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OSCILLATION OF CERTAIN FOURTH ORDER
FUNCTIONAL DIFFERENTIAL EQUATIONS

KOJIMBAHHA JEAKUX ©OYHKIIOHAJIBHUX
AUO®EPEHUHIAJIBHUX PIBHAHb YETBEPTOI'O IIOPAIKY

Some new criteria for the oscillation of fourth order nonlinear functional differential equations of the form

5—:2 (a0 (dilfét) ) +a@rtatow) =0, a>o,

are established.

BcraHoBJsIeHO AesiKi HOBI KpUTEpii KOJIMBAaHHS HEJIHIMHUX (DPYHKIIOHAJILHUX AWdEpeHIiaIbHUX PiBHSHb
BHUTJISI/LY

% <a(t) <d2d:§t) )a) +a®)flzlg®))) =0, a>o0.

1. Introduction. In this paper we are concerned with the oscillatory behavior of fourth
order nonlinear differential equations of the type

5_; (a(t) (dizgt) )a> +q(t) f(=[g(1)]) = 0, (L.1)

where
() a(t), q(t) € C([to,00), RT = (0, 00)),
(i) g(t) € C([to,0), R = (—00,00)) and lim;_,, g(t) = 00,
(iii) f e C(R,R)and zf(x) > 0 for z # 0, and
(iv) « is the ratio of two positive odd integers.
In what follows we shall assume that

o0

/ail/o‘(s)ds = 00. (1.2)

By a solution of equation (1.1), we mean a function z € C?([t,,o0),R) such that
a(t)(z"(t))" € C?([ts,00), R) and satisfies the equation at every pointt > t, > to > 0.
Here, we are concerned with proper solutions of equation (1.1), that is, those solutions
x(t) which satisfy sup {|z(t)|: t > T} > 0 for every T > t,. Such a solution is said to
be oscillatory if it has an infinite sequence of zeros clustering at infinity and nonoscillatory
if it has at most a finite number of zeros in its interval of existence.

We introduce the notation L;, ¢ = 0,1,2, 3,4, for the lower order derivatives associ-

ated with the operator Lyx(t) = j—; (a(t) (dzgt) )“) :
Loz(t) = x(t), Lix(t) = %Lox(t), Lox(t) = a(t) <%L1x(t)> ,

Lax(t) = %Lﬂ(t), Lax(t) = %Lgl’(t)‘
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The classical Atkinson —Belohorec oscillation results [7] for the Emden — Fowler dif-
ferential equation

2’ (t) + q(t)|x(t)|" senz(t) = 0, (1.4)

where 0 < v # 1 is a constant and ¢(t) € C([to,o0),RT) has been studied and gen-
eralized in various directions in the literature. One of the remarkable extensions of the
oscillation due to Atkinson — Belohorec is for nonlinear differential equations of the type

(J®)]" sena'() + a(t) (0] senx(t) = 0, (1.5)

where «, 5 > 0 are constants and ¢(t) € C ([to, 00), ]R+) and was carried out by Elbert
etc. [9] and Kusano etc. [13]. For related results the reader is referred to our book [5], and
[1—4, 6] and the references cited therin.

Our main objective is to present a systematic study on the oscillation of equation (1.1)
and establish some new oscillation criteria. In Section 2, we shall give the proof of an im-
portant lemma which is useful throughout this paper. Also, we present oscillation results
when f satisfies the condition f'=/(z)f'(z) > k > 0 for 2 # 0, or f(x)sgnx > |z|?
for x # 0, where [ is the ratio of two positive odd integers, 5 > «, 5 = « and
8 < «. Results that involve comparison with linear and half-linear differential equa-
tions are studied. Section 3 is devoted to the study of equation (1.1) when f satisfies

+oo
either / du/fY*(u) < oo, or / du/fY*(u) < oo. In Section 4 we give neces-
+0

sary and sufficient conditions for the oscillation of all bounded and unbounded solutions
of equation (1.1) when f(z)sgna > |z|” for z # 0. In Section 5 we give a comparison
result which allows us to extend our results to certain neutral differential equations and
also, when f need not be a monotonic function. The obtained results are new, and extend
and improve those known in the literature for the equation (1.5).

2. Oscillation and comparison results. Before we state our results, we shall need the
following preliminaries: If () is an eventually positive solution of equation (1.1), then
L,x(t) < 0 eventually, and since condition (1.2) holds, it follows that L;z(t), 7 = 1,2, 3,
are eventually of constant sign. We distinguish the following two cases:

(D Liz(t) >0,i=0,1,2,3 and Lyx(t) < 0 eventually,

() Lox(t) >0, Liz(t) > 0, Lax(t) < 0, Lgx(t) > 0 and Lyx(t) < 0 eventually.

Let (I) hold. Since L3z (t) > 0 is decreasing (say) for ¢t > ¢y > 0, we have

t

Lox(t) — Lox(ty) = /L3£L’(S>d$,

to
or
d (0%
a(t) <EL1$(t)> > (t —to)Lsx(t) for t > to,
or
t*to 1/c .
a”(t) > < a(t)> Ly®x(t) for t >t 2.1)

Integrating (2.1) from ¢, to ¢ and using (I) and the decreasing property of Lzz(t) on
[to, 00), we have

t 1/«
/ —t (e
(1) > / (“a(u)o) du | LY%z(t), t>t, 2.2)

to
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and

o 1/a
a(t) > /(t—u) (“ to) du | LYz(t), t>to. (2.3)

Let (IT) hold. Then for ¢ > u > ¢, and the decreasing property of Lsz(t) > 0, we
obtain
t
Lox(t) — Lox(u) = /Lga:(r)dT,

u

or
—a(u) (2" (u))* = (t = u)Laz(t),
or
_u 1/« e
-2 (u) > <ta(u) ) LY%x(t), t>u>t. (2.4)

Integrating (2.4) from At to t > to for some A, 0 < A < 1, using (II) and the decreasing
property of Lzxz(t), t > to, we get

t

) t_ 1/« N
' (\t) > / (a(ust) du Lé/ x(t) (2.5)
At
andfort > T/\ > t,
t L —u 1/c
z(t) > z(\t) > /(/\t —u) <a(u) > du Lé/ax(t). (2.6)

T

At

h(t,T;a; \) = min T/ (%)M du, j (Z(U;L)l/a du

ca;\) = min | —u “_Tl/au [ —u t_ul/au
H(t, T a: ) T/(t )(a(u)) d,T/()\t )(a(u)> d

Combining the above results, we are ready to state the following interesting lemma.
Lemma 2.1. Let z(t) be a positive solution of equation (1.1) for t > to. Then for
some constant A, 0 < A < 1,and all large t > T /X > to,

2/ (M) > h(t, T; a3 N LY “a(t) 2.7)

and
2(t) > w(At) > H(t, Tya; \) LY “x(t). (2.8)

We shall also need the following lemma given in [12].
Lemma 2.2. If X and Y are nonnegative, then

X+ A=Y= AXYME >0, A>1,
where equality holds if and only if X =Y.
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For t > ty, we define

g*(t,to;a)=/t/s<$>l/a duds.

to to
We shall also assume that
fYoYa)f'(x) > k>0 for x#0, k isarealconstant 2.9

and there exists a function o (t) € C*([to, 00), RT) such that

o(t) =inf {t, g(t)}, o'(t)>0 for t>t, and Jim o(t) = 0. (2.10)

—00

Our first result is embodied in the following theorem.

Theorem 2.1. Let conditions (1.2), (2.9) and (2.10) hold. If there exist a function
p(t) € Cl([to, oo),R+) and a constant X\, 0 < X\ < 1, such that for o(t) > T/\, for
some T’ > tg,

t o (¢/(5))°*"

) 1
h?isong/ {p(s)q(s) - ()\kj)a (1 4 a)l-‘r(! [p(s)o”(s)h(a(s)7 to; a; )\)]a

ds = 00,

(2.1D)
where h is as in Lemma 2.1, then equation (1.1) is oscillatory.
Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, (t) > 0 for
t > to > 0. From equation (1.1), we see that Ls2(t) < 0 for ¢ > to and so L;x(t),
1 = 1,2, 3, are eventually of one sign, and either (I) or (I) holds. In view of Lemma 2.1,
there existat; > tganda A, 0 < A < 1, such that

@' (M) > h(t, t;a; N LY “x(t) for ¢ > 11 /A 2.12)

We define
L35L‘(t)

w(t) = p(t)if(x[)\a(t)]) ,

t >ty > 1. (2.13)
Then for t > to, we have

W (t) = p(t)

(L)), Lso(t)
Fapo) D o)
Lar(t) /' («[Ao (O)])2/ o (D] A0 (1)
) o)) =
. flg@®) PO
BAGAErED TR
Flapo()])  Laz(ePo(n)]
FiVa(@Po(6)]) F/2(@ho (D))

There exists a to > ¢; such that o(¢) > ¢; /X and

2 Ao (t)] > h(o(t), tr;a; Ly “x(t) for t> ts. (2.15)

—Ap(t)o’(t) (2.14)

Using (2.9) and (2.15) and the fact that x(¢) is increasing for ¢ > ¢5 in (2.14), we obtain

w'(t) < —p(t)q(t) + /:((;))w(t) — Mep V)0 (o (t), tr; a; Nw' TV (L), ¢ > to.
(2.16)

ISSN 1027-3190. Ykp. mam. xypH., 2007, m.59, N* 3



OSCILLATION OF CERTAIN FOURTH ORDER FUNCTIONAL DIFFERENTIAL EQUATIONS 295

Set

X = ()\kp_l/o‘(t)a’(t)h(a(t),tl;a;)\

and

e (aj— 1)a (‘;éff > {()‘kpl/o‘(t)a’(t)h(o(t), b)) “‘“’] ’

in Lemma 2.2 to conclude that for t > ¢,

p'(t) —1/a ’ . 141/
0 w(t) — Xep™ Y (t)o’ () h(o(t), tr1; a; Nw T (t) <

o 1 a” (o' ()
(AR (L + )t [p(t)o’ (t)h(o(t), tr;a; N)]

Thus, we have

, 1 o® (0 (1)
w'(t) < —p()alt) + (M) (14 o)t [p(t)a’(t)h(a(t),tl; a; )\)]a’ b2t 217)
Integrating (2.17) from ¢, to ¢, we get
0<w(t) <
/ 1 a° (p/(s))*+!
<t - [ {p(s)‘“s) T e (0t o) ()0 (3)h(o (), trra W] )

ta

Taking the lim sup of both sides of the above inequality as ¢ — oo and applying condi-
tion (2.12), we obtain w(t) — —oo as t — oo, which is a contradiction. This completes
the proof.

Theorem 2.2. Let o > 1, conditions (1.2) and (2.10) hold, and

f(z)sgnz > |z|® for x#0, (2.18)

where (3 is the ratio of two positive odd integers. If there exist a function p(t) € C* ([tg, 00),
RT) and a constant X, 0 < X\ < 1, such that

t

. (¢ (s))?
1 — ds =
il / [”<S)q(3) INGo' (3)p(s)h (0 (5), to; a3 NV HO (o (s), to; s N C(s) |
T
= o0, (2.19)
where h and H are as in Lemma 2.1 and o (t) > T/ > to, and
c1, €1 IS any positive constant, when (> a,
ct)=<1, when (= «,
ngffo‘(t, to;a), co isany positive constant, when (< a,

then equation (1.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, (t) > 0 for
t > ty > 0. Proceeding as in the proof of Theorem 2.1, there exists a ' > T > t, such
that for o(T') > T /A and some A € (0, 1), we have

2/ \o(t)] > h(ot), T;a; LY “a(t), t>T, (2.20)
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and
2(t) > x[o(t)] > z[Aa(t)] > H(o(t), T;a; A) Ly “a(t), ¢>T. (2.21)
Next, there exists a constant b > 0 such that
Lax(t) <b for t>T.

Integrating this inequality from 7' to ¢, one can easily find that there exist a constant
b1 > 0and a1} > T such that

z[Ao(t)] < a(t) < big(t,T;a) for t>Ti. (2.22)

We define the function w(t) as in (2.13) and proceed as in the proof of Theorem 2.1 to
obtain (2.14) with f(z) replaced by 2. Using (2.20) and (2.21) in (2.14), for t > T we
get

w'(t) < —p(t)q(t) + [;, ((f))w(t) -
__Aﬁjiggh(a(ﬂ773a;A)Ifa_l(a(ﬂ’7¥a;A)xﬁ_a[AU(ﬂ]UF(ﬂ' 23)

Now, we need to consider the following three cases:
Case 1. If 3 > «, then there exist a constant by > 0 and a Ty > T such that

z[Ao(t)] > by for t>To. (2.24)

Thus, the inequality (2.23) becomes

o'(t)
p(t)

Case 2. If 3 = «, then inequality (2.23) becomes

—\BbI h(o(t), T;a; NV HY (o (t), T; a; Nw?(t), t> T, (2.25)

/
t
7 ®
p(t)
Case 3. If B < «, then by (2.22) we get

h(o(t), T;a; NYH* (o (t), T;a; Nw?(t), t>T. (2.26)

P ()] > 4Pt Tra), v=b0"% for t>T) (2.27)

and inequality (2.23) takes the form

o’'(t)
p(t)
Let T* = max{T, Ty, T>}, so that we can combine inequalities (2.25), (2.26) and (2.28),
to obtain for ¢t > T,

—ABy—2 P, T a)h(o(t), Ty a; NV HO  (o(t), Ty a; Nw?(t), t>T. (2.28)
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o'(t)
p(t)

-3 C(t)h(o(t), T;a; NV H* (o (t), T; a; Nw(t) = (2.29)

= —p(t)q(t) — [\/Aﬁa/(t)c(t)h(a(t),T;a;/\)Ha‘l(a(t),T;a;A) w(t) —

p(t)
) a0 s,
2P(t)\//\ﬁi;<(f)) CNa(t), T;a; N H* 1 (o(t),T;a;\)
N (1))
NG (Dp(O)COR(a(t), Ts a VH (o (6), T5 s )
(¢ (1)
=" {"’(t)q“) T DB O p()C O h(a(t), T: s NHA (o (1), T 7/\)} (2-30)

Integrating (2.30) from T to ¢, we have

0<w(t) <w(T) -
/ ~ (v'(5)) s
/{p(S)q(S) ANGo' (5)p(5)C(s)h(o(s), T; a; )\)Ho‘l(a(S),T;a;)\)}d '

T*

Taking the lim sup of both sides of the above inequality as ¢ — oo and applying condi-
tion (2.19), we see that w(t) — —oo as t — oo, which is a contradiction. This completes
the proof.

Next, we have the following result for equation (1.1) when 0 < a < 1.

Theorem 2.3. Let 0 < o < 1, conditions (1.2), (2.10) and (2.18) hold, and assume
that there exist a function p(t) € C*([to,0),R") and a constant \, 0 < X\ < 1, such
that for o(t) > T/ X for some T > tg,

o (PR _
h?lilip/ ['O (9)4) = o ehiots) torm NBE) | &% @31

where h is as in Lemma 2.1, Q(t) = / q(s)ds, and
t

c1, €1 IS any positive constant, if B> a,

Cit)y=41, if B=aq,
B/a—1 . .. .

Cogh (t,to;a), co isany positive constant, if B<a,

then equation (1.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, z(¢) > 0 for
t > to > 0. Define the function w(t) by (2.13) with f(x) = z” and proceed as in the
proof of Theorems 2.1 and 2.2 to obtain (2.14), (2.20) and (2.22) for ¢t > T'. Using (2.20)
in (2.14) one obtains

Ao’ () p~ V() w? () wt TN (B h(o(t), Ty a; N z?/ "o (t)], t>T. (2.32)
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It is easy to see that
w(t) > p(t)Q(t) for t>T.
Using this inequality in (2.32), we obtain

W) < —plt)a(t) + i) -
—Aﬁ%@l/a_l(t)h(o(t),i a; Nw? () e (t)], t>T. (2.33)

The rest of the proof is similar to that of Theorem 2.2 and hence omitted.

Our next results involve comparison with related linear and half-linear second order
differential equations, so that known oscillation theorems from the literature can be em-
ployed directly. To obtain these comparison criteria we need the following lemmas given
in [5].

Lemma 2.3. The half-linear differential equation

(a(t) (=’ (1)) + q(t)z(t) = 0, (2.34)
where a, q and « are as in equation (1.1) is nonoscillatory if and only if there exist a
number T > to and a function v(t) € C*([to, 00),R) which satisfies the inequality
V' (t) + aa” VA ®)w@) TV 4 q(t) <0 on [T, 00).
Lemma 24. Let h(t) € C([T,00),RT), T > to. If there exists a function v(t) €
€ C ([T, 0),R) such that
V' (t) + h(t)v?(t) + q(t) <O forevery t>T,
then the second order linear differential equation
I
—'(t t)x(t) =0
(5= ®) + a0t
is nonoscillatory.

First, we relate the oscillation of equation (1.1) to that of half-linear equations of
type (2.34).

Theorem 2.4. Let the hypotheses of Theorem 2.1 hold with p(t) = 1 and condi-
tion (2.11) is replaced by: the half-linear second order equation

(A® Y ©))") +a(t)y™(t) =0 (2.35)
is oscillatory, where
Ak
—0
@

At) = < "t)h(a(t), to; a; /\)>a.

Then the conclusion of Theorem 2.1 holds.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, (t) > 0 for
t > to > 0. Proceed as in the proof of Theorem 2.1 with p(¢) = 1 to obtain (2.16) which
takes the form

w'(t) < —q(t) — Xeo! ()h(o(t), tr; a; Nw TV (t)  for ¢ > t,.
Applying Lemma 2.3 to the above inequality, we conclude that the equation (2.35) is
nonoscillatory, which is a contradiction and completes the proof.

In the following results we shall compare the oscillation of equation (1.1) with that of
linear second order ordinary differential equations.
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Theorem 2.5. Let the hypotheses of Theorem 2.2 hold with p(t) = 1 and condi-
tion (2.19) is replaced by: the linear second order equation

1, ! 7
(5557 ®) +a0e =0 2.36)
is oscillatory, where

T(f) = AﬁUI(t)C(t)h(U(t)7 to; a; )\)Ha_l(a(t), to; a; )\)

Then the conclusion of Theorem 2.2 holds.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, (t) > 0 for
t > to > 0. Proceed as in the proof of Theorem 2.2 with p(¢) = 1 to obtain (2.29) which
takes the form

w'(t) < —q(t) = A\Ba' ()C(t)h(a(t), T;a; NV H* o (t), T; a; Nw?(t), t>T*.

Applying Lemma 2.4 to the above inequality, we find that the equation (2.36) is nonoscil-
latory, a contradiction and the proof is complete.

Theorem 2.6. Let the hypotheses of Theorem 2.3 hold with p(t) = 1 and condi-
tion (2.31) is replaced by: the linear second order equation

(%x’(t)) +a®a() =0 (2.37)
is oscillatory, where
b(t) = ABo’ (H)QY >~ (t)h(a(t), to; a; N C(t).

Then the conclusion of Theorem 2.3 holds.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, z(¢) > 0 for
t > to > 0. Proceed as in the proof of Theorem 2.3 with p(¢) = 1 to obtain the inequal-
ity (2.33) which takes the form

w'(t) < —q(t) — Ao’ (HCHQY* (Dh(o(t). Ty Nw?(t), t> T.

The rest of the proof is similar to that of Theorem 2.5 and hence omitted.

Next, we have the following comparison results.

Theorem 2.7. Let conditions (1.2), (2.10) with o'(t) > 0 for t > to and (2.18) hold.
If the first order delay equation

y'(t) + q(t)H (a(t), Ty a; Ny *[o(t)] = 0 (2.38)

for some T > to and X € (0, 1) is oscillatory, then equation (1.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, (t) > 0 for
t > to > 0. As in the proof of Theorem 2.2 we obtain the inequality (2.22) which takes
the form

zlo(t)] > H(o(t), T; a; N LY “2[o(t)] (2.39)

for some T' > t( and a constant A € (0, 1). Now, using (2.18) and (2.39) in equation (1.1),
we find

Lyx(t) + q)HP (o (t), T;a; N Ly “z[o(t)] <0, ¢>T.
Letting y(t) = L3x(t) in the above inequality, we get
y'(t) + qt)H? (a(t), T;a; )y *[o(t)] <0 for t>T. (2.40)
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Integrating (2.40) from ¢ > T to w and letting u — oo, we find
o) 2 [ a T o6). T o o (s)]ds, 02T,
t

As in [16] it is easy to conclude that there exists a positive solution y(t) of the equa-
tion (2.38) with lim;_., y(¢t) = 0, a contradiction to the fact that equation (2.38) is
oscillatory. This completes the proof.

The following corollary is immediate.

Corollary 2.1. Let conditions (1.2), (2.10) with o’ (t) > 0 for t > to and (2.18) hold.

If

t
1
lifminf / q(s)HP (0 (s), T; a; \)ds > " when o = (3,
o(t)
or

oo

/q(s)Hﬂ(U(s),T;a;)\)ds =00 when a<p

for some t > T and a constant X € (0, 1), then equation (1.1) is oscillatory.
Theorem 2.8. Let conditions (1.2), (2.10) with o’ (t) > 0 fort > to and (2.18) hold.
If the second order equation

y'(t) +Q*(t)y*[o(t)] = 0 (2.41)

is oscillatory, where
Ja

Q" (t) = ﬁf}oq(u)dudsl ,

then all bounded solutions of equation (1.1) are oscillatory.

Proof. Let x(t) be a bounded nonoscillatory solution of equation (1.1), say, z(¢) > 0
for t >ty > 0. In this case x(t) satisfies (II).

Integrating equation (1.1) from ¢ > ¢( to u, using conditions (2.10) and (2.18) and
letting u — oo, we obtain

oo

Lzz(t) > 27 [o(t)] /q(s)ds.

t
Once again, integrating this inequality from ¢ > ¢( to u and letting « — oo, we have
—a"(t) = Q" ()" *[o (1)),
or
2" (1) + Q* ()P *[o(t)) <0 for t >t > to.

By applying a known comparison criterion (see [16]), one can easily see that equa-
tion (2.41) has an eventually positive bounded solution, which contradicts the hypothesis
and completes the proof.

The following corollary is now obvious.
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Corollary 2.2. Let conditions (1.2), (2.12) and (2.18) hold. If
(i) o'(t) > 0fort > tg and/ o(s)Q*(s)ds = oo when 8 > a,
(ii) o'(t) > 0fort > to and there is a function p(t) € C* ([to, 00), RT) such that

7 [p(sw*(s) - (Z/f()” ds= oo when = a,

(iii) o'(t) > 0fort > to,

/(U(S))B/O‘Q*(s)ds =00 when [<a,

where Q* is as in Theorem 2.8, then all bounded solutions of equation (1.1) are oscilla-

tory.
3. Further oscillation results. In this section we shall present some sufficient condi-
tions for the oscillation of equation (1.1) when f(x) satisfies conditions of the type

+oo J
U
/ 7f1/0‘(u) < 00, 3.1

or

du
/ Tt <o (3.2)
+0

Theorem 3.1. Let conditions (1.2), (2.10) and (3.1) hold. Moreover, assume that
there exists a function p(t) € C*([to, o0), RT) such that

!

, (o (1)
pt) 20 and (a/<t>h<a<t>,to;a;A>> =0 33

for all large t > to and some constant X € (0,1). If

o0

/p(s)q(s)ds = 00, 3.4)

then equation (1.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, (t) > 0 for
t > to > 0. As in the proof of Theorem 2.1, we define w(t) as in (2.13) and obtain (2.14)
and (2.15) for t > t3. Now

Lgili(t)

m for t>T >t3. (3.5

w'(t) < —p(t)g(t) + p'(t)
Using (2.15) in (3.5), we find

(p/ ()M Az'[Aa(t)]o’(t)
Ao’ (H)h(o(t), tr;a; A) f1e(x[Aa(t)])

Now by the second Bonnet mean value theorem for a fixed ¢ > T" and for some ¢ € [T, t],

we have
| (ot Creeiless yoe-
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¢
_ (o' (T)M AAa(s)o’(s) ;o
- <)‘0/(T)h(U(T)vtl§a§>‘))/ fl/“(x[/\U(S)])d -

z[Xo(§)]
_ (p/ (1)) du
— (/\JI(T)h(U(T),tl;a;)\)) [A‘{T)] fl/a(u)‘ <
(¢ (T))M
< (wmredman) N / fl/a =1, (36)

where M is a positive constant. Using (3.6) in (3.5) and integrating from 7" to ¢, we obtain
t
[ pats)ds < —wie) + wlr) + b
T

Letting ¢ — oo in the above inequality, we arrive at a contradiction to condition (3.4).
This completes the proof.

Theorem 3.2. Let condition (3.3) in Theorem 3.1 be replaced by: for all large t > t,
and some constant A € (0,1),

/

[ wepve
ds < oo. 3.7
(Femtetmam) [ < o
Then the conclusion of Theorem 3.1 holds.
Next, we present the following oscillation criteria for equation (1.1) when

p'(t) >0 and /

o

Q) = /q(s)ds < o0. (3.8)

t

Theorem 3.3. Let conditions (1.2), (2.10) with o’ (t) > 0 for t > to, (3.1) and (3.8)
hold. If for all large t > ty and some constant A € (0, 1),

/h ), to: @ )’ (5)QY/ (s)ds — oo, (3.9)

then equation (1.1) is oscillatory.
Proof. Let x(t) be a nonoscillatory solution of equation (1.1) and assume that x(¢t) >
> 0 fort >ty > 0. Define w(t) as in (2.13) with p(¢) = 1. Then, we obtain

/ Laa(t)
tz/ 15 < T e

and hence for any ¢ > %o,

Lgx(t)

U= Fabo(o])
Qe < Lo (3.10)
= fYe(zAa(t)]) '
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Proceeding as in the proof of Theorem 2.1, we obtain (2.15) for ¢ > t3. Using (2.15) in
(3.10), we get

. . ! @ I[
)\h(U(t)a tla a; >‘)0— (t)Ql/ (t) S m

Integrating (3.11) from ¢3 to ¢, we obtain

for ¢ >ts. (3.11D)

t

/\/h(a(s),tl;a;)\)a'(s)Ql/o‘(s)ds <

ts

F A2/ Do(s)]o (s)
= ] Frahe))

ts

ds =

z[Aa(t)] o0
_ u < / du <o
B fre(u) = fYe(u) ’
z[Ao(ts)] z[Ao(t3)]

which contradicts condition (3.9). This completes the proof.
Theorem 3.4. Let conditions (1.2), (2.10) with o’(t) > 0 for t > to, (3.1) and (3.8)
hold and suppose that

f(@) A (z) = y(2), (3.12)

where y(z) is a positive nondecreasing function for x # 0. If for all large T >ty > 0,
some constant \ € (0,1) and every constant ¢ > 0,

/h(a(s),to;a; Ao’ (s) x
x [Q(s) + c/a’(u)h(a(u),to;a;)\)Q(1+°‘)/a(u)du ds = o0, (3.13)

then equation (1.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1) and assume that x(¢) >
> 0 fort > tg > 0. We define w(t) as in (2.13) with p(t) = 1 and as in the proof of
Theorem 2.1, we obtain (2.14) which takes the form

w'(t) <

Lix(t)x'[Ao(t)]

< —q(t) - AU/(t)f/(fEP\U(tﬂ)f(lfa)/a(ff[)\U(t)])W

for t > ts.
(3.14)
Using (2.15) in (3.14), we get
w' (t) < —q(t) = Ao’ ()h(o(t), tr; a; Ny(z[ho (O)])w TV (E) for ¢ >ty (3.15)

Since z(t) is increasing on [ta, 00) and y(x) is a nondecreasing function, there exists a
constant m and a T" > t5 such that

z[Ao(t)] >m for ¢>T. (3.16)
Using (3.16) in (3.15), we find
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w'(t) < —q(t) — Ao’ (t)y(m)h(o(t), t1;a; Nw T/ (#) for ¢ >T. (3.17)
Integrating (3.17) from ¢ to w > ¢ and letting u — oo, we have
Lgl'(t) 2

o0

> f(z[Ao(t)])]| Q(¢) —&—)«y(m)/a’(s)h(a(s),tga; Nw' % (s)ds| for t>T.

t

(3.18)
Clearly, we have
w(t) > Q(t) for t>T. (3.19)
Using (3.19) in (3.18), we obtain
% > Ah(o(t), t1: 03 A) x
o0 1/a
< Q)+ X(m) [ (Shlo(s).tiia NQ A ()ds | for 12T,

t

Integrating the above inequality from 7" to ¢ and using condition (3.1), we obtain a con-
tradiction to condition (3.13). This completes the proof.
Corollary 3.1. Let condition (3.12) in Theorem 3.4 be replaced by

F@)fA=/z) >k >0 for z#0, (3.20)

where k is a constant and let ¢ = k in condition (3.13). Then the conclusion of Theo-
rem 3.4 holds.

Theorem 3.5. Let conditions (1.2), (2.10) with o’ (t) > 0 for t > to and (3.2) hold,
and assume that f satisfies

—f(=zy) > f(zy) > f(x)f(y) for xy>0. (3.21)

If for all large t > to and some constant \ € (0,1),

oo

/ a()F(H (0(s), to; a3 N))ds = oo, (3.22)

then equation (1.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, x(¢) > 0 for
t > ty > 0. Proceeding as in Theorem 2.2 we obtain the inequality (2.21), which takes
the form

z[g(t)] > H(o(t),to; q; )\)Lé/ax(t) for t>T >ty andsomeconstant A€ (0,1).
(3.23)
Using condition (3.21) and inequality (3.23) in equation (1.1), we get

d

— S Laa(t) = a0 (wlg®)]) = a0 (H(o(0),t030: )13 “a(0)) =

>qt)f(H(o(t), to;a;0)) f (Lé/ax(t)) for t>T.

Substituting u(t) for Lsx(t), ¢ > T we have
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du(t
- Zi ) S o FHW), tora: M) f (ul/a(t)) for t>t.  (3.24)
Dividing both sides of (3.24) by f(u!/(t)) and integrating from T to ¢, we obtain

u(T)
u'(s)ds du

t T
(s)
Q<s)f(H(U(3)7tO§a§)\))d3 < T ilal oy o
/ [ e = | 7

Letting t — oo, we conclude

oo u(T)
du
T/ ()1 (H(0(5), to; a; A))ds < / Frarey <%

which contradicts condition (3.22) and completes the proof.
Theorem 3.6. Let conditions (1.2), (2.10) with o'(t) > 0 for t > to and (2.18) with
8 < « and assume that

0< Q)= /q(s)ds < 0. (3.25)
t
If for all large t > to, some constant A € (0, 1) and every constant ¢ > 0,
oo 1/
liinsup H(o(t),to;a; \) | Q(¢) + c/h(a(s),to; a; N’ (5)Q1 P (s)ds = 00,
— 00
t (3.20)

then equation (1.1) is oscillatory.
Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, z(¢) > 0 for
t > to > 0. Define, w(t) = Lzx(t)/z?[\o(t)] fort > t; > to. Then fort > t;, we get

w'(t) < —q(t) — B/\U’(t)Lgl/ax(t)x’ [)\a(t)]wlﬂ/o‘(t)x(ﬂ_o‘)/a Ao (t)].

As in the proof of Theorem 2.1 we obtain the inequality (2.15) for ¢ > ¢5. Using (2.15) in
the above inequality, we have

w'(t) < —q(t) — BA (O)h(o(t), tr; a; Nw T/ ()2 B~/ [\ (t)]  for >t

(3.27)
Integrating (3.27) from ¢ > ¢, to u > t and letting u — oo, we get
Lz (t) > 2°[\o(t)] x
x Q) + )\B/h(a(s), t1;a; N o’ (s)w T (8)zP=/\o(s)ds |, (3.28)
t
and hence Q(t) < w(t) for t > ts.
There exist a constant b > 0 and a 3 > ¢5 such that
Lix(t) <b for t>ts. (3.29)
Using (3.29) in (3.28), we obtain
2B/ \g(t)] > pB=)/eBQla=B/aB(t)  for t > ts. (3.30)

Next, we proceed as in the proof of Theorem 2.2 and obtain (2.21) with T' = ¢; for
t Z t3 Z t2. NOW, fort 2 t3,
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LYPx(t) > H(o(t), t1; a; N LY “a(t) x
oo 1/8
x| Q(t) + ABbIm/eB / h(o(s),t;a; Ao’ ()Q' /P (s)ds |,
t
or

pla=B)/ap > Lga—ﬁ)/oéﬁx(t) >

> H(o(t), tr;a; N) | Q(t) + ABbB=/ 9B [ h(a(s), t1;a; Mo’ (s)Q1FP (s)ds
t
Taking the lim sup of this inequality as ¢ — oo we arrive at a contradiction to condition
(3.26) and complete the proof.
The following result is concerned with the oscillation of advanced equation (1.1), i.e.,
when g(t) > t for t > ty. We shall need the following lemma due to Werbowski [17].
Lemma 3.1. Consider the integrodifferential inequality with deviating argument

y(t) > / Q(t, )yl (s)|ds, (3.31)

where Q € C(RT x RT R%) and g(t) € C(RT,RT), g(t) > tfort >ty > 0.If
9(t) oo

1iﬁ(’1£f / /Q(&u)duds > 27
t s
then inequality (3.31) has no eventually positive solution.
Theorem 3.7. Let conditions (1.2), (2.18) with § = « and (3.25) hold, and assume
that g(t) > t and ¢'(t) > 0 for t > to. If
g(t)
lim inf / P(s)ds > é, (3.32)

t—oo

where
%) 00 1/a
1
P(t) = min — [ Q(r)dr ds, Ql/a(t)h(t,to; a; A)
t/ a(S) S/

for all large t > to and some constant \ € (0,1), then equation (1.1) is oscillatory.
Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, (t) > 0 for
t > to > 0. There exists a {1 > to such that z(t) satisfies Case (I), or Case (II) for ¢ > t;.
Now we consider:
Case (I). Integrating equation (1.1) from ¢ > ¢; to u > ¢ and letting u — o0, we
obtain

o0

Lyz(t) > /q(S)dS flg®)]) = Q) f (z[g(®))). (3.33)

Once again, we integrate the above inequality from ¢ > ¢; to uw > ¢ and let u — oo, we
find
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00 1/«
> ﬁ/@(s)ds zlg(t)] for t>t.

Integrating the above inequality from ¢ > ¢; to w and letting u — oo, we have

00 0o 1/a
() > / % / Qr)dr | wlg(s)ds. (334)

Inequality (3.34) in view of condition (3.32) and Lemma 3.1 has no eventually positive
solution, which is a contradiction.

Case (II). Proceeding as in Theorem 2.1 and Case (I) we obtain (2.12) and (3.33) for
t > T > t1. Now, using (2.12) in (3.33) and the fact that 2’(t) is increasing on [t1, 00),
we get

> h(t, tr;a; QY (1) £/ (g (8)]) >
> h(t, t;a; NQY(t)x[g(t)] for t>T. (3.35)

2/ (t) > a' (M) > h(t, tr; a3 LY “a(t) >

Inequality (3.35) in view of condition (3.32) and a result in [15] has no eventually positive
solution, a contradiction. This completes the proof.

4. Necessary and sufficient conditions. In this section we shall establish some
necessary and sufficient conditions for the oscillation of a special case of equation (1.1),
namely, the equation

Ly (t) + q(t)z"[g(8)] = 0, (4.1)

where (3 is the ratio of two positive odd integers.
The following theorem is concerned with a necessary and sufficient condition for the
oscillation of all unbounded solutions of the sublinear equation (4.1), i.e., when 8 < «.
Theorem 4.1. Let condition (1.2) hold and g(t) < t and ¢'(t) > 0 for t > to and let
B < a. All unbounded solutions of equation (4.1) are oscillatory if and only if

o

/ q(s)H{ (9(s), Ty a)ds = oo 4.2)

forall large T' > to, where

et~ fo-u (S0) "

Proof. Let z(t) be an unbounded nonoscillatory solution of equation (4.1), say,
x(t) > 0fort > ty > 0. Clearly, x(t) satisfies Case (I). Now, the proof of the “if”
part is similar to that of Theorem 3.5 and hence omitted. To prove the “only if” part it

suffices to assume that
oo

/q(s)Hl’B(g(s),T; a)ds < oo, 4.3)
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and show the existence of a nonoscillatory solution of equation (4.1).
Let ¢ > 0 be an arbitrary constant and choose 77 > T' > t, sufficiently large so that

oo

/q(s)Hlﬁ(g(s),T; a)ds < =P/« 4.4)
T
Define the set X by

X = {x € CTy,00): c1H1(t, T a) < z(t) < coH1(t,T;a), t> Tl}7

where ¢; = (¢/2)"/ and ¢y = (2¢)/.

Clearly, X is a closed convex subset of the locally convex space C[T7, o) of continu-
ous functions on [T}, 00) equipped with the topology of uniform convergence on compact
subintervals of [T}, o). Next, let S be a mapping defined on X as follows: For z € X

(S2)(t) =

t 1/a

—7!(75 s) ﬁ c(s —Ty) +T[u/q(7')xﬁ[g(7')]d7'du ds for t>T.

4.5)
Clearly, S is well-defined and continuous on X. It can be shown without any difficulty
that S maps X into itself and S(X) is relatively compact in C[T}, co). Therefore, by the
Schauder — Tychonoff fixed point theorem, .S has a fixed element = in X, which satisfies

¢ 1/«

z(t) = /(t*S) %S) C(S*T1)+//q(7)xﬁ[g(7)]d7du ds, t>T.

Differentiation shows that 2z = x(¢) is a positive solution of equation (4.1) on [T, c0) such
that lim; o x(t)/H1(t,T;a) = v > 0, where  is a constant. For more details, we refer
the reader to [6].

Theorem 4.1 can be reformulated as follows:

Theorem 4.1'. Let condition (1.2) hold, and g(t) < t and ¢'(t) > 0 fort > to and let
B8 < . Equation (4.1) has a nonoscillatory solution x(t) such that lim,_,. x(t)/H1(t,
T; a) = nonzero constant, and t > T (large) > to if and only if

T U

/q(s)Hf(g(s),T; a)ds < oo, (4.6)

where H1 is as in Theorem 5.1.
Next, we present the following necessary and sufficient condition for the oscillation
of all bounded solutions of the superlinear equation (4.1), i.e., with 3 > a.
Theorem 4.2. Let condition (1.2) hold, g(t) < tand ¢'(t) > 0 fort > tgand 8 > «.
All bounded solutions of equation (4.1) are oscillatory if and only if
1/«

/8 %//q(T)deu ds = oc. 4.7

Proof. Let x(t) be a bounded nonoscillatory solution of equation (4.1), say, z(¢) > 0
fort >ty > 0. Clearly, x(t) satisfies Case (II). The proof of the “if” part is similar to that
of Theorem 2.8 and Corollary 2.2(i) and hence omitted.
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The “only if” part of the theorem is proved as follows: Let ¢ > 0 be given arbitrarily
and choose a large T' > t( such that

) 00 0o 1/a
/s L//q(T)deu ds < lcl_ﬁ/“
a(s) -2 '
u

T s

We define the set Y and the mapping F' by

Y:{:cEC'[T,oo): <zlgt)] <, tzT}

N o

and
1/«

Fx(t):c—77 @7761(7)%[9(7)}@@ duds

respectively. Now, it is easy to prove that F' maps Y into itself and F' is a continuous map-
ping. Also, F(Y') is relatively compact in C[T, 0o). Therefore, by Schauder — Tychnoff
fixed point theorem there exists an element z € Y such that x = Fx. It is clear that
this fixed point 2 = z(t) is a positive solution of equation (4.1) on [T, 00) such that
x(00) = c. This completes the proof.

Once again we can reformulate Theorem 4.2 as follows:

Theorem 4.2'. Let condition (1.2) hold, g(t) < t and ¢'(t) > 0 fort > tg, and 3 >
> a. Equation (4.1) has a nonoscillatory solution x(t) such that lim;_,, 2(t) = nonzero
constant, if and only if

) 00 00 1/a
/s %S)//q(ﬂdﬂiu ds < oo.

Remark 4.1. 1. It is easy to see that the results obtained for equation (4.1) can be
easily extended to equation (1.1).

2. We note that if equation (4.1) has a bounded eventually positive solution z(t), then
x(t) satisfies (II) and so there exist a constant ¢ > 0 and a t; > t, such that

gga:[g(t)] <c for t>t.

In this case, we see that all bounded solutions of equation (4.1) are oscillatory if

where Q*(t) is as in Theorem 2.8. The details are easy and left to the reader.
5. Comparison and extensions. In this section we shall obtain a comparison result
which is useful in extending our previous results to the neutral equations of the form

Ly (z(t) + p()a[r(1)]) + ¢(t) f(2[9(D)]) = O, (5.1)

where the operator L, and the functions ¢, g and f are as in equation (1.1), and p(¢),
7(t) € C([to,00),R) and lim;_, oo 7(t) = 0.
Now, we present the following comparison result.
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Theorem 5.1. Let condition (1.2) hold. If the inequality
Lax(t) + q(t) f(z[g(1)]) <0 (= 0) (5.2)

has an eventually positive (negative) solution, then equation (1.1) also has eventually
positive (negative) solution.

Proof. Let x(t) be an eventually positive solution of inequality (5.2). It is easy to see
that there exists a to > 0 such that z(t) satisfies either (I), or (Il) for ¢ > t,. Integrating
inequality (5.2) from ¢ > ¢y to v > ¢ and letting © — oo, we have

o0
Las(t) 2 [ a(s)f(alo(s))ds.

t

Integrating again from ¢ > ¢y to u > ¢, we obtain

Lox(u) — Lax(t) // )])dsds;. (5.3)

Now, we distinguish the two cases:
Case (I). Since L;z(t) > 0,7 =0,1,2, and t > tg, we replace ¢ by tg and u by ¢ in
(5.3), to obtain

Lox(t) > / / 4(s)/ (el (s)))dsds

to s1
or
t oo 1/
2 1
)= | o / J s selatalyisin
and hence
t s3 So 00 1/«
x(t) > x(to) +// T // )])dsdsy dsodss =:
to to 2 to s1
=t c+ O(t,z[g(t)]), (5.4)

where z(tg) = c.
Now, it is easy to show the existence of a positive solution to the integral equation

w(t) = c+ P(t,wlg(t)]) for t>to.

We define the sequence {w,, (t)},n =0,1,2,... , such that wy(t) = x(t) for t > ¢,

c+ O(t,wy| (t)}) for > tg,

wnJrl
for t <tg.
Then one can easily see that w,,(t) is well defined and

0 <wp(t) <z(t), ¢ < wppr(t) < wy(t).

Thus, by the Lebesgue monotone convergence theorem there exists w(t) such that w(t) =

= lim,,— 00 wy,(t) for t > tg, and
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w(t) = c+ P(t,wlg(t)]) for t>to.

If we differentiate (5.4) four times, we obtain equation (1.1).
Case (I). Since Lox(t) < 0 fort > tg, we let u — oo in (5.3) to have

0 0o 1/a
') = | s / / a(5) (el ()]s,
and hence
¢ oo 0o o0 1/a
x(t) Zm(to)—i—// @//q(s)f(x[g(s)])dsdsl dsodss =:

=:c+ U(t, z[g(1)]),

where x(typ) = c. The rest of the proof is similar to that of Case (I) and hence omitted.
This completes the proof.

Next, we shall employ Theorem 5.1 to extend the obtained results to the neutral equa-
tion (5.1). In fact, we have the following comparison theorem.

Theorem 5.2. Let conditions (1.2) and (3.21) hold. Moreover, assume that 0
<pt) <L, 7)) <t 7(t) >0, 9t <tandg'(t) > 0fort > toand p(t) #
eventually. If the equation

Laz(t) +q(t) f(1 = plg®)]) f(z[g(¥)]) =0 (5.5)
is oscillatory, then equation (5.1) is oscillatory.
Theorem 5.3. Let conditions (1.2) and (3.21) hold and assume that p(t) > 1, 7(t) >
>t 7(t) > 0,77 og(t) <t (171og(t)) > 0fort > tgand p(t) # 1 eventually. If
the equation

<
1

Lax(t) + q(t) f(Plg®)) f ([~ o g(t)]) = 0 (5.6)
is oscillatory, where
L (1 ~ ;>
plr=1 ()] plr=tor 1))’
then equation (5.1) is oscillatory.

Proof of Theorems 5.2 and 5.3. Let x(t) be a nonoscillatory solution of equa-
tion (5.1), say, z(t) > 0 for t > tg > 0. Define

y(t) = =(t) +pt)z[r(®)], t=to.

P(t) =

Then for ¢t > tg,
Lay(t) + a()f (2lg(1)]) = 0. 5.7)

It is easy to check that there exists a t; > ¢( such that y'(¢) > 0 for ¢ > ¢;. Now, by using
the hypotheses of Theorem 5.2, we find

z(t) = y(t) — pt)z[r(t)] = y(t) — p(t) {y[T(t)] — plr(t)]x[ro T(t)]} >
> y(t) — pt)y[r®)] = (1 —p(t))y(t) for ¢>t;. (5.8)

Using (5.8) and condition (3.21) in equation (5.7), we have
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Lay(®) + a®)7(1 — p[o®]) £ (o)) <0 for t= 1. 59)
Next, by using the hypotheses of Theorem 5.3, we find
o(t) =~ (o1~ () =l (1) =
= 2 e e o) 2
S ﬁg] G %Zﬁp[ﬁ o(i)]lun -

1
Z 1) (1 TP Tor-

Using (5.10) and condition (3.21) in equation (5.7), we get

Lay(t) + q@) f(Plg]) f(y[r " og®)]) <0 for t>t;.

Inequalities (5.9) and (5.10) have positive solutions and hence equations (5.5) and (5.6)
have also positive solutions which contradicts the hypotheses and completes the proof.

Finally, we shall extend the results of this paper to equations (1.1) and (5.1) when the
function f need not be a monotone function. For this, we let

(—OO, —to] @] [to, OO) if tg >0,
Ry, =

0

(—00,0) U (0, 00) if to=0,
CR)={f:R—R iscontinvousand zf(z)>0 for z#0}
and
Cp(Ry,) = { f€C(R): f isofbounded variation on every interval [a,b] C Ry, }

We shall need the following Lemma [14].

Lemma 5.1. Suppose to > 0 and f € C(R). Then f € Cp(Ry,) if and only if
f(z) = H(x)G(x) for all x € Ry,, where G: Ry, — (0,00) is nondecreasing on
(=00, tg) and nonincreasing on (tg,00) and H: Ry, — R is nondecreasing on Ry, .

Theorem 5.4. Let condition (1.2) hold and assume that f € C(Ry,), to > 0, and
let G and H be a pair of continuous components with H being the nondecreasing one.

In addition, let g(t) < t and ¢'(t) > 0 for t > tq. If for every constant k > 0 and all
sufficiently large T' > ty, the equation

Lay(t) + q(t)G(kg«(g(t), T5a))H(y[g(t)]) = 0

is oscillatory, then equation (1.1) is oscillatory.
Proof. Let x(t) be a nonoscillatory solution of equation (1.1), say, z(¢) > 0 for
t > top > 0. As in the proof of Theorem 2.2 we obtain (2.22) for t > T7 > T Now,

Lax(t) + q()G (brg:(9(t), T3 0)) H (z[g(t)]) < Lax(t) + q(t)G (x[g(t)]) H (2[g(t)]) =
= Lyx(t) + q(t) f(z[g(t)]) =0, t=>Ti.

The rest of the proof is similar to that of Theorems 5.2 and 5.3 and hence omitted.
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6. General remarks.

1. The results of this paper are presented in a form which is essentially new and are
of higher degree of generality.

2. The results of this paper can be extended to higher order functional differential
equations of the form

(a(®) (@™ ($)™) ™ + sq(t) f(x[g(1)]) = 0,
where § = +1, n > 0 is an integer.
3. The results of this paper can be extended to forced functional differential equations
of the type

(a0 @()*) " + a(t) £ alo(0)]) = ett).

where e(t) € C([tg, ), R).
4. When a(t) = 1 for t > ty, one can easily see that

h(t, to;1;1/2) = i t'*1/*  for all large ¢
and
H(t,t0;1;1/2) = ot/ for all large ¢,

where c¢; and co are positive constants and can be calculated easily. Here, we omit the
details.
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