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CHAPTER 1

INTRODUCTION AND PRELIMINARIES

1.1 Introduction

In recent years, there has been an increasing interest in obtaining sufficient
conditions for the oscillation or nonoscillation of solutions for different classes
of linear and nonlinear second order differential equations. This has resulted in
hundreds of research papers most of which can be found in the books of Agarwal
et al [1], Kreith [17] and Swanson [39].

The following definitions will be frequently used.

Definition 1.1 Consider the second order ordinary differential equation

F(t,x(t),2'(t),2"(t)) = 0, (1.1)

defined for t > to > 0, where F : [tg,00) — R is a continuous function. By a
solution of (1.1) we mean a twice continuously differentiable real-valued function
x(t) defined on [t;,00) C [to,00) and satisfies equation (1.1) on the interval
[ty,00). The number t, > ty > 0 depends on the particular solution z(t) under

consideration.

Definition 1.2 A nontrivial solution x(t) of (1.1) is said to be oscillatory if it
has arbitrarily large zeros. Otherwise, x(t) is said to be nonoscillatory, i.e., x(t)
is nonoscillatory if there exists t; > to such that x(t) # 0 for t > t1. In other

words, a nonoscillatory solution must be eventually positive or negative.



As explained above, there have been a great number of results on the subject
of oscillation criteria obtained by different methods, here we concentrate on some
results obtained by the integral averaging method. This method is an important
tool in studying the oscillatory behavior of linear and nonlinear differential
equations of second order. This method goes back as far as the classical results

of Wintner [43] for the linear equation
2"(t) + q(t)z(t) = 0. (1.2)

Wintner [43] proved that if

1 t s
lim —/ / q(u)duds = oo, (1.3)
t—oo ¢ to Jto

then (1.2) is oscillatory. Condition (1.3) is more general than the well-known

Fite-Wintner-Leighton criterion (see Fite [7] and Leighton [20]): if

t

lim [ ¢(s)ds = o0, (1.4)

t—o0 to

then (1.2) is oscillatory. In the original work of Fite [7], it was assumed that

q(t) > 0. Leighton [20] studied the more general linear equation

[p(t)a' (1)) + q(t)x(t) =0, (1.5)

where p(t) is a positive continuous function. The method of proof of Wintner [43]
differs from that of [7] and [20] and it is the first result based on integral averages.

Hartman [14] improved the result of Wintner [43] by proving that condition (1.3)



can be replaced the weaker one:

1 t s 1 t s
—o0 < liminf —/ / q(u)duds < lim sup —/ / q(s)duds < oo. (1.6)
to Jto t to Jio

t—oo t

The result of Wintner was also improved by Kamanev [16], who proved that the

condition

t
lim sup tln/ (t —s)" 'q(s)ds = co, for some n > 2, (1.7)

t—o00 to

is sufficient for oscillation of (1.2). Kamanev’s criterion extended by Philos [30],

was further generalized for the damped linear equation
" +rt) +qt)x(t) =0 (1.8)
by Yan [50] and Yeh [53]. They proved that if » and ¢ satisfy

t
lim sup t”/ (t —s)"s™q(s)dsdt = 0o (1.9)

t—o0 to

and

limsupt™" /t: [(t —s)r(s)s +ns —m(t — s)} 2(15 —5)" 2™ 2ds < 00, (1.10)

t—o00

where n > 1, 0 < m < 1, then Eq.(1.8) is oscillatory.
In [34], Philos proved that if there exists a continuous function H(¢,s) from
D = {(t,s)| t>s>ty} to R such that H(t,t) =0 for t > to, H(t,s) > 0 for all

t > s and that

—%—H(t, s) = h(t,s)\/H(ts), forall (t,s) €D,
S



and

lim sup

nSUD o) /t: {q(S)H(ta s) — ihQ(t, s)} ds = oo,

then (1.2) is oscillatory.

Later, using a generalized Riccati transformation

o) =eso( =2 [ soas oo (4184 500 ),

where f € C1([tg,00);R) is a given function, Li [22] gave some extensions to the

results of Philos for (1.8). The results of Philos and Li have been extended to the

nonlinear differential equation

{p(t)cb(ﬂf(t))x’(t)} +r()2'(t) +q(t) f(x(t)) =0 (1.11)

by Grace [8].
Recently, Kong [18] proved that (1.2) is oscillatory if for each a > ¢y, there

exists n > 1 such that

t 2
lim su tl_”/ s—a)"qg(s)ds > _n 1.12
mswpt' " [ s = a)a(a)s > oy (1.12)
and
X t n2
li " t—s)" d L — 1.1
imsup [3 als)ds > s (1.13)

One of the most considered differential equations of sublinear and superlinear

types are the Emden-Fowler equation,

2" (t) + q(t)|z(t)|"sgn z(t) = 0, (1.14)



where v > 0 is a constant, and the generalized Emden-Fowler equation

2"(t) +q(t) f(x(t)) = 0 (1.15)

under appropriate assumptions on f € C(R,R) () C*'((—o0,0) [ J(0,00)). We note
that according to Definitions 3.2 and 3.3 given in Chapter 3, (1.14) becomes
sublinear if 0 < v < 1 and superlinear if ~ > 1. Similarly, (1.15) becomes
sublinear and superlinear if f satisfies the conditions of Definitions 3.2 and 3.3,
respectively. Since (1.15) are prototypes of sublinear and superlinear equations,
let us mention several oscillation results obtained for them.

In [3], Butler proved that Wintner’s criteria for (1.2) remains true for the
superlinear equation (1.14). In the sublinear case, Kamanev [15] showed that

(1.3) can be relaxed to

1 t s 1 t
lim sup ;/ / q(T)drds = limsup —/ (t —s)q(s)ds = oc. (1.16)
to Jto

t—oo t—o0 to

Willet [41] proved that (1.16) alone is not sufficient for the oscillation of (1.14)

when v > 1. In [47], Wong proved that in addition to (1.16), the condition

t
liminf [ ¢(s)ds = —v > —o0, (1.17)

t—o00 to

where v > 0 implies that the superlinear equation (1.14) is oscillatory. Wong’s
result also shows that (1.2) is oscillatory.

In the 1960s, efforts were made to show that oscillation criteria for the linear
equation and for the Emden-Fowler equation remain valid for the generalized
equation (1.15).

Philos [31, 32] and Onose [38] extended the result of Wong [47] to the general

case of the superlinear differential equation (1.15). It follows from Wintner’s and

5



Hartman’s criteria, (1.16) together with the condition

1 t s
lim inf —/ / q(u)duds > —o0 (1.18)
to Jto

t—oo T

are sufficient to prove the oscillation of (1.2). By an application of the

Cauchy-Schwarz inequality, we see that (1.16) implies the condition

t s
lim inf% [/ q(1)dr)*ds = co. (1.19)

t—o00 to to

Philos and Purnaras [37] give an affirmative answer to the question as to whether
conditions (1.18) and (1.19) are sufficient for the oscillation of (1.15). In place of

assumption (1.18), they used the condition

1 t
lim sup tn—_l/ (t —s)" q(s)ds > —oc0 (1.20)
to

t—o00

for some integer n > 2 in the sublinear case, and the condition

1 t
limsup — [ (t —s)" *q(s)ds > —o0, (1.21)

oo tn— 1 to

for some integer n > 1 in the superlinear case. Clearly, both (1.20) and (1.21) hold
if (1.18) is satisfied. Philos and Purnaras [37] established the following oscillation

criteria.

Theorem 1.3 Suppose that xf(x) > 0 for x # 0 and

. , T du ) , T du
mm{;r;%f (x) Tl glcggf (z) /0 m} > 0. (1.22)

The sublinear equation (1.15) is oscillatory if (1.19) and (1.20) are satisfied.



Theorem 1.4 Suppose that xf(z) >0 for x # 0 and

mm{ggf’(x) Oj%, inf f(x) /;%} > 1. (1.23)

The sublinear equation (1.15) is oscillatory if (1.19) and (1.21) are satisfied.

In this thesis we study the oscillatory behavior of nontrivial solutions of the

nonlinear second order ordinary differential equations of the form

d

7 |[POo(()e(@’(t) | +4(t)f(2(t)) =0, t =t (1.24)

where p, ¢, ¥, ¢ and f are given.

We note that according to the types of the nonlinearities appearing in (1.24),
the equation can be classified as half-linear, sublinear or superlinear. For example,
when we take ¢(s) = 1, ¥(s) = f(s) = |s|*'s, @ > 1, Eq.(1.24) reduces to a
half-linear equation. In the case where 1(s) = [s|*'s, a > 1, and ¢ and f satisfy
the conditions of Definitions 3.2 and 3.3 given below, respectively, Eq. (1.24) is
called a sublinear and a superlinear equation.

This thesis is organized as follows.

Section 1.2 includes some definitions and fundamental facts. Specifically, a
most important lemma due to Hardy, Littlewood and Polya [13] used in proving
the oscillation criteria is given.

In Chapter 2, first the integral averaging method and some oscillation criteria
using this method are mentioned for the linear equations. Then using averaging
method several oscillation and nonoscillation theorems of Manojlovic [28] for the

half-linear equations in the form

!/

p(t) [ 2'(t) [*71 2/ (1) +at) [=(t) |*7F x(t) = 0, ¢ > to,



where p € C([tg,00); (0,00)), ¢ € C([to,00);R), and a > 0 is a constant, are
presented.
In Chapter 3, we discuss oscillation and nonoscillation criteria for second order

nonlinear differential equations of sublinear and superlinear types in the form

[p()p(x(1)2' ()] + q(t) f(x(t)) =0, t=to >0,

where p € C*([tg,); (0,00)), ¢ € C([tg,00);R) is allowed the change sign on
[to, ), ¢ and f € CY(R,R) such that ¢(z) > 0, zf(z) > 0, f'(z) > 0 for x # 0.
These criteria are obtained by using integral averaging method.

Chapter 4 deals with some oscillation criteria for the nonlinear equation
/

p(t)o(a(t)) [ 2'(8) [*7 2'(t)| +q(t) [ 2(t) [*7* 2(t) =0, t > to,

where p € C*([tg, 00); (0,00)), ¢ € C([to,00);R), @ > 1 is a constant, and ¢ is a
continuous real valued function such that 0 < ¢(z) < v for all z € R and for some
~. The method of proof used in this chapter is the integral averaging method as

for the previous chapters.

1.2 Definitions and fundamental facts
In this section we shall give some definitions and general facts which will be used.

Definition 1.5 FEquation (1.1) is said to be oscillatory if all its solutions are

oscillatory.

Definition 1.6 A second order differential equation is said to be half-linear if

any constant multiple of a solution is also a solution.



Young’s inequality. Let a and b positive qualities and let p and ¢ be positive

real numbers satisfying the condition >+ 2 = 1. Then ab < %p + %.

Cauchy-Schwarz’s inequality. The inequality

/ u(z)v(z)|de < U lu(z)] d:v] /2{/ab|v(:p)|2dx} v

holds provided that the integral on the right exist.

Holder’s inequality. If p and ¢ are positive real numbers satisfying }D + % =1,

/ u(z)v(@)|de < U e |pdx} /pU:w(x)wdx} v

provided that the two integrals on the right exist.

then

The following well-known inequality which is due to Hardy, Littlewood and

Polya [13] is most useful in proving the oscillation theorems.

Lemma 1.7 If X and Y are nonnegative constants, then

X4 (q—1)Y9—gXYT1 >0, ¢>1,

where equality holds if and only if X =Y.



CHAPTER 2
HALF LINEAR DIFFERENTIAL EQUATIONS

2.1 Introduction

In this chapter we shall discuss the oscillation behavior for second-order half-linear

differential equations of the form

!/

p(t) | 2'(t) [ 2 ()| +q(t) | 2(t) | 2(t) =0, (2.1)

where p € C'([ty, 00); (0,00)), ¢ € C([t,00);R), and o > 0 is a constant.
Recently, the study of half-linear differential equations has become an
important area of research (see Agarwal et. al[l] and the references quoted
therein). This is largely due to the fact that half-linear differential equations
occur in a variety of real world problems such as in the study of p-Laplace
equations, non-Newtonian fluid theory and the turbulent flow of a polytrophic

gas in a porous medium.

2.2 Oscillation criteria for half linear equations

In this section, we shall employ the integral averaging method and the generalized
Riccati technique as well as Lemma 1.7 to obtain oscillation criteria for (2.1).
Here the results presented are extensions of Grace [8], Li [22] and Philos [36] to
Eq.(2.1).

10



Definition 2.1 By a solution of (2.1) on an interval [ty, 00) we mean a nontrivial
continuously differentiable function x(t) defined on [ty, 00) with p(t)|z’(t)|* 1z (t)

in C([tg, 0)) such that x(t) satisfies (2.1).
The main results are the following.

Theorem 2.2 Let H : D = {(t,s)| t > s>t} — R be a continuous function

such that
H(t,t) =0, t>ty, H(t,s) >0, t>s (2.2)
and
0H (t, s)
h(t,s) = — 2.3
(t.5) = == (23)

is nonnegative continuous function for (t,s) € D. If

lim sup

U g /tt {q(s)H(t, s) — p(s)h**(t, 5) ds = oo, (2.4

(a+ 1)otLHo(t, s)
then Eq.(2.1) is oscillatory.

Proof. Let z(t) be a nonoscillatory solution of Eq.(2.1). Assume that z(t) # 0,
for t > ty. Then defining

B p(t)|x’\°‘_1x’

w(t) = 22D for t > t, (2.5)

and differentiating this equation we have

|w(t>|(a+1/a)

(b)) (26)

w'(t) = —q(t) — o

11



Multiplying (2.6) by H(t,s) integrating over the interval [ty,t] we get

/t:W’(s)H(t,s)ds / q(s)H(t sds—a/ Hit l;{j/l:a)ds. (2.7)

By integration by parts and (2.2) we have

K _— = [ )25,
/to w'(s)H(t,s)ds = (to)H(t,t0) /to (s) 205) ds. (2.8)
Thus (2.3), (2.7) and (2.8) give
/t q(s)H(t,s)ds < w(te)H(t,to) + t lw(s)|h(t, s)ds (2.9)
o [ gl
/ Hit (p(s))H/ o

Now applying Lemma 1.7 with

SRR 1
X_( H(t’ )) " (p(s))(l/a+1)’

aa/a—H (p(s))(a/a+1)ha(t,8)
(a+1)>  H(t,s) /ot

I

and ¢ = (o + 1)/a we obtain

ws) @) pls)hH(,s)

o)) = ) e < o Dot )

ds.

Hence, (2.9) implies

t t a+1 S
H(tl, ) /to q(s)H(t,s)ds < w(ty) + m/top(s)hHTg’s))ds (2.10)

12



for t > to, where A = (a + 1)*™!. Consequently, a simple calculation implies

L t p(s)R*tH(t, )
H{(t, to) /t {q(sﬂﬂt’ 9 (a+ )erHa, s)] ds < w(ty), t21to.

Taking the upper limit as t — oo, we see that

1 ¢ p(s)hoH (L, 5)
H{(t, to) /to [Q(S)H(t,S) “aq 1)“+1Ha(t,s)}d8 < 00, V> 1,

which contradicts (2.4) and hence the proof is completed.

Remark 2.3 Taking H(t,s) = (t—s)* for some constant X > 1, which obviously

satisfies the conditions of Theorem 2.2, Theorem 2.2 reduces to the oscillation

criteria of Li and Yeh [25].

Corollary 2.4 If condition (2.4) in Theorem 2.2 be replaced by

LR (L)
I; ) ds <
NP Ht o) /t Helts)
and
1 t
lim su / s)H(t, s)ds = oo,
D e ) q(s)H(t, s)

then Eq.(2.1) is oscillatory.

As an application of Theorem 2.2, we consider the following example.
Example 2.5 Consider the differential equation

2 —cost

(V|2 ()| > 2 () + P <>\ + sin t) lz(t)|*x(t) =0, (2.11)

for t > tg, where v, X\, a are arbitrary positive constants and o # 2.

13



Then, for any t > ty, we have

/ q(s)ds :/ d[s"(2 — coss)] = t"(2 — cos s) — t§(2 + costp)

to to

=t"(2 —coss) — kg >tV — ko.

Taking H(t,s) = (t — s)? fort > s >ty and denoting by pn = (a+ 1)*, we have

@jmyll@—@%@y—ﬁigiﬂds
o {2@ ) ( /t:qw)du) - %} s

2 ! A 1 ! l1-a
>— [ (t—9)(s" — ko)ds — (t—s) " “ds
,LL to

2> ki ks ks to\ >
O+D)0+2) BT TR ’

26072 2 201!
where k’l = 2 koto, kQ = 2k0t0 — S k3 =

al . It is not difficult to see

1
tgu(2—a)
that the limsup of the above expression goes to infinity. Thus, condition (2.4) in

Theorem 2.2 is satisfied and hence Eq.(2.1) is oscillatory .

Theorem 2.6 Let the functions H and h be defined as in Theorem 2.2 such that

(2.2), (2.3),

0 < inf [timint 2L | < o (2.12)
s>tg| t—oo H(t,to)
and
t ha—i—l(t S)
lim su §)———">ds < 00, 2.13
s g | PO ) 21

are satisfied. If there exists a continuous function ¢ on [ty,00) such that for every

TZtO;

lim sup

m Sup /t[q(S)H(t,s)_ PO T g

T (o + 1)t He(t, s)

14



and

s ofatD)
/to —‘p&(s))l/(a)ds — o0, (2.15)

where ¢ (s) = mazx{p(s),0}, then Eq.(2.1) is oscillatory.

Proof. We suppose that there exists a solution x(t) of Eq.(2.1) such that z(¢) # 0
for t > ty. Defining the function w as in the proof of Theorem 2.2, we get (2.9)
and (2.10). Then, for t > T > ty, we have

. 1 t s)hoti(t, s
llltriilolp W/T [q(s)H(t, s) — (a]:g 1))a+1]§a<t)7 3 ds < w(T).

Therefore, by (2.14) we have

o(T) <w(T), forevery T >t (2.16)
and
t
li H > : 2.1
meup s [ B (1,9) 2 plt) 217

Let us define the functions

1

F(t) = H(t, to)

/t w(s)|h(t, 5)ds

and

o [ ()
““:mM@LH“@@@WQ%

Then, by (2.9) and (2.17), it easy to see that

lim inf{G(6) — F(0)] < wi(to) — limsup m /t o(s)H (L, 5)ds
< w(ty) — p(to) < oo. (2.18)

15



We shall next prove that

< (@
/to (p(s))17 ds < oo. (2.19)

If we suppose that (2.19) fails, there exists a ¢t; > ¢y such that

(a/a+1)
/‘w sl ds > 1 (2.20)

S 1/a

where p is an arbitrarily positive number and £ is a positive constant such that

el Hts)
Slgtfo [hggf H(t,to)} > &> 0. (2.21)

Using integration by parts and (2.20), we have

a+1/a
= —— / ]w ds
H(t, to) J, (p(r)) /e
Q ‘w a+1/a
> — d
= TH(LW) (/ ()T )S

o OH uH(t, t1)
& SH(t7 to) /tl ds H ( )d gH(t tO) ’

for all t > t;. Also, by (2.21), there is ¢t > t; such that ggié; > & for all t > to,

and so G(t) > p for all t > t5. Since p is arbitrary,

lim G(t) = oo. (2.22)

t—o0

Further, consider a sequence {7},}°° in (¢, 00) such that lim 7,, = oo and

n—oo

lim [G(T,) — F(T,)] = liminf[G(t) — F(t)] < co.

n—oo t—o0

16



Then, there exists a constant M such that

G(T,) — F(T,) < M, (2.23)

for all sufficiently large n. Since (2.22) ensures that

lim G(T,,) = oo, (2.24)
(2.23) implies
lim F(T,) = oo. (2.25)

By taking into account (2.24), from (2.23) we derive for n sufficiently large

F(Tn) —1>— > —
Therefore,

F(T, 1

GET:; > 3 for all large n,

which together with (2.25) implies

' Fa+1(Tn)
T}LI& W = Q. (226)

17



On the other hand, by Holder’s inequality, we have for every n € N

1 I
F(T,) = —— h(T,, s)d
T) = G ) W, s
B /‘Tn a(a/oc-H) ’w(S)lH(a/a+1)(Tn, S)
i H(a/a+l>(Tn,to) (p(s)) (/oD
y S (T, ) (p(s) D
S
Hl/a+1 T to) H(a/ole)(Tn,S)
Tn ]w( )|(a+l/a)H(T”’8)d3 a/a+1
- HTn,to (p(s))/e
T o 1/a+1
n h +1 Tn
% D s)Md :
aH(T,, t,) Tn,to H~(T,,s)

and so

a+1 Th a+1
F (Tn) < 1 / p(s)h <Tn’8)ds.
G~(T,) a*H(T,, to) H~(T,,s)

Thus, because of (2.26), we have
, 1 /Tn hetY(T,, s)
lim ——— p(8) ——ds = o0,
n—oco H(T,,t0) Jy, (s) H~(T,,s)

which gives

1 t ha+1(t S)
m —— ns) g
i H(L 1) /to p(s) Ho(t,s) %

contradicting (2.13). Therefore, (2.19) holds. Now, from (2.16) we obtain

P (s)  J(s)|/o+
/to (b(s))V/a dsg/to (s <

which contradicts (2.15). This completes the proof.

18



Theorem 2.7 Let the functions H and h be defined as in Theorem 2.2 such that
(2.2), (2.3), (2.12) and

) 1
lim sup

el H{(t, o) /to la(s)|H (t, s)ds < oo, (2.27)

are satisfied. If there exists a continuous function ¢ on [ty,00) such that for every

T >t

. 1 ‘ p(s)her(t, s)
htrgglf W/T [q(s)H(t, s) — ot ) Ho () ds > o(T), (2.28)

and Eq.(2.15) holds, then Eq.(2.1) is oscillatory.

Proof. For the nonoscillatory solution z(¢) of (2.1) as in the proof of Theorem
2.2, (2.9) and (2.10) are satisfied. As in the proof of Theorem 2.6, (2.16) holds
for t > T > ty. Using (2.27), we see that

1 t
limsup[G(T') — F(T')] < w(ty) — liminf —/ q(s)H(t, s)ds < oc.
t—o00 t—o0 H(t7 t[)) to

It follows from (2.28) that

. 1 ' L p(s)htH(ts)
©(ty) < hggf Hitto) {/t q(s)H(t,s)ds —/t o+ 1)0‘+1Ha(t,s)d$} < 00.

0 0

Thus, (2.27) implies

L inf 1 /t ( )h“+1(t,s) -
11m 1n S)——— 0.
= (a+ Dot H(t t) J, DY THA(t 5)

Considering a sequence {7,}22; in (o, 00) with lim T,, = oo such that
n—od

lim [G(T,,) — F(T,)] = limsup[G(T') — F(T)].

n—0o0 t—00
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Then, using the procedure of the proof of Theorem 2.6, we conclude that (2.19)
is satisfied. The remainder of the proof proceeds as in the proof of Theorem 2.6.
We observe that Theorem 2.6 can be applied in some cases in which Theorem 2.2

is not applicable. Such a case is described in the following example.

Example 2.8 Consider the differential equation
/

(t”|w’(t)]a_1x'(t)) + t* cost|x(t)|* T a(t) = 0, (2.29)

fort > to, where v, A\, are constants such that —1 < A <1, v < a, a # 2, and

o\ > (a+1)(v — ). Taking H(t,s) = (t — s)?, t > s > to, we have

v—a — 2—« .
L /t s'(t —s)'7%ds < =5 >0

t— )2 Vo .
(t=t) Ju G () e, o

Therefore, condition (2.13) is satisfied and for arbitrary small constant € > 0,

there exists t1 > to such that for T > t;

I ! /t (t — 5)2s* =) s PreosT
1m sup — —S)° 8 COSsSs —S§ —m——— S — COSs — &.
t—>oop t2 T (]- + Ol)l—HX -

Now set ¢(T) = —T*cosT — e. Then, there exists an integer N such that

2N+ 1)r —n/4>t and if n> N

(2n + 1)m — §T§(2n+1)7r+%, o(T) > 6T,

e~

where § is a small constant. Taking into account that o*\ > (a+ 1)(v — a),
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we obtain

oo (a/a+1) o0 2n+1)r+7/4
/ Y+ 1/(5) ds > Z 5a/a+1/ 8(o<>\/a+1)—1//ads
to (p(S)) n=N 2n+1)r—7/4

2n+1)m+7/4 ds

a/a+1 B
>y gt | ® oo
n=N (

2n+1)r—m/4

Accordingly, all conditions of Theorem 2.2 are satisfied and hence, Eq.(2.29) is

oscillatory.

Theorem 2.9 Suppose that the functions H and h are defined as in Theorem 2.2
such that (2.2) and (2.12) hold. If there exists a positive, nondecreasing function

p € CY([tg,0)) and

lim sup/t [Q(S)P(S)H(t>s)  (a —i-]l?;jl[jgl(t,s)

t—o00

X (h(t s) + p/(S) H(t s)) 1} ds = oo (2 3())
) (S) ) b *
then Eq. (2 1) 18 oscillatory.

Proof. Let x(t) be a nonoscillatory solution of (2.1). Without loss of generality,

we assume that x(t) # 0 for t > t5. Now we define

)
O = e

, for all t>t,.

Then, for every s > ty, we obtain

‘w(s)‘oﬁ-l/a

s rrmenT (2.31)
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If we multiply (2.31) by H(t,s) for t > s > ty, integrate from ¢, to t and use

(2.8), we get

/t W/ (s)H (2, 5)ds — — /t o(s)p(s) H(t, 5)ds + /t PS) sV, 5)ds

p(s)
O]

- &/to H(t, S)st.

Using (2.8), we have

/t q(s)p(s)H(t,s)ds < w(te)H(t,tg) —i—/t <h(t s) + Z/((S;H(t, 3))]w(s)]ds

|a+1/a
_ &/ Ht, 5 ST (2.32)

l/a

Furthermore, an application of Lemma 1.7 with

v () () (e )

and ¢ = (o + 1)/a yields

lw(s)| (h(t s) + pléj))H(t s)) —aH(ts) o

ps)ols) J(6)
< Gty ()

Hit, s))aH. (2.33)

Thus, from (2.32) and (2.33) we obtain

o p(s)ols)
w75 15 | (s - B

X (h(t, RO s))aﬂ} ds < w(ty) < oo
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which contradicts (2.30).

Corollary 2.10 Let (2.30) in Theorem 2.9 be replaced by

| L pls)(s) :
i g | et g (h“’s) ) H“’S)> do <o

t
lim su / s)p(s)H(t,s)ds = oo,
S gy ), qa(s)p(s)H(t, s)

then the conclusion of Theorem 2.9 holds.

Example 2.11 Consider the differential equation

(2.34)

(2.35)

(t”|a:’(t)|a_1x'(t)) + MA3(2 — cost) + 2 Zsint] |z (t)[*Tz(t) =0, (2.36)

fort >ty > 0, where X is arbitrary positive constant and v, are constants such

that v < a — 2, a < 1. Here, we choose p(t) = t* and H(t,s) =

(t —s)? for

t > s>ty Then, since p(t)q(t) = L[s*(2 — cos s)], as in Evample (2.5), we get

ds

/tp(s)q(s)ds >t — ko,

to

and therefore

1 ! 2t ki ko
—_— t—s)? ds > — 4+ = -
(t —t9)? /to (t=s)pls)als)ds 2 A+1D(A+2) TR
oA +2 9 g1 ) o
where ki = S5 — kotg, k2 = 2koto — S84 Since A > 0, the upper limit of the

left-hand side of the last inequality tends to infinity, (2.85) is satisfied. On the

other hand,
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1 t Su+2 9 atl .
2 / ( 2a (Q(t —s)+ g(t — 3)2) ds = ta—12a+l/ Sll—a+1(t . S)l—ads
to

(t —to) t—s) to
1— _ _
t ) atlj a+2 tl(; a+2

<2a+1 1__0
- t v—a+2

Y

so that (2.34) is also satisfied. Consequently, Corollary 2.10 implies that Eq.(2.36)

15 oscillatory.

Following the procedure of Theorems 2.6 and 2.7, we can also prove the

following two theorems.

Theorem 2.12 Let the functions H, h and p be defined as in Theorem 2.2 such
that (2.2), (2.8), (2.12), and

. L ["p(s)p(s) P(s) !
h?iifp T 10) /to Ho(r,5) (h(t,s) + o0s) H(t, s)) ds < 00

are satisfied. If there exists a continuous function ¢ on [ty,00) such that for every

TZtOJ

| L p(s)p(s)
hiriilp W/T {C](S)P(S)H(ta 5) = (o4 1)e+1Ha(t, s)

x (h(t, 3)'(;/ ((::))H(t, 3))(1“} ds > o(T),

and (2.15) is satisfied, then Eq.(2.1) is oscillatory.
Theorem 2.13 Let the functions H, h and p be defined as in Theorem 2.2 such

that (2.2), (2.3), (2.12), and

1 t
lim su —/ s)|p(s)H(t, s)ds < oo
P . e

t—o0
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are satisfied. If there exists a continuous function ¢ on [ty,00) such that for every

T2t07

. 1 ¢ p(s)p(s)
s 75 75 [0 - G

X (h(t, RYACE s)ym] ds > ¢(T),

and (2.15) is satisfied, then (2.1) is oscillatory.

25



CHAPTER 3
SUBLINEAR AND SUPERLINEAR DIFFERENTIAL
EQUATIONS

3.1 Introduction

In this chapter, using a general class of the parameter functions H(¢,s) in the
averaging technique, some oscillation criteria for the second-order sublinear and

superlinear differential equations in the form

[p()o(x ()2 ()] + q(t) f(x(t)) =0, t =t >0, (3.1)

where p € C*([ty, 00); (0,0)), ¢ € C([tp,00);R) is allowed the change sign on
[to, ), ¢ and f € C*(R,R) such that ¢(z) > 0, zf(x) > 0, f'(z) > 0 for x # 0
are established.

The results obtained here are extension and improvement of Theorems 1.3
and 1.4 given in Chapter 1 due to Philos and Purnaras [37].

In order to simplify notation, we set the following definitions.

Definition 3.1 By a solution of (3.1) on an interval [ty, 00) we mean a nontrivial
continuously differentiable function x(t) defined on [ty, 00) with p(t)e(z(t))z'(t)
in C'([tg, 0)) such that x(t) satisfies (3.1).

Definition 3.2 Fquation (3.1) called strongly sublinear in the sense that

slir(l)l+ /0E %du and 511331* OE %du < oo for all €>0.
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Definition 3.3 FEquation (3.1) is called strongly superlinear in the sense that

O</:O%du and OOMdu<oo for all > 0.

u — [f(u)

Definition 3.4 Let H : D = {(t,s) : t > s > to} — R be a continuous and

have continuous partial derivative on D with respect to s satisfying
H(t,t) =0, for t>ty, H(t,s) >0 for t>s>t. (3.2)

(1) If H(t,s) satisfies

OH (t
h(t,s) = — 8(87 s) >0, for (t,s)€D, (3.3)
OH (t,s)
litrgglf Hg; 5 > —o00, for s> to, (3.4)
and
0 < liminf |lim inf Hits) < o0, (3.5)
s>to t—o0 H(t,to)

we shall say that it has a property H on D. We denote a class of functions
H(t,s) with property H on D by H(D).

(11) If H(t,s) satisfies (3.4) and (3.5),

H(t,t) =0, for t>ty, H(t,s) <0, for (t,s)€ D,
(3.6)
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and

0

£<p(3)88_i[(t,3)> >0, for (t,s) €D, (3.7)

we shall say that it has a property HY on D.We denote a class of functions
H(t,s) with property HE on D by HX(D).

Here, we also impose the following additional assumptions on the function f and

¢ in both sublinear and superlinear cases. Namely, in the sublinear case, suppose

that
. f(@) [T o(u) . S@) [T ou)
min i £ [ e w e [ fa e 69
and define
— xM U or I xr) = _xM u or x
O(z) = 0+f(u)d’ fi >0, d(z) / f(u)d’ fi <0,

while in the superlinear case suppose that

Lyo= min{inf g(x) /:O ?Euidu, inf £ @) /__OO “b(“)du} >1  (3.9)

z>0 P(x) U 2<0 ¢(x) J_p f(u)
and define
— OOM U or x xr) = 700@ U or I
\Il(x)—/x f(u)d , T >0, U(x) g f(u)d , T < 0.

Obviously, for ¢(x) =1, (3.8) and (3.9) reduce to (1.22) and (1.23) of Theorems
1.3 and 1.4, respectively.

Before proceeding, let us introduce the following lemmas which will be used in
the proof of our theorems. For that purpose, we consider an arbitrary

nonoscillatory solution x(t) of (3.1). In other words, by definition x(t) # 0 for
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t > Ty for some Ty > ty. Let us define

w(t) = d(a(t)), (3.10)
in the sublinear case and

w(t) = W(a(t). (3.11)
in the superlinear case for every t € [T}, 00).

Lemma 3.5 If we suppose that for arbitrary nonoscillatory solution x(t),

= [(x(s))
7 ¢(x(s))

p(s)[w'(s)]*ds = oo, (3.12)

then for the function H(t,s) which satisfies Eqs.(3.2) and (3.5) and has a
continuous, nonpositive partial derivative on D with respect to the second order

variable, it follows that

1
)
NP T)

/T H(t, s) J;gg)))) p(s) [ (s)]ds = 0. (3.13)

Proof. According to Eq.(3.5) there exist a constant p such that

inf |liminf At 5)

0 3.14
%[Hm H(t,%)] > >0, (3.14)

so that by (3.12), there exists 77 > T} such that

i g((xx((j))))p@)[w’(s)]?ds > %, for every t > Ty,
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where 4 is an arbitrary constant. Then we have that

! / Hit )L sy )

(. T0) 5(a(5))
[ ( (jfj;))m ! (F)d )

P [
T( ) ([ L)
)(/

—HtTo /T< - ];((fg))))p (T)]2d7>ds
>ty fu (0o = S

Since (3.14) guarantees that

P H(ta Tl)
1 f >
e Hitty) ~

there exists T5 > T} such that

H(t,Ty)

Ht, o) > p, forevery t>T,.

Consequently,

H <t1, Ty) /T H(t’S>J;((;((sS))))p (8)w(s)l*ds = i, for every > Ty

which shows that (3.13) holds.

Lemma 3.6 If the following condition holds:

1 [t d
lim sup—/ =< 00, (3.15)
t—oo to p(S)
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and for an arbitrary nonoscillatory solution x(t) of Eq.(3.1),

* ['(x(s))

L s) p(s)[w'(s)]*ds < oo (3.16)
then it s
lim @ —0. (3.17)

Proof. First, we consider the sublinear equation. That is, the functions ¢ and f
appearing in the equation satisfy the sublinearity condition. By Eq.(3.8), there

exists a positive constant § such that

o)) = LEW iy s 6 1> (3.18)

Also, by (3.15), there exists a constant M such that

1 [t d
M = sup —/ 5
>y t Jr, p(8)

Let us consider an arbitrary number £ > 0. We can choose a 17 > Tj, so that

By using the Cauchy-Schwarz inequality, for t > T}, we derive

f e

Cpa(s))
= l 1 #(a(s)

w(t) —w(Ty) <

' o) ds} v

s | [ L0
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and thus by (3.19), we get

Ves [ [ ola(s) 7"
w(t) <w(Ty) + Wi [/Tl f’(x(s))p(s)ds} for t>T;. (3.20)
If we suppose that
* o(x(s))

ds < 00,

n f'(x(s))p(s)
then from (3.20), we conclude that w is bounded function on [T}, 00), so that

(3.17) is true. Thus, we restrict ourselves to the case where

* o(x(s))
n f'(@(s))p(s)

ds = o0.

In that case, there exists Ty, > T such that

Ve Tt oa(s) 7
ot <35 [ ] et

so that from (3.18) and (3.20), it follows that for ¢t > Ty,

w0 < | T e Ll s T e
Thus, e
p(t) [/T p(s) ds] < i)’ for ¢ > Tb.

An integration of the last inequality from 75 to ¢t with ¢t > T3, gives

L] L5 = Lt = v

By setting

2
Ts :max{Tg, [



we obtain for ¢t > Tj,

U | w(3>d8} " L VEM, V ) w(s>d8} N < VAL, mﬂ < Vet

7, P(s) 2 7, p(s) 2 2 -

Then, from (3.21), it follows that

w(t) < et, for every t > Tj,

which, since € > 0 is arbitrary, completes the proof for the sublinear equation. In

the case of the superlinear equation, (3.9) ensures that

_ ['=@)
¢(x(t))

U(z(t) > 1, for ¢t > T (3.22)

Next, following the same procedure as for the sublinear equation, for 6 = 1, we
can prove (3.17).
We are now ready state and prove oscillation criteria for the sublinear and

superlinear equations.

3.2 Sublinear equations

In this section we present oscillation criteria for the sublinear equations.

The main result of this section is as follows.

Theorem 3.7 The sublinear equation (3.1) is oscillatory if (3.15) and

1 t 1 s 2
lim sup —/ — {/ q(T)dT:| ds = 00 (3.23)
t to to

t—00 p(s)
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hold for some function H € Hy*(D), and

t
lim su /Ht,s s)ds > —oo 3.24
ms g [ Bt (321)

15 fulfilled.

Proof. Assume the contrary; then there exists a nonoscillatory solution x(t) of
Eq.(3.1) on Ty > to such that x(t) # 0 on [Ty, 00) for some Ty > to. We can easily

show that the function w(t) defined by (3.10) satisfies the equation

f'(x(t))
¢(x(t))

(p()w'(t))" = —q(t) = PO @), t > Tp. (3.25)

We separate the proof two cases where

| 0o ottt ' s s

To

is finite or infinite, and arrive in each case at a contradiction.

CASE 1. Suppose that

= ['(=(1)

) p(t)[w' (t)]*ds < oo.

In this case, according to the Lemma 3.6, Eq.(3.17) is satisfied. From (3.25) we

see that

/t d(s)ds = €1 = ployuf(o) - [ %Mw'(sn?ds > 00

for all ¢t > T}, where

C = / " a(s)ds + p(To)! (T).

to
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Then, we have

[ A tq<s>dsr - o= - J;éjfj;;p<s>[w’<s>12dsr

<302 4+ 3p(Ow (O] + 3 [ / '@(S”p(s)[w'(sn?ds}

7, ¢(7(s))
< Cy + 3[p(t)w' (t)]?

for every t > Tj, where

2

et [ ]

By taking
To Q2(5>
to p(s>

t
Q(t):/ q(r)dr, t>1ty and o= ds,
to

and using (3.18) we derive

P S
<0+ & [ [ oo
<TG [ [ oo e ras
<5 Lt o] 50
for every ¢ > Ty. Consequently,
St G L G e, 2

where

_ 3 [T LEE) S s)ds > 0.

C=5 L dlals)

35
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On the other hand, by (3.17), we can choose T > Tj such that w(t) <t for
every t > T*. Therefore,

max w(s) < max w(s)+t, forevery t>Ty.
To<s<t To<s<Tx

Thus, Eq.(3.26) gives

L[ @y <o G O
to

< — | max w(s)+t|,
t Ji, p(s) t t (5) ]

p(s) R P

Accordingly , by taking into account (3.15), we conclude that

IS ? 1 [ d
lim sup—/ — [/ q(T)dT} ds < Cy+ Cy limsup—/ < 00,
t—oo  t Sy P(5) [ iy t—00 to p(s)

which contradicts assumption (3.23).

CASE 2. Suppose that

* ['(x(s))
7 ¢(x(s))

p(s)[w'(s)]*ds = oo.

In this case, according to Lemma 3.5, Eq.(3.13) holds. From (3.25) we obtain

H(t s)a)ds+ [ )Ty ts)2ds = — [ H(t ) syl () ds

Ty Ty P(x(s)) Ty

for every t > Tp. Integrating by parts, using properties (3.2), (3.6) and (3.7) of
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the weighted function H(t,s), we have that

/tH(t,s)q(s)dS—l—/t H(t,s)];((xxéj))))p(s)[w’(s)]st

B PG

< ) H{(t,s)q(s)ds + ) Hi(t,s) W(S))p( )w'(s)]d
+ H(t, To)p(To)w' (Ty) — %—ZHs(t, To)p(To)w(To)

To 0 fa(s)

< H(t,t) i lq(s)|ds + H(t,to) i o(z(s))

oOH

+ H(t, to)p(To)[w'(To)| — E(@ to)p(to)w (7o),

p(s)[w'(s)]*ds

which implies that

: 1 ! f'(x(s)) 172
fmsup s /t H(t. ) S (o) ()
OH (¢ t4)

1 t
< L — p(to)w(Ty) lim sup -25-"—- — lim inf / H(t,s)q(s)ds,
>~ p( 0) ( 0) t—>oop H(t,to) o0 H(t,to) o ( )Q( )

where

I N L L C00) NNA
L= [ lato)ids + [ G 6)Pds £ p(T) /(1)

Thus, according to Egs. (3.4) and (3.24), we conclude that

lim sup ﬁ A Hit, s)f;g((;))) p(s)[w'(s))%ds < oo (3.27)

which contradicts (3.13). Therefore, the proof of the theorem is completed. By

an application of the Cauchy-Schwarz inequality, we have
1 t 1 s 2 1 t 1 S 2 1 t
(L [ wmes) = (3 [ g L o] o) G L)
t to p(S) to t to p(S) to t to p(S)
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Consequently, by Eq.(3.15), we deduce that the condition

INVA B
limsup—/ —/ q(T)drds = 00 3.28
t—o00 to p(S) to ( ) ( )

implies (3.23). Therefore, we have the following corollary.

Corollary 3.8 Equation (3.1) is oscillatory if (3.15) and (3.28) hold and for the
function H : D — R with a property HY, Eq. (3.24) is satisfied in the sublinear

case.

Now, we state and prove oscillation criterion for the superlinear equation (3.1).

3.3 Superlinear equations

The purpose of this section is to present oscillation criteria for the superlinear

equations.

Theorem 3.9 The superlinear equation (3.1) is oscillatory if (3.15) and (5.23)
are satisfied and for the function H € H(C') for which there ezists constant

m > 1/Ly, such that

OH (4 6))2
%(p(s)%—lj(t, s)) > m%p(s), for (t,s) € D, (3.29)

(3.24) is fulfilled.
Proof. Assume that the differential equation (3.1) has a nonoscillatory solution
z(t) # 0 for every t > Ty > to. From (3.11), by differentiation and using (3.1),

we obtain

p(t)[w' (t))?ds, t > Ty. (3.30)

We consider two cases there fTOOo (f'(z(s))/d(x(s)))p(s)[w'(s)]?ds is finite or

infinite.
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CASE 1. Suppose that

= ['(x(s))
mn ¢(@(s))

p(s)[w'(s)]*ds < oo.

In this case, according to Lemma 3.6, we have that (3.17) is true. From (3.30),

we obtain

p(s)[w'(s)]*ds, for t > T,

[ atsyas = Ko+t - [ 22D

where

Ki= [ als)ds = p(To'(Ty)

to

Thus, if we define

= ['(2(s))
7 ¢(x(s))

Ky =3K? + 3[ p(s)[w’(s)]st] 2,

[ /t:q(s)dsr < 3Kf+3[p(t)w/(t)]2+3[ : J;g((;); 2

< Ky+3ptw'(#)]? t>Tp.

o))

Condition (3.9) guarantees that (3.22) holds for every ¢ > Tj. Accordingly,
following the same procedure as in the proof of Theorem 3.7, for § = 1, we can

arrive at the contradiction to (3.23).

CASE II. Suppose the following

T°° J;((j((j))))p<s>[w’<s>]2ds — 0.
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According to Lemma 3.5, Eq.(3.13) holds. From (3.30), it follows that

t

H(t,s)q(s)ds+ [ H(t, s)f/(x(s))p(s)[w’(s)Pds :/ (p(s)w'(s)) ds

To To ¢(x(s)) To
= —H(t, To)p(To)w'(Tp) —/T %—Ij(t,s)p(s)w'(s)ds. (3.31)

Let x : D — R be continuous function satisfying

_%(t, s)=x(t,s)\V/H(t,s), forall (¢t,s)eD.

By (3.29) there exists constant m > 1/L; , such that

% (p(s)%—i[(t, s)) > mx(t,s)p(s), forall (t,s)€ D.

Hence, we can choose real number R such that 1 < R < mLy,. We claim that,

for every t* > Ty, there is a t > t* such that

i H(t,s)];((j((j));p(s)[w'(s)]zds >R /T X(t, $)H(E, s)p(s)w'(s)ds.  (3.32)

Otherwise, there exists a t* > T such that

| H, S)J(;éjéj)))) p(s)[w'(s))%ds < R /T X(t, $)\WHE, s)p(s)w'(s)ds,  (3.33)

for all ¢ > t*. According to selection of the number Ly 4, we have that

o(z(t) _ w(t)
F®) = Ly

for every t > 1Ty. (3.34)
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By using the Cauchy-Schwarz inequality and taking into account (3.33) and

(3.34), for t > t*, we obtain

0< R/t X(t, 8)/ H(t, s)p(s)w'(s)ds

To

< (fmeaggggmoniora) " (] xeaggmom)

g (/ SRGELy) " y! RC (s (s)ds) .

VL \Jny Ty

so that we have for ¢ > t*,

/X(t,s) H(t,3)10(5)10’(s)ds§Li X2(t, 8)p(s)w(s)ds. (3.35)
To 9 JTo

On the other hand, using partial integration and assumption (3.29) we obtain

/Tx(t, s)VH(t, s)p(s)w'(s)ds = — ; 6g—ll;[(t,s)p(s)u/(s)ds
= w(To)p(To)%—iI(t, To) + /T w(s)% (p(s)%—il(t, s)) ds
> (Tg)p(To)aa—Z(t,To) +m ; X2 (t, 8)p(s)w(s)ds,

so from (3.35), we find that for all t > ¢*,

(=5r)
mLM)

where W = w(Ty)p(Ty) > 0. Therefore, from (3.33), we have for every ¢ > t*,

()AL Sp() (s)ds < —— S8 T,
Ty mbLygge OS

/t RW OH

Ht ) L) o (s))2ds < —%%—Z(t,%).
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Hence, since R < mLy 4, by (3.4), we conclude that

lim sup

Ht,s)! 25
ol H(E,Ty) I, (t,5)

which contradicts (3.13). Thus, we proved that (3.32) is satisfied, so that we can
consider a sequence (t,),en of points in the interval [Ty, oo], such that

lim ¢, = oo, and for all v € N,

V—00

" H ()T St ()Pds > R [ vt )T S)pls)u (s)ds

To ¢($(S>) To

Then from (3.31), it follows that

V H(t,,s)q(s)ds = — ! H(t,, S)Mp(s)[w’(s)Fds

Ty Ty o(x(s))

— H(t,, To)W* +/Tyx(t,,,s) H(t,,s)p(s)w'(s)ds
< —H W+ 2 [ g, 9@

R ) Sa(ay PO @ds, (336)

where W* = p(Ty)w'(Tp). Since R > 1, from the previous inequality and (3.13),

we derive that
1 by
lim — H(t,, s)q(s)ds = —o0,
V00 H(tV7T0) TO ( ) ( )

which shows that

lim inf !
1111 111
t—00 H(t, Tg)

/ H(t,s)q(s)ds = —oc. (3.37)

To

42



Finally, for every t > T, we obtain

/tH(t,s)q(s)dsg t OH(t,s)\q(s)]dS—F : H(t,s)q(s)ds

< H(t, 1) / la(s)ds + [ H(t, s)q(s)ds.

to To

Accordingly, (3.37) implies that

1
lim inf

t
H(t,s)q(s)ds = —o0,
mint s | H (o))

which contradicts (3.24) and therefore, proves the theorem.

Remark 3.10 If for function H € H(C), there exists some constant m > 1/Ly 4
such that (3.29) holds, then (3.7) is fulfilled, and accordingly, H € HE(D).
Therefore, the class of the weighted functions for which (3.24) together with (3.15)
and (3.23) ensures the oscillation of the superlinear equation (3.1) is smaller than

the appropriate class of the weighted functions in the case of the sublinear equation

(3.1).

Example 3.11 For the illustration let us consider the differential equation
[Vitz?™ ()2 ()] + (M 12 — cost) + t* sint]|z(t)|*sgna(t) = 0,

where m € N, o, A € R, ae > 1. First we observe that Ly = A/(A—2m—1) > 1

for allm € N. Also, Eq. (3.23) is satisfied. Furthermore, we get

/ q(s)ds = / d[s*(2 — cos 5)] = t*(2 — cost) — ko,

to to

t
where t)(2+ costy), so that t* — ko < / q(s)ds < 3t for every t > t,.

to
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Accordingly,

1 [t 1 s 2 2A—p et r—H 21—p
—/ —U q(T)dr] ds > UM U
to

t Jy, 0(S) _2)\—,u+1_)\—,u+1 1—p t’
where
22— p+1
le Ch = - 2ko  a—pt1 Tty al _ ko gontl
2’ AN—p+1"° A—pu+1 1—p°

Hence, condition (3.23) is also satisfied for A > 1/2.

We can choose H(t,s) = (Vt —+/5)%, t > s > to. It is easy to check
that H € H(C). Moreover, condition (3.29) holds for m < 1/2. To ensure the
assumption m > 1/Ly . it has to be a < 4m + 2. Besides that, we have

1 t 1 t s
+ [ =1 [ i vera( [ awa)
13 to t to to
1 t s
(oo
i to \/g to

ST

> ! P
“ O+ +D° e Y
where
0t 2ty t1/?
L, = — kot Ly = 2kov/to — :
1 )\+1 0b0, 2 0\/_0 2)\+1

Therefore (3.23) is satisfied. So, by Theorem 3.9, the differential equation

under consideration is oscillatory for A > 1/2 and o < 4m + 2.
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CHAPTER 4
NONLINEAR DIFFERENTIAL EQUATIONS

4.1 Introduction

In this chapter, we present a new oscillation criteria for the second-order nonlinear

differential equation

/

p(O)(x(t)) | 2'(t) [*7* 2'(t)| +q(t) | =(t) [*7* 2(t) = 0, t > to, (4.1)

where p € C'([tg, 00); (0,00)), ¢ € C([to,00);R), @ > 1 is a constant, and ¢ is a

continuous real valued function such that
0<o(x) <~ (4.2)

for all z € R, where 7 is real number. Note that if « = 2, p(t) = 1, and ¢(z) = 1,
then Eq. (4.1) is reduced to the linear equation (1.2) given in Chapter 1. Many
results guaranteeing that the solutions of (1.2) are oscillatory can be found in
the literature and some of them have been quoted in the introductory chapter.
However, the previously mentioned criteria of Wintner, Hartman, Kamanev, Yan,

Philos and Li cannot be applied to the Euler differential equations,

0
2" (t) + 2 z(t) =0, t>1ty>0, (4.3)

where > 0 is a constant, which is oscillatory if u > }l and nonoscillatory if

1
< g
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The purpose of this chapter is to study the general equation (4.1) and establish
some new oscillation criteria which contain some of the above-mentioned results
as special cases. Here we also extend and improve the results of Li [22] and Philos
[34]. Note that in 1996, Wong and Agarwal [44] established oscillation criteria

for the more general equation,

[p()|2'()]* 2/ ()] + Q(t, = (1)) = P(t, x(t), 2'(t)).

The authors [11], [45] and [46] also considered some special cases of this equation
by using the technique which is an extension of the methods used in the works
of Graef and Spikes [9] and Kwang and Wong [19] for the differential equations.

But their results for Eq.(4.1) required that

| = and [t <o (4.4

0 P(t) to

We will also show that we do not use any restriction on the functions p and ¢

above, which is of particular interest.

4.2 Oscillation criteria for nonlinear equations

In this section, we will establish some oscillation criteria for Eq.(4.1) which
generalize and improve Li [22] and Philos [34] criteria.

Let us start with the definition.

Definition 4.1 By a solution of (4.1) on [ty,00) we mean a nontrivial
continuously differentiable function z(t) defined on [tg, 00) with p(t)p(x(t))|z' (t)|* 22/ ()

in C([tg, 0)) such that x(t) satisfies (4.1).
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Theorem 4.2 Let Dy = {(t,s) :t > s>t} and D ={(t,s) : t > s > to}.

Assume that H € C(D,R) satisfy the following two conditions:
(1) H(t,t) =0 fort >ty, H(t,s) >0 for (t,s) € Do;

(11) H has a continuous and nonpositive partial derivative on D with respect to

the second variable.

Suppose that h : Dy — R is a continuous function with

= h(t,s)[H(t,s)]7, forall (t,s) € Dy,

where (1/p) + (1/q) = 1. If there exists a function p € C|[[ty, 0)]; (0,00)] such

that p'(t) > 0 for all t >ty and

limsup{ X (¢,t0) — Y (¢, t0)} = o0, (4.5)

t—o0

where

Y0t = g / p(olo(s) | (nte.s) + e s>]1/p%)]pds,

then Eq.(4.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of Eq.(4.1). Without loss of
generality let us assume that x(t) > 0 for all ¢ > T for some Ty > to. The

proof in the case where x(t) < 0 for all t > T} is similar. Let us define

(D) (x(t))P(='(¢))
p(x(t)) ’

w(t) = [p(t)] | 2 t> to, (4.6)

where ¥(s) = |s|*"2%s. Now differentiating (4.6) and using (4.1) and (4.2)

47



we obtain

= —sw(t) = p(t)a(t) — (p— D[yp(s)p(s)] w(t)|?, forall t > Tp. (4.7)

Then multiplying Eq.(4.7) by H(t,s) and integrating this equation from

To < T to Ty <t and considering (i7) leads to,
X, T)<w(t)—JEtT)+~Y(t,T), (4.8)

where

107 = gt [ footoints) 3 (tees) + 116, 000 )

+p—1)[vo(s)p(s)] w(s)|*H(t, s)— (h(t, s)[H(¢, 8)]””%11(@ 8))Iw(8)l}d8-

p

Since ¢ > 1, taking

we see that

and

XP 4 (p— D)Y? = ~4p(s)p(s) E (h(t, s)+ [H(t, )] p’(s))r

+ (0= Dlvp(s)p(s)] " hw(s)|"H{(t, 5)
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and hence using Lemma 1.7 we get

otep(s) | (nie.5) + LD |4 (o= Db o))
~ (W SH () + H 92 D) 20,

for all t > s > Tj. Also, by (4.8) we have

H(t, To)[X (¢, To) — 7Y (¢, To)] < H(t, To)w(To)
< H(t,1p)|w(To)|

< H(t,t0)|w(Th).
Therefore,

H(t,t0)[ X (t,t0) — vY (¢, t0)] = H(To,t0)[X (1o, to) — vY (To, to)]

+ H(ta TO)H(t? tO)[X(ta TO) - ")/Y(t? TO)]

< H(t,t) / g(s)\p(s)ds + H(t, to)]w(T)

- H(t,m{o/% la(s)lp(s)ds + |w(T0)|}=

to

for all ¢ > Ty. This gives,

lim sup X (, to) — 7Y (£, o) < / " a()|o(s)ds + [w(T)] < oo

t—o0 to
which contradicts Eq.(4.5). This completes to proof of the theorem.

Example 4.3 As a simple example consider the Euler differential equation (4.3)

fory > 1/4 and let H(t,s) = (t — s)* and p(s) = s fort>s>1, where A > 1.
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Then, using the inequality [15]
(t—s) >t = Ast™! t>s5>1
we can show that

X(tt) =7V (tt0) = =5z [ (=P T = sl = ) = S0 s

to 5 s

1 1
> (v — Z)limsuplogt—i— 3 — A = 0.

t—o00

Therefore, all the hypothesis of Theorem 4.2 are fulfilled and hence (4.3) is

oscillatory when v > 1/4.
Example 4.4 Consider the equation,
[P (1+ e PON 2/ ()] () + ¢ a(b)]a(t) =0, ¢ >t > 1.
Clearly
p(x)=1+e Pl <2=+ foral zeR.

Let us apply Theorem 4.2, with o = 3, p(t) =12, q(t) = 1, H(t,s) = (t — s)3, s0
that h(t,s) = 3 and p(s) = 1 so that p'(s) = 0. A straightforward computation

yields

X(t,to) — Y (t, ) = 0 —1230)3 (/t: (t _StO)gds —2 /t: szds)

= lim sup {t?’ Ins — 3t%s + 3ts” 33] t
t—o0 (t - tO)S 2 s=to
= 00.

Thus, Eq.(4.5) holds, and we conclude by Theorem 4.2 that equation is oscillatory.
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Here we also observe that (4.4) does not hold. Therefore, as stated before the

results of [11], [44] cannot be applied to this example.

Example 4.5 Consider the differential equation,

(731 4 e PO 2/ (1) |2 ()] + t 7 e () Px(t) =0, >ty > 1.

Let us take H(t,s) = (t — 5)* and p(s) = s>. Observe that ¢(x) = 1 + el s0

that 0 < p(x) < 2=+, Vx € R. Then, an easy calculation gives

1 t 1 P s+ 2t)°
X(t,ty) = —— t —s)3sd d Y(t,ty) = d
(7 0) (t_to)g/ ( 8) sas an (7 0) (t—t0>3 /to 2744 S

to

so that

lim sup [X(t,to) — Y (t, to)} — lim sup [X(t,to) — 2Y(t,t0)}

t—o00 t—o00

1 K (s +2t)°
=1 S t—s)Ps—2"—""7 |d
i (t —t)? /1 (( e 27s* ) ’

= Q.

Therefore, by Theorem 4.2, the equation given above is oscillatory.

We also see that the conditions in (4.4) are not satisfied so that the results
obtained by Hong [11] and Wong [44] cannot be applied to this example.
A close look at the proof Theorem 4.2 reveals that (4.5) may be replaced by

the conditions

lim sup X (¢, t9) = oo, (4.9)
t—00
and
limsup Y (¢, ) < 0. (4.10)
t—o00
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This leads to the following result.

Corollary 4.6 Let the conditions of Theorem 4.2 be satisfied except that (4.5) is
now replaced by (4.9) and (4.10), then Eq.(4.1) is oscillatory. In Theorem 4.2,
the condition;

lim sup X (¢,t9) = 00

t—o00
1s necessary in the remainder of this paper, we do not require this condition,
but will have some other conditions instead thus, the following result provides an

essentially new oscillation for Fq.(4.1).

Theorem 4.7 Let H and h be as in Theorem 4.2, and let

0< Slgtfo [ligg}f %] < 00, (4.11)
and
im in t s)p(s s s 1P (5) ’ 5§ < 00
imint g7 [ ap(o)n(o) (te.o) + (B P2 s e (1)

Suppose there exist functions A([tg,o0)) and p € C([[ty,00); (0,00)]) such that

pl(t) >0, t=>to,

/ Alds =0 (4.13)
to
and for every T > ty,

li%n inf{X(t,T)—~Y(t,T)} > A(T) (4.14)

hold, where A, (s) = max{A(s),0}, s >ty. Then Eq.(4.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of (4.1) without loss of generality,

we may assume that z(¢) > 0 on [T, 00), defining w(t) as in the proof of
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Theorem 4.2, (4.8) holds then
for t > T > Ty. Consequently,

litm inf{X(t,T) —~Y(t,T)} <w(t)—limsup J(t,T)

t—o0

for all T'> T} thus by (4.14),

w(t) > A(T) + limsup J(¢,T)

t—o0

for all T' > Ty. This shows that,

and

limsup J(¢,T) < o0

t—o00

for all T> T;. Let

iy =21 | bt s

and

o) =~ | [h@, H(E )Y+ 5t )P s ds

p(s)
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for all t > Ty then it follows from (4.18),

. . 1 ' -
fimsupF(t) + 9(0)) = limsup o [ (o= Dp(s)p(s)] T H(E ()
t—o0 t—o0 H<t7 TO) To
— | h(t, s)[H (X, s)]* + H(L, 5) w(s)]| ds
p(s)
< limsup J(t,Tp) < oc. (4.19)
t—o0
Now, we claim that
/ w(s)]? < oo. (4.20)
To
Suppose to the contrary that,
/ lw(s)|?ds = 0. (4.21)
To
By (4.11), there is a positive constant 7 satisfying
: . H(s)
slgtfo { 11{2ng H(t,to)} >n>0. (4.22)

Let p be any arbitrary positive number. Then it follows from (4.21) that there

> n
lw(s)|? > =
/To 1

exist a 17 > T such that,

o4



for all ¢ > T;. Therefore,

)= gpeos [ ot ) [ Tupn

) g)(t_’TlO)) /To( T: lw(TquT)(_%[H (t.8)[vp(s)p(s)] ")) ds

> ;ﬁt—’;{)))/( S‘w(7)|qd7)(_%[H(t,s)[’yp(S)P(S)]lq])ds

T JToy

> it [ @ b)) ds

T
:uH(t7 Tl)

== 1)77H(t,T0)

[yo(Th)p(Th)]' 4,

for all ¢ > T}. By (4.22), there is a T > T} such that,

H(t, Ty)

>
Ht,Ty) =

for all ¢ > T5, which implies

)= (p = Dpulyp(Ty)p(T1)]

for all t > T5. Since pu is arbitrary,

lim f(t) = 0. (4.23)

t—oo

Next, let us consider a sequence {t,,}5°, in (¢, 00) with lim,,_, t,, = 0o satisfying

lim [f(tn) + g(tn)] = limsup[f(¢) + g(?)]

n—00 t—o0

It follows from (4.19) that there exist a constant M such that,

fltn) +g(ty) <M for n=1,2,3,........ (4.24)
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Furthermore, (4.23) guarantees that,

lim f(t,) = o0

and hence (4.24) gives,

Then, by (4.24) and (4.25),

for n large enough. Thus,

for n large enough. Thus and (4.26) imply that

g(t)l* _

lim ———

noe f(tn)
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On the other hand, by the Holder inequality, we have

91" = |77 T)
n7 To

/ " (h(tn, SH )0+ H(t, )2

To

" S IR s P(s) s)ds
/ (h(tn, (e ]+ i) )> (s)d
(s)

H(t,, Tp)
X hp(S)p(S)]q_” Typ(s)p(s)])' = "w(s)ds

b e o)

To

x| [vp(s)p(s)]7 9 yp(s)p(s)]' U H (tn, $)]" "w(s)ds

]- <}{( 1 )len[h(t"’s)'+ pws)[ff(tn,S)P/p]pWIKS)p(S)>q_1

q

q

=)

p—1 tn, 1o p(s)
< (i [ o il s )

f(tn> 1 ln pl(s) U D q—1
=1 (H(tmTO) /O {h(th)Jr 05 [H (L, s)] /} 7/)(8)1?(8))

for any positive integer n. Consequently,

Ty =1 (e [, o e 0] wiane)

for n large enough. But (4.22) guarantees that,

H(t.T,
lim inf H((t 0))

and hence, there exists a T3 > Tj) such that,

H(t, Ty)

>
Ht,tg) ="

for every t > T3. Thus,
H(t,,Ty)

H(ty,to)

>
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for n large enough and therefore,

R e - e

It follows from (4.27) that,

lim _ /ton {h(t, s) + ps) [H (ty, s)]l/p} vp(s)p(s)ds = oo (4.28)

A o) o(5)
This gives
. 1 o p'(s) 1/p P _
i s / [h(t, o+ L9 } 2p()p(s) = oo

which contradicting (4.12). Then (4.20) hold. Hence by (4.27),

[ avs < [ luts < o

To To
which contradicts (4.13). This completes the proof of the theorem.

Example 4.8 As a particular case, consider the differential equation
[E12(1 4 e PO @) +t7322(t) =0, t >t > 1.

Let us choose H(t,s) = (t—s)* and p(s) = 1 so that we have h(t,s) =2, p'(s) =0

and

imin s)p(s S s 1/”& ’ s
tmint 7 o) (nte.s) + (e 9172 ) a
= ligglf (ENE /to 85 1/%ds = 0 < 0.
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It can be easily shown that

T /2
liminf | X(1,7) = 7Y (6,T) | <liminf -5 / |:(t_8)28—3/2_ ST s

t—o0 t—o0 T
27-1/2

= liminf = > T71/2,
t—oo (t—T)2

from which we see that A(T) = T2, Since f;oo A%ds = oo, all hypotheses of

Theorem 4.7 are satisfied and hence the given equation is oscillatory.

The following theorems are, respectively generalizations of Theorems 3 and 4 in

[22] for (4.1). The proofs are similar to that of Theorem 4.7 and hence omitted.

Theorem 4.9 Let H and h be as in Theorem 4.2, and suppose that

lim sup

P t) /t n[h(t, s) + P (s) [H(t, $)]"/P]Pyp(s)p(s)ds < oo (4.29)

and (4.11) hold. If there exist functions A € Clty, o), and p € C*[[tg, o0); (0, 00)],

such that p'(t) > 0, t > to, (4.13), and for every T > t,.

limsup{X (¢, T) — Y (t,T)} > A(T) (4.30)

t—o00

hold, then Fq.(4.1) is oscillatory.

Example 4.10 Consider the differential equation,
[t7(1 + e *O) |2/ () [P0/ ()] + trcos t|x(t)|P2x(t) =0, t >t > 1

where, v, X\, p are constants such that; A < 0, p > 1, p # 3, andv < p— 1.

Moreover, taking,

H(t,s)=(t—s) for t>s>1ty and p(t) =1,
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and

2
0 < inf liminfu =1l<o0
s>to | t=oo  (t —tg)?

is satisfied. We have,

tY(t—tg)—P .
1 t ——— if v <,
el AR S
R HWPT pys,

Since v < p — 1, it is not difficult to see that

1 t
limsup—/ s"(t—s)*Pds =0
t—o0 (t — t0)2 to ( )

and so (4.29) is satisfied. In this case,

t

X(t,T)= ﬁ/ (t — s)*s” cos sds

T

and

R e

Then for arbitrary small constant € > 0, there exists t; > to such that for T' > tq,

we have

1 t
limsup | X (¢,T) —~Y (¢, T)} = lim sup =Ty / [(t — 5)*s*cos s — 28" (t — 5)?P]ds
- T

t—o00 t—o00

> —T?sint —e = A(T).
Consider an integer N such that

5
2N + Zﬂ > max{t;, (1 + v2¢)/*}.
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Then for all integers n > N we have,

1 ) 7
A(T) > —, for every T € [2nm + ZW, onm + —

> T

Taking into account that v < p — 1, we obtain,

00 o0 2717r—‘,—?77r
—4q
/T Al (s)ds > E (V2 ) /2 o
0 n=N NI+

Vv

V2o S / T =,

n=N 2nm+ %T

Accordingly, all conditions of Theorem 4.9 are satisfied, and hence the above

equation is oscillatory.

Remark 4.11 In Theorem 3, let ¢(x) =1, p(t) =1, and p(t) = 1. If
H(t,s)=(t—s)* for t>s>t;, where \>1

is a constant, then we can easily verify Corollary 5, which contains Kamanev’s
criterion [16] and improved the results of Yan [51] in [22] with p = 2. Hence, we
have improved the oscillation result of Yan [51] for Eq.(4.2).

Theorem 4.12 Let H(t,s) and h(t,s) be as in Theorem 4.2 and suppose that

liminf X (¢, ) < o0

t—00

and (4.11) hold. If there exist functions A € C([tg,00)) and p € C*([to, o0); (0, o0])
such that p'(t) > 0, t > to, (4.13) and (4.14) hold, then (4.1) is oscillatory.

Remark 4.13 If ¢(z) =1, p(t) =1, and p(t) = 1, then Theorem 4.2, Theorem

4.9 and Theorem 4.12 reduce to Theorem 2-4 in [22], respectively. Furthermore,
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let

where X\ > p—1 is a constant and k(x) is a positive continuous function on

I, s

By applying Theorem 4.2, Theorem 4.9 and Theorem 4.12 in the special case

[to, 00) such that;

considered, we derive four new oscillation criteria for (4.1).
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