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1 Introduction

Consider the following third-order quasi-linear differential equation:

b iy d
[a(t)([x(t)+ / pt, wx[z(t, 1)) du] ) ] + / q(t,&)f (x[o(£,€)]) dg = 0. (1)

We build up the following hypotheses firstly:
1
(H1) a(t) € C([¢y, 00), (0,00)) and ftzo a(s)”7 ds = oo;

(H2) p(t, 1) € C([to,00) x [a,b],[0,00)) and 0 < p(¢t) = ff plt,w)du <p<1;
(H3) t(t, 1) € C([to, 00) x [a,b],R) is not a decreasing function for u and such that

t(t,u) <t and lim min t(f, u) = 0o; 2)
t—00 pi€la,b)

(H4) 4(t,§) € C([t, 00),(0,00));
(H5) o(t, &) € C([ty,00) X [a,b],R) is not a decreasing function for & and such that

o(t,€)<t and lim min]a(t,g):oo; (3)

t—>oogelc,d

(H6) f(x) € C(R,R) and L& > 5 > 0;
(H7) y is a quotient of odd positive integers.
Define the function by

b
200 =0+ [ pltsoalele ] d @
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A function x(¢) is a solution of (1) means that x(¢) € C2[Ty, ), Tx > to, a(t)(Z"(2))? €
C![Ty, o0) and satisfies (1) on [Ty, 00). In this paper, we restrict our attention to those so-
lutions of Eq. (1) which satisfy sup{|x(¢)| : £ > T} > 0 for all T > T,. We assume that Eq. (1)
possesses such a solution. A solution of Eq. (1) is called oscillatory on [T, oo) if it is even-
tually positive or eventually negative; otherwise, it is called nonoscillatory.

In recent years, there has been much research activity concerning the oscillation theory
and applications of differential equations; see [1-4] and the reference contained therein.
Especially, the study content of oscillatory criteria of second-order differential equations is
very rich. In contrast, the study of oscillatory criteria of third-order differential equations
is relatively less, but most of works are about delay equations. Some interesting results have
been obtained concerning the asymptotic behavior of solutions of Eq. (1) in the particular
case. For example, [5] consider the third-order functional differential equations of the form

[a(t)(x”(t))’/]/ +q@)f (x[o(D)]) =0. (5)

Zhang et al. [6] focus on the following the third-order neutral differential equations with
continuously distributed delay:

/

b " d

[a(t) [x(t) + [ pfe(e) dﬂ«} ] + [ atte (o e)]) ds -o. ©)
Baculikova and Dzurina [7] are concerned with the couple of the third-order neutral dif-
ferential equations of the form

[at)([x@®) + pO)x[c®)]]")] + )" [o )] = 0. (7)

However, as we know, oscillatory behaviors of solutions of Eq. (1) have not been considered
up to now. In this paper, we try to discuss the problem of oscillatory criteria of Philos type
of Eq. (1). Applying the generalized Riccati transformation, integral averaging technique of
Philos type, Young’s inequality, etc., we obtain some new criteria for oscillation or certain
asymptotic behavior of nonoscillatory solutions of this equations. We should point out
that y is any quotient of odd positive integers in this paper, but it is required that y =1
in [6].

2 Several lemmas
We start our work with the classification of possible nonoscillatory solutions of Eq. (1).

Lemma 2.1 Let x(t) be a positive solution of (1), and z(t) is defined as in (4). Then z(t) has
only one of the following two properties eventually:

(@) z(t) >0,7Z(t)>0,Z'(t) > 0;

(I1) z(¢)>0,2(t) <0,2"(t) > 0.

Proof Let x(t) be a positive solution of (1), eventually (if it is eventually negative, the proof
is similar). Then [a(£)(z"(¢))"]’ < 0. Thus, a(t)(z"(¢))? is decreasing and of one sign and it
follows hypotheses (H2)-(H7) that there exists ¢; > £, such that z”(¢) is of fixed sign for
t > f. If we admit z(£) < 0, then there exists a constant M > 0 such that

Z'(8) < - , t>t. (8)

alt)?
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Integrating from £ to ¢, we get
¢ 1
Z(t) <7 (f) —M/ a(s)” 7 ds. 9)
5]

Let t — oo and using (H1), we have z/(¢) — —oc. Thus Z/(¢) < 0 eventually, which together
with z”(¢) < 0 implies z(¢) < 0, which contradicts our assumption z(£) > 0. This contradic-
tion shows that z”(£) > 0, eventually. Therefore z'(£) is increasing and thus (I) or (II) holds
for z(t), eventually. a

Lemma 2.2 Let x(t) be a positive solution of (1), and correspondingly z(t) has the prop-
erty (II). Assume that

_/t:o/jo[ﬁ /Moo ‘/CdLI(S,E)deS]W dudv = 0. (10)

Then

lim x(¢) = 0. (11)

t—00

Proof Let x(t) be a positive solution of Eq. (1). Since z(t) satisfies the property (II), it is
obvious that there exists a finite limit

lim z(¢) = 1. 12)

t—0o0

Next, we claim that / = 0. Assume that / > 0, then we have [ < z(¢) < [+ ¢ forall ¢ >0 and ¢
enough large. Choosing ¢ < I(1 — p)/p, we obtain

b b
) =)~ [ ple e ] die =1~ [ pleelete ] du

>1-p(t)z[z(t,a)] = [-p(+e)

=K(l +¢&) > Kz(¢), (13)
where K = l_’l’fff) > 0. O

Combining (H6), (13) with (1), one can get
) d
(@O 0]) =5k [ a8)(elo 0] ds

d
< -8K” ([0 (t,d)])" / q(t,§)dé

c

< 8K (2[o0()])" a1 (8), (14)

where ¢ (t) = fc a q(t,§)dé and oo(t) = o (¢, d). Integrating inequality (14) from ¢ to oo, we
get immediately

a(t)[z”(t)]y > 8KV / q1(s) (z[ao(s)])y ds. 15)
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Using z(og(s)) > [, we have

1 oo % 1 oo d %
z”(t)z&”ﬁ(l(m /t ql(s)ds) za”yla(m /t / q(s,s)dgds> ;

o0 0 d %
—Z(t) > 8Kl / (ﬁ / / q(s,g)dsds) du; (16)

00 o0 0 d %
z(t) = 8" Kl / / (L / f q(s,E)dEds) dudy.
51 v ﬂ(u) u c

We have a contradiction with (10) and so it follows that lim,_, o, z(£) = 0, which implies that

lim x(¢) = 0. 17)

t—00

Lemma 2.3 [7] Assume that u(t) > 0, u'(¢) > 0, u”(t) < 0 on [ty,0). Then, for each o €
(0,1), there exists T,, > to such that

u(o (t))
o (t)

> a@ forallt>T,. (18)

Lemma 2.4 [8] Let z(t) >0, Z/(t) >0, Z"(¢t) > 0, 2”(¢) < 0 on [Ty, 00). Then there exist B €
(0,1) and Tp > T, such that

z(t) > Bt (t) forallt > Tj. (19)

3 Main results

For simplicity, we introduce the following notations:
D={(t,s):t>=s>t);  Do={(ts):t>s>1t}. (20)

A function H € C(D, R) is said to belong to X class (H € X) if it satisfies
(i) H(t,t)=0,t>ty; H(t,s)>O0, (¢,5) € Dy;
(ii) %(s”) < 0, there exist p € C'([ty, 00), (0,00)) and & € C(Dy, R) such that

dH(t,s)  p'(t)
+
as p(t)

H(t,s) = —h(t,s) (H(t,5)) ™7 . (21)

Theorem 3.1 Assume that (10) holds, there exist p € C'([ty, 00),(0,00)) and H € X such

that
) t a(s)p(s)h” (¢, s)
s i, 0900 ST oo .
2 14 d
Q(s):a(l—myp(s)(“’g%“’c)) / a(t,8) de. 23)

Suppose, further, that a'(t) > 0. Then every solution x(t) of Eq. (1) is either oscillatory or
converges to zero.
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Proof Assume that Eq. (1) has a nonoscillatory solution x(z). Without loss of generality,
we may assume that x(¢) > 0, ¢ > &, x(z(t, u)) > 0, (¢, ) € [to,00) X [a,b], x(c(¢,§)) > 0,
(£, &) € [t9,00) x [c,d], z(¢t) is defined as in (4). By Lemma 2.1, we have that z(¢) has the
property (I) or the property (II). If z(¢) has the property (II). Since (10) holds, then the
conditions in Lemma 2.2 are satisfied. Hence lim,_, o, x(£) = 0.

When z(t) has the property (I), we obtain

b b
) =) [ plen[eem]diez 20 [ pleoele(e ) du
b
> 2lt)-2[r(eb)] | plesdn = 1-p)z(o. (24)
Using (H5) and (H6), we have
(@@ O] ) = -80-p) (0] a0 25)

where g, (t) = fcd q(t,&)dE and 01(t) = o (¢, c). Let

w(t) = p(t)a(t)<zt(t)>y, t>1. (26)
Z/(t)
Then
W(t) - ’; ((;) w()
14 I/V y+1
<-4(1 —p)Vq1(t)<Z[Zl(g)]> - y(a(t)lp(t)) w7 (2). (27)

Choosing u(t) = Z/(t) in Lemma 2.2, we obtain

1 - aoq(t)

20 ° @) TTEN 29
Using Lemma 2.3, we get
2(01(2)) = o1 (D)2 (01(8))t = Tp = To. (29)

Combining with (27)-(29), we have

o' (t)
p(t)

1y y+1
w(t) < -Q(t) + w(t) - V< ) w7 (), (30)

a(t)p(t)

where Q(t) is defined by (23). Let

_p®) B 1\
A0 =0 B(t)‘y<a<t)p<t)> '
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For t > t, > Ty, we have

y+l

ftH(t, s)Q(s)ds < /tH(t,s) [—w’(s) + A(s)w(s) = B(s)w 7~ (s)] ds

= H(t, tr)w(ty) — /t[h(t,s)F(t, s) + B(s) (F(t, S)) VTH] ds,

where F(t,s) = w(s)H P (¢,s). By Young’s inequality

+1 Y
BT B TTOSE

V7+1 y+1 Ty+l

|h(t,9)|F(t,s),

we obtain

a(s)p(s)h? (t, s)

BO)E'Y (t,5) > |h(t, 9)|E(t,5) - O

Applying (33) to inequality (31), we obtain

t t h +1 ,
/H(t,s)Q(s)ds§H(t,tz)W(t2)+/ %

- ft[h(t,s) + |h(t,s)|]F(t,s)ds.

2

Therefore, we have

t

w(ty) > ; |:H(t, $)Q(s) ds

a(s)p(s)h" (¢, S)}
> - | ds
H(t) t2) ty

(y +1r+t

The last inequality contradicts (22).

(31

(33)

(34)

(35)

O

Theorem 3.2 Assume that other conditions of Theorem 3.1 are satisfied except condition

(22). Further, for every T, the following inequalities hold:

H(t,
0 < infliminf ¢ < oo
s=T t—oo H(t,T)

and

. a(s)p(s)h?*(t,s)
lim su / ——  —ds<o0.

T H(t, T)

t—00

If there exists ¥ € C([ty,00), R) such that

t y+1 1/y
. 1)
hfiil‘p/T [p(s)a(sJ ds =00,
(5)p()h 1 (t,5)

limsup ]—ﬁ /7: [H(t,S)Q(S) — W] ds > w(T)’

t—00

(37)

(38)

(39)

Page 6 of 8
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where . (s) = max{y(s), 0}, then every solution x(t) of Eq. (1) is either oscillatory or con-
verges to zero.

Proof As the proof of Theorem 3.1, we can see that (31) holds. It follows that

11?1sup H 2)/ H(t $)Q(s) — G(t, S))
< w(t) — liminf ) / h(t S)F(t,s) + B(s) (F(t s))y7 G(t, s)] ds, (40)
t—00 , 2

_ als)ph’ (1)
where G(t,s) = G T

By (45), we get

v+l
v

Y(ty) < w(ty) — liggf@ /t:[h(t, S)F(t,s) + B(s)(F(t,s)) + G(t, s)] ds, (41)

and hence

Y+
V

0 <liminf
t—>00 ( ) 2)

/t[h(t,s)F(t, s) + B(s)(F(t,s)) + G(t, s)]
<w(ty) - ¥(f) < 00. (42)

Define the functions a(¢) and S(t) as follows:

at) = / h(t,s)F(t,s)ds,

,z)

1 £ v+l
B(t) = D) /t; B(s)(F(t,s)) Y ds.

From (37) and (42), we obtain
liminfler() + B(£)] < co. (44)

The remainder of the proof is similar to the theorem given in [9-11] and hence is omitted.
If z(¢) has the property (II), since (10) holds, by Lemma 2.2, we have lim;, » x(f) =0. O

Theorem 3.3 Ifwe replace (37) by

lim su [ H(t,s)Q(s) ds < o0, 45
t%OOpH( y () ( )

and assume that the other assumptions of Theorem 3.2 hold, then every solution of Eq. (1)
is either oscillatory or converges to zero.

Proof The proof is similar to Theorem 3.2 and hence is omitted. O

Remark 3.4 When y =1, Theorems 3.1-3.3 with condition (37) reduce to Theorems 3.1-
3.3 of Zhang [6], respectively.
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