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Abstract: This paper aims to study a class of neutral differential equations of higher-order in canonical
form. By using the comparison technique, we obtain sufficient conditions to ensure that the studied
differential equations are oscillatory. The criteria that we obtained are to improve and extend some of
the results in previous literature. In addition, an example is given that shows the applicability of the
results we obtained.
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1. Introduction

Consider the even-order DE with the neutral term

(v (o)) + o0 0) =0 )

where t > t; > 0,
u(t) = x(t) +8(t)x(o(t)), 2

and n > 4 is an even positive integer. We also suppose the following:

(M1) /¢ and i are quotients of odd positive integers;
M2) ¢ € C([tg, ), (0,00)), ¢ (t) > 0 and under the canonical form, that is

¢ 1
‘/tomdgg)ooastﬁoo; (3)

(M3) 6,0 € C([tg,0),R), 6(t) <t o(t) <t o' (t) >0, and lim¢ 0 0 (t) = lims 00 6(t) =
0o

7

(M4) ¢,g € C([tg, ), (0,00));
(M5)

(n—1)/¢
fim <t> 1y, 4)

for some ¢ € (0,1).
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Under the solution of (1), we mean a non-trivial function x € C([ty, o), R), tx > to,
which has the properties v(t) € C"~1([ty, o), R), ¢(t) (v(”’l) (t))e € C!([ty,00),R), and x
satisfies (1) on [ty,0). Our attention is restricted to those solutions x(t) of (1) satisfying
sup{|x(t)| : t > t,} > Oforall t; > ty, and we assume that (1) possesses such solutions.

A solution x to (1) is referred to as oscillatory or non-oscillatory depending on whether
it is essentially positive or negative. If all the solutions to an equation oscillate, the equation
is said to be oscillator.

Differential equations have played a critical role in different sciences for a long time,
and they are expected to continue being indispensable for future investigations. However,
they often provide only an initial estimate of the systems being studied. To create more
realistic models, the past states of these systems must be taken into account, necessitating
the use of differential equations (DEs) with time delays.

In recent times, there has been a growing interest in the theory of oscillation in func-
tional differential equations (FDEs) due to their numerous applications in various fields
of science. As a result, we recommend that readers refer to [1-11] to learn about the var-
ious contributions to the study of oscillatory and non-oscillatory behaviour of DEs with
different orders.

It is known that the neutral differential equation (NDE) has many applications in
various sciences, but as a general rule, we find that they have specific properties, thus
studying them is difficult in both aspects of ideas and techniques. These difficulties explain
the relatively small number of works devoted to the investigation of the oscillatory properties
of solutions to this type of equation.

Several researchers have investigated the oscillatory behaviour of even-order DEs
under various conditions. For more information, see [12-20]. We mention in some detail:

Dzurina et al. [13] investigated the oscillatory properties of the DE

(1) +w(t)x/ (1) + p(1)x(6(t)) =0, ©)

where w € C([tp, 00)) and w(t) is positive.
For DEs of the form

(l/f(t) ((x(t) + g(t)x(a(t)))(”l))€> +¢(H)x"(5(1)) =0

some oscillation criteria were established by Bazighifan et al. [14], where 0 < g(#) < gp < o0
and (3) hold.
The oscillatory behaviour of NDEs

(x() + g(B)x(a(t)™ + p(H)x(8(t)) = 0 ©)

was the focus of research by Agarwal et al. [15]. They introduced some new conditions
that ensure that (6) is oscillatory. For the convenience of the reader, we mention one of
the theorems.

Theorem 1. Let n > 4 be even, (M3) and (M4) hold, and

Yn—l (t)
s@ 1) =

Assume that p,¢ € C!([to, ), (0,00)) such that, for some Ag € (0,1),

00 -1 n—1 7 — 2\ ! 2
/ <g*<t>¢<t>p<t>(" OO _ -2 0D )df_oo

gn—1 400 1 2p(t)

5(t) < o(t), 1—
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and
of TTE=0"9@Qg0@) = ((¢1),)
/ (g() (n—3)! O

where 1 Y(t)

¢ 0 = o ('~ g

- 1 B Yn—l(t)

0= e (1 g(Ul(Ul(f)))>

and (o 1(1))
[ o
Y(t) = U_l(f)

Then (6) is oscillatory.

Mubhib et al. [18] took into account the oscillatory behaviour of the NDE

. (n—1) o
<¢<t>((x<t>+q*<t>xl*<o-1<t>>+g<t>x7<a<t>>) )) FELEE0) =0, @)

where 7 and i, are ratios of odd positive integers with v > 1, 0 < i, < 1, g(t) €
C([to,0),(0,00)) and f € C([tp,0) x R,R), and there exists ¢ € C([tg, ), (0,00)) such

that |f(t,x)| > ¢(t)|x|". For the convenience of the reader, we mention one of the theorems.

Theorem 2. Assume that

toq =1
. n—2 _ 13 _
limg(t) (t /to D) dC) = limg.(f) =0 (8)
holds. If there exists ¢ € C!([tg,00), R") such that

t

/ l+1
lim sup <€(C)4>(C)6i0(é)— L__EL) )dézoo, ©)

(t+1)H 04Q)
forall A € (0,1), 0 > 0and for some € € (0,1), k1, ky > O, then (7) is oscillatory, where

O(t) == LAS 2 ()~ Y (1)d (1)

" kit ifi > ¢
Qt) = it it
K 2) " (fe grhgde) i<t

and

Based on the literature mentioned earlier, our objective is to establish criteria for
oscillation in (1) by comparing it to first-order delay DEs with known oscillatory properties.
In the final part of the paper, we use an example to show how our conditions improve some
of the relevant findings that have been published in the literature.

2. Preliminary Lemmas

The following lemmas are needed in order to arrive at our result:

Lemma 1 ([21]). Let @ € C"([tg, ), (0,00)). Assume that the derivative @™ (t) is of fixed
sign and not identically zero on a sub-ray of [ty, o), and there exists a t, > tq for all t > tq such
that @1 (H)@™ (t) < 0. Iflimy_se0 @(t) # 0, then for every A € (0,1) there exists t), > t
such that
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, (10)

forallt > t,.

Lemma 2 ([22]). Let the function @(t) be as in Lemma 1 for ty > ty, and t, > ty be assigned to
@(t) by Lemma 1. Then there exists a t., > t, such that

t
> s%fort > tis, (11)
for every e € (0,1).

¢ /
Lemma 3 ([15]). Let x be a positive solution of (1), and that (3) holds. Then, <l[)(t) (v(”’l) (t)) > <

0; furthermore, we find that there are the following two possible cases eventually:

@M o(t) > 0,0 (t) >0 0"() >0, v" V() >0, v"(t) <0,
1D o(t) > 0, 09 (t) >0, vVt (t) <0, forallodd j € {1,2,..,n — 3},
o=y > 0, vM(t) <0.

3. Main Results

The oscillation criteria for (1) will now be presented.

Theorem 3. Let conditions (M1)~(M5) and i > 1 hold. Assume that there exists u € C1([to, ), (0,0))
such that
W (t) >0, u(t) <o(t), u(t) < 6(t) and limu(t) = oco. (12)

t—o0

If there are no positive solutions of

(v (o 00)) )+l o1 (o 600 Yot ) <0 (13)
and N

(v (o 9)) ) + e o)~ (o 60 ola) <o 1)
then (1) is oscillatory, where q(t) = o= (u(t)), €2,€1 € (0,1) and ¢ > 0 is constant.

Proof. Assume that (1) possesses an eventually positive solution x(f), say x(t), x(6(t)),
x(o(t)) > 0for t > t; > ty. From (2), we find

v(o1(8) — x(o~ (1)

A a0

and so

v(o(t)) v(h(t)) (15)

£) > _ )
2 @) T 30560
where ii(t) = o1 (0c71(t)). Suppose (I) holds. Since (n —1) > x > 3, using Lemma 2,
we have

v(t) >e—>¢ , (16)

(n—1)
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Now,

U(t) ! B st(”*l)/sv’(t) o (n - 1)v(t)t((n71)/e)—1
Hn=1)7e a er2(n=1)/¢
etv'(t) — (n

— —1Dv(t)
n et(n=1)/e)+1 < 0Ofort >t (17)

Since ¢ (t) < tand ¢’(t) > 0,0~ ! is increasing, and therefore t < c—!(t). Thus,

o) <o (a—l(t)). (18)
By using (17) and (18), we find
((e) "0 (e1 (1) = (71 0) " vl (19)

From (15) and (19), we find

x(t) > M <1 — ( (1(t)) )(Vl—l)/s L ), for some t3 > t.. (20)

MCaO) (c1(1)) g(h(t))
From (M5), there exists an €1 € (0,1), such that
(h(t)) (n—l)/s 1 B 1
(@) som st v
Using (21) in (20) gives
-1
x(t) > ;(3_122;61 for t > ty4. (22)

Using (1) and (22), we obtain

(v (o)) +ebog (o ) () <0, @3

Since p(t) < 6(t) and v'(t) > 0, inequality (23) becomes

(v (o ®)") + elotg™ (o @) () <02t @y

Since v(t) > 0 and v'(t) > 0 on [t4, 00), there exists a t5 > t; and a constant ¢ > 0
such that
v(t) > cfort > ts. (25)

From (24), (25) and i > 1, we find

(s (o)) + el g5 (e 0)oa) <0128 o)

has a positive solution v. That is, (13) also possesses a solution that is positive, and thus we
arrive at a contradiction.
Next, suppose (II) holds. Since ¥ = 1, using Lemma 2, we have

t>te, (27)
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from which we obtain
)\ etV (1) —o(r)H1/e)1
/e - er2/e
et (t) —u(t)
By (18) and (28),
1/

(e720) " otn(e)) < (h(e) 0 (o (1)), (29)

for some t3 > t.. Combining (15) and (29), we obtain

o(e (1) )\ 1
02 ) (“(cl(t)) sy ) 1= 0

From (M5), for any €; € (0,1) there exists t5 > t4 such that

ht) \V¢ 1
(757) ey <1tz

and using this in (30) implies

-1
x(t) > M, fort > ts. (31)

FEI0)
Using (31) in (1) yields
(v0(o0)") +ebog (o)) (mm) <0, @2

Since v'(t) > 0 and u(t) < §(t), (32) takes the form

(s ()" ) +eptg™ (00 () 0. @)

In view of (25) and i > 1, we find

(s (o)) + e o0 (e )Y ota) <0 1285 Y

has a positive solution v. That is, (14) also possesses a solution that is positive, and thus we
arrive at a contradiction. Here, the proof ends. [

Theorem 4. Let conditions (MI~(M5) and i < 1 hold. Assume that there exists u € C([to, o), (0, 0))
such that (12) holds. If there are no positive solutions of

(w<t>(v("—1><t>)z)' el (g V()

i—1

(g~ (o7 (8(1))vig(h) <0 (35)

and
(v (o 0)") + bt (450 gt (=60 Jota) <0, G)

then (1) is oscillatory, where q(t) = o~ (u(t)), €2,€1 € (0,1) and dy,d, > 0 are constant.
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(v (o)) + et (502 0)

Proof. Assume that (1) possesses an eventually positive solution x(t), say x(t), x(6(t)),
X(O’(t)) > 0fort >t > ty.

Suppose (I) holds. By applying the same processes used in the proof of Theorem 3, we
obtain (17) and (24). By (17), there exists t3 > t, and a constant d; > 0 such that

u(t)
t(n=1)/e <d
and so
v(t) < dy Ve for b > 1. (37)
Using (37) in (24), we have
i—1 .
p(t)g™ (Uﬁl(é(t)))v(q(t)) <0, for some tg > t3. (38)

That is, (35) possesses a solution that is positive, and thus we arrive at a contradiction.
Next, suppose (II) holds. By applying the same processes used in the proof of Theorem 3,
we obtain (28) and (33). By (28), there exists t3 > t, and a constant d, > 0 such that

t
1;1(/3 < d
and so
v(t) < dot'/€ for t > t3. (39)
Using (39) in (33), we have
o’ . i— .
(w<t>(v<"—1><t>) ) i (g0 p0g (o710 )olg(t) <0, fort > b5 (40)

That is, (36) possesses a solution that is positive, and thus we arrive at a contradiction.
Here, the proof ends. O

Theorem 5. Let conditions (M1)«(Mb5) and i > 1 hold. Assume that there exists u € C*([tg, o), (0, %0))
such that (12) holds. If

/ i1 A q" () —if -
V() e T e Ws T (e ey ey =0 @
and
W' (1) + e LN G R, (1w (q(H) = 0 (42)

are oscillatory, for some constants A1,e1 € (0,1), then (1) is oscillatory, where

1 1/¢

Rolt) = (5 [ 907! ( @) )

Run(t) = /too Ry_1(2)d, form=1,2,..n—3,

€,€1 € (0,1) and ¢ > 0 is constant.

Proof. Assume that (1) possesses an eventually positive solution x(t), say x(t), x(5(t)),
x(o(t)) > 0fort > t; > t.

Suppose (I) holds. By applying the same processes used in the proof of Theorem 3, we
obtain (26). Now, by Lemma 1, we have

u(t) > #1101 (¢) for t > ty and ty > t5, (43)

(n—1)!
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and so

v(q() > mfmq”*(t)v("—”(q(t» for t > t, (44)

for some tg > t,. From (44), (26), we obtain

(90 (o 00)) ) el om0 (o700 Dg(e) <.
If we set y(t) = ¢(t) (v("_l) (t))g, then y(t) is a positive solution of

, i A g
y(t) +ec 1(n—1)!l/11/€(‘7(t)>

It follows from [23] that (41) also possesses a solution that is positive, and thus we
arrive at a contradiction with (41).

Next, suppose (II) holds. By applying the same processes used in the proof of Theorem 3,
we obtain (27) and (34). Integrating (34) from ¢ > t5 to oo gives

(v("_l)(t)y > eéci—l UE;((:))) /t'oo <p(§)g‘i<a‘1(5(é))>dC

p(g™ (71 0(1))y (a(1) <0, t > ke (45)

and so ) .
oD (1) > e/ LD/ Ry ()0 (q(1)). (46)

Integrating (46) from f to co a total of n — 3 times, we have
—U”(t) > eé/fc(ifl)/ﬁRn73(t)vl/f(q(t))

and so ' '
v (1) + €/ 'R, 5 (10! (q(t)) < 0. (47)

Using (27) in (47) yields
U//(t) +Eé/fc(l?l)/égl/fql/é(t)Rn_3(t) (U/(q(t)))l/g <0. (48)
If we set w(t) = v'(t), then w(t) is a positive solution of
w’(t) +eé/éc(ifl)/Zel/fql/f(t)Rn73(t)wl/é(q(t)) <0, (49)

for every ¢ € (0,1). We complete the proof in the same way as in case (I). Here, the
proof ends. O

Corollary 1. Let conditions (M1)—(M5), ¢ = 1 and i > 1 hold. Assume that there exists y €
CY([to, ), (0, 0)) such that (12) holds. If

L (9, —if -1 e
im | @ (@) de = (50)
and ,
lim [ q(0)Ry3(2)dZ = oo, 51)

t— o0 q(t)

then Equation (1) is oscillatory.

Proof. Suppose (I) holds. By applying the same processes used in the proof of Theorem 5,
we obtain (45). Integrating (45) from q(t) to t and using ¢ = 1 and the fact that y’ < 0,
we obtain
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Ja(t) 1) ¥(q(2))

~y(a(t) < ~efe o Egyla) |

and this can be expressed as follows

(=Dt _ ") il
e 2y ) PO (e E@n)aL

which contradicts (50).
Next, suppose (II) holds. By applying the same processes used in the proof of Theorem 5,
we obtain (49). Integrating (49) from g(t) to t and using ¢ = 1 and the fact that w’ < 0, we

obtain ,

f / i i—1
L, @ @) < ~eheewla(n)) | a@)Ru5(0)dE
and so ;

~wla(t)) < ~eheMewlg(t) [ a@Ris(0)z,

and this can be expressed as follows

1 t
= [ a@R-(0)4,
esct—le = Jq(t)
which contradicts (51). Here, the proof ends. O

Theorem 6. Let conditions (M1)<(M5) and i < 1 hold. Assume that there exists u € C1([tg, ), (0, 0))
such that (12) holds. If

i—1

R N (e L O) B e GG e Lol CIO))
AR ] P q(0)

yqn) =0 (52
and e

w'(1) + e Ly Ve (R s(Hw  (q(1) = 0 (53)
are oscillatory, for some constants A1, &1 € (0,1), then (1) is oscillatory, where
1/¢

R = (5 [ (7@) o (o ewn)a)

Fu(t) = / Fy-1(0)dg form =1,2,..,n =3,
Ji
€,€1 € (0,1) and dq,dp > 0 are constant.

Proof. Assume that (1) possesses an eventually positive solution x(t), say x(t), x(6(t)),
X(O’(t)) > 0fort >t > ty.

Suppose (I) holds. By applying the same processes used in the proof of Theorem 4, we
obtain (38). Now, by Lemma 1, we see that (43) holds. Using (43) in (38) we have

(w0 (00 9) ") + S5 (o) gt (o o))V at) <0,
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l
for t > ty. If we set y(t) = (t) (v("’l) (t)) , then y(t) is a positive solution of

i—1

e (qVEm) T e (e )
YO+ G P 0)

It follows from [23] that (52) also possesses a solution that is positive, thus arriving at
a contradiction with (52).

Next, suppose (II) holds. Then again (27) holds. By applying the same processes used
in the proof of Theorem 4, we obtain (40). Integrating (40) from t > t5 to oo, we obtain

yiq(r) <0, (54)

() (o (0) + e Notg(e) [ (474@) 9@z (o7 (60 )ag <0

and so I
o) = e/ 'y~ R (0! g 1), (55)

Integrating (55) from f to co a total of n — 3 times, we have
0 (im1) /0
—0"(1) 2 e 'y Fasa ()0 (q(1))

and so o
o' (t) + e/l E, (ot (q(t) <0, £ > ts. (56)

Now, with w(t) = v/(t) and from (27), we find that (56) becomes
W' (1) + ety e g (1) s (1w (q(1) <0, (57)

with w as a positive solution of (57). We complete the proof in the same way as in case (I).
Here, the proof ends. O

Corollary 2. Let conditions (M1)-(Mb5), £ = 1 and i < 1 hold. Assume that there exists y &
CY([to, ), (0, 0)) such that (12) holds. If

o (@) T e @ (0 000))
i maE) de=e 9

t—oc0

and
t

Hm ) ) A@0F-3(0)dE = eo, (59)
then Equation (1) is oscillatory.

Proof. The proof is similar to Corollary 1, and therefore the details are omitted. [

We use the example below to illustrate our results.

Example 1. Let us consider the NDE

4)
t $o t
<X(t) + Etx<141>) + t?’eAlt/AZx<AZ> =0,t>1. (60)

It is easy to verify that
|
— _dl=c
/to P



Mathematics 2023, 11, 3300 11 of 13

Choosing u(t) =t/ Az, where A3 > Ay and A3 > Ay, then (12) holds. We also find that
-1 A1 1
o (t) = Altr Q(t) = Ait’ and o (5(1’)) = —#.
3

By choosing € = 1/4, we find that (4) holds.
Now, we note that Condition (50) is satisfied, where

T i o ’ !
mﬁwmmmw@%mm%—ggww(ngwmmm%

t
e Alt/A3< ) $odt = o

Moreover, by a simple computation, we have that

1 e i vt e 1
Rot) = (1p(t)/t P(e)g (U 1((5@))015) :/t gae—(g?é/Az e 96
$o1
2 12
and - “ 4) .
_ _ 0 0
Ritt) = [ Ro(@)az = [ R Zar = Do
Thus, we note that Condition (51) is satisfied, where
. t B t Ay ¢ 1
}gﬁ‘o q(t)q(é)Rn—3(€)d§ = tlgfolo Aut) g Afaéizd

A
= lim o 4)0
t—c0 J At/ As A3

Thus, using Corollary 1, we find that (60) is oscillatory.

Remark 1. In Equation (7), if q.(t) = 0 and v = 1, we find that Equation (7) is identical to
Equation (1). In this case, if we apply Theorem 2 to Equation (60), we find that it fails in the oscillation
test for Equation (60), while when using the results we obtained we find that Equation (60) is oscillatory.

Remark 2. If we set Ay = 5and Ay = 4 in (60), we note that in this case Theorem 1 cannot be
applied to (60), while when using the results we obtained we find that Equation (60) is oscillatory.

Remark 3. It is easy to see that Equation (60) in Example 1 oscillates at any value of ¢g > 0.
Furthermore, through this paper, we were able to extend previous results in the literature, which can
be applied more widely compared to [14,15,19].

4. Conclusions

The focus of this paper was to investigate the oscillatory behaviour of NDEs of even-
order under the Condition (3). By using comparison principles with the first-order DEs,
we offer some new sulfficient conditions which ensure that any solution to (1) oscillates.
Further, the results in [15,18] cannot apply to the example. In future studies, we aim to
establish further criteria for the oscillation of Equation (1) when

0 1
AwW@%<
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