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1 Introduction
Neutral delay differential equations (NDDEs) have many interesting applications in var-
ious branches of applied science. It is well known that the modeling of many natural
and technological phenomena can be carried out using differential equations, often of a
higher order (see [1, 2]). The study of half-linear/Emden—Fowler differential equations
with deviating arguments has numerous applications in physics and engineering (e.g.,
half-linear/Emden—Fowler differential equations arise in the study of p-Laplace equations,
porous medium problems, chemotaxis models, and so forth); see, e.g., the papers [3, 4] for
more details, the papers [5-7] for the oscillation of half-linear differential equations, and
the papers [3, 8-10] for the oscillation and asymptotic behavior of half-linear/Emden—
Fowler differential equations with different neutral coefficients.

In this paper, we consider the oscillation and asymptotic behavior of even-order half-
linear/Emden—Fowler NDDE of the form

(r ((w+p- o) )W)+ q)u (o) = 0, (1.1)

where [ > [y, m > 4 is an even integer, «, B are ratios of odd positive integers, r is a known
differentiable real-valued function, while p, 7, g and o are known continuous real-valued
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functions on [l, 00). We also assume that (/) > 0, ¥'(I) > 0, p(I) € [0, po], po is a constant,
q(l) > 0, g #0 on any half-line [L,00) forall L > Iy, t(l) <, o (I) <, limj_,» (/) = 00, and
lim;_, o o ({) = 0.

To facilitate the analysis and presentation of results, we will define the function v :=
u+p-(uort). A solution u(l) of (1.1) different from zero means that u(J) is a continuous
real-valued function on [ly, 00) such that v € C"1([ly, 00)), r - (W"D)* & C1([1y, 00)), and
which satisfies the equation in (1.1).

A solution u(/) of (1.1) is called oscillatory if it is neither positive nor negative and
presents arbitrarily large zeros on [/, 00); otherwise, it is called nonoscillatory.

Although there are many works that have dealt with the oscillation of solutions of -
order neutral differential equations, as far as we know, most of them are concerned only
with the canonical operator, that is, when r(J) verifies that

!
/ ) de > 0o as— oo. (1.2)

lo

On the other hand, in the noncanonical case, when
oo
f F Y (k) di < o0, (1.3)
lo

the studied equations have the so-called Kneser’s solutions. The sign of one of such so-
lutions differs from the sign of its first derivative, that is, u(/)u/(l) < 0. Moreover, in case
of even-order differential equations, the assumption (1.2) has been commonly used in the
literature to ensure that any possible positive solution u satisfies u > (1 — p)v, which does
not generally hold in the case of (1.3). This results in the difficulty of studying the case
when u(l)u/ (/) < 0, using the usual techniques (see [11-13]).

From 1969 until recently, the asymptotic behavior of a DDE of the form

(r) (P D))*) + q)uf (o (1) =0, (1.4)

with the canonical condition in (1.2), has attracted the interest of several authors (see
[14-17]). Nonetheless, in 2003 Agarwal et al. [18] obtained a criterion for the existence of
a bounded solution of (1.4) under the noncanonical condition (1.3). Later on, Baculikova
etal. [19], Li and Rogovchenko [7], and Zhang et al. [20—22] discussed the asymptotic and
oscillatory behavior of (1.4) under the condition (1.3). Very recently, Moaaz and Muhib
[23] improved and complemented the results in [19-21].

The authors in [24—-29] were interested in studying and developing the oscillation theory
of even-order neutral equations of the form

(w+p-wor) ™) +qu(sD) =0.

To see other oscillation criteria of more general neutral differential equations considering
the canonical operator, one can see the references [30, 31].

Li and Rogovchenko [32] obtained some results on the oscillatory and asymptotic be-
havior of the solutions of (1.1) under the condition (1.3). For the reader’s convenience, we
present the following result which appeared in [32].
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Theorem 1.1 Let m > 4 be even and 0 < o = B < 1. Assume that 0 < p(l) < po < oo for

some constant py, T’ > 1, >0, and v o 0 = 0 o T, and there exist three functions 01,12, 13 €
C([ly, o0), R) such that

m) <o) =m@, mO=t@=l<mn@, Bz, 0>}
and

fim 0 =
Suppose also that

(T +p5) !

! (1 ()™ )ﬂ 1
AP} dss -,
((m = 1))? h’rggf/r-um(z» Q(S)<(r(m(s)))”f3 7

o+t mO - .
ﬁ“;ﬂ;‘;f /, (Q)(0"())" (do(n2(5)))") ds > -,

and

r*(r*+pﬂ)*1 o n3(1) o0 s B 1
T [ (@0 (o-m ) o

where Q(I) = min{g(l), q(z())}. Then (1.1) is oscillatory.

In this work, we establish new oscillation criteria for neutral delay differential equations
of even order. Unlike most of the previous related works, we are interested in studying the
behavior of the solutions of equation (1.1) in the noncanonical case. As far as we know, the
unique work related with oscillations in the noncanonical case of (1.1) is [32]. However, in
[32], there is no detailed guideline about how to choose the functions #;, i = 1, 2, 3, fulfilling
the forcing conditions, an intriguing issue is how to build up oscillation criteria without
requiring the presence of the obscure functions ;. Here, we will address this topic and
introduce some new oscillation criteria. Some examples are provided to illustrate the new
results.

The following lemmas are needed in the proofs of our main results.

Lemma 1.1 ([33, Lemma 2.2.3]) Let f € C"([ly, 00),(0,00)), f'" be of fixed sign, f™ =0
on a subray of [ly, 00), and lim;_, o f (I) # 0. Assume that there is an I, € [ly, 00) such that
[V <0 for [ € [Iy,00). Then, there is an I, € (I}, 00)such that

A

f(l) > - 1)'lm—l lf(m—l)(l)

)

(m
forx €(0,1) and | € [I;, 00).

Lemma 1.2 ([34]) Assume that B>0,A >0, 9 >0, and u > 0. Then, we have that

1
Bo - aplem < W BT
= G et A
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Lemma 1.3 ([35, Lemma 1.1]) Assume that f(I) € C"([ly,0),(0,00)) and f" (1) is even-
tually of one sign for all large I. Then, there exists a nonnegative integer h < m, with m + h
even for f" (1) > 0, or m + h odd for f"(I) <0, such that

h>0 vyields fO()>0 fork=0,1,...,h-1,
and

h<m-1 yields (-1)"*f®W0)>0 fork=hh+1,...,m-1,

eventually.

2 Main results

In order to facilitate the calculation, let us define the following:
o0
So(l) := / F Y (k) de,
!

cﬁ_a ifa > B,
=17
28y () fa<p,

and

w18 ifo>p,
(s [0 =" 80(0) o)™ ifa < B,

where ¢, ¢, ¢3, and ¢4 are any positive constants.

Lemma 2.1 Assume that u(l) € C([ly,00),(0,00)) is a solution of (1.1). Then v(l) > 0
(r()(W"=D())*Y <0, and one ofthefollowing cases holds, for [ € [I;,00), [; > lp:
(A) V(1) vl
(B) v'(D), v"=2(I) are positive and vV (l) is negative;
(C) (1w are positive for all k =1,2,...,m — 1.

V(1) are positive and v (l) is negative;

Proof Assume that u is an eventually positive solution of (1.1). Then, there exists [; > Iy
such that u(!), u(t(J)), and u(o () are positive for all [ > [;. Hence, we see that v([) > 0 for
1> 1. It follows from (1.1) that (r()(v""~D())*)’ < 0. Now, using Lemma 1.3 with  even,
we readily get the cases (A)—(C). O

Lemma 2.2 Assume that u(l) € C([ly, 00),(0,00)) is a solution of (1.1) and that v(l) satis-
fies (B) in Lemma 2.1. Then (v"=2(1))f~* > (1), eventually.

Proof Assume that u is an eventually positive solution of (1.1) and that v satisfies (B) for
[ > 1. Let us consider different possibilities.
If we assume firstly that « = 8, then (V~2(1))~* = 1, and the result follows trivially.
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Now, consider that o > . Since v""~?(]) is a nonincreasing positive function, there is an
my > 0 such that v"~2(I) < m;, which implies that

(L 2@)" = ml ™,

and thus the result holds taking ¢; = m1;.
Finally, suppose that o < 8.
Using the decreasingness property of r(v~1)%, we obtain, for [ > I,

O D) < ) (VD))" = -y <0,
from which
(revm=D) (1) < —mb. (2.1)

Multiplying (2.1) by »~/*(/) and integrating it on [/, L], we get

l/LY

m2 (m=2)
(L) < v () - f T d

Letting L — o0, we get
0 = v 2(0) - mbl 5,0,
that is,
v=2(1) > mll*50(1).
Thus, we see that
(D) = 5 (1) = 87 (D).
Therefore,
(" 2@)" z 0.
The proof is complete. d

Lemma 2.3 Assume that u(l) € C([ly, 00), (0, 00)) is a solution of (1.1) and v satisfies con-
dition (C) in Lemma 2.1. Then vF=%(l) > u(l), eventually.

Proof Assuming the hypothesis of the statement in the case « = B, the result follows read-
ily, as (v)#= = 1.

Next, we assume that @ > §. Since v is a nonincreasing positive function, there are M3 > 0
and /; > [; such that v < M3, for every [ > [;, and hence

)P > ME™ = k.
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Finally, we suppose that « < . Using the decreasingness property of 7(v”~1)%, we obtain
for [ > [; that

(O D)) = (D)) ) = -0y <0,
which yields
( Ve, )(l) < Ml/d (2.2)

Multiplying (2.2) by »~/*(/) and integrating it on [/, L], we get

l/a

rl/a(ﬁ)

mZ(L)<U(m2(l) /
Letting L — oo and using (C), we obtain
0 < v™=2(l) — MY8y(1). (2.3)

Integrating (2.3) (m — 2) times from / to oo, we successively arrive at

V() < _pgle / 50(0) do,
[

_(m—4)l _Ml/a oo( 005 d)d - _
V() < 4/1 / o(0)do ) ds

and finally, we get

l/a

A P

/ (0 - I"380(0) da.
Therefore, taking ¢4 = M}L/ “ we have that

(v)"™ = ().
This completes the proof. d

Lemma 2.4 Assume that u(l) € C([ly, 00),(0,00)) is a solution of (1.1) and v satisfies con-
dition (C) in Lemma 2.1. If

00 ) s 1 v 1/ B
/lo (/IN (v=1) (m ! q(s) ds) dv) d/ = oo, (2.4)

then lim;_, o, u(l) = 0.

Proof Suppose that u(l) € C([y, 00), (0,00)) is a solution of (1.1) and v satisfies condition
(C) in Lemma 2.1. Let us denote lim;_, o, v(I) = D. We claim that D = 0. Indeed, for the
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sake of contradiction, suppose that D > 0, and so for all ¢ > 0 there exists [; > [j such that
u(o(l)) > D for [ > [;. Integrating (1.1) on [/;, 1], we get

[

!
r(v(”"l))a(l) = r(v(”"l))a(ll) —/ q(s)u” (o (s)) ds < -D* / q(s) ds,

h I

that is,

1 ! 1/a
(m-1) _pBla| _—
v ()< -D (r(l)/llq(s)ds> . (2.5)

Integrating (2.5) twice on [/, 00), we successively have that

_,,(m=2) _nBla * L ! )1/0‘
v () <-D /1 (V(V)/ll q(s)ds dv

and finally,

00 00 v 1/a
=3 () < —pPl / f <L q(s) ds> dvds
! S r(V) 11

_ pia =S} ~ i v 1/a
=-D /l (v Z)<r(V)/llq(s)ds> dv.

Similarly, integrating the above inequality (m — 4) times on [/, 00), we obtain

o) v 1/a
v’(l)<—Dﬁ/"‘/l (V—l)”’_:”(%/l q(s)ds> dv.

Integrating this inequality on [/;, 00), we find

o) oo v 1/a
v(ll)>Dﬂ/°‘/l (./1 (V_l)m_?)(%/z q(s)ds> dv) dl/,

which is a contradiction to (2.4). Thus, D = 0; moreover, the inequality # < v implies

lim;_, o (/) = 0. The proof is complete. O

Theorem 2.1 Let 0 < p(l) < 1, and let us assume that (2.4)holds. If the first-order DDE

/ ho(L=pe N DN 4o/
Y0+ q(l)( o e D) ) Y (o) =0 (2.6)
is oscillatory for some constant Lq € (0,1) and
) 1 A m—2() B . a+l —l/a()
hﬁilsp/lo (n(s)q(s)(l —p(o(s)))’3 (%) 85 (s)— m) ds=00 (2.7)

holds for some constant 11 € (0,1), then every solution of (1.1) is either oscillatory or con-
verges to zero as | — o0o.
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Proof Suppose on the contrary that there is a nonoscillatory solution u of (1.1). Then, we
can assume u(J), u(t(/)), and u(o (I)) are positive for [ > [; > [,. It follows from Lemma 2.1
that there are three possible cases for the behavior of v and its derivatives.

First, suppose that case (A) holds. From the definition of v, we see that

u(l) = v(l) - p(Du(z(D)) = (1 - p())v (D), (2.8)
which, together with (1.1), gives
(r(™ 1)) (1) < —q)(1 - p(a(l)))" VP (o (D). (2.9)

From Lemma 1.1, we have

At
(m—-1)!

v(l) > Vi), (2.10)

for every A € (0,1). From (2.10) and (2.9), we obtain

N m—llﬁ
(dwm%)UquU—p@m»%ﬁ;_sb "D (e ))” <o.

Letting y(1) = r(1)(v""~D(1))?, clearly, y() is a positive solution of the first-order delay dif-
ferential inequality

A1 =plo®))a™ (1)
(m = 1)trt(o (1))

B
ym+qm( )ymﬂom)sa (2.11)

It follows from [36, Theorem 1] that the corresponding differential equation (2.6) also has
a positive solution for all A € (0, 1), which is a contradiction.
Next, consider that case (B) holds. We define the function ® by

r(v(m—l))a

= m (2.12)
Then (/) < 0 for [ > [;. Noting that (r(v~Y)*)’ < 0, we have
()™ D(s) <, D(1), s>1>1. (2.13)

Multiplying (2.13) by #~/%(s) and integrating it on [/, 00), we obtain
0 < V20 + ("D (DS,

that is,

e (1)so(l) -
- pm=2)(]) -

which in view of (2.12) may be written as

—(N)se() < 1. (2.14)
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Differentiating (2.12), we have

o O D@yt
e 7 ER O T

which, in view of (1.1) and (2.12), becomes

qgDuP (o)  a®@ V()
(m=2)(]))e T e )

() =- (2.15)
Taking into account the fact that v'(/) > 0 and the definition of v(J), we get that (2.8) holds.
Hence, (2.15) becomes

4(1)(1 —p(O (l)))ﬁ\)ﬁ(()' ([)) ad)(a*'l)/()( (l)

PO ey e

(2.16)

From Lemma 1.1, we find

ALm2

(m—2)! VR

v(l) >

’

for all sufficiently large / and for every A € (0,1). Then, (2.16) becomes

/ ro"=2(1) o 020 (1))
(1) < -q()(1 - p(o (1)) ((:1 2),) 2 (a 1))’ W

o q)(oz+1)/a (l)
rl/ot (l)

Since [ > o (I) and v"~2)(l) is decreasing, in view of the definition of 7(/) and Lemma 2.2,
we have that

m— B (a+1)/a
Ao 2(l)) _ad Diee() 2.17)

@'() < -n(Dg()(1 —p(oU)))ﬂ( =2 ()

Multiplying (2.17) by 85 (/) and integrating it on [/;, /], we get

8&1 601
02 8B - 55 (1)D(Ly) + /l “l,a() P(s)ds + / “W( D) ds

I m-2
+ [ 1961 -p(0)” (A(;_z(;)) () ds.

I

Setting A = 8§ (s)/r/%(s), B = §¢1(s)/r/*(s), and & = —®(s), and using Lemma 1.2, we get

. m=2 B a+l,—1/a
O NN O o)
fh (n(s)q(s)(l—p(cf(s>)) (W) So(s)‘m)dsf sy T

due to (2.14), which contradicts (2.7).
Finally, suppose that (C) holds. From Lemma 2.4, we see that lim;_,  #(/) = 0, which is

a contradiction.

The proof of the theorem is complete. g
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Remark Combining Theorem 2.1 and the results reported in the papers [37, 38] for equa-
tion (2.6), one can obtain various oscillation criteria for equation (1.1) in the case where

o=p.

Theorem 2.2 Let us assume that the first-order DDE (2.6) is oscillatory for some Ao € (0,1)
and that (2.7) holds for some 11 € (0,1). If

Too=0o0T, () >1>0, o) <z(),
and
l pﬂ
lim sup (u(l)(s;;_z(n f Q(Q)dg) > K<1 + —0), (2.18)
l—00 Iy To
where

Sre1(l) == / S(0)do fork=0,1,...,m-3,
1
Q) = min{q(d),q(x())},
and k = 1 if B € (0,1]; otherwise, k = 2°71, then every solution of (1.1) is oscillatory.

Proof We argue by contradiction. Assume to the contrary that there is a nonoscillatory
solution u of (1.1). Then, we can assume u([), u(t (1)), and u(o (I)) are positive for [ > [; > .
It follows from Lemma 2.1 that there are three possible cases for the behavior of v and its
derivatives.
The proofs of the cases in which (A) or (B) is fulfilled are similar to those of Theorem 2.1.
Suppose that (C) holds. Since (#(1)(v™~D(1))*)" < 0, we have that

) (V") —r() (v V(D) <0 foralls>1,
or

VD (s) < e v D)

rlia (s) ’
Integrating this inequality from [ to oo and using the fact that v”~? is a positive decreasing
function, we arrive at

_v(m—z)(l) < rl/a([)v(m—l)([) /OO 1 do = rl/“(l)v(m_l)(l)tso(l).
!

- rl/a (Q)

Taking into account the behavior of the derivatives of v(/) and integrating the last inequal-
ity (m — 2) times from / to oo, we obtain

(DO < POV D8k (D), (2.19)

for k=0,1,...,m — 3. On the other hand, from (1.1) we have

1

B - _
o) ==25

(r@)(v" V@)%Y, (2.20)
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and taking into account that t/(/) > 7 > 0, we get

1 ay/
u (o (x(1)) =—m(r(f(l))("(%n(f(l))) )

- ! (m-1) N/
= foq(t(l))(r(f(l))(v ().

(2.21)

From (2.20) and (2.21), after using [39, Lemma 1], we find that
Ve (o (D) = (u(o (D) + p(o (D)u(z (o (1))’
<ic( (0 0) +phu’ (o (r(D)))

B
_ m-1) ¢y _ _ KPo (m-1) ay/
<= EOEI0)) - e r(r0) (0 0)")

/

< TN o p_o m-1) o
Q) (’W YD)+ Eor(r () (00 (2 ) )

0

or

B ’
(r(v<m-1>)°‘ + &r(r)(v(”’"l)(r))a> (D) < —=QUN* (o (1))

To

Integrating this inequality from /; to /, we obtain
()" + (T(l))( D (2 (0)))*
< r(l) (" V() + B2 r(2 (1) (v (2 (1)) - —/ Q()v* (o (0)) do
To K Jn
1 l
_Z,B

<o) /l Qlo)do.

Since (r(H)v"-V(])Y <0 and t(/) </, we arrive at

!
<1+ —>r(l)( m=1(1))® 5—%1;“*’(0(1)) l Qlo)do

To
!
< Loe@ureq) f Qo) do,
K L

which, in view of Lemma 2.3, gives

!
(u@) A 00)" <=0 [ Qle)de. (222)

To

Finally, from the inequality in (2.19) for k = 0 and (2.22), we have that

8
(1+p°)> — (s, l)/ Q(o)do,
To

which is a contradiction to (2.18). This completes the proof. d
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3 Some applications
Example 3.1 Consider the NDDE

(1 (u(l) + poutal))") + qou(bl) = 0, (3.1)
where a,b € (0,1) and g > 0. Then, we note that

a=p=1, m =4, r(l)=l41 P(Z)=P0:
t(l) = al, q() =qo, and o () =bl.

Therefore, it is easy to verify that

1 1
)= pr and &)=

8o(0) o

=3
Next, to apply Theorem 2.1, we must first check that conditions (2.4), (2.6), and (2.7) are
fulfilled. A simple calculus shows that the integral in (2.4) is divergent. After replacing and
simplifying, (2.6) becomes

Mo(1-po) 1

‘(I
¥ () +qo b ]

y(bl) = 0. (3.2)

Applying a well-known oscillation result [40, Theorem 2.1.1] to the first-order DDE in
(3.2), we obtain immediately that it is oscillatory if

!
Ao(l — 1 1
liminf/ qOM—ds> -
l—oo  Jp 6b S e

that is,

1 3'b
qoln — >

3 —(1 PR (3.3)

Now, we note that (2.7) reduces to

! 2
rb” 3\ 1
limsup/ <qo(1—p0)1———>—ds:oo,
-0 lo 6 4/ s

which is satisfied if

18

q0

Thus, if conditions (3.3) and (3.4) hold, then every solution of (3.1) is oscillatory or tends

to zero. Moreover, if o = kb~ (k + 1)(k — 1)(2 — k) (poa® + 1) with k € (-1, 0), then it is easy

to verify that u(/) = [ is a nonoscillatory solution of (3.1) and tends to zero as [ — oo.
On the other hand, to apply Theorem 2.2, we see that the condition (2.18) becomes

1 !
limsup(—/ qo dQ) > (1 +@>,
l—o0 6l l() a
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and so

q0>6(1+@). (3.5)
a
Thus, if conditions (3.3), (3.4), and (3.5) hold, then every solution of (3.1) is oscillatory.

Example 3.2 Consider the NDDE

my 3\ !
(egl«”(lw (1‘112>”(l_“)) > ) + o~ b) =0, (3:6)

where /> 1,0<a < b, and g > 0. Then, we note thate = 8 =3, m =4,

r)=€¥,  p)=1-1P,  t)=l-a,  q)=qoe®, and o())=1-b.
Therefore, it is easy to verify that

si()=e! fori=0,1,2.

A simple calculus shows that in this case the integral in (2.4) diverges. After replacing and
simplifying, (2.6) becomes

(I-b)
3lel-b

3
¥ () + qoe” <)»0 > y(l-b)=0. (3.7)

Applying a well-known oscillation result [40, Theorem 2.1.1], we see that (3.7) is oscilla-
tory. Moreover, (2.7) reduces to

! )\'3 3 4
limsup/ <qo—; - (—) )ds = 00,
l—o00 l() 2 4'

which is satisfied if g > 81/32. Thus, every solution of (3.6) is oscillatory or tends to zero
if go > 81/32.
On the other hand, to apply Theorem 2.2, we see that the condition (2.18) becomes

l
limsup e~ / g0e>¢ ds > 28,
lo

l—o00

that is, go > 24€>. Thus, every solution of (3.6) is oscillatory if g > max{24e3,81/32}.
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