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Abstract

Using variational principle and Riccati technique, new oscillation criteria for
forced second order nonlinear differential equation are established to handle cases
that cannot be dealt with by results in recent papers by Li and Cheng [1] and
Cakmak and Tiryaki [3].

1 Introduction

In [1], a question is raised whether Leighton’s variational principles for the oscillation
of linear second order nonhomogeneous differential equations in [2] can be extended to
nonhomogeneous half-linear differential equations of the form

(PO D1y (D) + @)y (O] y(t) = e(t), t = to, (1)

where « is a positive constant, p, g, e € C([tg,00), R) with p(t) > 0. A result is derived
to answer this question [1, Theorem 2].

THEOREM 1.1. Suppose that for any T > tg, there exist T < 51 < t1 < 59 < to
such that e(t) < 0 for ¢ € [s1,t1] and e(t) > 0 for ¢ € [so,t2]. If there exist H €
D(si,t;) = {u € Cls;, ;] s u(t) # 0,u(s;) = u(t;) = 0} and a positive, nondecreasing
function p € C*([tg, >0), R) such that

t; a+1 t; ’ a+1
[ moona> (=) [ AR (2ol o sd)
@)

for i = 1,2. Then Equation (1) is oscillatory.

Later in [3], Cakmak and Tiryaki consider a more general equation

(pOTYO)Y (D1 (1)) +a(t)f(y(1) = et), t = to, (3)

where « is a positive constant, p, q,e € C([tg, 00), R) with p(t) > 0, ¥ € C(R, (0, c0)),
f € C(R,R) satisfying uf(u) > 0 for u # 0, and obtain a result as follows.
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THEOREM 1.2. Suppose that

f'(w)
[ (w)] f(u)|o=1]"

Suppose further that for any T > tg, there exist T < s1 < t; < s9 < tg such that
e(t) <0 for t € [s1,t1] and e(t) > 0 for ¢ € [sq, ta]. If there exist H € D(s;,t;) = {u €
Clsi,ti] = u(t) # 0,u(s;) = u(t;) = 0} and a positive function p € C*([tg, 00), R) such

that
/ e 1>a+1 €

< [ E e

— > >0foru#0.

N
Q

for i = 1,2. Then Equation (3) is oscillatory.

It is not difficult to see that Theorem 1.2 is an extension of Theorem 1.1, and that
no restriction is made on the monotonicity of the function p.

Unfortunately, neither Theorem 1.1 nor Theorem 1.2 can be applied to the case
when a > 1, since for p(t) = 1, the term |H(¢)|*~! will appear as a denominator in (2)
and (4) so that the requirement H(s;) = H(t;) = 0 will cause trouble. This certainly
calls for investigation of oscillation criteria that can handle such cases.

In this paper, we are concerned with the nonhomogeneous equation (3). By a
solution of Equation (3), we mean a function y € C'[T},, 00), T, > to, where T, > {
depends on the particular solution, which has the property p(t)¥(y(t))|y’ (t)|* 1/ () €
ClT,, ) and satisfies Equation (3). A nontrivial solution of Equation (3) is called
oscillatory if it has arbitrarily large zeros, otherwise, it is said to be non-oscillatory.
Equation (3) is said to be oscillatory if all its solutions are oscillatory.

The purpose of this paper is to obtain new oscillation criteria for Equation (3)
based on variational principles. Roughly, if the existence of a ‘positive’ solution of
a functional relation implies the ‘positivity’ of an associated functional over a set of
‘admissible’ functions, then we say that a variational oscillation principle is valid. For
instance, in Theorem 1.1, H € D(s;, t;) is admissible, and the functional is

“ 1\ p®)pt) ) PO
/ {(QH) PO (2 1012 ) H(t>p<t>q<t>}dt.

Our emphasis will be directed towards oscillation criteria that are closely related
to the (o + 1)-degree energy functional for half-linear equations (see [4,5,6,7] for more
details on these functionals), which are improvements of Theorem 1.1 and Theorem 1.2
for the case where 3 = «a, and are generalizations for the case where 3 > a. Examples
will also be given to illustrate the effectiveness of our main results.

Before going into the main results, let us state three sets of conditions commonly
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used in the literature which we rely on:

(51 0< W) < Moand /) 2 K |f()]7 > 0 for u 0 (5)
f'(u)

[\Il(u)|f(u)|g,1]1/g >~ >0 for u # 0; "

(S3) O<W(U)SM’andm§(ﬁZ5>0foru¢o_ ;

Here, MK > 0,0 < a < # and 7, > 0 are constants. It is clear that assumption
(S1) implies (S2), but not conversely. For example, the function f(u) = u?®, ¥(u) = u?
and § = 1 do not satisfy (S1), but (S2) holds. In (S1) and (S2), we need f to be
differentiable. Clearly, this condition is not required in (S3). These differences force us
to study equation (3) under the assumptions (S1), (S2) and (S3) in separate manners.

2 The Case Where [ = «

First we recall a well known inequality, which is a transformation of Young’s inequality.
LEMMA 2.1. (see [8]) Suppose X and Y are nonnegative. Then

AXYAM XA < (A =1)YY, A>1, (8)

where equality holds if and only if X =Y.
For a,b € R such that a < b, let

D(a,b) = {u € C'[a,b] : u®t!(t) > 0 for t € (a,b), and u(a) = u(b) = 0}.

Let p € C'([tg, ), R) be a positive function. For given f € C([tg,00), R), as in [3], we
define an integral operator A% in terms of H € D(a,b) and p as

A = [ CHOp0 fdn, a<t <. 9)

Recall from [3] that A% has the following properties:

Ag(arfi + asfo;t) = ar Ag (f1;1) + s Ag (fai t); (10)
AP (fit) >0 whenever f > 0; (11)
big ) = —(a b g/ P/ .
atla's) = o+ 04t (|57 + o | )
b (|H r )
>0 (|5 + ot |ls). )

where f1, f2, f € C([to, ), R), g € C*([tg, ), R), and oy, ay are real numbers.

THEOREM 2.2. Assume (S2) holds. Suppose further that for any T > tg, there
exist T < 81 < t1 < s2 < tg such that e(t) < 0fort € [s1,t1] and e(t) > 0 for ¢ € [sa, ta].
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If there exist H € D(s;,t;) and a positive function p € C*([tg, 00), R) such that

. o a . H/ p, a+1
Aty > (=) A% (p|=+——| ¢ 13
et > (5) 44 (ol 7+ iy )

for i = 1,2. Then Equation (3) is oscillatory.

PROOF. Suppose to the contrary that there is a non-oscillatory solution y of (3).
We may then assume that y(t) # 0 on [T, 0o) for some Ty > tg. Set

/ a—1,/
o) - POVEOW O © "
fly(®))
Then differentiating (14) and making use of Equation (3), it follows that for all ¢t > T,
we have "y
t t « « £/ t
P NN 0 il 1) i~

TT0) T PORE@) o)
By our assumptions, we can choose s;,t; > Ty for i = 1,2 so that e(t) < 0 on the
interval I1 = [s1,t1], with s1 < ¢1 and y(¢) > 0, or e(t) > 0 on the interval Is = [sa, t2],
with so < t2 and y(t) < 0. On the intervals I; and I, in view of (6) and (15), w(t)

satisfies the inequality

|w(t)| >/
t) < —w'(t) —y———t——
alt) < —w' ()~ s

Applying the operator A% for i = 1,2 to (15), using the fact that H(s;) = H(t;) =0
and (12), we obtain

(16)

|w|(a+1)/a
A (gt) < A% (—w’ V7 t)
i 7 p /Oé
. H' p/ |w|(a+1)/a
< Al H|—+—— -yt ). 17
< (o4 1) |5 s ol = P20 (")
Let Jat)
B ,.Ya «@ B l
X_ipl/(oﬂrl) |w], A—l—l—a,
and
7 aapa/(aJrl) H' N p/ «
- ye/let) | H O (a+1)p

By Lemma 2.1, we obtain

a+1

IN

H' p/ |w|(a+1)/a
)= 7 e
@+ 0|7 + |~

A
gl H  (a+1)p

Then in view of (17), (18) and the properties (10) as well as (11), we see that

a)” H’ o ol
Aty < (=) Al [p|=+ b
slait) < (v) (p H ’

(a+1)p
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for i = 1,2, which is contrary to (13). This completes our proof.

We remark that the assumption that e(t) < 0 for ¢ € [s1,t1] and e(t) > 0 for
t € [s2,t2] can be replaced by e(t) > 0 for t € [s1,t1] and e(t) < 0 for t € [s2,12].
Similar remarks hold for the other results that follow.

COROLLARY 2.3. If p(t) =1 in Theorem 2, and (13) is replaced by

QxH>>1l?[awﬂa“@»—(%)apaﬂﬂxww+ﬂdt>o (19)

for ¢ = 1,2, then Equation (3) is oscillatory. If p(t) = 1 in Theorem 2, and (13) is
replaced by

Qi(H) := / i [g@)H T (t) — p(t)| H' (1) "] dt > 0 (20)

for i = 1,2, then Equation (1) is oscillatory.

We remark that Corollary 2 is closely related to the (« + 1)-degree functional for
half-linear differential equations. Furthermore, in Theorem 2.2, there is no additional
restriction on the positive constant a.

THEOREM 2.4. Assume (S3) holds. Suppose further that for any T > tg, there
exist T' < 81 < t1 < s2 < tg such that e(t) < 0fort € [s1,t1] and e(t) > 0 for ¢ € [sa, ta].
If there exist H € D(s;,t;) and a positive function p € C*([tg, 00), R) such that

a+1
;t> (21)

' 0
At ogit) > Moat (p| 2
0g:1) A\P1H Tty

for i = 1,2. Then Equation (3) is oscillatory.

PROOF. Suppose to the contrary that there is a non-oscillatory solution y. We
assume that y(t) # 0 on [Ty, 0o) for some Ty > tg. Set

pOY )y ®)* "y (t)
()|~ 1y(t) ’

Then differentiating (14) and making use of Equation (3) and (S3), we see that for all
t > Ty, we have

w(t) = t>Tp. (22)

) = — fly(®) e(t) __|w)ere
V0= 1Oy OO O
<~ 5q(t) + 1) o [w(h)|+/e -

y(O]Ty(t) MY p/e(h)

By our assumptions, we can choose s;,t; > Ty for i = 1,2 so that e(t) < 0 on the
interval I1 = [s1,t1], with s1 < ¢1 and y(¢) > 0, or e(t) > 0 on the interval Is = [sa, t2],
with s9 < t2 and y(¢t) < 0. On the intervals I1 and I, (23) implies that w(t) satisfies
the inequality
o Jw(t)|etDre
M1/« pl/a(t)

5q(t) < —u'(t) (24)
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The remaining proof is similar to that of Theorem 2.2. The proof is complete.
EXAMPLE 2.5. Consider the following forced half-linear differential equation

(P Oy (1) + K y()|*y(t) = —sint, (25)

for t > 1, where K, A > 0 are constants and o = 5/3 > 1, so neither Theorem 1.1
nor Theorem 1.2 can be applied to this case. However, we may show that Equation
(25) is oscillatory for K > 2(1 4 2X)%3x. Indeed, since the zeros of the forcing term
—sint are n, the constant v in (6) is «, i.e., ¥ = . Let H(t) = sint and p(t) = t=>.
For any T' > 1, choose n sufficiently large so that nm = 2km > T and s; = 2k7 and
t1 = (2k + 1)7. It is easy to verify that

(2k+1)w
AL (g;t) =K sin®/3 tdt
2km
(2k+1)w I 4
>K sin?’tdt:K/ sintdt = - K,
2km 0 3
H oot (2k+1)m 3\sint |¥/°
Al pl=+——| t]= t— dt
s (ol el )= e

(2k+1)7‘r 3 3

</ (1+ =X)%3dt = (14 =X\)¥3x.
2k 8 8

So (13) is true for ¢ = 1. Similarly, for s; = (2k + 1)7 and t2 = (2k + 2)7, we can

show (13) is true for i = 2. So Equation (25) is oscillatory for K > 2(1+ 2X)%3 by

Theorem 2.2.

EXAMPLE 2.6. Consider the following forced half-linear differential equation
[(2+cos )]y ()]* 1y (0] + Kly()|*y(t) = sint, ¢ >1, (26)

where o = 1/3, with H(t) = sint and p(¢t) = 1, Li and Cheng in [1] obtain oscillation
for Equation (26) when K > 5(2)%/3 = 8.585. Using Corollary 2.3, we obtain the
oscillation of Equation (26) when K > 2. In fact, for any T' > 1, choose n sufficiently
large so that nm = 2km > T and s; = 2kw and ¢, = (2k 4+ 1)7. It is easy to verify that

Q1 (H) = / g HS (1) — ()| H (1) e

S1

(2k+1)w
:/ [Ksin4/3t— (2 4 cost)| cos t|*/3| dt
2k

(2k+1)w

:/ (K — 2)sin*/?tdt > 0
2km

for K > 2. Similarly, for so = (2k + 1)m and t2 = (2k + 2)7, we can show that the

integral inequality Q2(H) > 0. So Equation (26) is oscillatory by Corollary 2.3 for

K > 2.
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EXAMPLE 2.7. Consider the following forced nonlinear differential equation
[ ly@P Iy 01"y (0] + 5Ke'y’ (1) = cost, 21, (27)

where « is a quotient of positive odd integers such that 0 < a < 3, the zeros of the
forcing term cost are nw + /2, n € Z with H(t) = cost and p(t) = e~ !, Cakmak and
Tiryaki in [3] obtain oscillation for Equation (27) when K > Ky = (3/(a+1))*T!. By
Theorem 2.2, for any T > 1, choose n sufficiently large so that (2k + 1)7/2 > T and
s1 =2k + 1)7/2 and t; = (2k + 3)7/2. It is easy to verify that

(2k+3)m/2
t [e%
Al(q;t) = 5K cos® T tdt
(2k+1)7/2
(2k+3)m/2 5
N { 5K f(?k]jl);/? cos?tdt = 3Km 0<a<1
- 2k+3)m/2 4 15
5Kf(2k+1)ﬂ/2 costtdt = 2K 1<a<3
and
a\® H p/ a+1 an @ (2k+3)7/2 a+1
= AZI p’_+ _r it :(—) / sint + dt
(”Y) ' ( H  (a+1)p 3 (2k+1)7/2 a+1

ava [@k3)T/2 L \ot!
< (—) 1+ dt
3 (2k+1)7/2 a+l
(a) a o+ 2 atl
=(= .
3 a—+1

o a+1
When 0 <a < land K > K = £(5)" (252) L orwhenl<a<3and K > K, =

5 \3 a+1

and ty = (2k + 5)7/2, we can show that (13) is also true for i = 2. So Equation (27)
is oscillatory by Theorem 2.2 for K > K; in case of 0 < a < 1, and K > K in case
of 1 < a < 3. Moreover, we note that Ky > K3, so our results are better than that of
Cakmak and Tiryaki [3].

o a+1
L (2) (0‘—*2) 7, we have (13) is true for ¢ = 1. Similarly, for so = (2k 4 3)7/2

3 The Case Where [ > «

We now handle the case where 5 > «.

THEOREM 3.1. Assume (S3) holds. Suppose further that for any T > tg, there
exist T < 81 < t1 < s2 < tg such that e(t) < 0fort € [s1,t1] and e(t) > 0 for ¢ € [sa, ta].
If there exist H € D(s;,t;) and a positive function p € C*([tg, 00), R) such that

a+1
; t) (28)

. _ H' o
A (Qeit)>M-AY [p|==+ —F—
o (Qest) \PT e o,

for i = 1,2, where

Qe(t) = a=PB(B — ) =P [5q()]*/ e (t)| =7, (29)
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Then Equation (3) is oscillatory.

PROOQOF. Suppose to the contrary that there is a nontrivial non-oscillatory solution.
We assume that y(¢t) > 0 on [Tp, 0o0) for some Ty > tg. Set

POY )y )~y (t)
ly(@)]*~1y(t) ’

Then differentiating (30) and making use of Equation (3), it follows that for all ¢t > Tj,
we have

w(t) =

t>To. (30)

’ _ [ f(y(t)) B e(t) W |w(t)|(a+l)/a
w (t) - _Q(t) |y(t)|a*1y(t) |y(t>|o‘1y(t):| [p(t)\Il(y(t))]l/a
oo f®) e e(t) L Jwp)etre
=~ OGO ~ o) ~ B G

e(t) ]_ o Jw(n)]erD/e
ly(@®*~ty@)] MV pt/e(t)

By our assumption, we can choose t; > s; > T so that e(t) < 0 on the interval
I = [s1,t1]. For given t € I, set F(z) = dq(t)x°~ — M we have F'(z*) = 0,

< [salyw— - (31)

" —ae(t) 1/8 . . - -
F"(z*) > 0, where z* = [W} . So F(x) attains its minimum at z* and
F(z) > F(z") = Q.(t). (32)

So (31) and (32) imply that w(t) satisfies

a_ |w@)|r/e

Qult) < —w'lt) = g — g

(33)

The remaining argument is the same as the proof of Theorem 2.2, so we obtain a
desired contradiction with (28) when y(t) > 0 eventually. On the other hand, if y(¢) is
a negative solution for ¢ > Ty > tg, we define the Riccati transformation (30) to yield
(31). In this case, we choose to > so > T so that e(t) > 0 on the interval Iy = [so, to].
For given t € Iy, set F(x) = dq(t)zP~ — %, we have F(z) > F(z*) = Q.(t). The
remaining proof is similar to that of Theorem 2.2. The proof is complete.

COROLLARY 3.2. If p(t) =1 in Theorem 3.1, and the hypothesis (28) is replaced
by

Qu(H) = [ [QuOE 1 e) = p(O) H'()]" ] e > 0 (34)

i

for i = 1,2. Then Equation (3) is oscillatory.

We remark that Corollary 3.2 is closely related to the (a 4 1)-degree functional.
Furthermore, in Theorem 3.1, there is no restriction on the positive constant «, plus,
Theorem 2.4 can be treated as its limiting case when 8 — a 4 0 with the convention
that 00 = 1.
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EXAMPLE 3.5. Consider the following forced quasi-linear differential equation
(VM3 () + |y Py(t) = —sin®t, t> 1, (35)

where 4, A > 0 are constants. We see that U(u) = 1, which implies M = 1, and
a =1, f = 3 in Theorem 3.1. Since o < 3, Theorems 1.1, 1.2 and 2.2 cannot be
applied. However, we can obtain oscillation for Equation (35) with H(t) = sint and
p(t) = t=>/3. For any T > 1, choose n sufficiently large so that nm = 2kr > T and
s1 = 2km and t; = (2k + 1)m. It is easy to verify that Q.(t) = 2V/2t*/3sin®¢,

3 3 (2k+1)m 3 5 kg 9 .
AL (Qe(t);t) = —\‘/5/ sin® tdt = —\‘/5/ sin® tdt = > V/2,
! 2 2km 2 0 8
and
H' o ot @kt 1)m Asint |?
Ag ol + | it]= / t— dt
s1 (p’ H @+ 1)p Y - cos oL

(2k+1)7‘r )\
<7/ (1+ 2)%dt =~(1 4 Z)?x.
2k 6 6

So we have (28) is true for ¢ = 1 provided 0 < v < ES(I?F%Z%)Q' Similarly, for so =
(2k 4+ 1)7 and t2 = (2k 4 2)m, we can show that (28) is true for ¢ = 2. So Equation
(35) is oscillatory for 0 < v < % by Theorem 3.1.
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