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The aim of this paper is to offer a generalization of the Philos and Staikos lemma. As a possible
application of the lemma in the oscillation theory, we study the asymptotic properties and
oscillation of the nth order delay differential equations (E) (r(t) [x(”’l)(t)]y)’ +gq(t)x'(r(t)) = 0.
The results obtained utilize also the comparison theorems.

1. Introduction

In this paper, we will study the asymptotic and oscillation behavior of the solutions of the
higher-order advanced differential equations:

(rd [z 0] + gz ) =o. (E)

Throughout the paper, we will assume g, 7,r € C([to, o)), and

(Hi) n > 3, y is the ratio of two positive odd integers,

(Hp) r(t) >0,g(t) >0, 7(t) < t, limy_, o, T(t) = o0.

Whenever, it is assumed

R(t) = f r /¥ (s)ds — oo as t — co. (1.1)

to
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By a solution of (E) we mean a function x(t) € C"!([Ty, o)), Tx > to, which has the
property r(t)(x""V(t))" € C'([Ty, o)) and satisfies (E) on [T, o). We consider only those
solutions x(t) of (E) which satisfy sup{|x(t)| : t > T} > 0 for all T > T,. We assume that (E)
possesses such a solution. A solution of (E) is called oscillatory if it has arbitrarily large zeros
on [Ty, o0), and otherwise it is called to be nonoscillatory.

The problem of the oscillation of higher-order differential equations has been widely
studied by many authors, who have provided many techniques for obtaining oscillatory
criteria for studied equations (see, e.g., [1-19]).

Philos and Staikos lemma (see [16, 17]) essentially simplifies the examination of nth-
order differential equations of the form

y () + gty (T(t) =0, (1.2)

since it provides needed relationship between y(t) and y™ 1 (t), and this fact permit us to
establish just one condition for asymptotic behavior of (1.2). If we try to apply the Philos and
Staikos lemma to (E), the strong condition #'(t) > 0 appears (see, e.g., [2, 18, 20]). In this
paper we offer such generalization of the Philos and Staikos lemma, where this restriction
is relaxed. Moreover, the obtained lemma yields many applications in the oscillation theory.
As an example of it, we offer its disposal in the comparison theory and we establish new
oscillation criteria for (E).

2. Main Results

The following result is a well-known lemma of Kiguradze, see, for example, [6] or [13].

Lemma 2.1. Let z(t) € CK'([ty,0)) and r(t)(z* V()" € C([ty, o)) with z(t) > 0,
(r(t)(z%V(#)") < 0, and not identically zero on a subray of [to, o). Then there exist a t; > t
and an integer €,0 < € < k — 1, with k + € odd so that

D)0 >0, j=¢,...,k-1,
' (2.1)
z20#) >0, i=1,..., -1, when €>1,

on [t, o).
Now we are prepared to provide a generalization of the Philos and Staikos lemma.

Lemma 2.2. Let z(t) be as in Lemma 2.1 and numbers t; and € assigned to z(t) by Lemma 2.1. Then
for0<€<k-1,

rl/r(t)z(k—l) (t) t

k), r Y7 (s)(s - t1)¥2ds, (2.2)

z(t) >
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foré=k-1;

PO (* iy 64 - -2, (23)

0> |,

fort > ty.

Proof. Let ¢ be the integer assigned to function z(t) as in Lemma 2.1. Assume that ¢ < k -1,
then, for any s, t with t > s > #;,

2D (g) > f t

S

t
z* D (w)du = f 7 () 2% () r Y () du

t (24)
> rl/Y(t)z(k‘l)(t)f r VY (u)du.
Repeated integration in s from s to t yields
t (u _ S)k—Z—Z
2@ (s) > rl/Y(t)z(k‘l)(t)f r-l/Y(u)mdu. (2.5)
On the other hand, if € > 1, then, for every t > t;,
t
2@ D (1) zf 2 (s)ds. (2.6)
h
Repeated integration from ¢; to t leads to
@ “ds. 2.7
0> gy [ 2009 s @7)
Setting (2.5) into (2.7), one gets
r/7(#)z*D () -1 1/ k=2-¢
- -1y
z(t) > @-1)i(k—2- 2)',[ (t—1s) L (u)(u—-s) duds
r/r )z () I J’ 1/ k-3
> - r—/V(u)(u-s)"duds (2.8)
(k—3)] . (u) (u —s)

_ r/v () z*-D (1)

(k-2)! ) 1),
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We have verified the first part of the lemma. Now assume that £ = k — 1. It follows from (2.7)
that

z(t) > ﬁ -[:1 2*D () (t - 5)*2du

1
>
= (k-2)!

’[t vl (S)Z(k—l) (S)T'_l/Y(S) (t- s)k_zds (2.9)
t

rl/r(t)z(kfl) (t) t

G—zr ), @0

The proof is complete now. O

Employing additional conditions, we are able to joint (2.5) and (2.7) to just one
estimate.

Lemma 2.3. Let z(t) be as in Lemma 2.1 and lim;_, ,z(t) #0. Let v'(t) > 0, Then for any A € (0,1)
there exists some t, > t1 such that

z(t) > tF1zD (), (2.10)

(k—1)!

fort>t).

Proof. Note that (t) > 0 implies that r~'/7(t) is nonincreasing. Assume that ¢ is the integer
associated with z(t) in Lemma 2.1. If 0 < ¢ < k — 1, then using (2.2), we have

(k-1) t (k-1)
z(t) 2 Z(k_z()t? t (s — )k 2ds = fk_ 1(;,) (t— )k (2.11)

It is easy to see that for any A € (0, 1) there exists a ), > t; such that t —t; > A1/ &V tfort > t),
which in view of (2.11) yields (2.10).
If ¢ = k-1, then proceeding similarly as above it can be shown that (2.3) implies (2.10).
If € = 0, then it follows from (2.5) that

t _ o\k2 (k-1)
1/y () (k=1) BNt _Z (£, k1 212
z(s) > r'/7(t)z* V() Lr (u) 2 du D! (t-s)<. (2.12)
Setting s = (1 — A1/2k~D)t, we have
(k-1)
x((1-A1726D)1) > Z;k - 1(;) A2 (2.13)
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Moreover,

. x(t) _ 1/2
tll»n;x((l — \1/20D) ) 1> (2.14)

Therefore, for all large ¢,

x(t) 2 12 ((1- 2260 > (B . ot 2, (2.15)

The proof is complete now. O

In the following result, we compare (2.2) and (2.3) to verify that both estimates are
independent; that is, one does not result from the other, although for r(t) = 1 they are
equivalent.

Remark 2.4. Let z(t) be as in Lemma 2.1, such that z(t) is increasing. At first we consider
r(t) =t,y=3,t; = 1,and k = 3 then (2.2), (2.3), and (2.10) yield

z(t) > 2'(t) <t2 —tlnt- t), z(t) > 2'(t) (t2 Int -2 + t>, z(t) > z”(t)%tz, (2.16)

respectively.
Now we modify 7(t) = t>. Then (2.2) and (2.3) reduce to

z(t) > 2" (t) <§ - é + é), z(t) > 2" (t) <§ - % + %>, (2.17)

respectively, and (2.10) is not applicable.

3. Applications

Lemma 2.2 can be applied in various techniques for investigations of the higher-order
differential equations. We offer one such application in comparison theory.

Theorem 3.1. Assume that both first-order delay differential equations

T(t) Y
v+ %(I ri(s) (s - t1>"‘2ds> y(x(0) =0, (E)

T(t) Y
y'(t)+%< [ r-l/Y(sxT(t)—s)"-zds) y(x(®) =0 (E2)
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are oscillatory. Moreover, for n-odd assume that

f * =2V (1) <f q(s)ds)l/ydu = 0. (Py)

to

Then

(i) for n even, (E) is oscillatory;

(ii) for n odd, every nonoscillatory solution x(t) of (E) satisfies lim;_, ,x(t) = 0.

Proof. Assume that x(t) is a nonoscillatory solution of (E); let us say positive. Then
(r(t) [x("‘l)(t)]y)’ < 0, and there exist a t; > tp and an integer ¢ with n + £ odd such that
(2.1) holds.

If0 < ¢ <n—-1, then by Lemma 2.2

n— t
x(t) > % r Yr(s)(s - t)"*ds. (3.1)
! b

Setting to (E), we get

' (n-1) Y 7(t) Y
(r(t) [x(n—l)(t)]Y> N g(t)r(r(t) [x D (r(t))] y <J‘ t P17 (8)(2(s) —tl)""zds> <0.

(n=2))" b
(3.2)
Then y(t) = r(f)[x"V ] is positive and satisfies the differential inequality:
T(t) Y
v+ 10 < | - tn"-zds) y(x(®) <0. 33

By Theorem 1 in [15], the corresponding equation (E;) has also a positive solution. A
contradiction.
If ¢ =n -1, then by Lemma 2.2

(H)x!

0= % J - 5 s, (3.4)
),

and proceeding as above, we find out that (E;) has a positive solution. A contradiction and
the proof are finished for n even.

Assume that ¢ = 0; note that it is possible only for n is odd. Since x'(t) < 0, then there
exists a finite lim; _, ,,x(t) = ¢ > 0. We claim that ¢ = 0. If not, then x(7(t)) > ¢ > 0, eventually,
let us say, for t > t,. An integration of (E) from t to co yields

r <) > I " g(s)" (2(s))ds (3.5)

t
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or equivalently

o0 1/
w20 ([ gonrenas) (36)

t

Integrating n — 1 times from ¢ to oo, we get

o n-2 © 1/
x> [ U ([ g eeas) a, (37)
then
x(tz) > L J’OO (u _ tz)n_z r—l/Y(u) <J‘Oo q(S)dS)l/Ydu, (38)
T (n=-2)1), u
which contradicts (P). The proof is complete. O

Employing any result (e.g., Theorem 2.1.1 in [13]) for the oscillation of (E;) and (E;),
we immediately obtain criteria for studied properties of (E).

Corollary 3.2. Let

t=oo Jrm f

T(U Y
lim inf t q(u) <J w r’l/y(s) (s - t1)"_2ds> du > ((n —e2)!)Y,
t 7(u) y . (39)
liminf | q(u) (f rN(s)(r(s) - t)"-2ds> du> 220
f

e Jagy €

Moreover, for n-odd assume that (Py) holds. Then

(i) for n even, (E) is oscillatory;

(ii) for n odd, every nonoscillatory solution x(t) of (E) satisfies lim;_, ,x(t) = 0.

If we replace (P) by stronger condition, we can establish oscillation of (E) even if n is
odd.

Theorem 3.3. Let 7'(t) > 0. Assume that both first-order delay differential equations (E1) and (E1)
are oscillatory. Moreover, for n-odd assume that

t

© 1/y
lim sup (u—7()"2 r 7 (u) (f q(s)ds> du> (n-2)L (P1)

t— oo T(t)

Then (E) is oscillatory.
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Proof. Assume that x(t) is a positive solution of (E). Then there exists an integer ¢ assigned
with x(¢) by Lemma 2.1. If 1 < ¢ < n — 1, then proceeding as in the proof of Theorem 3.1 we
eliminate x(t). If € = 0, then it follows from (3.7) that

o (u_T(t))n—Z By oo 1/y
x(T(t)) > Lm NCEO 71 Y(u)<J‘u q(s)xV(T(s))ds> du
t ) t 1y (3.10)
(w-tH)""
> x(7(t)) i T rt Y(u)<L q(s)ds> du,
which contradicts (P;). The proof is complete. O

Corollary 3.4. Let (3.9) hold. Moreover, for n-odd assume that (Py) holds. Then (E) is oscillatory.

Example 3.5. We consider the forth-order delay differential equation:
("t N+ 2 BU)=0, a>0,0<A<1, t>1 (E3)
¥'(0)°) + 5 P =0, a>0, ,t21. 3

It is easy to verify that (Py) holds for (E3); moreover, conditions (3.9) reduce to

a151n<%> N é<§>3 3.11)
16 <1> _3a-n 3(1-4%) (1-1)3] g 1/
e

2 —
a27 [125 In 50 40 2413

A

(3.12)

respectively. Thus, by Corollary 3.4, if both (3.11) and (3.12) hold, then all nonoscillatory
solutions of (E3) tend to zero. For a = a®(a + 1)3(3a +5)A%%, with a > 0, one such solution is
x(t) = t7*. On the other hand, condition (P;) takes the form

a(ln(%) +1—.)L>3 > 5. (3.13)

Therefore, by Corollary 3.4, (Es) is oscillatory, provided that all (3.11), (3.12), and (3.13) hold.
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