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Abstract

We study oscillatory behavior of a class of second-order differential equations with
damping under the assumptions that allow applications to retarded and advanced
differential equations. New theorems extend and improve the results in the literature.
lllustrative examples are given.
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1 Introduction
This paper is concerned with oscillation of solutions to a second-order differential equa-
tion with damping

(r(t)x/(t))’ +p(O)x'(t) + q(O)f (x(z(9))) = 0, (1.1)

where t > t5 > 0, r € C!([to, +00), (0, +00)), p, g, T € C([ty, +o0),R), q(t) > 0, g does not
vanish eventually, f € C(R,R), f(x)/x > u for some p > 0 and for all x # 0. Throughout, we
assume that solutions of (1.1) exist for any ¢ > £,. A solution x of (1.1) is termed oscillatory
if it has arbitrarily large zeros; otherwise, we call it nonoscillatory. Equation (1.1) is said to
be oscillatory if all its solutions are oscillatory.

During the past decades, the questions regarding the study of oscillatory properties of
differential equations with damping or distributed deviating arguments have become an
important area of research due to the fact that such equations arise in many real life prob-
lems; see the research papers [1-26] and the references cited therein. In particular, second-
order damped differential equations are used in the study of NVH of vehicles. In what fol-
lows, we present the background details that motivate the contents of this paper. Yan [25]
established an important extension of the celebrated Kamenev oscillation criterion [27]

for a second-order damped equation
(r@¥ (1) + p(0)x' (0) + q(£)x(2) = 0.

Rogovchenko [19] and Rogovchenko and Tuncay [20] studied a nonlinear damped equa-

tion

(r(t)x (£)) + p(t)x' () + q(O)f (x(2)) = O.
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Rogovchenko and Tuncay [21] extended the results of [20] to a general nonlinear damped

equation

(re)y (x(0)x' () +p)x' (&) + q()f (x(t)) =

In [8, 15], the authors investigated (1.1) under the assumptions that r, p,q € C([t, +00),
(0,+00)), T(¢) < t,and t'(£) > 0. The natural question now is: Can one extend the results of
[20] to functional equation (1.1)? The purpose of this paper is to give an affirmative answer

to this question.
2 Main results
In the sequel, all functional inequalities are supposed to be satisfied for all sufficiently
large t. We use the notation
D:= {(t,s) 1y <s<t< +oo} and Dy := {(t,s) 1l <s<t< +oo}.
We say that a continuous function H : D — [0, +00) belongs to the class W if:
(i) H(t,t) =0 for t >ty and H(¢,s) > 0 for (¢,s) € Dy;

(ii) H has a nonpositive continuous partial derivative with respect to the second

variable satisfying, for some locally integrable continuous function 4,
0 1
a—H(t,s) —h(t,s)(H(,s))?.
s

Using ideas exploited by Rogovchenko and Tuncay [20], we study (1.1) in the cases where

() <t (2.1)
and

() >t (2.2)
for ¢t > ty.

Theorem 2.1 Let (2.1) hold and lim,_, , 7(£) = +00. Suppose that there exist functions
H e W and p; € CH([ty, +00), R) such that, for some B > 1,

lim sup

1 t é ) ] ~
imsup 7o |: (t,8)Y(s) — V*(S)V(S)h (t,8) | ds = +00 (2.3)

for all sufficiently large t; > ty and for Ty > t;, where

ft(t) 1
I p(s)exp( fto o dv)

Vs (2) = v () [Mq(t)

ftl (s expftsop )dv)

VV

+ ()0} (8) - p(£) pa (£) - (V(t)pl(t)),] (2.4)
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and

v(0):= exp[‘zf (" - fr(:s))) ds}

Then (1.1) is oscillatory.

Proof Letx be anonoscillatory solution of (1.1). Without loss of generality, we may assume
that there exists T > £, such that x(¢) > 0 and x(z(¢)) > O for all £ > Ty. By virtue of (1.1),

we have

(r@x' () + )% (1) < —pg(B)x(x (@) <O for £ > Ty,

which yields

<r(t)x/(t) exp</t% ds)) <0.

Hence we have

r(t) exp(/.tlrij)) ds)x/(t) >0

or

r(t) exp(ft % ds)x/(t) <0

for t > t; > Ty. Now define the generalized Riccati substitution

x'(2)
x(¢)

u(t) := V*(t)r(t)[ + m(t)]

We consider each of two cases separately.
Case L. Assume (2.7) holds. Then we have

t r(s) exp( f;) % dv)x/(s)
x(t) = x(t1) +-/m ) exp( [ Mdv)

, p(s) ) 1
ds ds
Zx(t)r(t)exp(/to s) /n r(s)eXp(ft () Td)

rv

which implies that

x(t) ) <o.

ds
dv)

Ju

r(s exp( 10 r(v)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)
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Differentiating (2.9) yields

v, (2) (r(@)x'(0))
W(t)= = 0 u( )H*(t)T

u(t)
Vvi()r(2)

2
- v*(t)r(t)[ - pl(t)} + (0 (rOm©) (2.11)

It follows from (1.1), (2.5), (2.10), and (2.11) that

u*(t)
v.(O)r(t)’

where v, is defined as in (2.4). Multiplying both sides of (2.12), with ¢ replaced by s, by
H(t,s), integrating with respect to s from T; to ¢, we find, forall 8 > 1 and forallt > T} > £,

u'(t) < - (t) -

(2.12)

Ti Ht, )Y (s) ds + / Cne ) (H s))% (s)ds + % | HE9 S (z)(jzs)
<H(t, TY)u(Ty) - —— (2.13)
T1 * )
Define now
u(s) (H(ts))? VB !
= d D:i=——h(t,s)(v« Z,
Foorot " 5 h(69) (v (5)r(s))
Applying the inequality
C?-2CD> -D?, (2.14)
we have
u>(s) B 2
h(t, s)(H(t s)) u(s) + ﬁH(t s) O > —ZV*(S)}”(S)I’I (t,5).
Hence, by the latter inequality and (2.13), we obtain
[ [H(t, U (5) - Eu(s)r(s)lﬂ(t,s)] ds
T 4
_ t 2
< H(t, TY)u(Ty) - F1 H(t s)Lw ds, (2.15)

B Jr  vals)r(s)

which contradicts (2.3).
Case II. Assume (2.8) holds. Recalling that #’ < 0 and t(¢) < ¢, we have x(z(¢)) > x(t).
Using similar proof of the case where (2.7) holds and the fact that

®
I ;

r(s) exp Jto %dv) <1
)

fhids -

r(s)exp( o 0

one has (2.15), which contradicts (2.3). This completes the proof. a
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Theorem 2.2 Let (2.1) hold and lim;_, , T(t) = +00. Suppose that there exist functions
HeW, p € CY[ty, +00), R), and ¢, € C([ty, +00),R) such that, for all sufficiently large
T > t) and for some B > 1,

H(,
0< inf|:liminf (&,s) ] < (2.16)

s>to| t—+00 H(t, tg)

and

. 1
lim sup

o H(t,T) /Tt [H(t’s)w*(s) ) gv*(s)r“)hz(t’s)} ds 2 (1), (217)

where . and v, are as in Theorem 2.1. If

(2.18)

f+°° @) |

NG 0 R
where ¢, (t) := max{¢.(t), 0}, then (1.1) is oscillatory.

Proof Without loss of generality, assume again that (1.1) possesses a solution x such that
x(£) > 0 and x(t(¢)) > 0 on [Ty, +o0) for some Ty > ;. Proceeding as in the proof of Theo-
rem 2.1, we arrive at inequality (2.15), which yields, for all £ > T; and for any 8 > 1,

t

«(T1) < limsu
¢ ! t—>+oop H(t’ Tl) 1

B-1._ . 1 [ ()
= ) === limint ey L 169, 00 &

[H(t, .6~ Evorem s)} ds

The latter inequality implies that, for all £ > 77 and for all 8 > 1,

t 2
¢*(Tl)+%ltiminf;/ Hies) -9 g6 <wmy).

—+o0 H(t, T1) Jry Vi(s)r(s)
Consequently,
¢+ (T1) < u(Th) (2.19)
and
. 1 t u>(s) B
lzlinglofm . H(t,s) o) ds < 51 (u(Tl) - ¢>*(T1)) < +00. (2.20)

Assume now that

/+00 u(s) ds = +00. (2.21)
T

L Va(s)r(s)

Condition (2.16) implies the existence of ¢ > 0 such that

(2.22)

H(t,
inf [ Himint 9 |5 5
s>ty | t—>+00 H(t, tg)
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It follows from (2.21) that, for any positive constant 5, there exists 7, > T such that, for
all ¢ > T,

EouP(s) n
/Tl e $Z (2.23)

Using integration by parts and (2.23), we have, for all £ > T,

1 t u?(s)
e ) o)

1 t s MZ(%-) ]
- H(t,s)d — 2 d
HE Ty Jn Y [/T NGO

1 s u(®) ][ OH(t, s):|
- o gel|]- d
H T /T UT nor® e |
n 1 t[ 8H(t,5)} nH(t,T,) _ nH@tT)
> — - ds=— > — .
“OHET) Jr, 3s 9 H(t,T) ~ 9 Ht t)

By virtue of (2.22), there exists T5 > T5 such that, for all £ > T3,

H(tv T2) > 9,
H(t; tO) -
which yields
t Mz(S)
H(t,s) ds>n, t>Ts.
HeT) o) ’

Since 7 is an arbitrary positive constant,

limiinf — /tH(t NLACRPR
imin ,S s = +00,
t—+o0 H(t, T1) Jp Vi (s)r(s)
and the latter contradicts (2.20). Consequently,
/ e ds < +00
7 Vk(s)r(s) '
and, by virtue of (2.19),

/“’" (¢*+(S))2dsif*°° u*(s) ds < +00,
T

L va(8)r(s) 7, V«(8)r(s)

which contradicts (2.18). This completes the proof. d

Theorem 2.3 Let (2.2) hold and

A *p(®)
/ s) eXP(— /to ) dt) ds < +oo. (2.24)
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Suppose that there exist functions H € W and p, € C'([ty, +00),R) such that, for some

B=1,
lim sup /t[H(t, $)y(s) — Eu(s)r(s)h2(t, s)i| ds = +00, (2.25)
t—+00 H(t t()) 4
where
T /
9. (t) = v(t) [M(t) 7 o +1r(£)p3(2) = p() pa(2) — (r(2) p2(2)) } (2.26)

r(s) exp( ftO EE) z)

and

u(t) = eXP[—2 / (pz( ) — %) s] (2.27)

Then (1.1) is oscillatory.

Proof Let x be anonoscillatory solution of (1.1). Without loss of generality, we may assume
that there exists T > £y such that x(¢) > 0 for all £ > T. From the proof of Theorem 2.1,
we have (2.6) and either (2.7) or (2.8) for t > t; > T,. We define the generalized Riccati

substitution

u(t) = u(t)r(t)[’;((;) N pz(t)]. (2.28)

Case L. Assume (2.7) holds. Differentiating (2.28), we have

v'(#) (r@®)«'(®))
o0 u(t) +v(t) ——— 20 —v(r (t)[

u(t)
@)r(t)

2
u'(t) = Pz(t):| +u(O)(r(6)pa(2)) . (2.29)

It follows from (1.1), (2.27), and (2.29) that

u(¢)

u'(t) < —p(t) - W;

(2.30)

where

o(t) == v()[rg(®) + r(t)p3(t) - p(O) pa(t) - (r() p2(8)) ]

Multiplying both sides of (2.30), with ¢ replaced by s, by H(¢,s), integrating with respect
to s from Tj to ¢, we find, for all 8 > 1 and forall £ > T} > ¢,

T: H(t,s)p(s)ds + /T: h(t,s) (H(t,s))%u(s) ds + % Ti H(t,s) u?sz)(:()s) ds
< H(t Tl)M(Tl) - ———ds. (2.31)

n v(S)r(S)
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Now define
uls) (H(ts)? JB .
C*:Z—il d D*::—_h t’ 2'
VB (v(s)r(s))2 an 2 s) (U(S)V(S))

Applying inequality (2.14) (replace C and D with C, and D,), we have

u(s) + %H(t, s) lej)(:()s) > —gv(s)r(s)hz(t,s).

[T

h(t,s) (H(t, s))

Hence, by the latter inequality and (2.31), we have

/t |:H(t,s)g0(s) - E11(s)r(s)h2(i,‘, s):| ds

T 4
_ ¢ 2

< H(t, T)u(Ty) - % : H(t,s) U‘(‘s)(:()s) ds.

(2.32)
Using monotonicity of H, we conclude that, for all ¢t > T3,

f [H(t,sm(s) Lo, s)] ds < H(t, Ty)|u(T7)| < H(t, 1) u(T)]-

T

Thus
t /3 T1
/ |:H(t,s)g0(s) - Zu(s)r(s)hz(t,s):| ds < H(t, to)l:’u(Tl)’ + / o (s)| ds].
Hence we have

t T
lltrilfgop ]ﬁ /to |:H(t,s)(p(s) - gu(s)r(s)hZ(t,S)} ds < |u(T1)| + /to |<p(s)‘ ds < +00,

which contradicts (2.25) due to the fact that ¢, () < ¢(£), where ¢, is defined as in (2.26).
Case II. Assume (2.8) holds. From (2.6), we have

_ T exp( ¥ 29 dz)

s) < T x(t), s>t
r(s) exp( fto 1:(—2) dz)

Hence we get

‘ I
#(1) —x(2) <« Or(®) exp( f 0 % dZ) f e exp(}s o g

Letting / — +00, we obtain

| fp(z) ) +00 1
i @ ds.
x(t) > x(t)r“)e"p(/m 2 /t ey E3ds)
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This inequality yields

x(t) '
( +00 1 dS) >0,
t dz)

rs)exp(f;, 29

and so

f :(;o 1s p(2) ds
x(z(t)) ris)exp(fy, 55 d2)

@)
x(t) — +00 1

Eroexp(fy B9 do)

The rest of the proof is similar to that of the case where (2.7) holds. Then one can get a
contradiction to (2.25). This completes the proof. O

On the basis of Theorem 2.3, similar as in the proof of Theorem 2.2, we have the follow-
ing result immediately.

Theorem 2.4 Let (2.2) and (2.24) hold. Suppose that there exist functions H € W, py €
CY([to, +00),R), and ¢ € C([ty, +00), R) such that, for all T > t, and for some B > 1, one has
(2.16) and

lim sup I-ﬁ /; [H(t,s)go*(s) - gv(s)r(s)hz(t,s)] ds > ¢(T), (2.33)

t—+00

where ¢, and v are as in Theorem 2.3. If

/+<>0 (94(5)° ds = +o0, (2.34)

o Us)r(s)

where ¢, (t) := max{¢(t),0}, then (1.1) is oscillatory.

Remark 2.1 Efficient oscillation tests can be derived from Theorems 2.1-2.4 with differ-
ent choices of the functions H, p;, and p,. For example, for (¢,s) € D, Kamenev’s weight
function H defined by H(t,s) = (t — s)”", where m > 1, belongs to the class WW. The details
are left to the reader.

3 Applications and discussion
The following three examples illustrate applications of theoretical results in the previous
section.

Example 3.1 For ¢ > 1, consider a second-order ordinary damped differential equation
/! ]' ! 1
20+ x(6) + 5x(0) =0, 3.1)

where r(t) = 1, p(t) = 1/t, q(t) = 1/2, f(x) = x, and ©(¢t) = t. Letting u = 1, py(£) = 0, and
H(t,s) = (t — 5)%, then v, (t) = t, h%(t,s) = 4, and so ¥,(t) =1/t and

t

1
lim su
t—>+oop H(t, Tl) T

(T (5 _ o)2
zlimsuplz/ [(t 9 —,BS] ds = +o0.
T

t—+00 | N

[H(t, )~ Ev o s)] ds
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Hence, by Theorem 2.1, equation (3.1) is oscillatory. As a matter of fact, one such solution
is x(t) = sin(In ¢).

Example 3.2 For ¢ > 1, consider a second-order delay damped differential equation
/! J 7'71
x (t)—x(t)+ﬁx(t- T) =0, (32)

where r(t) = 1, p(t) = -1, q(t) = v/2,f(x) = x, and ©(¢) = t - 77 /4. Letting =1, p1(¢) = -1/2,
and H(t,s) = (t — 5)?, then v, (¢) = 1, %(t, s) = 4, and so V,.(£) > 3/4 and

1
lim su
t—>+oop H(t; Tl)

/t [H(t, )W, (s) — EV*(S)}”(S)hZ(t,S)] ds
T 4

1

¢ a2
zlimsuplz‘/ |:3(t ) —ﬁ}ds=+oo.

t—+00 1 4‘

Hence, by Theorem 2.1, equation (3.2) is oscillatory. As a matter of fact, one such solution

is x(t) = sint.
Example 3.3 For ¢ > 1, consider a second-order advanced damped differential equation
£"(t) +x'(t) +x(t +1) =0, (3.3)

where r(¢) =1, p(t) =1, q(¢) = 1, f(x) = x, and ©(¢) = £ + 1. Letting u = 1, p(¢) = 1/2, and
H(t,s) = (t —s)?, then v(¢) = 1, h%(¢,s) = 4, and so ¢, (¢) =e ' —1/4 and

t

imsup }ﬁ ) [H(t,sm(s) Lo, s>] ds

1 [t 1
:limsupt—2 [(e_l— Z)(t—s)z—ﬁ:| ds = +o0.

t—+00 T

Hence, by Theorem 2.3, equation (3.3) is oscillatory.

Remark 3.1 In this paper, we present some new oscillation criteria for the differential
equation with a linear damping term (1.1). Our theorems can be applied to the cases where
p=>0,p<0,or pisan oscillatory function. Furthermore, the main results can be applied
to the cases where the deviating argument 7 is delayed or advanced. On the other hand, we
do not need to require the assumption that 7’(¢) > 0 for ¢ > ¢,. Hence, the results obtained

supplement and improve those reported in [8, 15].

Remark 3.2 Note that when 7(¢) = ¢, Theorems 2.1 and 2.2 include [20, Theorem 17] and
[20, Theorem 19], respectively. On the basis of assumption (2.24), Theorems 2.3 and 2.4
include [20, Theorem 17] and [20, Theorem 19], respectively.
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