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ON THE OSCILLATION OF PERTURBED SECOND
ORDER NONLINEAR DAMPED
DIFFERENTIAL EQUATIONS

BY
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1. Introduction. In this paper we are concerned with the problem of
oscillation of nonlinear perturbed second order ordinary differential equation
with damping

(1) @2’ (0) + h(@)f(z(0)2'(t) + (L, x(t)) = H(E, z(t), 2/ (1))

where ('=d/dt), f: R — R, r, h: [tgp,00) — R = (—00,+00), tog > 0
and ¢ : [tg,00) x R — R, H : [tg,00) x R x R — R are continuous
functions, r(t) > 0 for ¢ > ty. For all z # 0 and for ¢ € [ty, 00) we assume
that there exists continuous functions g : R — R and p,q : [tp,0) — R
such that

(c1) zg(z) >0 and ¢'(x) >k >0 for x #0,

bt x)/g(x) > q(t) and H(t,z,2")/g(x) < p(t) for x #0.

Throughout this paper, we restrict our attention only to the solutions
of equation (1) which exist on some ray [tg,00). Such a solution is said to
be oscillatory if it has an infinite number of zeros, and otherwise it said to
be nonoscillatory. Equation (1) is called oscillatory if all its solutions are
oscillatory.

In the last two decades the problem of finding sufficient conditions for
the oscillaion of all solutions of ordinary differential equations has begun to
receive more and more attention. An interesting case is that of establishing
oscillation criteria for the perturbed equation (1) with damping and/or re-
lated equations which involve the average behaviour of the integral of the
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alternating coefficient g(t). As contribution to this study we refer to the
papersof Butler[l,Elabbasy[2], Graceetal [3],[4] and [5],
Graefetal [6, Nagabuchietal [7, Wong][8],Y an [9] and
Y e h [10] and the references cited in.

We say that (1) is sublinear if g(z) satisfies

¢ d N/
(c2) ()</u<oo,0</ —u<oo,a>0.
o g(u) o 9g(u)

(1) is superlinear if g(z) satisfies

* du T du
c 0</ <oo,0</ —— < o0, € >0.
(es) . oW . 9w

(1) is a mixed type if g(x) satisfies

(cq) 0</ du<oo,0</ ﬂ<oo,5>0,
o 9g(u) 0 g(u)

We see easily that, if g(x) = g1(z) + g2(z) where gy is sublinear and go
is superlinear, then (c4) is satisfied.

Y e h [10] considered equation (1) with r(t) = 1, f(z) =1, p(t) =0
that is

(2) z”(t) + h(t)a'(t) + q(t)g(x) = 0

where h,q € c[tg,00) and xzg(z) > 0 and ¢'(z) > k > 0 for = # 0 and
proved that

(cs) lim sup/ (t—s)""'s q(s)ds = oo,

t—oo to

/ s[(t — s)(h(s) — %) b= 12(t — 5)"3ds < 0o

to

(c6) tllglo tn—1

for some integer n > 3 are sufficient conditions for the oscillation of (2).
In[7) Nagabuchietal has extended and improves Yeh’s result
to the equation

3) (r()z'(t))" + h(t)a' (t) + q(t)g(x) = 0
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where ¢’'(z) > k > 0 for  # 0 and proved that (3) is oscillatory if there
exists a continuously differentiable function p(t) on [tg,c0) and a constant
a € (1,00) such that

e Jim o [ =) - - 92

—(t —5)p' (5)])*(t — s)a_zﬁds = o0.

If g(x) = z and k = 1 the result of Nagabuchi imply Yan’s result in [10].

The purpose of this paper is to contribute further in this direction and
establishing sufficient conditions for the oscillation of a broad class of second
order nonlinear equations of the type (1) and as a consequence we are able to
extend and improve a number of previously known oscillation results. Our
results are fairly sharp be illustrated by some examples.

2. Main results.

Theorem 1. Suppose (c¢1) and (c2) hold. Furthermore, assume that

(cs) f(z) > —c, ¢>0 for z € R,
(co) r(t) is bounded for t € [ty,o0) i.e. ,0 < r(t) <a, a>0,

(c10)  there exists a continuously differentiable function p(t) on [tg, c0)

such that p(t) > 0, p'(t) > 0 and p"(t) <0 on [ty,c0), and
A1) = o () (8) + cp(t)h(t) > 0, 7/ (8) <O for &> to,

t—o00

e ([ 5750

Then equation (1) is oscillatory.

(en) timinf [ p(s)(als) = p(s))ds > —oc

-1

/t: p(18) /t: p(u)(q(u) = p(u))duds = oco.
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Proof. Let x be a nonoscillatory solution of the differential equation
(1). Without loss of generality, we may assume that z(¢) > 0 on [T, c0) for
some T >ty (the case x(t) < 0 can be treated similarly). Define

w(t) = pt)r(t)z’'(t)/g(x(t)) for all ¢t >T.

This and (1) imply

w'(t) < p(t)(p(t) — q(t)) +

Hence, for all ¢ > T, we have

/T p(s)(a(s) = p(s))ds < —w(t) + w(T) + /T Tgla(s)

S.

N /t w(s)g'(x(s)) |

) r ()p()

The first integral in R.H.S of the above in equality is bounded above. This
can be seen by applying the Bonnet theorem, for each ¢ > T there exists
¢ € [T, t] such that

/t 1)/ (s __ /;“) du_

v 9(z(s)) ) 9(u)’
Since
26 gy . O,d if 2(&) < z(t)
bl u .
/zm o) = L(T) )’ if z(€) = x(T)
and (T) > 0, it follows that
" (s)a! (s)ds © du
—~— - < ky, where ki = —_
f ey St where b=o@) [ 2

Hence, we have from (4)

(5) / p()(a(s) — p(s))ds < —w(t) + ks — /
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where ko = k1 + w(T).
Or, by virtue of condition (cq)

' ¢ w2 S
© [ o -pends <o+ -k [ S

Now, we consider the behaviour of z’:
Case 1. 2’ is oscillatory. Then, there exists an infinite sequence {t,}
such that ¢ — oo as n — oo and z/(t,,) = 0. Thus, (6) gives

b w(s)
| pts)ate) =ptsis < ko= [T s

By virtue of condition (c11), wee get w?(t)/r(t)p(t) € L?(T, 00). Thus, there
exists a positive constant N such that

t 2
/ w(s) ds < N for every t > T.
7 r(s)p(s)

For t > T, we may use the Schwarz inequality to obtain

i - / <>

</E;d ( N/ gd<Na/Ttpczz).

Hence, for every ¢t > T we have

th ¢ S 1/2
= ()

Furthermore, (6) gives

<

/ p(3)(a(s) — p(s))ds < —w(t) + &y

T
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Condition (c10) implies that p(t) < u(t) for all large ¢, where p is positive
constant. This ensures that ftzo % = oo. Hence, we get from (7) for t > T

/Tt p(ls)P(U)(CI(u) — p(u))duds < VNa </Tt pt)>1/2Jr

t t
d d
—HCQ/ S<<VNG+]€2>/ 78
T p(s) T P(8)
Dividing by f;, % and then taking the upper limit gives a contradiction to

(012).

Case 2. 2/(t) > 0 for t > T} > to. Then, it follows from (6) that
t
| os)ato) - pi))ds < ke
T

and consequently

([ ) [ [ ottato - ppas <

contradicts (c12).

Case 3. 2/(t) < 0 for t > Ty > to. If w?(t)/r(t)p(t) € L*(Ta, ), then
we can follow the procedure of Case 1 to arrive at a contradiction to (c2).
Suppose now w?(t)/r(t)p(t) & L*(T»,00). By virtue of (c11), we get from
(5) for some constant § > 0

(8) —w(t)zﬁ+/tw2(8)g/(m(8))

ds for every t > T5.
n,  7(s)p(s)

Since w?(t)/r(t)p(t) & L?(Ty,00), there exists T3 > T5 that

M‘5+£5 roa(s)

Thus (8) ensures w(t) is negative on [T5,00). By using (8), we have from
(5) for every t > T3

ol [ ST =
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w?(t)g'(s) Fw(s)g'(2(5)) T A (9)g' (@)
o 7 S 2
An integration from T3 to ¢t yields

ol 285

ot /T st > M'g(x) for every t>Tj

where M’ = M g(z(T3)) > 0.
Hence, from (8) we get

Then,

i.e.

So,
t / t
(1) gx(Tg)—M’/ _ds <:c(T3)—M/ ds

1 T(s)p(s) ~ a Jr, p(s)

it follows, that x(¢) — —oo as t — oo, a contradiction. This completes the
proof.

The function p satifies (¢19) may be taken as p(t) = t*, « € [0, 1]. Thus
we have the following corollary of theorem 1.

Corollary 1. Equation is oscillatory if (¢1), (c3) hold, v(t) = at®~1r(t)
+ct*h(t) > 0 and v/ (t) < 0 for some « € [0, 1],

(c11)’ lim inf/ s%(q(s) — p(s))ds > —o0,

t—o0 to

—

(era) Jim 101gt tto %ftso u(q(u) — p(u))duds = oo, if « =1
c S .
2 tlim e ftto = fto u®(q(u) — p(u))duds = oo, if 0 < a < 1.

Example 1. Clearly, with p(t) = 1 for t > tg > 0, the Van der Pol
Oscillator with nonlinear restoring force

2" (t) + N(2*(t) — )2’ (t) + 23(t) =0, N >0, t >0



398 E.M. ELABBASY 8

satisfies the above hypotheses. This result can not be obtained by any other
existing oscillation criteria.

In the following theorem we do not assume that g(x) satisfies condition
(c3). So, it may be applicable for linear, sublinear or superlinear differential
equations.

Theorem 2. Suppose that (cg) holds. Moreover, assume that
(c13) zg(x) >0 and ¢'(z) >0 forall x#0,

(c14) there exists a differentiable function ¢ : [tg,00) — (0,00) and the
continuous functions

h,H: D={(t,s): t>s>t} — R

and H has a continuous and nonpositive partial derivative on D with respect
to the second variable such that

H(t,t)=0 for t>ty, H(t,s)>0for t>s>1g

and

(c15) —8H8(Z’8) = h(t,s)\/H(t,s) for all (t,s)€ D.

Then equation (1) is oscillatory if

(c10) imsup - [ 0 {¢<S>H<t, 9)(a(s) — pls))—

t—o0

“3r [roee s - (S5 + 6 H(t,s»r}ds:oo

Proof. Let x(t) be a nonoscillatory solution of (1) and assume that
x(t) > 0 for t > to. Define w(t) = % for t > ty. This and equation
(1) imply

W) < ¢ (O () — (1) + (Ch(t) ¢’<t>>w<t)_ Fu? (1)

1) ) ()
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Hence, for all ¢ > tq, we have

/qs ))ds < — /Hts s)ds+

(), 90 [ HEswRe)
H( )<<> ¢>>>“d “J, ()¢(8)d

= H(t,to)w / ) ds+/Hts<
j)wd—kz/Htss)(s s =
:H(t,to)w(to)—/t:[<h(t,s) Hts( j)) (s)+

RH(E s)w?(s)]
* ® }d

r(s)o

—VA, )< <(>) ff)ﬂ dt

(s )

Hence,
T / {H(t, 90()(als) ~ p(s)) — ") (h(t, o
s (4542 o

a contradiction to (ci6). This completes the proof.
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Corollary 2. Suppose that condition (ci6) in Theorem 2 be replaced
by

li —
imsup Htto / o(s (4(s) — p(s))ds = oo, and

fmsup / r(5)6(5) (h(t,s> sy () + q;((;))d <o

then the conclusion of Theorem 2 holds.

Remark. The functions H(t,s) = (t —s)"~ ', t > s > to, where n is
an integer with n > 2, and h(t,s) = (n — 1)(t — 3)(” 3)/2 ¢ > 5 > ) are
continuous and satisfy (c¢15). Therefore, the results in [7], [9] and [10] can

be obtained from Theorem 2 as special cases.
The following theorem is devoted to equation (1) with g(z) satisfies
(cq) i.e. of mixed type.

Theorem 3. Suppose that (c4), (cs) and (c13) hold. Furthermore,
assume that

(c17) r'(t) <0 for t > to,

(e

s) There exists a continuously differentiable function p : [tg, 00) — (0, 00),
() 0 and p"(t) <0; and
(c19) a(t) =20 (t)r(t) + ch(t)p(t) >0 and o'(t) <0 for t>t,.

Then equation (1) is oscillatory if

(co0)  limsup m ! — / (t—8)""p(s)(q(s) — p(s))ds = oo, for n > 2.

t—o0 to

Proof. Let z(t) be a nonoscillatory solution of (1) and assume that z(t) > 0
t /

for t > 0. Define w(t) = p(t)/ Md
to 9(2(s))

defined for ¢ > ty. From this and equation (1) imply

But, by the Bonnet theorem, for a fixed ¢ > t; and some &[tg, ¢]

“r(s)a'(s) , S 2(s)ds B =) du
J, ety 2 =7 [ St =7 L 5

s, t > tg. Therefore w(t) is well
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and hence, since r(ty) > 0 and

28 dy O du 2(&) gy 0 du
/ — = / — +/ — > / —— = —kq;
2to) 90 Jawey 9w)  Joo 9(w) T Jawe) 9(w)

:E(to) t /
where ki = / diuv we have / M > klr(tO) = —ko.
0

g(u) o 9((s))
Therefore,
W) < pOp(0) — a(0) + ST kg ()

Hence, for all t > t3, we have

t

/ (t— )" p(s)(a(s) — p(s))ds < — / (t — 5" (s)ds+

to to
t _ \n—1 / t
+/ (t 8) p(8)$ (S)dS _ k?g/ (t _ S)n—lp//(s)ds —
o 9(x(s)) to
=L+ 1+ Is.
The integrals I;, ¢ = 1,2,3 can be estimated as follows:
If n =2, then
t
I = —/ (t — $)w()ds = (t — to)w' (to) — w(t) <
to
, , > du
< (t —to)w'(to) + |w(t)| < (t —to)w'(to) + r(to)p(t) 90
0

condition (c1g) implies that p(t) < pt, p > 0. Thus

I < (t — to)w' (to) + (ur(to) /OOO gc(lz))t.

If n > 2, then I; = — ftto(t — )" lw’(s)ds =

(= 1) ! (ty) — (n — 1)(n — 2)/ (t — $)"Sw(s)ds <

to
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S(t—mY“HM@@+%n—lﬂn—2%/(ﬁ—$”3m@)@.

Hence

I < (t—to)" ' (to) + (n — 1)(n — 2)ur(to) /OOO gc(lz) /to s(t — )" 3ds <
< (t—to)"tw'(to) + pr(to) /OOO ;(lz) S(t—to) ! =
= (w'(to) + pr(to) /000 gcfz)(t —to)" 1, for n>2.

For I, by using the Bonnet theorem, for a fixed ¢t > ¢y and some 7 € [tg, ]

= tas — )t z(s) s=o — o)t x(n)diu
12‘/to ()=o) Sy @ = 7o)t~ o) /m) o) =
ne [T du
< o(to)(t — to) A et

t
For I3 = —k:g/ (t—s)""1p"(s)ds=

— ka(t — to)" 4/ (to) — Kol — 1) / (t— )"/ (s)ds < (¢t — to)" 0/ (ko).

Therefore, taking into account the above estimation for I;; i = 1,2,3 we
conclude

[ (= o) ate) = po)s < (wt) +prr) [ s
rotto) [ ko) - (1-2)

Taking the upper limit as t — oo, a contradiction. This completes the proof.
Theorem 3 can be used to some cases for which some other oscillation
criteria can not be used. For example, consider the differential equation

(t*2'(t)) + (tsint + % +12)(23(t) + 21 /3(t) =
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costsina’(t)(x°(t) + 27/3(t))
t(x2(t) + 1)
where A < 0, t > tg = /2 let g(x) = x3(t) + 2'/3(t), we see that (t, ) >

x
1 1
tsint + 1= q(t), and H(t,z,z")/g(z) < 1= p(t). Indeed, we have from

I 1 [
limsupt/ (t—s)-s~ssinsdszlimsup{szsinsds—t/ sgsinsds} =

t—oo /2 t—o00 /2

. . 6 6sint 372

= limsupq —tsint —4cost — — + —T+— 7 =00
t—o0o t t 4

and theorem 3 that the above equation is oscillatory. That this equation

is oscillatory does not appear to be deducible from other known oscillation

criteria.
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