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Abstract: The oscillation of nonlinear differential equa-
tions is used in many applications of mathematical
physics, biological and medical physics, engineering,
aviation, complex networks, sociophysics and econophy-
sics. The goal of this study is to create some new oscilla-
tion criteria for fourth-order differential equations with
delay and advanced terms

(@MW’ + Y BOwk(y(x) = 0,

j=1
and
(@)W + a()h(w"(x)) + BOOf (w(y(x))) = 0.

The method is based on the use of the comparison tech-
nique and Riccati method to obtain these criteria. These
conditions complement and extend some of the results
published on this topic. Two examples are provided to
prove the efficiency of the main results.

Keywords: Riccati method, advanced term, oscillation,
fourth-order, delay differential equations, damped

1 Introduction

Nonlinear differential equations with delay term contrib-
ute to some applications in applications of physics,
acoustics, biological and medical physics, engineering,
aviation, complex networks, sociophysics and econophys-
ics, see refs [1,2].
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Nowadays, the questions regarding the study of oscil-
lation criteria of differential equations have become an
important area of research [3,4].

The authors in refs [5-7] discuss some oscillation
theories of differential equations of second-order and
they used different techniques to obtain the qualitative
properties of these equations. In refs [8,9] the authors
discussed some oscillation criteria for higher-order differ-
ential equations and used comparison techniques with
equations of different orders. Agarwal et al. [10], Chatzarakis
and Li [11], and Bazighifan et al. [12] obtained many criteria
for oscillation and qualitative properties of differential
equations of different orders. Conversely, there has been
a great research interest about the study of fractional dif-
ferential equations and numerical solutions to these equa-
tions [13-15] and fractional-ordered differential systems,
see refs [16-18].

Park et al. [19] establish some qualitative properties
of the equation:

(@MW) + BOw (y(0) = 0, 1)

where k < n and under condition

Ja{”"(s)ds = 0.

Xo

In ref. [20], Zhang et al. obtained some oscillatory condi-
tions for (1) under

Ia{”"(s)ds < 00. Q)

Xo

Baculikova et al. [21] used the comparison technique to
find the parameters of the oscillation of the equation:

[aOE" PO + BOOf (z(y(x))) = 0.

Moreover, Moaaz and Muhib [22,23] presented some oscil-
lation theorems of (1). Also, Zhang et al. [24] establish
oscillation conditions for (1), where n = k.

Zhang et al. [25] obtained some oscillatory theorems
by the following equation:

[aCOW" O + BOOf(w(y(x))) = 0,
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where n = 4. Bazighifan [26] obtained some oscillatory
conditions by the following equation:

[aCOW" GO+ BOOWH(y(0) = 0.

The authors in ref. [27] use the comparison technique to
find oscillation theorems of (4), where n=k =1 and
under the condition (6).

Motivated by the results we presented earlier, the
oscillation conditions for the following equations are
studied:

(@)W CO + Y BeOwk(y(x)) = 0 3)
j=1

and

(@COW" O™ + aCORW" (X)) + BOOS (W(y(x)))
=0.

%)

Throughout, the following hypotheses have been assumed:
HD) a1, @, B € C([x0, 00), [0, 00)), y;(x) € C([xo, 00), R),
n and k are quotient of odd positive integers,
(H2) /() + @(0) 2 0, a(x) >0, Bi(x)>0, yx) <x,
limHooyj(x) =00,j=1,2,...,r1,

(H3) h,fe (R,R), h(u) = by > 0, f(u) = bsu" > 0 for
u # 0 and by, by are constants. Moreover, equation
(3) has been studied under the condition:

[e9]

J‘#ds = 00 5

LG ©)
Xo

and equation (4) has been studied under the conditions

y(x) > x and

1
s Im

REOM

ay(u)

(6)

T 1
——exp ds < oo.
a(s)

Xo

Xo

Definition 1.1. [12] A solution of (3) and (4) is said to be
non-oscillatory if it is positive or negative, ultimately;
otherwise, it is said to be oscillatory.

Definition 1.2. [12] Equations (3) and (4) are said oscilla-
tory if each of their solutions is oscillatory.

The motivation of studying this article is to obtain
new oscillatory properties and to continue the previous
works [20,27].

In this article, the Riccati method was used, which
depends on reducing the order of the equation. The
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comparison technique with a first-order equation has
also been relied upon, so these methods give more accu-
rate criteria. These conditions expand and complement
some of the previously published results.

2 Oscillation criteria

Here are some lemmas we need to prove the results:

Lemma 2.1. [28] Let w € C™([xo, 00), (0, 00)) and w™(x)

is of a fixed sign, on [xq, 0c0) such that, for all x > x,
wm-DoOwm(x) < 0.

If we have lim,_,,,w(x) # 0 and A € (0, 1), then

w(x) > ' XM wm=D(x)|.

(m-1)

Lemma 2.2. [29] If wXx)>0, r=0,1,...,r, and
w+(x) < 0, then

w(x) . w(x)
x/n T x -

Lemma 2.3. ([3], Lemma 2.2.2) Let w € C™([xq, 00), (0, 00))
and w-DGOw™(x) < 0, then

w(60x) > Mtmwm-D(x),

for@ € (0, 1), there exists M > 0 and for all sufficient large x.

Lemma 2.4. [30] Let F > 0. Then

r
Eu - Furim g L

10—
S WEH F. (7)

For convenience, we write the following notations:

0 0 k 1/n
_ 1 k/n 1 S %s)
Roo=u" [| o= | j_ZlB,(S)( ) )d ax,
00 = exp jf;g; dx]

and
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00 00 . (S) k 1/n
T 1 (|1
Rx) = I[m(x)%(x)I(’“’("),Zlﬁ’(s)( . )ds] dx,

where p, € (0, 1).

X

¥(Xo, X) = exp f

az(u) d

()

I (a 1(s>y(xO, )
{0 b
(0 @t
1 800a00al 00

yn(x0, X) n

X0 =

a(x)=

and

n(n”)((x)a"”(x))’()(o’ X)

6(x)a"(x)

..( ) _ az(X)

m(x )

Lemma 2.5. Let w is an eventually positive solution of (3),
thenw' > 0 and w" > 0.

Theorem 2.6. If

A S B0y (0
6 af/my00)

is oscillatory, then (3) is oscillatory.

Y00 + Yy =0 (8)

Proof. Suppose that (3) has a nonoscillatory solution in
[x0, 00). Then w(x) > 0 and w(y;(x)) > O for x > x;. Let

y(x) = ai(x)(w"(x))* > 0 [by Lemma 2.5].
Then from (3), we obtain
Y00 + Y Beowk(y(x)) = 0. 9)
j=1

lim,_, ,,w(x) # 0. By Lemma 2.1, we see

k
wh(y,00) = %yfk(X)(W”’(y;(X)))", (10)

for all A € (0, 1). By (9) and (10), we see that
, A g 2
y 0 + ?Zﬁj(){))’f’ COW" (0K < 0.
j=1

So, we obtain y(x) > 0 and

DE GRUYTER

Ak X5 yB00y (0

y'x) + o P

yEIn(y(x)) < 0.

From ([31], Theorem 1), equation (8) is nonoscillatory.
This is a contradiction. Proof completed. O

Corollary 2.7. If n = k and
T ATBeWS

liminf | ———ds> -, (11)
X—00 6x alk/"(yj(s)) e
then (3) is oscillatory.
Lemma 2.8. If
N N e9)
I(Mk‘””@zlﬁi(x) s
}:
o (12)
n ! n+1
2 ao@ e
(n + 1)n+1 ynxznnn(x)
then w" < 0.

Proof. Let w"(x) > 0. From Lemmas 2.1 and 2.2, we find

W) 700

wi) © 2 )

and
wW(x) = %xzw"’(x). (14)

Let
2(x) = () AOWTCON (15)

wh(x)
From (13)-(15), we find

"(x)
200 < ()Zz(X)—n(X)Zﬁ(X)’ WET(y(0)
700)
(16)
ny x?

ZHI/"(X).
2 (a0

Since w'(x) >0. From Lemma 2.4 with E=n'/n,
= nux?/ (2al’"(x)m'/"(x)), and u = z;, we see that

3n
200 < M- "n(x)Zﬂ (x)y’ 0

@) )
(n+1)n+1 ]J"XZHIT"(X)
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This implies that

X

3n n n+
I(Mk nﬂ(x)zﬁ(x)% O 2 e,

(Tl + 1)n+1 ynXZnnn(X)
X

< z(x),

This is a contradiction (12). Proof completed. O

Theorem 2.9. If
u'(x) + M"R(ou(x) = 0 (17)
is oscillatory, then (3) is oscillatory.

Proof. From Theorem 2.6 and by Lemmas 2.1 and 2.5,
we find

w(x) >0, w(x) <0 and w"(x) > 0. (18)
Integrating (3), we find
a(b)(w" (b))"
(19)

b
= GEOW" )" - jZﬁi(s)wkwj(s»ds.
X j:l

By Lemma 3 in ref [30] with (18), we obtain

w(y;(x)) . }lw
wx) 0 x

which with (19) gives

a(b)w"(b))" — a ()W (x))"
b r (S) k
o] Zﬁi(s)(y’—) wh(s)ds < 0.
71 s

By w' > 0, we see

aBWB)) - aGIW Y
Akw’f(x)jZﬁ()(y’()) co. @

Taking b — oo, we find
~aOW )" + /lkw"(x)_[Zﬁ( >(y’( )) s<0,

that is,
1/n

w(x) >

2ol 15 A
1/n( )W ( ) _[]zlﬁl(s)( S )d
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Integrating from x to co, we see

1/n
¥i(s)
_w' Ak Inyykin J dx.
w'(x) > Ak/ny (X)I( 1()I2ﬁ()( ) ]
Hence,
w"(x) < —RO)wk/"(x). (21)
Let
RACY)
z2(x) = woo !
then z,(x) > 0 for x > x;, and
2
w'(x) w'(x)
200 =" ( w(x)) '
From (21), we find
2400 < -R00™ 2O 2, )
w(x)
Since w'(x) > 0. Thus, (22) becomes
Z5(x) + z3(x) + MK"R(x) < 0, (23)

From [32], equation (17) is nonoscillatory, and this is a
contradiction. Proof completed. O

Theorem 2.10. Suppose that k > n and

( w )u (x)] + MKIM1R(u(x) = 0 (24)

is oscillatory, and then (3) is oscillatory.

Proof. Suppose that (12) and (19) hold. So, we see y}.’ x)=0
and w'(x) > 0.

a(b)w"'(b))" — @) (w" (x))"
b

+ wk(yi(x»!jilﬁ,-(s)ds <o0. *)
Thus, (18) becomes
W00 < ~REOWK (). 26)
Let
00 = wv<vy,,-(();)>)’ @)

then z3(x) > O for x > x, and
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w'(x) w'(x)

Z3(x) = 00 - wz(yj(x))w (7169))4€9)
2
w'oo w'(x)
= wi00) yf(X)( w(y,-(x))) '

From (26) and (27), we find

Z3(x) + M¥/"1R(x) + yj’(x)zf(x) < 0. (28)

From [32], (24) is nonoscillatory, and this is a contradic-
tion. This completes the proof. O

Lemma 2.11. ([24], Theorem 2.1) Suppose that w is an
eventually positive solution of (4). Then, there exist two
possible cases:

(ND wx) > 0, w'(x) > 0, w"(x) > 0, w¥(x) < 0;
(Ny) w(x) > 0, w"(x) > 0, w"(x) < 0.

for x = x.

Lemma 2.12. Let w(x) > 0 and (N,) holds. If

a,()W")"(x)

() = ¢0)—"71 )

> 0, (29)

where { € CY([xg, 00), (0, 00)) and M > 0 is a constant,
then

zj(x) < =br{ ()B(x) + x(X)z4(x)
_ o nMe2
200§ )

n+1

n+l (30)
z, ™ (x).

Proof. Suppose that w(x) > 0 and using Lemma 2.11, we
get (N;) holds. From Lemma 2.3, we see

w(x /2) = Mt2w"(x). (31

From z,(x), we obtain
a )W) (x)
w0 + ()

W' (x/2)a ()W) (x)
2wt l(x/2)

(@) (x)

2,(0) = {00 w2

- n¢(x)

Using (29) and (31), we find

{'(x) (@(w"™)™)' (x)

4€9) wh(x/2)

B a; ()W) 1(x)
nMt*¢ (x)—2er+ o)

zy(x) <

24(x) + {00

From (4), we see

DE GRUYTER
z,(x) < 4; ((;()) 24(x) — bpa(x) 2‘1‘83
n+1
B Wiy s 4" (X)
PP Gy ™ Homton
) {00, a0
< =br{(OBX) + ( 00 by, 400 )24()()
o A0
20OV
Hence, we find
n+l
2400) < 0000 + Y00(0) ~ M
The proof is complete. O

Lemma 2.13. Let by > 1 is a constant and (N,) holds. If

_m)=w")x)

z5(X) = (W")n(X) <0, (32)
then
) bray(x) _ Koo Y
500 < sy o[ Sre)
n1 (33)
- nZSl ©,
ai(x)

Proof. Let that w(x) > 0 and (N,) holds. Since

(—a)(-w" ()Y (X0, X))’
= (~a)=w"))")'y(xo, X)
+ (CaE-W Oy (xg, ) LX)
ay(x)
= (=)™ (=a(0Oh(w" (x)) = BOOf (W(y(x))))y(xo, X)
= @)(=w"(x))"y (X0, Xx)
(-1 (= Bra(OW" COY" = BBEOW (Y ()))y (Xo, X)
= @)(=w"(x))"y (X0, X)
(=a()(-w"())"(1 ~ bp)
+ bBOO(=w"(y ())))y (X0, X)
D"~ (x))"(1 — by)
+ beBOOW™(y (x))))y (xo x)
< =bBOOW™(y(x))y(xo, X) < O,

IN

A

we deduce that —a;(x)(—w"'(x))"y(xo, x) is decreasing.
Thus, for s > x > x,

(@(S)y (o, )'™W(s) < (@()y (o, X))/ "W (x). (34)
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Dividing both sides of (34) by (ai(s)y(xo, s))!/" and inte-
grating from x to b, we get

w'(b) < w'(x) + (ay(s)y(xo, S)M™w

Letting u — oo, we arrive that

0 < w'(x) + (@()y(xo, X))V "W (x)8(x),

which yields
-0 sy e ) < 1
w'(x)
Hence,
G)W" )" -1
w"(0)" 5"(X )y (xo, %)
From (32), we find
z5(x) > W(lxo,x)' (35)
and
2x) = CaEW" )Y —amCOEw" ) !
W' 00)" W00y
From (4) and (32), we obtain
z3(x)
+1
R RGiArD

wiyx) w'(yx)" (36)

= 522200 - BB)

a(x) W'yeO)" W"(x))"
n+1
oz x)
aln(x)
By Lemma 2.1, we find
w(x) > %)ﬂw"(x). (37)
Thus, from (35) and (37), we see
n+l1
/ bnay(x) (}1 2 )" zs" (X)
< -b = -
P e e R S 0o
The proof is complete. O

Theorem 2.14. Let the functions {, 9 € C'([xo, 00), (0, 00))
such that
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lim sup J-(bf( (s)B(s) - ( )

X—00

m(s)((s)o((s))"“) is
38)

(n + 1)n+1

= O0.
If
S(X) ’
S0 @0y Gy 7t + 70 =0 (39)
and, for M > 0 and u € (0, 1),
uy2(s) 9(y(s)
lim sup j (b B(s )( TR )) y(Xo» 5)
(40)

- 6(5)]ds = 00,
then every solution of (4) is oscillatory.

Proof. Proceeding as in the proof of Theorem 2.6.
For case (N;). By Lemma 2.12, we find (30) holds.
From Lemma 2.4, we set

F = x(x), E=nMt?/(2a(x){())"'") and u = z,
we have

a ()¢ ) (x ()t

(n+ D)m!

240) < ~bC (OB + ( . (41)

Mtz)

Integrating from x; to x, we obtain

I(bf((s)ﬂ(s) (35)

X

a($)§ () ()"

(n + 1)n+1

)ds < z4(n),

which contradicts (38).
For case (N,). From the proof of Lemma 2.13, we see

w(x) . -1
w'(x) ~ 800(@()yxo, X))

From (39), we obtain

(w"(x) ) _ W80 - w'()9'(x)

) ) 92(x)
N W"(x)( 9(x) 3,(X)) -0
~ 8200 \ 8@y (xo, 1))/ o

and this means that w”(x)/9(x) is nondecreasing. So, it
follows from y(x) > x that

W)
WII(X) -

I(y(x))
9x)
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Thus, by (36) and (37), we get

brax(x)
a(x)6"(x)y (X0, X)

i, V(e Y
‘bfﬁ(")(iyz("))( 900 ) -

zi(x) <

n+l 42
Zs" () (42
1 .
a"(x)

Multiplying (42) by 6"(x)y(xq, X) and integrating from x
to x, we get

X

8"(x)y (xo, X)z5(x) — 8"(x)y (X0, %1)25(x1) — I 328 as
1

X

+n Ial%l(s)cS"*l(s)y(xo, s)o(s)zs(s)ds

X

Ibfﬁ(s)( 2(S)) (82/((5)))) 8"(s)y(xo, S)ds

'[ 5”(S)y(XO, s)ds
x aln (S)
< 0.

Using Lemma 2.4, we set

E = 50, 9/af(©), F= [ a7 ()6 (6)y(x, )0(6),

X
u = zs(x).

Thus, we get

X

6"y (xo, X)z5(x) — 8™(xq)y (X0, X1)Z5(X) — J. ng; ds
+ Jome (o) (%552 seomcen
. j n("”)((s)o"”(s))’(Xo, S) ds
" 8(s)a (X)
< 0.

Hence, by (35), we obtain

x 2
| (b B(s )( W) ngy((‘“’)” 5(s )) Y(xor S) - o(s))

X

< 6"(X)Y(X0, X)ZS(XI) + L

which contradicts (40).
Theorem 2.14 is proved. O

Example 2.15. Let the equation:

DE GRUYTER

AW 003 + %W3(yx) =0 (43)

wherex > 1,y € (0, 1]and B, > 0. Letn = k = 3,yj(x) =YX,
a(x) = x3, and B(x) = B,/x’. So, we obtain

R(x) = (&) y—

By Corollary 2.7, we find (43) is oscillatory if

e
h> (%)%

%
B >6(4—y).

So, equation (43) is oscillatory if

and

3 1Y (31
o B i) (B
Example 2.16. Let the equation
W) + 2W”’(X) + 'BOW(ZX) = (45)

where f, > 0 is a constant. Let n = 1, xo = 1, ;(x) = X2,
a(x) = x/2, B(x) = x, and y(x) = 2x, we now set {(x) = x,
by = by =1, then

y(Xo, X) = exp J%du = X112,
[ ds 2312 2x-3/2
800) = _ 860 = ’
v !(al(s)Y(XO: o 3 TS
o= L 800aa ) 22
Y“(Xo, X) n 3
-1
X)) = 5,
and
500) = ax(x) n("”)((x)on”l(x)y(xo, X _ 2x‘1/3.
a1(X) 6(X)a1ﬁ()() 3
Thus, we get
a($)§ () ()™
fmsup J (bf (B - ( ) W)ds
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and
I(x) :
9(x)=0
SO @y (o, ) )

Also,

111:1 sup _[(b ﬁ(s)( Hy;(s) 93/((5))) 5(5)) y(Xo, S) — U(S))

= 0.

By Theorem 2.14, we find (45) is oscillatory.

3 Conclusion

In this article, by using the Riccati method and the com-
parison technique, some new oscillation conditions for
fourth-order differential equations are established with
delay and advanced terms. Conditions complement and
extend some of the results published on this topic. Two
examples are discussed to illustrate the efficiency of the
main results. Furthermore, nonlinear equations contribute
in many applications of mathematical physics, biological
and medical physics, engineering, complex networks, avia-
tion, sociophysics and econophysics. The future work is to
further study the oscillatory properties of neutral differential
equations with p-Laplacian:

(@MW ()P + Y BOwPi(y(x)) = 0
j=1
and
(@)W ()P + a(x)h(W"(x)) + BOOf W(y(x))) = 0

Under the assumptions:

1
———ds < oo
Ia}/p’l(s)
Xo
and
00 s 1/p-1
j 1 exp —deu ds = oo,
ai(s) m(u)
Xo Xo
where p > 1.
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