 1.
Then equation (1) is oscillatory for all A > 1.

L

[y(u)n(u)(t — u) —a]’ | du= oo,

ProoOF. Let x(¢) be a nonoscillatory solution of equation (1), say x(¢) >0
for ¢ > t;. As in the proof of Theorem 1 (Case 1), we obtain (16). Divide
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(16) by ¢* and take the upper limit as ¢t — co. Using (36) we obtain a
contradiction. The proofs in the cases when x° is either positive or negative
on [T, o0), T 2 t,, are similar to the proofs in Cases 2 and 3 of Theorem
1, and hence will be omitted.

COROLLARY 3. Let condition (36) in Theorem 1 be replaced by

@) tim sup % [ (4~ " p(a(w) due = o0
and
t a—2
(38) lim [ =9 @)t — u) — of du < co.

Then the conclusions of Theorem 2 holds.

The following corollaries extend Wong’s criterion in [10] to more general
equations of the form of (1) and (29). The proofs are immediate conse-
quences of Theorem 2 and will be omitted.

COROLLARY 4. Let the function p in Theorem 2 be defined by (28) and
suppose that conditions (2), (4) and (36) hold. Then equation (1) is oscil-
latory for all 2> 0.

COROLLARY 5. Let conditions (30) and (31) hold for every 8 > 0 and
a € (1, 00) and suppose

(t— u)a-—Z [([— u)zq(u) - W:I du=o0,

-1
1 L1
v(t) = a0 (/to st) .

Then equation (29) is oscillatory for all 4 > 0.

(39) lim sup la
t—o0 t to

where
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