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Oscillatory behavior of a fifth-order differential
equation with unbounded neutral coefficients

John R. Graef, Hakan Aver, Osman Ozdemir and Ercan Tung

Abstract. The authors study the oscillatory behavior of solutions to a class of
fifth-order differential equations with unbounded neutral coefficients. The results
are obtained by a comparison with first-order delay differential equations whose
oscillatory characters are known. Two examples illustrating the results are pro-
vided, one of which is applied to Euler type equations.
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1. Introduction

In this paper, we are concerned with the oscillatory behavior of all solutions of
the fifth-order neutral differential equation

2O0) + q(t)z(o(t)) =0, >ty >0, (1.1)

where z(t) = x(t) + p(¢t)z(7(t)), and the following conditions are assumed to hold
throughout:

(C1) p, q: [to,o0) — R are continuous functions with p(t) > 1, p(¢t) £ 1 for all large
t, q(t) > 0, and ¢(t) is not identically zero for all large ¢;

(C2) 7, 0 : [tp,00) — R are continuous functions such that 7(t) < ¢, o(t) < ¢, 7 is
strictly increasing, and lim;_, oo 7(¢) = lims—, oo 0 (t) = 00;

(C3) h(t) :==171(o(t)) <t and limy_,o h(t) = oo, where 77! is the inverse function
of 7.
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By a solution of equation (1.1), we mean a function x € C ([t;, 00),R) for some
tz > to such that z € C® ([t,,00), R) and z satisfies (1.1) on [t,, 00). We only consider
those solutions of (1.1) that exist on some half-line [t,, 00) and satisfy the condition

sup{|z(t)| : Th <t < oo} >0 forany 17 >t,,

and moreover, we tacitly assume that (1.1) possesses such solutions. Such a solution
x(t) of (1.1) is said to be oscillatory if it has arbitrarily large zeros on [t,, 00), i.e.,
for any t1 € [t,,00) there exists to > ¢; such that z(t2) = 0; otherwise it is called
nonoscillatory, i.e., if it is eventually positive or eventually negative. Equation (1.1)
is termed oscillatory if all its solutions are oscillatory.

Recently there has been a great deal of work on the oscillation of solutions of
neutral differential equations. A neutral differential equation is a differential equation
in which the highest order derivative of the unknown function is evaluated both at the
present state t and at one or more past or future states. Besides its theoretical interest,
the study of neutral equations has some importance in applications; for example, see
Hale’s monograph [15] for some applications in science and technology.

Among numerous papers dealing with the oscillation of the solutions of third
and higher odd-order neutral differential equations, we refer the reader to the papers
[2,3,4,5,6,7,8,9, 10, 11, 14, 13, 16, 17, 21, 22, 23, 25, 26, 27, 28, 29, 30] and the
references cited therein as examples of recent results on this topic. However, except
for the papers [3, 4, 14, 30] in which third order equations are studied, the results
obtained in these other papers are for the case where p is bounded, i.e., the cases
0<pt) <pyo <1 -1 <py <pt) <0 0r0 < p(t) <py < oco. To the best
of our knowledge, there appears to be no results for fifth and/or higher odd-order
differential equations with unbounded neutral coefficients. The aim of the present
paper is to initiate the study of the oscillatory behavior of (1.1) and to provide new
results that can be applied not only to the case where p(t) — oo as t — oo but also to
the case where p(t) is a bounded function. Since the equation considered here is linear,
it is possible to extend our results to more general differential equations (see Remark
2.8 below). It is our belief that the present paper will contribute significantly to the
study of oscillatory behavior of solutions of fifth and higher odd-order differential
equations with unbounded neutral coefficients.

In the sequel, all functional inequalities are supposed to hold for all ¢ large
enough. Without loss of generality, we deal only with positive solutions of (1.1), since
if 2(t) is a solution of (1.1), then —z(¢) is also a solution.

2. Main results

We begin with the following auxiliary lemmas that are essential in the proofs of
our main results.

Lemma 2.1 ([1, Lemma 2.2.3]). Let f € C™ ([tg,0), (0,00)) such that ™) (t) f=1(¢)
< 0 fort >t for some ty > tg, and assume that lim;_, . f(t) # 0. Then for every
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A€ (0,1), there exists a ty € [tz,00) such that, for all t € [ty,00),

10> =gt |1 ).

Lemma 2.2. (Kiguradze and Chanturia [19]). Let the function f satisfy f&(t) > 0,
i=0,1,2,...,m and f("D(t) <0 eventually. Then, for everyl € (0,1),

)
£ > m

eventually.

To prove our results we will make use of the additional hypothesis:
(C4) There exist real numbers Iy, I3 € (0,1) such that

R S P £ G 0) S S
¢“”’pu1@)k ( (1) ) pvlﬁlwﬁl

R S P £ G 0) A S S
Pot) = p(r-1(0)) [1 ( T=1(t) ) p(Tl(Tl(t)))]

Y

0, (21)

Y

0, (22

and
1 1

‘pv1@>@‘pvlvlum>2“

for all sufficiently large t.

(2.3)

The following lemma is a consequence of a well known result of Kiguradze [18].

Lemma 2.3. Let conditions (C1)-(C3) be satisfied and assume that x is an eventu-
ally positive solution of equation (1.1). Then, there exists t1 € [to,0) such that the
corresponding function z satisfies one of the following three cases:

TM) z(t) >0, 2/(t) > 0, 2"(t) > 0, 2" (t) > 0, 2""(t) > 0, and 2°)(t) <0,

(I1) 2(t) >0, 2'(t) >0, 2"(t) > 0, 2"'(t) < 0, 2""(t) > 0, and 20 (t) <0,
(ITD) 2(t) > 0, 2/(t) <0, 2"(t) > 0, 2""'(t) < 0, 2" (t) > 0, and 2O)(t) <0,
fort>ty.
Theorem 2.4. Let conditions (C1)-(C4) hold and assume that there exists a function

n € C([to,00),R) such that h(t) < n(t) < t fort > to. If there exist constants
A1, A2 € (0,1) such that the first-order delay differential equations

w'(t) + %Wﬁ/ﬁ(J(t))h4(t)w(h(t)) =0, (2.4)
y'(t) + %Q(t)%(J(t))h4(t)y(h(t)) =0, (2.5)

and
¢'(t) + iQ(t)ws(U(t))(n(t) — h(t))*e(n(t)) =0 (2.6)

are oscillatory, then equation (1.1) is oscillatory.
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Proof. Let z(t) be a nonoscillatory solution of equation (1.1), say z(t) > 0, z(7(¢)) >
0, and z(o(t)) > 0 for t > t; for some t; > ¢o. Then, from Lemma 2.3, z(t) satisfies
one of cases (I)-(I1I) for ¢t > ¢;.

First, we consider case (I). From the definition of z, we have

a(t) = ——ow [(TH(0) —a(rT (1)
2(r7H(t)) 1

@) e ey W @D

1

Now 7(t) < t and 7 is strictly increasing, so 77! is increasing and ¢ < 771(¢). Thus,

7)) < 7). (2.8)
In view of (I) and Lemma 2.2 with m = 4, there exists t2 € [t1,00) such that, for
every l; € (0,1),

z(t) t
>1— fort>t
J) =ty TtE
which yields
2(t) ’_z’(t)n%z(t)<0
t4/l - 4/l =

i.e, z(t)/t*" is nonincreasing for ¢ > t,. Using the monotonicity of z(t)/t*/! it
follows from (2.8) that

I G G ) R G 0)
z(r7H(rTHe)) < (T_l(t))4/l1 )
Using (2.9) in (2.7) yields

z(t) > Py () z(r71(t)) for t > ty. (2.10)

(2.9)

Since lim;—, 0(t) = oo, we can choose t3 > to such that o(t) > to for all t > t3.
Thus, from (2.10) we have

z(o(t)) > Yi(a(t)z(r7 (o (1)) fort > ts. (2.11)
Using (2.11) in (1.1) gives
2O (t) + qO)vi(0(1)=(r~ (o (1)) < 0. (2.12)

Now z(t) > 0 and Z/(t) > 0 on [t3,00) C [t2,00), sO
Jim z(#) # 0,

and hence by Lemma 2.1 with n = 5 and case (I), for every A, 0 < A < 1, there exists
ty > t3 such that

A
2(t) > ﬂf‘,z””(t) for t > ty, (2.13)
from which we see that
A
2(r7Ho(1) > o

4(T_l(a(t)))4z////(7'_1(a(t))) for t > ts, (2.14)

[\N]
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where 771 (o (t)) > t\ for t > t5 for some t5 > ty. Using (2.14) in (2.12) yields

(1) + %q(t)wl(d(t))(fl(U(t)))“Z”"(T_l(U(t))) <0, (2.15)

for every A with 0 < A < 1. Letting w(t) = 2""(t), we see that w is a positive solution
of the first-order delay differential inequality

w'(t) + %q(t)wl(a(t))h4(t)w(h(t)) <0 fort>ts. (2.16)

It follows from [24, Theorem 1] that the delay differential equation (2.4) corresponding
to (2.16) also has a positive solution for all A\; € (0,1), but this contradicts our
assumption on Eq. (2.4).

Next, we consider case (II). Since z(t) > 0, 2/(t) > 0, z”(t) > 0, and 2"'(¢) < 0,
by Lemma 2.2 with m = 2, there exists t5 € [t1,00) such that, for every I5 € (0,1),

t t
2(t) >12§ for t > to,

Z(t) ~

which yields

e <0,

(z(t) ) _ 20— =)

t2/lz

i.e, z(t)/t?/!2 is nonincreasing for t > t,. Using the fact that z(t)/t?/!2 is nonincreasing,
it follows from (2.8) that

(r e w) " 2 )
(r=1(2))*/"

2(r7HrTH) < (2.17)

Using (2.17) in (2.7) yields
w(t) = o (t)2(r7(¢))- (2.18)
Using (2.18) in (1.1) gives
2O (t) + q()v2(0(1)2(r (o (t)) <0 (2.19)
for ¢ > t3 for some t3 > to. Now 2(¢) > 0 and z'(¢) > 0 on [t3,00) C [t2,00), s0
[lim z(t) # 0,

and hence by Lemma 2.1 with n = 5 and case (II), for every A, 0 < A < 1, there exists
ty > t3 such that

2(t) > %t‘lz”"(t) for t > t, (2.20)
217N o(1) = %(T’l(a(t)))%’”’(fl(U(t))) for t > t5, (2.21)

where 771 (o (t)) > t\ for t > t5 for some t5 > ty. Using (2.21) in (2.19) gives

(1) + %q(t)wz(a(t))(fl(J(t)))42”"(7_1(0'(t))) <0, (2.22)



822 John R. Graef, Hakan Avel, Osman Ozdemir and Ercan Tung

for every A with 0 < A < 1. Letting y(t) = 2”""'(t), we see that y is a positive solution
of the first-order delay differential inequality

1) + ral (o (NI DY(h(D) < 0 for t > 15, (2.23)

As in case (I), we conclude that there exists a positive solution y(t) of (2.5) for all
A2 € (0,1), which contradicts the fact that equation (2.5) is oscillatory.
Finally, we consider case (III). Since 2'(t) < 0, it follows from (2.8) that

A7) = 2(rTH (D),
and so inequality (2.7) takes the form
z(t) > ¢3(t)z(77 (1)) (2.24)
Using (2.24) in (1.1) gives
2D (t) + q(t)s(a(t))2(h(1)) <0 (2.25)
for t > t, for some to > t1. Since (—1)*2(*)(t) > 0 for k = 0,1,2,3,4 and 2)(t) < 0,

for to < u < w, we can easily see that

(U — u)4 "
o1 ? (v). (2.26)

Letting v = h(t) and v(t) = n(¢) in (2.26), we obtain

z(u) >

_ 4
(n() > PO IOL i),

and using this in (2.25), we arrive at

2(t) + iQ(t)%(U(t))(??(t) = h(t))*"" (n(t)) < 0.

With ¢(t) = 2""(t), we see that ¢ is a positive solution of the first-order delay
differential inequality

1
#(8) + 7a(O (o (1)) (n(t) - h(t)) e (n(t)) < 0. (2.:27)
As before, we conclude that equation (2.6) has a positive solution, which is a contra-
diction. This completes the proof of the theorem. O

It is well known from [20] (see also [1, Lemma 2.2.9] that if

t
1
liminf/ a(s)ds > —, (2.28)
9

t—o00 (t) e
then the first-order delay differential equation
z'(t) +a(t)z(g(t)) =0 (2.29)

is oscillatory, where a, g € C([to, 0), R) with a(t) > 0, g(t) < t, and lim;—, o g(¢) = o0.
Thus, from Theorem 2.4, we have the following oscillation result for equation (1.1).



Fifth-order differential equation 823

Corollary 2.5. Let conditions (C1)-(C4) hold and assume that there exists a function
n € C([to,00),R) such that h(t) < n(t) <t fort>to. If

lim inf /h L A ()ds > 2?4 (2.30)
litrg(i)gf . q(s)2(o(s))h*(s)ds > %, (2.31)

and ,
it [ (o)) 0(s) — h(s) s > T (2:32)

n(t

then equation (1.1) is oscillatory.

Proof. From (2.30), one can choose a positive constant A\; with 0 < A; < 1 such that

lim inf Ay /h a(s) 1 (o(s))h4 (s)ds > % (2.33)

t—o0 (t)

Now, in view of (2.28)—(2.29), inequality (2.33) ensures that equation (2.4) is oscil-
latory. Again, in view of (2.28)—(2.29), inequalities (2.31) and (2.32) guarantee that
equations (2.5) and (2.6) are oscillatory, respectively. So, by Theorem 2.4, the con-
clusion of Corollary 2.5 holds. O

We conclude this paper with the following examples and remarks to illustrate
the above results. Our first example is concerned with an equation with bounded
neutral coefficients in the case where p is a constant function; the second example is
for an equation with unbounded neutral coefficients where p(t) — co as t — oo.

Example 2.6. Consider the fifth-order differential equation of Euler type
[2(t) + 1282(£/2)]®) + %x(t/@ =0, t>1. (2.34)
Here p(t) = 128, q(t) = qo/t5, 7(t) = t/2, and o(t) = t/6. Then, it is easy to see that
conditions (C7)—(C3) hold, and
Yty =2t, 771 (7 (t)) = 4t, and h(t) =t/3.
Choosing l; = lo = 2/3, we see that
P1(t) = 1/28, o(t) = 15/2' and 4s(t) = 127/21,

i.e., condition (C4) holds. With n(t) = t/2, we have h(t) < n(t) < t for ¢ > 1. Then,
by Corollary 2.5, Eq. (2.34) is oscillatory for

211 5 214 4 221 5 221 5
3 3 3 } 3 21207 x 10°,

do > max{ eln3’ 5eln3’ 127eln2f  127eln2

Example 2.7. Consider the equation

[2(t) + tz(t/2)]® + (j—gx(t/él) =0, t>128. (2.35)
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Here p(t) = t, q(t) = qo/t*, 7(t) = t/2, and o(t) = t/4. Then, it is easy to see that
conditions (C1)—(C3) hold, and

7 ) =2t, 7777 (t)) = 4t, and h(t) =t/2.
Choosing l; = lo = 1/2, we see that
P1(t) > 1/4t, o(t) > 31/64t and 3(t) > 511/2',

so (C4) holds. With n(t) = 2t/3, it is easy to see that all conditions of Corollary 2.5
hold, and so Eq. (2.35) is oscillatory if
3_27 3.211 35.215 } 215.35

, , = ~ 14138.
eln2’ 3leln2’ 511eln 3 511leln 3

qo > max{

Remark 2.8. The results of this paper can be extended to the fifth-order differential
equation with unbounded neutral coefficients

(r(®) ")) +a()a’ (o (1) =0, =1t >0,

under each of the conditions

/ Tﬁl/v(t)dt =0

to
or
o0
/ Y () dt < oo,
to
where r € C ([tg, 00), (0,00)), v and S are the ratios of odd positive integers, and the
other functions in the equation are defined as in this paper.

Remark 2.9. Since it is known that p(¢t) = —1 is a bifurcation point for the behavior
of solutions of neutral differential equations (see [12, 13]), it would be of interest to
study the oscillatory behavior of all solutions of (1.1) for p(t) < —1 with p(t) #Z —1
for large t.
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