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Abstract. In this paper, improved oscillation conditions are established for the oscillation of
all solutions of differential equations with non-monotone deviating arguments and nonnegative
coefficients. They lead to a procedure that checks for oscillations by iteratively computing
lim sup and lim inf on terms recursively defined on the equation’s coefficients and deviating
argument. This procedure significantly improves all known oscillation criteria. The results and
the improvement achieved over the other known conditions are illustrated by two examples,
numerically solved in MATLAB.
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1. INTRODUCTION

Consider the differential equation with a variable deviating argument of either delay
2(t) +pt)a (r(t) =0, t=>to, (E)

or advanced type
a'(t) —q(t)x (o(t)) =0, t>to, (E")

where p, q are functions of nonnegative real numbers, and 7, o are functions of positive
real numbers such that

T(t) <t, t>ty and lim 7(t) = oo (1.1)

t—o0

and
o(t) >t t>to, (1.2)

respectively.
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As is customary, a solution of (E) or (E') is called oscillatory, if it is neither
eventually positive nor eventually negative. If there exists an eventually positive
or an eventually negative solution, the equation is nonoscillatory. An equation is
oscillatory if all its solutions oscillate.

The problem of establishing sufficient conditions for the oscillation of all solutions
of equations (F) and (E’) has been the subject of many investigations. The reader is
referred to [1-7,9-20,22-29] and the references cited therein. Most of these papers
concern the special case where the arguments are nondecreasing. A few papers studied
the general case where the arguments are not necessarily monotone, see, for example,
[1-6,14,23,26] and the references therein.

The motivation for considering equations in the form of (E) or (E’) with
non-monotone arguments is justified not only by its pure mathematical interest,
but also because such equations describe in a more realistic way a wide class of natural
phenomena as natural disturbances (e.g. noise in communication systems) affecting
parameters of the equation cause non-monotone deviations in the argument of the
solutions. Therefore, an interesting question arises whether is it possible to obtain
new oscillation criteria in the case where the argument 7(t) or o(t) is not necessarily
monotone. In the present work, we achieve this goal by establishing criteria which, up
to our knowledge, essentially improve all other known results in the literature.

The paper is organized as follows. First, we present, separately for a delay and
advanced case, some of the related results which motivate the contents of this paper.
Next, we establish new sufficient conditions of lim sup and lim inf type, for the oscil-
lation of all solutions of (E) and (E’). We base our technique on the proper use of
a recursive procedure leading to new inequalities which may replace former ones. To
verify the significance of the obtained results, we provide two examples along with
various comparisons among new and known criteria.

Throughout, we are going to use the following notation:

¢
= htrgg.}f / p(s)ds,
(t)

0, if w>1/e,

Dw)=91-w-v1-2w—w?

2 )

ifwel0,1/e],

t

LD :=limsup / p(s)ds, where 7(t) is nondecreasing,
t—o00

(t)
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and
o (1)

LA :=limsup / q(s)ds, where o(t) is nondecreasing.
t—o0

1.1. DELAY DIFFERENTIAL EQUATIONS (CHRONOLOGICAL REVIEW)

The first systematic study for the oscillation of all solutions to equation (E) was made
by Myshkis in 1950 [25] when he proved that every solution of (E) oscillates if

: o o 1
h?isogp[t —7(t)] <oo and htrgggf[t —7(1)] htrglorgfp(t) > (1.3)

In 1972, Ladas, Lakshmikantham and Papadakis [19] proved that, if
LD > 1, (1.4)

then all solutions of (F) oscillate.
In 1982, Koplatadze and Chanturija [13] improved (1.3) to

1
—. 1.
o > . ( 5)

Concerning the constant 1/e in (1.5), it is to be pointed out that if the inequality

t

/ p(s)ds <

7(t)

Q| =

holds eventually, then, according to a result in [13], (F) has a nonoscillatory solution.
Obviously, when the limit
¢

lim [ p(s)ds

t—o0
(t)
does not exist, a gap appears between the conditions (1.4) and (1.5). How to fill this
gap is an interesting problem which has attracted the attention of several authors.
For example, in 2000, Jaro$ and Stavroulakis [10] proved that, if

1+1InA\
S 1A

LD
Ao

— D(a), (1.6)

where )\ is the smaller root of the transcendental equation A\ = e®*, then all solutions
of (E) oscillate.

Now we come to the case considered in the present work, i.e., that the argument
7(t) is not necessarily monotone. Set

h(t) :=sup7(s), t>to. (1.7)

Clearly, the function h(t) is nondecreasing and 7(t) < h(t) < t for all ¢t > to.
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Essential progress was made by Koplatadze and Kvinikadze [14] in 1994 who proved

that if
t h(t)

lim sup / p(s) exp /p(u)¢](u)du ds >1— D(a), (1.8)
e h(t) h(s)

where
t

w) =0, w)=ew | [piad], =2
(1)
then all solutions of (F) oscillate.
In 2011, Braverman and Karpuz [2] proved that if
t h(t)
lim sup / p(s) exp / p(u)du | ds > 1, (1.9)

t—o00

h(t) (s)

then all solutions of (E) oscillate, while Stavroulakis [26] in 2014 improved (1.9) to

t h(t)
lim sup / p(s) exp /p(u)du ds >1— D(a). (1.10)
t—o0
h(t) 7(s)

In 2016, Morshedy and Attia [23] proved that, if

t

ton—1
lim sup /pn(s)ds—FD(oz)exp /ij(s)ds > 1, (1.11)
g(t)

t—o0 .7
g(t) =0

t t
po(®) =p(®) and pu(®)=por() [ pas(s)exp | [ paa(d|ds, nz1,
g(t) g(s)

then all solutions of (E) oscillate. Here, g(t) is a nondecreasing continuous function
such that 7(t) < g(t) < t, t1 > to. Clearly, g(t) is more general than h(t) defined
by (1.7).
In 2016 (2017), Chatzarakis [3] ([4]) proved that if for some j € N
¢ h(t)
lim sup / p(s) exp / pj(u)du | ds > 1 (1.12)

t—o00

h(t) (s)
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or
t h(t)

li?izlip / p(s) exp /pj(u)du ds > 1— D(a), (1.13)

h(t) (s)

where
t h(t)

p;i(t) =p(t) |1+ / p(s) exp / pi—1(u)du | ds|,
(t) (s)
with po(t) = p(t), then all solutions of (E) oscillate.
Lately, Chatzarakis and Li [5] improved (1.12) and (1.13) to

h(t)

t u
limsup/p(s)exp /p(u)exp /Pj(é)dﬁ du | ds > 1, (1.14)
t—o0

h(t) 7(s) 7(u)
and

h(t)

lim sup / p(s) exp / p(u) exp / P;(&)d¢ | du | ds > 1 — D(a), (1.15)
t—o0

h(t) 7(s) 7(u)
respectively, where

t t u
B =) |1+ [seew | [pwesn | [ P | du|as|,
7(t) 7(s) 7(u)
with Py(t) = Aop(t) and )¢ is the smaller root of the transcendental equation \ = e®*,
In the same paper, the authors proved that if for some j € N

limsup/p(s)exp /p(u)exp /Pj(f)dg du ds>ﬁ, (1.16)

t—o0
h(t) 7(s) 7(u)
or
/ " i 1 +1In\
limsup/p(s)exp /p(u)exp /Pj(f)dé du ds>%—D( ),
t—o00 0
h(t) 7(s) m(u)
(1.17)
or
t h(S) u 1
litrninf/p(s)exp /p(u)exp /Pj(f)df du ds>g, (1.18)
—00
h(t) 7(s) 7(w)

then all solutions of (E) oscillate.
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1.2. ADVANCED DIFFERENTIAL EQUATIONS (CHRONOLOGICAL REVIEW)

By [21, Theorem 2.4.3], if
LA>1,

then all solutions of (E’) oscillate.
In 1983, Fukagai and Kusano [9], proved that if

1
/8 > =,
e
then all solutions of (E’) oscillate, while if

o(t)

[ ats)as <

i
then Eq. (E’) has a nonoscillatory solution.
Assume that the argument o(t) is not necessarily monotone. Set

=i > 1.
p(t) Ezlfta(s)’ t >t

| =

for all sufficiently large ¢,

Clearly, the function p(t) is nondecreasing and o(t) > p(t) > t for all ¢ > .

In 2015, Chatzarakis and Ocalan [6], proved that if
p(t) o(s)
lim sup / q(s) exp / q(u)du | ds > 1,

t—o00
p(t)

or

() a(s) )
lim inf / q(s) exp / q(u)du | ds > =,
t—o0 e
t p(t)
then all solutions of (E’) oscillate.
In 2016 (2017), Chatzarakis [3] ([4]) proved that, if for some j € N
p(t) o(s)

limsup/q(s)exp /qj(u)du ds > 1,

t—o0
p(t)
or
p(t) o(s)
lim sup / q(s) exp / gj(uw)du | ds >1—D(p),
t—o0
p(t)

where

o(t) a(s)
s =a0) |1+ [aew | [ i@ |ds| gz
t p(t)
with go(t) = ¢(t), then all solutions of (E’) oscillate.

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)

(1.24)

(1.25)
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Lately, Chatzarakis and Li [5], improved (1.24) and (1.25) to

p(t) o(s) o(u)
limsup/q(s)exp /q(u)exp /Qj(g)dﬁ du | ds>1 (1.26)
I (1 u
and
p(t) o(s) o(u)
limsup/q(s)exp /q(u)exp /Qj(g)dg du | ds >1— D(B), (1.27)
t u

t—o0
p(t)

respectively, where
o(t) o(s) o(u)
Q0 =aw) |1+ [awew | [awesn| [ poa@de|au)as|,

t t u

with Qo(t) = Aog(t) and )¢ is the smaller root of the transcendental equation A = .
In the same paper, the authors proved that, if for some j € N

p(t) a(s) o(u)

1
limsup/q(s)exp /q(u)exp /Qj(f)dg du | ds > —, (1.28)
t—o00 ) D(ﬁ)
or
p(t) o(s) o(u) Lt lux
timsup [ ats)exp | [ awess | [ Qe | au | ds> 222 - D)
t—o00 0
t ols) u
(1.29)
or
p(t) a(s) o(u) 1
litminf/q(s)exp /q(u)exp /Qj(ﬁ)df du ds>g, (1.30)
— 00
p(s) u

then all solutions of (E’) are oscillatory.

2. MAIN RESULTS

2.1. DELAY DIFFERENTIAL EQUATIONS

We further study (E) and derive new sufficient oscillation conditions, involving lim sup
and lim inf, which improve all the previous results. The proofs of our main results are
essentially based on the following lemmas.
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Lemma 2.1 ([8, Lemma 2.1.1]). In addition to hypothesis (1.1), assume that h(t) is
defined by (1.7). Then

¢ ¢
= htrgg)lf p(s)ds = htrgglf p(s)ds. (2.1)
(t) h(t)

Lemma 2.2 ([8, Lemma 2.1.3]). In addition to hypothesis (1.1), assume that h(t) is
defined by (1.7), o € (0,1/e] and z(t) is an eventually positive solution of (E). Then

iminf —2_ > D(a). (2.2)

The next lemma provides a lower estimate for the ratio z(h(t))/x(t) in terms of
the smaller root of the transcendental equation A = e®*.

Lemma 2.3 ([17, Lemma 1]). Assume that o € (0,1/e] and let x be a positive solution
of (E). Then

lim inf x(hiit)) > Ao, (2.3)

t—00 x( ) -

where Ao is the smaller Toot of the transcendental equation \ = e™*.

Theorem 2.4. Assume that h(t) is defined by (1.7) and for some £ € N

t h(t)

limsup/p(s)exp /p(u)exp /uRg(f)df du | ds > 1, (2.4)

t—o0
h(t) 7(s) 7(u)

Ro(t) = p(t) |1+ / p(s) exp / (1) exp / Ro1(6)de | du | ds|  (25)
7(t) 7(s) 7(u)

t
with Ro(t) = p(t) [1 +Xo [ p(s)ds} , and Ao is the smaller oot of the transcendental
(1)
equation A = e**. Then all solutions of (E) are oscillatory.

Proof. Assume, for the sake of contradiction, that there exists a nonoscillatory solution
x(t) of (E). Since —x(t) is also a solution of (E), we can confine our discussion only
to the case where the solution z(t) is eventually positive. Then there exists t; > to
such that z(¢t), = (7(t)) > 0, for all ¢ > ¢;. Thus, from (E) we have

2'(t) = —p(t)x (7(t)) <0, forallt>ty,

which means that z(t) is an eventually nonincreasing positive function. Taking this
into account and the fact 7(¢) < h(t), (F) implies

a'(t) + p(t)z(h(t) <0, ¢ >t (2.6)
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Observe that (2.3) implies that for each € > 0 there exists a ¢, such that

>N —¢€ forallt>t.> 1.

or

2(t) — 2(r(1)) + (N — ) 2(?) / p(s)ds < 0.
(t)

Multiplying the last inequality by p(t), we find

p()x(t) — p(t)z((t)) + (Ao — €) p(t)z(t) / p(s)ds <0,
()

T

which, in view of (E), becomes

' (t) + p)x(t) + (Ao — €) p()2(t) / p(s)ds <0,
®

T

or

2 (t)+pt) [14+ (N —¢) / p(s)ds| z(t) <0.
(®)

T

Thus,
2/ (t) + Ro(t,e)z(t) <0,

(2.8)

(2.9)

(2.10)

(2.11)
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where

7(t)
Applying the Gronwall inequality in (2.11), we obtain

Rolt, ¢) = p(t) {H (o — €) / p(s)ds] .

x(s) > z(t) exp (/Ro(f,e)dg) , t>s. (2.12)

S

Now we divide (E) by « (t) > 0 and integrate on [s, t], so

. /tx/(“) o /tp(u)w(u)) ”

o) T P )

or

lnz((i)) = /p(u)ng;))du (2.13)

S

Since 7(u) < u, the last inequality gives

> / )5 exo ( / Ro<s,e)ds) du = / p() exp ( / Ro<s,e>ds) du

(u) s 7(w)

x(s) > x(t) exp (/p(u) exp ( / Ro(f,e)d§> du) . (2.14)

s ()

or

Setting s = 7(s) in (2.14), we take

x(7(s)) > x(t) exp ( / p(u) exp ( / Ro(f,e)d§> du) . (2.15)

(s) 7(u)
Combining (2.8) and (2.15), we obtain

z(t) — x(7(t)) + z(t) /p(s) exp ( / p(u) exp ( / Ro(f,e)df) du) ds <0.

7(t) (s) (u)
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Multiplying the last inequality by p(t), we find

t t u

p(t)x(t)—p(&)x(T(t))+pt)z(t) /p(s) exp ( /p(u) exp ( /Ro(f, e)df)du)ds <0,
(%) 7(s) 7(u)

which, in view of (E), becomes

(1) + p(t)x(t) + p(t)x(t) / p(s) exp / p(u) exp / Ro(&,€)d | du | ds < 0.
(t) (s) 7(u)

T T

Hence, for sufficiently large t,

t t u

z'(t) +p(t) |1+ / p(s) exp / p(u) exp / Ro(&,€)dE | du | ds| z(t) <0,
7(t) 7(s) 7(u)
or
2 (8) + Ri(t, Oa(t) <0, (2.16)
where

t u

t
Rt =p(0) |1+ [ p)exn | [ pwew | [ Roleqd | du | as
7(t) 7(s) 7(u)

Clearly (2.16) resembles (2.11) with Ry replaced by Ry, so an integration of (2.16)

on [s,t] leads to
t

x(s) > x(t) exp /R1(§,€)d§ . (2.17)

S

Taking the steps starting from (2.12) to (2.15) we may see that x satisfies the inequality

x(7(s)) > x(t) exp /p(u)exp /Rl(f,e)dﬁ du | . (2.18)
(s) 7 (w)

Combining now (2.8) and (2.18), we obtain

z(t) — x(r(t)) + (t) / p(s) exp / p(u) exp / Ryi(&,€)dé | du | ds < 0.
7(t) 7(s) 7(v)
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Multiplying the last inequality by p(t), as before, we find

t t u

1+ /p(s)exp( /p(u) exp( /R1(§7e)d£>du>d51x(t)<0.

(t) 7(s) 7(u)

a'(t) + p(t)

Therefore, for sufficiently large ¢, we have
z'(t) + Ra(t, e)x(t) <0,

where

t t u

1+ /p(s)exp( /p(u)exp( /Rﬂﬁ,e)df)du)ds].

7(t) 7(s) 7(u)

Ry(t,€) = p(t)

It becomes apparent, now, that by repeating the above steps, we can build inequalities
on '(t) with progressively higher indices Ry(t), ¢ € N. In general, for sufficiently
large t, the positive solution x(t) satisfies the inequality

Z'(t) + Ry(t,e)z(t) <0, (€N, (2.19)
where
t t

1+ / p(s) exp< / () exp< /u Rg_l(f,e)d§> du)ds].

7(t) 7(s) 7(u)

Ry(t, €) = p(t)

In order to take our final step, we recall that

h(t) = sg;t)T (t)

and note that h is a nondecreasing function. Moreover, since 7(s) < h(s) < h(t)
we have

h(t) u
z(7(s)) > z(h(t)) exp ( / p(u) exp ( / Rg(f,e)df) du).
7(s) 7(u)
Hence
t h(t) u
x(t) — x(h(t)) + z(h(t)) / p(s) exp ( / p(u) exp ( / Rg(ﬁ,e)df) du) ds <0.

h(t) 7(s) 7(u)
(2.20)
The inequality is valid if we omit x(t) > 0 in the left-hand side. Therefore

h(t)

w(h(t))l jp(S)exp< /p(U)exp< /uRe(f,E)d€>dU>d51] <0,

h(t) 7(s) 7(u)
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which means that
t h(t) u
lim sup / p(s) exp / p(u) exp / Ri(&,e)dE | du | ds < 1.
t—ro0

h(t) (s) 7 (w)

Since € may be taken arbitrarily small, this inequality contradicts (2.4).
The proof of the theorem is complete. O

Theorem 2.5. Assume that h(t) is defined by (1.7) and o € (0,1/e]. If for some
teN

h(t)

li?isogp/p(s)exp< /p(u)exp( /Rg(ﬁ)dﬁ)du>d5>1D(oz), (2.21)

h(t) 7(s) (u)
where Ry is defined by (2.5), then all solutions of (E) are oscillatory.

Proof. Let x be an eventually positive solution of (E). Then, as in the proof of
Theorem 2.4, we obtain (2.20), i.e, for sufficiently large ¢ we have

t h(t)

2(t) — 2(h(t)) + z(h(t)) / p(s)exp< / p(u)exp< / Re(&e)dé)du)dsé().
h(t) 7(s) 7(u)

i u x(t)
ép(s) exp ( / p(u) exp < / Rg(f,ﬁ)d{) du) ds<1-— ()’

7(s) 7(u)
which gives

t h(t)

liﬁigphé p(s) exp ( % p(u) exp < (/) Ré(fv‘f)df) d“) ds < 1 —liminf xfh((tt)))

(2.22)
By combining Lemmas 2.1 and 2.2, it becomes obvious that inequality (2.2) is fulfilled.
So, (2.22) leads to

t h(t) u

i s / p(s) exp ( / p() exp < / Rg(f,e)d§> du> ds < 1- D(a).

h(t) (s) 7(u)

Since € may be taken arbitrarily small, this inequality contradicts (2.21).
The proof of the theorem is complete. O
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Remark 2.6. It is clear that the left-hand sides of both conditions (2.4) and (2.21)
are identical, also the right-hand side of condition (2.21) reduces to (2.4) in case that
a = 0. So it seems that Theorem 2.5 is the same as Theorem 2.4 when a = 0. However,
one may notice that condition a € (0,1/e] is required in Theorem 2.5 but not in
Theorem 2.4.

Theorem 2.7. Assume that h(t) is defined by (1.7) and o € (0,1/e]. If for some
teN

t t u

limsup/p(s)exp /p(u)exp /Rg(ﬁ)dﬁ du ds>ﬁ—l7 (2.23)

t—o0

h(t) 7(s) 7(u)
where Ry is defined by (2.5), then all solutions of (E) are oscillatory.

Proof. Assume, for the sake of contradiction, that there exists a nonoscillatory solution
z of (F) and that x is eventually positive. Then, as in the proof of Theorem 2.4, for
sufficiently large ¢ we have

t u

x(7(s)) > x(t) exp /p(u)exp /Rg(f,e)df du | . (2.24)
7(s) (u)

Integrating (E) from h(t) to ¢, we have

z(t) — x(h(t)) +

E\w
3
~

»
N
8
—
\]
—
VA
N—
S—
ISH
)
I
=

which, in view of (2.24), gives

t t u

x(t) — z(h(t)) + /p(s):v(t)exp /p(u)exp /Rg(f,e)df du | ds <0,

h(t) 7(s) 7(u)
or

u

x(t)—z(h(t))+x(h(t)) /p(s)x(xifg)) exp /p(u)exp /Rg(f,e)dﬁ du | ds <0.
(t) (s) 7(u)

That is, for all sufficiently large ¢ it holds

/p(s)exp /p(u)exp /Re(ﬁ,e)df du dsgx(j(it)))

h(t) 7(s) 7(u)
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and therefore

t t u

lim sup / p(s) exp / p(u) exp / Re(&,€)d€ | du | ds < limsup z(h(t))
t—o0 ) t—o00 J?(t)
h(t 7(s) 7(u)

(2.25)
By combining Lemmas 2.1 and 2.2, it becomes obvious that inequality (2.2) is fulfilled.
So, (2.25) leads to

t t

Hﬂs;jp/p(s)exp /p(u)exp /RZ<§a€>d§ du dsgﬁ_

h(t) (s) (u)
Since € may be taken arbitrarily small, this inequality contradicts (2.23).
The proof of the theorem is complete. O

Theorem 2.8. Assume that h(t) is defined by (1.7) and a € (0,1/€e]. If for some
teN

t h(S) u
limsup/p(s)exp /p(u)exp /Rg(f)df du | ds >

t—o0
h(t) 7(s) 7(u)

1+ln)\0

AO - D(a)v

(2.26)
where Ry is defined by (2.5) and Ao is the smaller root of the transcendental equation
A = e then all solutions of (E) are oscillatory.

Proof. Let x be an eventually positive solution and obtain (2.24) as in Theorem 2.7,
i.e.,

i u

o) zaen | [ pwes | [ Riods | du
(s) (u)
Since 7(s) < h(s), the above inequality gives

h(s)

z(7(s)) > z(h(s)) exp /p(u)exp /Rg(g,e)dﬁ du | . (2.27)
7(s) 7(u)

Observe that (2.3) implies that for each € > 0 there exists a ¢, such that

>N —¢€ forallt>t.> 1. (2.28)

Noting that by nondecreasing nature of the function % in s, it holds

z(h(t))
x(t) ’

< t. <h(t) <s <t
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in particular for € € (0, A\g — 1), by continuity we see that there exists a t* € (h(t), t]
such that

1< Ag— e = 2B (2.29)

Integrating (E) from t* to ¢t we have

so, by using (2.27) along with h(s) < h(t) in combination with the the fact that x is
nonincreasing, we have

t h(s) u
x(t) —x(t*) + z(h(t)) /p(s) exp / p(u) exp / Re(&,e)dE | du | ds <0,
t 7(s) 7(v)

or

t h(s) u
x(t*) z(t)
t*/p(s)exp Ap(u)exp (/) Re(&,e)dE | du | ds < 20h(0)) — 2(t)°

In view of (2.29) and Lemma 2.2, for the € considered, there exists ¢, > t. such that

t h(S) u
1
/p(s) exp /p(u) exp / Re(&,e)dE | du | ds < Fy— —D(a)+¢€, (2.30)
0 —
t* 7(s) 7(u)
for t > t..

Dividing (F) by «(t) and integrating from h(t) to t* we find

z(7(s)) O
[ e == [ e
h(t) h(t)
and using (2.27), we find
Py [ i 40
/p(s) (5) exp /p(u)exp /Rg(g,e)df du dsg—/ 205) ds.

h(t) (s) m(w) h(t)
By (2.3), for s > h(t) > t., we have % > Ao — €, so from (2.31) we get
t* h(s) u t*
a'(s)
(Mo —¢€) | p(s)exp p(u) exp Re(&,e)dE | du | ds < — 2(5) ds

h(t) 7(s) (u) h(t)
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Hence, for all sufficiently large ¢ we have

t* h(s) w
[reee| [pwen| [ R od | as
h(t) 7(s) 7(w)
o
/
e | HR R e e
h(t)
i.e.,
t h(s) u
/p(s)exp /p(u)exp /Rg(f,e)dg du ds<h1/(\0)\07__€6). (2.32)

h(t) 7(s) 7(u)
Adding (2.30) and (2.32), and then taking the limit as ¢ — oo, we have
t h(s)

twswp [ ps)ew | [ pwes | [ Rileds | au | ds
t—o00
h(t) 7(s) 7(u)
1+1 —
< 1+ln(o—¢) D(a) +e.
)\0 — €

Since € may be taken arbitrarily small, this inequality contradicts (2.26).

The proof of the theorem is complete. O
Theorem 2.9. Assume that for some £ € N
t h(s) u
litrg(i;lf p(s) exp / p(u) exp / Re(&)d€ | du | ds > 27 (2.33)

h(t) 7(s) 7(u)
where Ry is defined by (2.5). Then all solutions of (E) are oscillatory.

Proof. For the sake of contradiction, let x be a nonincreasing eventually positive
solution and ¢; > to be such that x(t) > 0 and « (7(¢)) > 0 for all ¢ > t;. We note that

we may obtain (2.27) as in previous theorem.
Dividing (F) by z(t) and integrating from h(t) to ¢, we have

(O _ [ e,

h(t)
from which in view of 7(s) < h(s) and by (2.27), we obtain

h(S) U

n(“h“”)z / o)™ 8 ey | [ ptwesn | [ Riteonte | du | as

(1) a(s)

h(t) 7(s) 7(u)
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Taking into account that x is nonincreasing and h(s) < s, the last inequality leads to
t h(s) n
In (W) > / p(s) exp / p(u) exp / Ry(&,€)dE | du | ds. (2.34)
h(t) (s) (u)
From (2.33), it follows that there exists a constant ¢ > 0 such that for a sufficiently
large t holds
t h(s) u
/ p(s) exp / p(u) exp / Ry(&)d¢ | du | ds > ¢ > é.
h(t) (s) m(w)
Choose ¢’ such that ¢ > ¢’ > 1/e. For every € > 0 such that ¢ — e > ¢’ we have
t h(s) u
/ p(s)exp / p(u) exp / Re(&,e)dé | du | ds>c—e> > é. (2.35)
h(t) (s) (u)
Combining inequalities (2.34) and (2.35), we obtain

or

which implies
x(h(t)) > (e )x(t).

Repeating the above procedure, it follows by induction that for any positive integer k,

for sufficiently large t.

x(t)
Since ec’ > 1, there is k € N satisfying k > % such that for ¢ sufficiently large
w(h(®) o oo (2
> — | . 2.36
Sz e > (G (2:36)

Further (cf. [17, 1]), for sufficiently large ¢, there exists a t,, € (h(t),¢) such that
tm h(s) u ,
[oewn | [swes| [ Riod|au|ds=3.

o) 7(s) 7(u)
(2.37)

t h(S) u ,

/p(S)eXP /p(U)eXp /Rz(&,e)dg du dsE%,

tm 7(s) 7(u)
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Integrating (F) from h(t) to t,,, using (2.27) and the fact that x(¢) > 0, we obtain
tim h(s) u
z(h(t)) > x(h(tm)) / p(s) exp / p(u) exp / Ry(&,e)dE | du | ds,
h(t) 7(s) 7(u)
which, in view of the first inequality in (2.37), implies that

2(h(t)) > %/x(h(tm)). (2.38)

Similarly, integrating (E) from ¢, to ¢, using (2.27) and the fact that 2(t) > 0, we have

t h(s) u
Z(tm) >x(h(t))/p(s) exp /p(u) exp / Re(&,€)dE | du | ds,
tm 7(s) 7(u)

which, in view of the second inequality in (2.37), implies that
C/
(b)) > Ex(h(t)) (2.39)

Combining the inequalities (2.38) and (2.39), we obtain

2 2\°
(e < Zalhie) < (3) ot
which contradicts (2.36).
The proof of the theorem is complete. O

2.2. ADVANCED DIFFERENTIAL EQUATIONS

Oscillation conditions analogous to those obtained for the delay equation (F) can
be derived for the (dual) advanced differential equation (E’) by following similar
arguments with the ones employed for obtaining Theorems 2.4—2.9. The corresponding
theorems are stated below while their proofs are omitted, as they are quite similar to
those for Theorems 2.4—2.9.

Theorem 2.10. Assume that p(t) is defined by (1.21) and for some £ € N

p(t) a(s) o (u)
limsup/q(s)exp /q(u)exp /G@({)df du | ds > 1, (2.40)

t—o0
t p(t)
where
o(t) o(s) o(u)
Go(t) = q(t) 1+/q(s)exp /q(u)exp /Gg_l(g)dg du | ds (2.41)

t t u
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with

o(t)
Go(t) =q(t) |1+ Ao / Q(S)ds],

t

and o is the smaller root of the transcendental equation A = . Then all solutions
of (E') are oscillatory.

Theorem 2.11. Assume that p(t) is defined by (1.21) and 5 € (0,1/e]. If for some
teN

p(t) o(s) o(u)
lim sup / q(s) exp / q(u) exp / Gy(&)de | du|ds>1—D(B), (2.42)

t—o00
t p(t)

where Gy is defined by (2.41), then all solutions of (E') are oscillatory.

Theorem 2.12. Assume that p(t) is defined by (1.21) and 5 € (0,1/e]. If for some
teN

p(t) a(s) o(u)
lim sup / q(s) exp / q(u) exp / Ge(&)dE | du | ds > L 1,  (2.43)
t—o00 ) D(B)

t

where Gy is defined by (2.41), then all solutions of (E') are oscillatory.

Theorem 2.13. Assume that p(t) is defined by (1.21) and 8 € (0,1/e]. If for some

fteN
p(t) o(s) o(u) 1+
lim sup / q(s) exp / q(u) exp / Go(&)d¢ | du | ds > % — D(p),
t—o0 0
t o(s) u

(2.44)
where Gy is defined by (2.41) and A is the smaller oot of the transcendental equation
A = e, then all solutions of (E') are oscillatory.

Theorem 2.14. Assume that p(t) is defined by (1.21). If for some £ € N

p(t) o(s) o(u)
1
liminf/q(s)exp /q(u)exp /Gg(§)d§ du ds>g, (2.45)

t—o00
t p(s) u

where Gy is defined by (2.41), then all solutions of (E') are oscillatory.
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2.3. DIFFERENTIAL INEQUALITIES

A slight modification in the proofs of Theorems 2.4-2.14 leads to the following results
about differential inequalities.

Theorem 2.15. Assume that all the conditions of Theorem 2.4 [2.10] or 2.5 [2.11]
or 2.7[2.12) or 2.8 [2.15] or 2.9 [2.14] hold. Then

(i) the delay [advanced] differential inequality
2(8) + p(t) (r(8) <0 [2(8) — g(t)x (o) > 0], > to,

has no eventually positive solutions;
(ii) the delay [advanced] differential inequality

2'(t) + p()a (7(t)) 2 0 [2'(t) — q(t)z (o(t)) <0, ¢ =to,

has no eventually negative solutions.

3. EXAMPLES AND COMMENTS

The examples below illustrate the significancy of our results and indicate high level
of improvement in the oscillation criteria. The calculations were made by the use of
MATLAB software.

Example 3.1 (taken and adapted from [5]). Consider the delay differential equation

117

z'(t) + mw(f(t)) =0, t>0, (3.1)

with (see Figure 1 (a))

t—1, if t € [8k, 8k + 2],
—4t 4+ 40k +9, if t € [8k + 2,8k + 3],
5t — 32k — 18,  ift € [8k + 3,8k + 4],
T(t) =< —4t+ 40k + 18, ift € [8k + 4,8k + 5],
5t — 32k — 27, ift € [8k + 5,8k + 6],
—2t + 24k + 15, ift € [8k + 6,8k + 7],
6t — 40k — 41,  ift € [8k + 7,8k + 8],

where k € Ny and Ny is the set of nonnegative integers.
By (1.7), we see (Figure 1 (b)) that

t—1, if t € [8k, 8k + 2],

8k +1, if t € [8k + 2,8k +19/5],

5t — 32k — 18, if t € [8k + 19/5, 8k + 4],
h(t) =< 8k+2, if t € [8k + 4,8k +29/5],

5t — 32k — 27, ift € [8k +29/5, 8k + 6],

8k + 3, if t € [8k + 6,8k + 44/6],

6t — 40k — 41, if t € [8k + 44/6, 8k + 8].
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It is easy to see that

t 8k+2

a = lim inf / p(s) ds:hmmf / —d =0.117
t—00 1000
(t) 8k+1

and therefore, the smaller root of e®117* = X is Ao = 1.1431.

t

N T

19/5 2975 44/6

(@) (b)

Fig. 1. The graphs of 7(¢) and h(¢)

Observe that the function Fy : Ry — R, defined as

t h(t) u
(= [ e | [owes | [ R | du)as
h(t) 7(s) 7(u)

attains its maximum at ¢t = 8k + 44/6, k € Np, for every ¢ € N. Specifically

8k-+44/6 8k+3

Fi(t=8k+44/6) = / p(s) exp /p(u)exp /Rl(f)dg du | ds,

8k+3 7(s) 7(u)

with

Ri(§) =p(§) |1+ jp(v)exp / w) exp /RO dz | dw | dv
€3]

7(v) 7(w)

and
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By using an algorithm on MATLAB software, we obtain

Fy(t = 8k +44/6) ~ 1.012
and therefore

limsup Fy(¢) ~ 1.012 > 1.

t— o0
That is, condition (2.4) of Theorem 2.4 is satisfied for £ = 1, and therefore all solutions
of (3.1) are oscillatory.
Observe, however, that

t 8k+44/6
11 1
LD = limsup / p(s)ds = lim sup / —7d5 =0.507 < 1, a=0117< -
t—o0 k— 00 1000 e
h(t) 8k+3
and 141\
0.507 < % — D(a) ~ 0.984.
0

Noting that the function ®; defined by
t h(t)
<Mw=/mw@</hwwwmow (22,
h(t) h(s)
attains its maximum at ¢ = 8k + 44/6, k € Ny for every j > 2. Specifically,
Dy (t = 8k + 44/6)

8k+44/6 8k+3
/ W%W(/pwwww%s

8k+3 h(s)

8k+44/6 . 8k+3 - u .

11 11 11

- —r —r —" 0dw |du d

/ 1000 P / 1000 eXp( 1000 w) “) 5
()

8k+3 ( h(s)

8k+44/6 : 8k+3 -
11 11
- - " duld
/ 1000 P / 1000 d“) y
8k+3 h(s)
. 8k+19/5 - 8k+3 8k+4 7 8k+3
11 11
- —" | auld - du |d
1000 l / eXp(looo / “) st / eXp(looo / “) N
8k+3 8k+1 8k+19/5 55—32k—18
8k-+29/5 . 8k+3 8k+6 e 8k+3
11
L L du | d
+ / exp(1000 / du)ds—l— / exp(1000 / u) s
8k+4 8k+2 8k+29/5 55—32k—27

8k+44/6

7 8k+3
+ / exp (1000 / du)ds] ~ 0.5637.
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Thus
lim sup @5 (t) ~ 0.5637 < 1 — D(«) ~ 0.9922.
t—o0
Also
t h(t)
limsup/p(s) exp /p(u)du ds
t—o00
h(t) 7(s)
8k+44/6 8k+3
I / 117 / 117 d d
= lims ——ex —
PR 1000 P 1000™" | **
8k+3 7(s)
7 8k+4 7 8k+3
= —— - limsup / exp | —— / du | ds
1000  pooo 1000
8k+3 55—32k—18
8k+5 i 8k+3
1
— du | d
* / P\ 1000 / vy
8k+4 —45+40k+18
8k+6 8k+3
117
— du | d
+ / P\ 7000 / “)es
8k+5 55—32k—27
8k+7 7 8k+3
—+ exp m / du ds
8k+6 —2s4+24k+15
8k-+44/6 8k+3
+ / 117 / d d 0.6812 < 1
e — u | ds| ~0.
P\ 1000 ’
8k+7 65—40k—41
and

0.6812 < 1 — D(«r) ~ 0.9922.
Finally, by using algorithms on MATLAB software, we obtain

t h(t)

/p(s) exp / pr(u)du | ds ~0.7724 < 1,
h(t) 7(s)

lim sup
t—o0

0.7724 < 1 — D(a)) ~ 0.9922,

t h(t) u

/p(s)exp /p(u)exp /Pl(f)df du | ds ~0.9518 < 1,

h(t) 7(s) (u)

lim sup
t—o0
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and
0.9518 < 1 — D(«) ~ 0.9922.

That is, none of the conditions (1.4)—(1.6), (1.8) (for 7 = 2), (1.9)—(1.10),
(1.12)—(1.13) (for j = 1) and (1.14)—(1.15) (for j = 1) is satisfied.

It is worth noting that the improvement of condition (2.4) to the corresponding
condition (1.4) is significant, approximately 99.6%, if we compare the values on the
left-side of these conditions. Also, the improvement compared to conditions (1.8),
(1.9), (1.12) and (1.14) is very satisfactory, around 79.53%, 48.56%, 31.02% and 6.32%,
respectively. In addition, observe that conditions (1.8), (1.12) and (1.14) do not lead
to oscillation for first iteration. On the contrary, condition (2.4) is satisfied from the
first iteration. This means that our condition is better and much faster than (1.8),
(1.12) and (1.14).

Example 3.2. Consider the advanced differential equation
() — sx(o(t)) =0, >0, (3.2)
with (see Figure 2 (a))
6t — 35k — 4, ifte|tk+ 1,7k +2],
—2t+ 21k +12, ifte [Tk +2,7k+3],

[ ]

[ |
t—28k—9,  ifte[Th+3,7Th+4],
o(t)={ —3t+28k+23, ifte[Tk+4,7k+5)|,
[ ]
[ ]
[ ]

Tk + 8, if t € [Tk +5,7k + 6],
42, ift € [Tk +6,7k + 7],
Tk + 9, ift e [Thk+7,7k + 8],

where k € Ny and Ny is the set of nonnegative integers.
By (1.21), we see (Figure 2 (b)) that

6t — 35k —4, ifte[Th+1,7k+5/3],

[

7k + 6, ifte[7k+5/3,7k + 3],
(1) = 5t —28k —9, ifte[rk+3,7k+17/5],
PU=Y 7k + 8, if t € [Tk + 17/5, 7k + 6],

t+2, ifte([Tk+6,7k+17],

7k +9, ifte([Tk+7,7k+38].

It is easy to see that
t 7k+21
8= htrgg.}f / p(s)ds = hkn_lélgf / §d5 =0.125
(t) Th+1

and therefore, the smaller solution of €%125* = X\ is \g = 1.15537.
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Yow 0

1 2 3 4 5 6 7 8 9 101112131415 - 1A A4 5 67 8 9 10 11 12 13 14 15

(@) 513 17/5 (b)

Fig. 2. The graphs of o(t) and p(¢)

Observe that the function Fy : Ry — R, defined as
p(t) a(s) o(u)
F()= [awes | [awes| [ e |au s
t p(t) u

attains its mamimum at ¢t = 7k + 17/5, k € Ny, for every ¢ € N. Specifically,

7k+38 o(s) o(u)
Fi(t=Tk+17/5) = / q(s) exp /q(u)exp /Gl(f)df du | ds,

Th+17/5 Th+8 u

with
a(8) o(v) o(w)

GO =4 |1+ [ awew | [awen| [ G |dw|a

€ 3 w

and

o(z)
Go() =a(2) |1+ %0 [ a(w)d

By using an algorithm on MATLAB software, we obtain
Fy(t =Tk +17/5) ~ 1.03233
and therefore

lim sup Fi (t) ~ 1.03233 > 1.

t—o0
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That is, condition (2.40) of Theorem 2.10 is satisfied for ¢ = 1, and therefore all
solutions of (3.2) are oscillatory.
Observe, however, that

p(t) Tk+8 .
LA =limsup / q(s)ds = lim sup / —ds =0.575 < 1,
t—o00 k— o0 8
t Th+17/5
1
B=0125 < —,

p(t)
7k+8 a(s)
= lim sup / q(s) exp ( / q(u)du) ds
k—o0
7 akg17s5 Th+8
Th+4 55—28k—9
= lim sup [ / q(s)exp ( / q(u)du) ds
k—o0
- Th+17/5 Th+8
7k+5 735+28k:+23
+ s) exp ( )du) ds
7k+4 7k+8
7k+6 7k+8 Th47 s+2
+ s) exp ( )ds + / q(s)exp < / q(u)du) ds
7k+5 Th+8 7k+6 Th+8
7k+8 7k+9
+ s) exp ( ) ‘| ~ 0.6425 < 1,
7k+7 Th+8
p(t) a(s) Tk+2 o(s)
lim inf / q(s) exp / q(u)du | ds = lim inf / q(s) exp / q(u)du | ds
t—o0 k—ro0
t o(t) Th+1 Th+2
Th+2 65—35k—4
= lim inf / q(s) exp / q(u)du | ds
k— o0
Th+1 Th+2

1
~ (0.186167 < —,
e
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p(t) a(s)

limsup/q(s)exp /ql(u)du ds

t—00
t p(t)
7k+8 a(s)
= lim sup / q(s) exp / q1(u)du | ds ~ 0.6743,
hee Th+17/5 7h+8

0.6743 < 1 — D(B) =~ 0.991,
(t) a(s) o(u)
q(s) exp / q(u) exp / Q1(&)dE | du | ds ~0.9211 < 1

p(t) u

B

lim sup
t—o0

~—

and
0.9211 < 1— D(B) ~ 0.991.

That is, none of conditions (1.19)—(1.20), (1.22)—(1.23), (1.24)—(1.25) (for j = 1) and
(1.26)—(1.27) (for j = 1) is satisfied.

It is worth noting that the improvement of condition (2.40) to the corresponding
condition (1.19) is significant, approximately 79.54%, if we compare the values on the
left-hand side of these conditions. Also, the improvement compared to conditions (1.22),
(1.24) and (1.26) is very satisfactory, around 60.67%, 53.1% and 12.08%, respectively.
In addition, observe that conditions (1.24) and (1.26) do not lead to oscillation for
first iteration. On the contrary, condition (2.40) is satisfied from the first iteration.
This means that our condition is better and much faster than (1.24) and (1.26).

Remark 3.3. Similarly, one can construct examples to illustrate the other main
results.
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