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Abstract: In the sense of an arbitrary time scale, some new sufficient conditions on oscillation are
presented in this paper for a class of nonlinear third-order delay dynamic equations involving a local
fractional derivative with a super-linear neutral term. The established oscillation results include
known Kamenev and Philos-type oscillation criteria and are new oscillation results so far in the
literature. Some inequalities, the Riccati transformation, the integral technique, and the theory of time
scale are used in the establishment of these oscillation criteria. The proposed results unify continuous
and discrete analysis, and the process of deduction is further extended to another class of nonlinear
third-order delay dynamic equations involving a local fractional derivative with a super-linear neutral
term and a damping term. As applications for the established oscillation criteria, some examples

are given.

Keywords: oscillation; delay dynamic equations; time scales; super-linear neutral term; damping term

1. Introduction

In the qualitative analysis of solutions of differential and difference equations, oscil-
lation is a hot topic. An equation is oscillatory if all its solutions are neither positive nor
negative eventually. The oscillatory theory of differential and difference equations has
extensive applications in control, ecology, economics, biology, life sciences, engineering,
and many other fields. In the last few decades, there have been rich research results on
oscillation in the literature. The main approaches for studying oscillation are the Riccati
transformation and the integral average technique. In the early research, the studied differ-
ential equations were mainly of low order with simple forms (for example, see [1,2], and the
references therein). Later, the research of oscillation was extended to other differential equa-
tions with complex forms, such as differential equations with a neutral form [3,4], or with
distributed deviating arguments [5], or with a delay term [6], or with a damping term [7].
At the same time, research into oscillation was extended to various difference equations by
many authors, for example, difference equations with retarded arguments [8], linear and
half-linear difference equations [9], advanced difference equations [10], and so on.

With the increasing application of fractional derivatives and fractional differential
equations in various fields, recently, many authors have paid much attention to the re-
search into the oscillation of fractional differential equations [11], fractional difference
equations [12], and g-fractional difference equations [13].

In [14], Hilger proposed the concept of time scale, which is desired to unify continuous
and discrete analysis. Since then, the oscillation of dynamic equations on time scales has
been given much attention by many authors, and a lot of valuable oscillation criteria have
been established for various dynamic equations on time scales. The main approaches for
studying oscillation for dynamic equations on time scales in most research are still the
Riccati transformation and the integral average technique together with the theory of time
scale, and the research contents are roughly divided into two directions. One is that the
orders of a dynamic equation were from a lower order [15-17] to higher order [18-22].
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The other is that the forms of dynamic equations appear different, for example, superlinear
and sublinear dynamic equations [16], functional dynamic equations [18,19], and dynamic
equations with a neutral term [20,23].

Delay dynamics is a theory that studies the delay effect in dynamical systems. The ap-
plication of delayed dynamics is very extensive. For example, studying the delayed effects
of signal transmission between neurons in neuroscience can help us better understand the
function of the nervous system and disease control. Studying the delayed effects in the
food chain in ecology can help us better protect the stability of ecosystems. In the current
research on the oscillation of delay dynamic equations on time scales, most of the existing
results are related to linear, half-linear, and quasi-linear delay dynamic equations, while
little research is related to super-linear delay dynamic equations due to the complexity of
the analysis process. In [24], Grace et al. researched a class of delay second-order dynamic
equations on time scales with a super-linear neutral term, and based on some certain
inequalities, Riccati functions, and the A integral technique, they established some new
oscillation criteria, including Kamenev and Philos-type oscillation criteria for the equation.
In this research, we notice that very few authors have paid attention to delay dynamic
equations on time scales involving local fractional derivative with a super-linear neutral
term so far in the literature.

Motivated by the above analysis, in this paper, we research the oscillation of a class of
nonlinear third-order delay dynamic equations on time scales involving a local fractional
derivative with a super-linear neutral term denoted as follows:

DP[s1(x)D (s2(x) D [w(x) + m(x)w" (I (x))])] + s3(x)w (I2(x)) = 0,

1)
xeTy 0<6<1,

and another class of nonlinear third-order delay dynamic equations involving a local
fractional derivative with a super-linear neutral term and a damping term as follows:

DP[s1(x)D? (s2(x) D’ [w(x) +m(x)w (I (x))])] + 0(x) D (s2 (x) D’ [w(x) + m (x)w* (x)])

+s3(x)wP(ly(x)) =0, x € Ty, 0 < 6 <1,

(2)

where T is an arbitrary time scale, D? is the local fractional operator of § order, w is the
unknown function, a, B are the ratios of two positive odd integers satisfying g > a > 1,
and Ty = [xp,00) N T, xg > 0, s1, s2, 53, m, v € Cpy(Tp,Ry). Assume Iy, I, are increasing
delay functions, and I1(x) < x, I(x) < x, I, ' (la(x)) > x.

The delay dynamic equations denoted by (1) and (2) have a wide range of applications
in the fields of dynamics and thermodynamics in physics research. They can fully consider
the historical changes of the research object and the impact of the current state on future
state changes. By studying its qualitative properties such as oscillation and stability,
they can more deeply and accurately grasp and control the current state of the physics
research object.

Definition 1. A function u € (T, R) is regressive provided 1 + u(x)u(x) # 0, where u(x) =
o(x) —x, o(x) = inf{t € T,t > x}. The set of rd-continuous functions is denoted by C,4,
and the set of all regressive and rd-continuous functions is denoted by R, while RT = {ulu €
R, 1+ pu(x)u(x) >0, Vx € T}.

For more details on the theory of time scales, we refer the readers to [25,26].

Definition 2 ([27]). For x € T, 0 < 6 < 1, the local fractional derivative of 6 order for a function
f € (T,R) is defined by D f (x) satisfying

1f((x)) — F()]x1™ = DYf(x)(o(x) — 5)] < elor(x) — | forallx €
where L is a neighborhood of x.



Fractal Fract. 2024, 8, 115

3o0f21

Remark 1. The local fractional derivative defined on an arbitrary time scale T in Definition 2
unifies the continuous and discrete case; that is, if T = R or T = Z, then DY f(x) becomes the
fractional derivative on the set of real numbers and the set of integers, respectively. The latter can be
denoted by the fractional difference operator AY.

According to Definition 2, if x is right-scattered, then one has DY f(x) = w

—9, while DY f(x) = lim Mxlf& if x is right-dense. So, DY f(x) = f2(x)x'~?. By
S—X
use of this relationship, (1) and (2) can be diverted to the following equations:

[b1(x) (b (x) [w(x) 4+ m(x)w* (I (x))]*) ]2 + n(x)wP (I (x)) = 0, x € Ty, 3)
and

(x) [eo(x) + m(x)w" (11 (x))]*)2]* + 0(x) (b2 (x) [w0(x) + m(x)w" (x)]*) @
/g(lz(x)) =0, x €Ty,

[01(x) (b2

+n(x)w
where by (x) = x' %51 (x), by(x) = x's5(x), and ba( ) = X7 s3(x).

Define A (x, x*) = fxx* 5 1( )At and Ap(x, x* f L( t. In the following analy-

sis, we always assume m is nondecreasing, and

lim m(x) = oo,

X—»00

* (5)
lim Aq(x, x 1)Az(x x*) _ 0
X—00 mu (x)

Set y(x) = w(x) + m(x)w*(l1(x)). Then, (4) and (5) can be converted into the follow-
ing forms

(b1 () [b2(x)y® (0)]%)% + n(x)wf (12 (x)) = 0, x € Ty, (6)
(b1 (1) [b2(0)y* (0)]*)* + 0(2) [b2(x)y* (0)]2 + n(x)wP (I2(x)) = 0, x € To. )

The rest of this paper is organized as follows. In Section 1, we present some new
oscillation results for Equation (1) (or its equivalent form Equation (3)). Then, in Section 2,
we extend the deduction process and establish some new oscillation criteria to Equation (2)
(or its equivalent form Equation (4)). Some examples are presented in Section 3 for applying
the established oscillation criteria. At last, we give some concluding comments. Throughout
the paper, [x, 00)T = [x,00) N T.

2. Oscillation Results for Equation (1)

In this section, as Equation (1) is equivalent to (3), we only need to research the
oscillation of Equation (3). First, we give some lemmas.

Lemma 1. Assume Equation (3) has an eventually positive solution w(x), satisfying w(x) >
0, w(li(x)) >0, w(lp(x)) > 0o0n [x1,00)T, where x1 € [xp,00)T and x1 > xo. If

lim Aq(x, xp) = 0, 8)
lim Ay (x,xp) = oo, )

then it holds that
(a). There exists xo € [xq,00) such that (by (x)[ba(x)y®(x)]*)? <0, [ba(x)y®(x)]® >0
on [xz,00)T.
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(b). We suppose an arbztmry X such that By(x,c) > 0 on x € [X,00)T, where By(x,c) =
SN P —
m(l ((x) T ms (17 (1 (12(x))))

satzsﬁes that

|, and c is an arbitrary positive constant. If it further

1
‘NG

then either y®(x) > 0 on [x*,0c0)T or 1311 w(x) = 0, where x* is sufficiently large.
X— 00

x o B
timsup [ [ n(eB; (e)anagap =, (10)

Proof. (a): As w(x) is positive on [x1,00)T, one has y(x) > 0, x € [x1,00)T, and

b1(2)[b2(0)y* (x)]*)* = —n(x)wP (l(x)) < 0. (11)

So, by (x) [ba(x)y™ (x)]2 is strictly decreasing on [x1, co), which implies the sign of [by (x)y? (x)]*

does not change eventually. Here, we conclude [by(x)y*(x)]® > 0 on [xp, o) for some
sufficiently x, € [x1,00)T. If not, we can find x3 € [xp,00)T satisfying [by(x)y®(x)]* <
0, x € [x3,00)7. S0, by (x)y®(x) is strictly decreasing on [x3, %), and

x A A
ba(x)y™ (x) — ba(x3)y" (x3) = /,53 = [b§1(2>y O ar

x 1 (12)
< bi(x) o () () [t
X3 b (t)
By (8), one can deduce that xlgn bo(x)y®(x) = —c0. So, we can find x4 € [x3,00)T such that
by(x)y®(x) < 0 on [x4,00)T, and
by (ty* (1) A * 1
x) —y(xg) = — =LAt < by(x x ——At.
v —yln) = [ EPEEA < by ) [
By (9), we can obtain lim y(x) = —oo, which is a contradiction. So, [by(x)y®(x)]® > 0 on
X— 00

[x2, ). The proof is complete.
(b): By y(x) = w(x) + m(x)w*(I1(x)), one has w*(I;(x)) = y(x) - w(x) < %(x) .So

vy () — [

() = YO~ T@) m(ly (I (x))
m(i () T m(ly ! (x))
B ) O Ul (o 2) N
m(IH )y @))me (17 (1 ()

According to (a), as [b(x)y”(x)]® > 0 on [xy, %), one can conclude the sign of y*(x)
does not change eventually. Thus, we can find x5 € [xp, o) satisfying either y*(x) > 0 or
y2(x) < 0 for x € [x5,00)r.

If y»(x) < 0, then y(x) is strictly decreasing. Since y(x) > 0, x € [x1,00), we
deduce that xlgroloy(x) =¢; > 0and xlg[go by(x)y®(x) = &2 < 0. Here, we conclude &; = 0.

If not, we can find x¢ € [x5,00)T satisfying y(x) > e > 0, y(I; ' (Ix(x))) > & > 0 for
x € [xg,00), and
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L i) ef !

Tom(7N ) mE (N Y (x))

where the first equality of (5) is used in the last inequality. So,

[1-

] >0, x € [xg,00)T,

19

y(i (2(x))) £y

m(l7 (Ia(x))) m%(lfl(lfl(lz(x))))]

w*(Iy(x)) > = Bi(x,e1)y(l; " (12(x)))

From (3) and (6), one has

(b1 (1) [b2(x)y (x)]*)* < —n(X)Blg(xrel)y

After taking the A integral on both sides of (13), from x to oo, one can deduce that
—b1 (%) [b2 () ()]

B
= — lim by (x) b x +/ DBE (te1)ys

B B4 B oo B
<_ / VB (£ ey (1 @m»mgfqéiwwﬁmgm,

which implies

a1 < ks [T 0B Gena

Replacing x with ¢ in (14), taking the A integral on both sides of (14) yields

b (3 () < Jim ba()y () —ef [ Gl n(1)BE (te1)ADAZ

—ee [T @/ n(B)B (1 e1)ADAZ

S_gl/

o E
/é n(t)By (t,e1)At)AL,

which is followed by

Hp\m

¥() b o OBt eanag)

Replacing x with p in (15), taking the A integral on both sides of (15) yields

) =yss) < [l [ty [ n0Bf (enanadiap

> 0.

(13)

(14)

(15)

(16)

Due to (10), one has lijn y(x) = —oo, which is a contradiction. So, it holds that xh_r}n y(x) =
X— 00 [ee]

0, and xlgn w(x) = 0. We have finished the proof. [

Lemma 2. If w(x) is an eventually positive solution of Equation (3) satisfying

[b2(x)y* (1)1 > 0, y*(x) > 0o [x*, 00)r,

then it holds that
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L bl A () thx) uzzgx*wA(x*)]AAl(xf ) x € [x*,00)q, 17)
2 (X

and

y(x) < y(x") + ba(x")y® (x°) Az (x,6%) + by (x) [ba (x*)y® (x) ]2 As (3, 1) Ap (x, x%),

X € [x*,00)T. (18)

Proof. According to Lemma 1, there exists x* such that by (x)[ba(x)y® (x)]* > 0 and de-
creasing on [x*,0), bp(x)y”(x) > 0 and increasing on [x*, ). So, one has

x A A
bo(x)y2 (%) :bZ(x*)yA(X*)—I—/X* bl(t)[bzl(gj)/ ()] At

> by () a0y () [ 58 = Ay (01 ()

and
by (x)y™ (x) < by (x*)y® (x*) + by (x*) [bo (x*)y (x*)] A Aq (x, 7).

Furthermore,

x A x
) =)+ [T at < ya) o) [

x* bz(t)
From above, the desired results can be obtained. O

Theorem 1. Under the conditions of (8)—(10), if, for an arbitrary x* € Ty, it holds that

x B b A 2
Jim sup /xo{cgfln(t)Bg (t,x*, ) (t) — M}At — oo, (19)

where 1 is one known nonnegative function,
By(x,x*,c) =

1 B C%iz ® *\ A (L —1/7-1 *
T O i M) B A ) )

+o1 (x) [ba () ()AL (I (17 (l2(x))), %) Ao (I (1 (2 (), 2 )]

and c is an arbitrary positive constant, then the solution w(x) of Equation (3) is oscillatory or
satisfies lijrl w(x) = 0.
X—00

Proof. Suppose w(x), x € [xg, )T is a non-oscillatory solution of Equation (3). We may
assume w(x) > 0, w(l1(x)) > 0, w(lp(x)) > 0on [x1, 00) without loss of generality, where
X1 € [xg,00)1. According to Lemma 1, we can find a sufficiently large x, € [x7, 00)t such
that by (x)[b2(x)y®(x)]? is positive and decreasing on [x,, ), and either y*(x) > 0, x €
[x2,00)T Or xlgx;lo w(x) = 0.

Itis enough to consider the case y*(x) > 0, x € [x2, ). In this case, y(x) is increasing
on [xp, c0). Then, there exists a positive constant c; such that y(x) > ¢y, y(ll_1 ((x))) >
on [XZ, OO)']T‘

1 the other hand, e (x) > YT G0) 1y v 00 () it ()
onthectherband O 2 T T ) | s )
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Combining with (18) and the second equality of (5), one can deduce that for some
sufficiently large x3 € [xp, o), it holds that

w*(lp(x)) > Bz(x,xQ,cl)y(lfl(lz(x))) >0, x € [x3,00)T.
By the use of (3) and (6), combined with &« < 8, one can deduce that

(b1 (0)[b2(x)y* (x)]*)* < —n(x )Bzﬁ(x xa, 1)y (17 (a(x))
1

- s (20)
n(x)B3 (x,x2,c1)y(I; ! (12(x))), x € [x3,00)r.

B
< —cf

—

Now, we construct a Riccati function with definition (x) =

5 61 () (2 ()5 ()

<

Then, {(x) > 0, x € [xp,00)T according to Lemma 1 (a), and

() = M5 b1 () a2 + [0 20 0 0) bl o (1)

() Y (x) =y (x
= (0 @ EEy ) + [(FEre s

<
—~
=
~—
<

A

P03 (03 (a3 (o))

n°(x)
T aEeR)

¢lo(x))

where y(I; 1 (I2(x))) > y(x) and I; ' (Iy(x)) > x are used in the last step.
By (17) in Lemma 2, one has

Aq (%, %2) b1 (2) [b2 (%)™ (%))
yA(x) Z 1 2 lbz(x)Z

, X € [xp,00)T.

So, we can deduce that
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¢lo(x)) 21)

ba(x) [ (%))
4n(x)A1(x, x2)
Replacing x with t in (21), taking the A integral on both sides of (21) yields

by (1) [ (1)
dn () Aq(t, x2)

x € [x3,00)T.

]2

[t 0B (1, cn ) - At < g(xs) ~ £(3) < Z(x3)

So,
X0 o 4n () Ar(t,
ST ba (1) (1)
<Clw)+ [ et n(OBS (txa,cadn(t) - 2
J X0
which contradicts (19). We have finished the proof. O
Theorem 2. Under the conditions of (8)—(10), furthermore, suppose for an arbitrary x, and

X3 € [xp,00)T, it holds that By(x,x3,¢) > 0, x € [x3,00), where c is an arbitrary constant,
and By is defined as in Theorem 1. If

it [ ot [ 0088 (o chanaciag
. Jxz U2 Jx3 Y1 : -
Jim sup{ A1 (x,x2) Az(x, x2) S @

then the solution w(x) of Equation (3) is oscillatory or satisfies li_I;n w(x) =0.
X—00

Proof. Suppose w(x) is a non-oscillatory solution of Equation (3). Similar to the first two
paragraphs in Theorem 1, all that is left is to consider the case y*(x) > 0, x € [xp, )T,
and one can further obtain that

B

(b1 (1) [2(x)y (x)]*)* < —C{‘H(X)Bzg (x,x2,¢1), X € [x3,00), (23)

where x3 € [x7, )T is sufficiently large.
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By taking the A integral on both sides of (23), one can deduce that

—by (x)[b2(x)y2 (x)]% = — Lim by (x)[by(x +/ —c1 25 (t,x2,c1)At

X—0Q

B oo B
< —cf / n(t)B5 (t,x2,c1)At,
X

which implies

/ " n(£)BS (1, x2, c1)AL. (24)

Furthermore,

ba(00A(5) = balsa)y ) +of [ (o [ (0B (038108

=2

"X 1 ~00 B
> ¢ / n(£)B; (1, x2,¢1)ADAE,
¢

x3 ( b1(¢) .
which is followed by

VA0 2 6 [ [ G [ 0B (v c)804g], @)

Moreover,

v 2y +ef [ [ [Tn0Bf @ enanagise. o)

On the other hand, by (18) in Lemma 2, one has

y(x) < y(x2) + ba(x2)y (x2) Ao (x, x2) + by (x2) [b2 (x2)y™ (22)]2 A1 (x, 22) A (x, x2),

(27)
x € [xp,00)T.
Equations (26) and (27) lead to a contradiction with (22). So, the proof is complete. [J

Next we establish the Kamenev and Philos-type oscillation criteria for Equation (3).
To this end, define D = {(x,t)|x >t > xo}, and H € C,4(D, R) satisfying

H(x,x) =0, x > x,
H(x,t) >0, x >t > x, (28)
HE(x,t) <0.

Theorem 3. Under the conditions of (8)-(10), if, for an arbitrary x*, it holds that

, 1 x By B by (1) [ ()]
Jim sup m{/xo H(x, £){ctn(t)B§ (t,x, ) (t) — W}At} — 0, (29)
where 1, By(x,x*,c) are defined as in Theorem 1; then, the solution w(x) of Equation (3) is
oscillatory or satisfies 1i_1>n w(x) = 0.

X— 00

Proof. Suppose w(x) is a non-oscillatory solution of Equation (3). Similar to Theorem 1, all
that is left is to consider the case y®(x) > 0, x € [xp, ).
Let {(x) be defined as in Theorem 1. Due to (21), one has

b)) _
417(X)A1 (x, XQ) -

-1

n(x )Bzg(x x2,¢1)1(x) — —7%(x), x € [x3,00). (30)

=R

[
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So, one has

X : ’
/ H(x, t){cf’il (t)Bzg (t,x2,c1)n(t) — M}At

- / DAs = H(x,13)3(xs) + [ HE(xDZ(0(1) s
< H(x,x3)¢(x3) < H(x, x0)C(x3),

where the deduction (28) is used. Then,

/: (x, t){cé (t)BE(t,xz,m)’?(f)—W

0

=/, Mt n(t)B§(f,x2/C1)U(t)_4,7(t)A1(,xZ)
. M 0)ef m(0)BS (132, e0)(0) ~ 4127253372?1]22) yal
< H(x, x0)Z(x3) + H(x, x0) /}: \cfé”ln(t)Bf(t, x,c1)1(t) = mm
Moreover,
lim sup { / (x,t {cf'*ln(t)Bf (t, x2,c1)n(t) j’;ff))ﬁiﬁtlf) yAt

by (1) [n™ (1))
4n(t)A1(t x2)

which leads to a contradiction with (29). By taking x* = x,, we have finished the proof. [

B_ 4
C(x3 —1—/ cy n )B3 (t,x2,c1)n(t) — |At < o0,

In Theorem 3, if we select H(x,t) = (x — t)l, I >1,orH(x,t) =1In %, then we can
obtain the following corollary.

Corollary 1. Under the conditions of (8)-(10), if, for an arbitrary x*, either of the following two
conditions holds:

().
lim sup—~ {/x(x—t)l{cg’ln(t)Bg(t **,0) (t)——(t)[ 0P gy
s U, 2 X O ™ g (D A (1 1) (31)
=0, 121,
().
1 x 5 B, by (1) [ (1))
}ggosupm{/xo (Inx — In#){ck~1n(t)B§ (t, 2%, )p(t) — m}m} )

then the solution w(x) of Equation (3) is oscillatory or satisfies lgn w(x) =0.

3. Oscillation Results for Equation (2)

In this section, we research the oscillation of Equation (2) and extend the main results

established in the last section for Equations (3) and (4), as Equation (2) is equivalent to (4).

- e_ o (t xo)
For the sake of convenience, define A (x,x*) = [, %As.
1



Fractal Fract. 2024, 8, 115

11 of 21

For v € R, the exponential function is denoted by e,(x, t). According to ([25], Theo-
rems 5.1 and 5.2), it holds that e, (x,t) > 0 for v € R, and

{ leo(x, x0)]* = v(x)es(, x0),
ey (x0,x9) = 1.

For — g’—l € R4, one has e_o (x,x0) > 0, and one has the following observation
1

6,&(3(,3{0)6,%(0‘(3(),3{0)
_ (@b () + o) [b2(x)yA(3)]* _ —n(x)wP(la(x)
6,%(0'()(),960) efﬁ(‘f(x)/xo

Furthermore, we have the following two lemmas.

Lemma 3. Assume Equation (4) has an eventually positive solution w(x) satisfying w(x) >
0, w(li(x)) > 0, w(lp(x)) > 0 on [x1,00), where x; € [xg,00)T, and x1 > Xg. If—% €
R, and N
lim A, (x,x9) = o0, (33)
lim Ap(x,xg) = oo, (34)
X—00

then

(a). There exists xp € [x1,00)T such that (bl(x)e[iyzl(a(ci’ ig)]A)A <0, [ba(x)y2(x)]* >0
on [xz,00)T. 1
(b). If, furthermore,
y xo1 e ez (E%0) o n(t)Blg(t,c) AAFI A .
I [ Uiy |, @ kg o = 69

where By is defined as in Lemma 1 satisfying By (x,c) > 0, x € [x, )T, then either y*(x) > 0 on
[x*, 00)T or xh_r)r.}o w(x) = 0, where x* is sufficiently large.

Lemma4. If —% € Ry, and w(x) is an eventually positive solution to Equation (4) satisfying

[b2(x)y™ (x)]* > 0, y*(x) > Oon[x*, o),

then it holds that

RLACRILACHValC) s (36)
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and

y(x) < y(x*) + ba(x)yP (x*) g, x) + bl(x*)[bZ(f i A%’C*”% (5, x) Az (x, "),
e (7 x0 67)

1

X € [x*, 00)T.
The proofs of Lemmas 3 and 4 are similar to those of Lemmas 1 and 2. So, we omitted them here.

Theorem 4. Under the conditions of (33)—(35), if — E R, and for an arbitrary x*, it holds that

(DB (1,5, () by ()

e_w (o(t),xo) - 4n(t) A1 (8, x*)

b

Jim sup / { VAt = oo, (38)

where 17, By are defined as in Theorem 1, then the solution w(x) of Equation (4) is oscillatory or
satisfies xh_r)r;o w(x) =0.

Proof. Suppose w(x) is a non-oscillatory solution of Equation (3), and assume w(x) >
0, w(li(x)) >0, w(lp(x)) > 0 on [x1,00)r without loss of generality. Furthermore, there
exists xp € [x1,00)T such that by (x)[by(x)y®(x)]? is positive and decreasing on [xp, o),
and either y(x) > 0, x € [xp,00) or xlgr;o w(x) =0.
If y2(x) > 0, x € [xp,00)T, there exists c; > 0 such that y(x) > cl, y(I7 N (l(x)) > o
n [xp,00)r, and similar to Theorem 1, w*(Ix(x)) > By (x,x2,c1)y(l; 1 (la(x))) > 0, x €
[x3,00)T. Furthermore, one can deduce that

(bl(x)[bZ(x)yA(x)]A)A —n(x)wf (lp(x))

e,ﬁ(x, xg) g

< —n(x )Bé‘( X2,C 1)y5(lf1(lz(x))) < *Clg ”(X)Bf(x x,c0)y(l; ! (12(x)))
B ( (x),x0) - e_v '

A\
Let {(x) = Zg; [bl (ex_)lb%g&)/ JE;C))) |. Following a similar process to that of Theorem 1,

one can obtain that

=

—C "n(x )B (x,x0,c1)(x)  ba(x) [ (%)) .
(x) < i _v< ), x0) +4;7(x)g1(x,x2), x € [x3,00). (40)
Moreover,
v T (OBS (v, c)(t) bl (O]
1 2 (£ X2,
/x?,{ e g 00%) DAt JAR< Els) = Elx) < {(xa),

which is a contradiction of (38). Then, the proof is complete. [J

Similar to Theorems 2 and 3, we can obtain the following two theorems.
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Theorem 5. Assume —% € Ry. Under the conditions of (8)—(10), furthermore, suppose for

an arbitrary x, and x3 € [xp,00), it holds that By(x,xp,¢) > 0, x € [x3,00)T, where ¢ is an
arbitrary constant, and By is defined as in Theorem 1. If

x 1 pe,%(é,xo) oon(t)Bg(t,xz,C)
1_ {/xﬂbz(p) L Tn@ ket 0%
im sup

e_
x—00 Aq(x,x0) Az (x, %)

e

|

b=oo, (41

then the solution w(x) of Equation (4) is oscillatory or satisfies xlgn w(x) =0.

Theorem 6. Under the conditions of (33)—(35), if —% € Ry, and for an arbitrary x*, it holds that

2>®

n(OBE (L () b))

E_% (O'(t), x(]) B 417(!‘)Av1(t, x*) }At} - (42)

lim sup H(JClIXO){/x:H(x,t){C

X—00

where H is defined as in Theorem 3, then the solution w(x) of Equation (4) is oscillatory or satisfies
lijn w(x) = 0.
X— 00

Remark 2. We will make a comparison between our results and the existing results. Firstly,
the critically used Riccati transformation function denoted by {(x) in the last two sections is
designed to be adapted to certain delay dynamic equations of fractional order, which is different
from [15-23]. As a result, the oscillation criteria established above are essentially different from those
existing results. Secondly, for the research into the oscillation of super-linear dynamic equations,
in [24], the authors considered a non-fractional second-order delay dynamic equation on time scales
with a super-linear term as follows:

(a(x)(z(x) + p(x)z* (1))%)* + q(x)2P (¢(x)) = 0.

We note that the third-order dynamic equations with a super-linear term denoted by Equations (1)—(4)
are different from above. In the establishment of Kamenev and Philos-type oscillation criteria in [24],
a critic inequality is unsuitably used (see (4.13)—(4.14) in [24]), which leads to the invalidity of
part of the oscillation results. In fact, after changing the form of the Riccati functions suitably,
corresponding Kamenev and Philos-type oscillation criteria can also be obtained. Moreover, it is
worthy of note that these provided results are not only an extension of those in [24] from a second-
order case to a third-order case, as the proof processes for the third-order case here are essentially
different from those for the second-order case in [24]. And the oscillation criteria described in the
theorems above are new results in the literature to the best of our knowledge.

4. Applications

As applications for the oscillation criteria established above, we will propose some
examples. For the examples with T = R, we also give the numerical computation results
demonstrated in graphics under the given initial value condition. Comparison of the
oscillatory behavior between the equation without the damping term and the equation
with the damping term are also given in the first two examples.

First, we consider the following nonlinear third-order delay differential equation
involving a local fractional derivative with a super-linear neutral term:

Example 1.

D%[x%D%(xz%D%[w(x) + x2w3(£)])] + x%wS(f) =0, x € [1,00). (43)
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= x2, n(x) = x2, by(x)

Compared with (1) and (3), one has T = R, by (x) = X3, m(x)
X3, Li(x)= %, I(x) = %, a« =3, B =5,and xy = 1. Then, one can see (8) and (9) hold from

the following analysis:
lim Aq(x,x) = DOLAt*/mldtfoo
oSl 'O_XObl(t) N t% -
and

lim Ay (x,xg) = WLA—/widt—oo

Parc bt X0 bg(t) 1 t% '
h (x,0) | a2 -y

Furthermore, as B1(x,c) = — 1-— a = —=|1- , one
m( (L(x) T me (0N (B (x) 4 (8x)3
) > 81—2, x € [X,00). Then, one has
X

! /gwn(t)BF(t,c)At)Ag}Ap

0 © 1 [® 33
:/7 [ 19/ (7/ t5 B3 (t, c)dt)de)dp
X opu e 38
1 . 1 [ 1 [® v
>~ [l [ [ Banacldp
83 Jx paJp g3 /¢
12 (> 1 [ __1 144 [ 1
== | [ | & Rdlldo=— | —ydp=rco,
835 Jx oz Jp 835 Jx oA
X3 — (x*)z%], according to the

which shows that (10) is satisfied.
Moreover, as Aj(x,x*) = 3[x% - (x*)%], Ax(x,x*) = 24[
definition of Bp(x, x*, c) in Theorem 1, one has
1
By(x,x*,¢c) = —
2( ) 4x?

L

B klx% +k23€2574 + k3
(87)3

where ki, i = 1,2,3 are constants related to x*. Then, we can find a sufficiently large x3 € [x*,00)

satisfying A1 (x,x*) > %x% and By(x,x*,¢c) > ﬁ > 0onx € [x3,00).

Select y(x) = x, and then, one has
X By B . by (1) [ (1)]?
ce n(t)BL(t,x*,c)n(t) — — |dt
[ = 0B (et — gre ]
1 x o5 1 83 1
[ 5= ()
X3 83 t12 6c3 t24

2
xoc3 1
= / F(5) - —gldt=
X3 83 {12 6124
If x3 is selected as sufficiently large, then one can see the above integral tends to infinity when x
tends to infinity. So, (19) is also satisfied in the case of T = R. Due to Theorem 1, one can deduce

that the solution w(x) of Equation (43) is oscillatory or satisfies lim w(x) =0.
X— 00

Now, we consider the numerical computation of (43). Denote the step by /i, and x;
xo+ih, i =0,1,2.... w' denotes the numerical solution of the unknown function w(x) at

the point x;. b} = by(x;), by = ba(x;), m' = m(x;), n' =n(x;), i =0,1,2,....



Fractal Fract. 2024, 8,115 15 of 21

For the general form of (43), one can consider (1) or its equivalent form (3). For the
sake of a graphical demonstration, we perform a numerical computation by use of the
simple forward Euler method, and one can obtain the following numerical scheme:

b§+1{bé+2[(wi+3 + mi+3(w(%))3) _ (wi+2 + mi+2(w(£))3)]

—BE ("2 2 (PER))P) — (w0 (T3]}

4 4
BB (@2 4 2 ((T2))%) — (w4 (w(F)?)
B [(w™ !+ (w(ZE))?) — (w4 (w(3))D)]} + ' (w(5)° = 0.

As is known, the local truncating error of the scheme is O(h). In order to fulfill the
numerical computation, we select the node variable i such that % is equivalent to some

xj, j =0,1,2,.... So, one has # = 1+ jh, which implies i = % +4j, j=0,1,2.... For the
convenience of computing, one can set w(%) = w(%), k=123, w(xzz—“) = w(%),
and w(x) = w(xp) for all x < xo.

Selecting h = 0.1 and the initial value condition w(xg) = 0, we obtain the numerical
computation results, which are demonstrated in Figure 1.

5_

NI |

106

-3

Figure 1. Numerical demonstration of the oscillatory behavior of the solution of (43) without a
damping term when x is large enough.

From Figure 1, one can see that the solution of Equation (43) is oscillatory if x is
large enough.

Next, we consider the following nonlinear third-order delay differential equation
involving a local fractional derivative with a super-linear neutral term and a damping term.
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Example 2.
D3[x+ D5 (x3 (D3 [w(x) + x*w ()] +x
+x%w5(g) =0, x € [2,00).

)y =%, v(x) = X2 n(x
nd xo = 2. Then, u

NN
=
SN—
|
(=I

Compured with (2) and (4), one has T = R, bl(

) =V,
bz()*lll()zéylZ()* =3 p=
2) =

m(x
5a

and —b— € R, Considering e_ o (x,x9) = e,%( — f2 Wdt , one has

* o(t) * () R 11y L

1>exp(— [ P >1- | dtzl—/t dt =1 —27 > 2
L bm™ 2k ne z tee ez,
Obviously, A1(x,x*) = 2[x% - (x*)%], Ay (x, x*) = x — x*, which implies (33) and (34)

hold. As
1 C%_l 1 C_%
B , = 1 — 1 - ]. - 5 s
1) m(lﬁ(lz(x)))[ mﬁ(lﬁ(lfl(lz(x))))] @ (W]
o1 kix? +kox +ks
Ba(x,x2,¢) = 325 1 (8x)% ]

where k;, i = 1,2,3 are constants related to xp, then we can find a sufficiently large x3 € R such
that By (x,¢) > % and By (x,xp,¢) > 64175 > 0onx € [x3,00).
x
For the sake of verifying (35), one can see that

2 (6x%0) e n(t)Blg(t,c)
A" / NG /f;e_,,qw(t),xo)“mgmp

> ) 5 1e) e e-gloli)x)
11
. (64)22/3( [/,, (\[/g tdt)d]
2

(64)32
SR N % ¥ T B
T w22l 5 3 35

which tends to infinity when x tends to infinity. So (35) is satisfied. On the other hand, in order to
verify (41), one has




Fractal Fract. 2024, 8,115

17 of 21

x 1 e g (6 x) xn(t)Bf(t,xz,c)
L5 Ll ko v 20081
> 1
- Aq(x,x2) Az (x, x2)
RS i L i kit L I
T (64)32 2(Vx = x)(x = x2) '

which tends to infinity when x tends to infinity. So, (41) holds. Due to Theorem 5, one can conclude
that the solution w(x) of Equation (44) is oscillatory or satisfies xlgn w(x) =0.

Similar to the numerical computation in Example 1, one can select the Euler method
to construct a numerical scheme for (44), and the numerical computation results with the
initial value condition w(xp) = 1 are demonstrated in Figure 2.

Figure 2. Numerical demonstration of the oscillatory behavior of the solutions of (44) with a damping
term when x is large enough.

Comparing Figures 1 and 2, one can see that the damping term can lead to an impact
on the oscillatory behavior of the solutions.

Example 3. Next, we consider the following nonlinear third-order delay difference equation involv-
ing a local fractional difference with a super-linear neutral term:

A3 AS (23 (A3 [w(x) + x4w3(§)]))} +x3ud(x) =0, x € [2,00)7, (45)

where A3 is the fractional difference operator of % order on Z.
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Compared with (1) and (3), one has T = Z, by (x) = x, m(x) = x*, n(x) = x?, by(x) =
1, h(x) = %, I(x) =x, « = B =3,and xy = 2. Then, for (8) and (9), one has

lim A Y VI
lim Aq(x, x0) = 0 —t;;—oo,
and -
© 1
lim As(x, %) = | ——At=Y 1= co.
fim Ax(vx0) = [ gt L=
1 4 _2
1 - o __1 - c 3 1,

- ]
mi (0 7 ((x) )Y (4x)3
> L x €[ 00)y Then, it holds that

[eS) 1 [eS) 1 =) B
L gy [ G o 0 (Leanadiap

Furthermore, as By(x,c) = m(l; ! (l(x))) '

o=x b2(0) t=¢
1 & &, 1&1 1 & &.1& 1 1 & &1
> o LG Az VG N=5L =
=y N =g = = =1 DA =T
1 & & 1 1 &1
S ) D
32 = is, c(e+1) 32 P
So (8)—(10) are satisfied. Moreover, as
1 =1
A1(x,x") = At = 72/ “dt =Inx —Inx",
xx t F—x* t xr t
x—=11
A1(x,x*) < / ?dt =In(x—1)—In(x*—1) <Inx,
x*—=1
X x—1
As(x,x*) :/ IAt=) 1=x—x"
x* f=x*

one can deduce that By(x,x*,c) > 1 71— kpxlnx + k42x + k3], where k;, i = 1,2,3 are
(23() (4x)§

constants related to x*. Therefore, there exists x3 € [x*,00)z such that A1(x,x*) > 5 Inx and

N—

Ba(x,x*,¢) > ﬁ onx € [x3,00)z.
Selecting 17(x) = x, one has

X B B o by (t) [ (1))
/x [cx n(t)Bg (t,x*,c)y(t) — W]At

3

x—1 A 2
=l 1 =l 16
= t;f@ T otme) tgs 2t e

which tends to infinity when x tends to infinity as long as x3 is sufficiently large. So, (19) satisfies
in the case T = Z. It follows from Theorem 1 that the solution w(x) of Equation (45) is oscillatory

or satisfies xlglgo w(x) = 0.
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Example 4. Now, we research the oscillation of the following nonlinear third-order delay local
fractional y—difference equation with a super-linear neutral term:

AVERAI (x 3 (A3 [w(x) + ¥ (D))} +x30d(x) =0, x € [1,09),,  (46)
where vy > 2, A% is the fractional -y— difference operator of % order on /7.

Due to (1) and (3), one has T = %, by(x) = x, m(x) = x*, n(x) = 2, by(x) =
1, Ii(x) = %, I(x) =x, « = B = 3,and xy = 7. Then, one can easily deduce that (8) and (9)

hold. Similar to Example 3, there exists a sufficiently large X € ” such that By(x,c) > 32% on
X
x € [X,00) o2 50, (10) holds by the following observations:

/xw[bip) /pm(big) /: (t)Blg(t c)AHAE]Ap
313 xoo/p / AgAng,z/ /‘”g/ 0] At)AZ]Ap
:312 x""[/pw(é[_i]?)AﬂAP:m/x [/Oogfleg]APZEQ/x [/p C;@AC]AP

32/ o0 =

Furthermore, letting F(t) = f(t), one has

X
/s )~ F(x*)
logff 1og,yi*
= Y [FOM) = FO ) = X (" =) F ()]
k=1 k=1
So,
. x
A1(x,x*) = [ At
x* b
osi’ k k-1 1 i -
= ) (" =" x*),yk,lx*] = (y—1logy" = (v —1)(log), —log? ),
k=1

X
x*):/ 1At = x — x7¥,

1 - klxlog +k2x+k3
(2x)* (4x)3

By(x,x*,c) =

. —1
Therefore, there exists x3 € [x*,oo),yz such that Ay (x, x*) > i > logf; and Bp(x,x*,¢) > 321?
on x € [x3,00),z.

Under the selection 17(x) = x, it holds that

A 2
J};H;SUP {/ f n(t)Bzg(t,x*,c)n(t) - W}N}
1 x 1 1
> mwpmk =005 ~ 20, —vyiogs ™
1 X x —t 16

= lim su 1-— At = oo.
oo P (x Z ) s 32t( (7—1)1ogg)
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So, (31) is also satisfied with | = 1. Due to Corollary 1, it can be seen that the solution w(x) of
Equation (46) is oscillatory or satisfies 1En w(x) =0.
X— 00

5. Conclusions

By the use of some inequalities, the Riccati transformation, the integral technique,
and the theory of time scale, we have deduced and proposed some new sufficient con-
ditions on oscillation including some Kamenev and Philos-type oscillation criteria for a
class of nonlinear third-order delay dynamic equations with a super-linear neutral term.
Furthermore, these oscillation criteria are extended to another class of nonlinear third-order
delay dynamic equations with a super-linear neutral term and a damping term. In order to
apply the proposed oscillation results, some examples are given and analyzed. Finally, we
note that the deduction process of the main results in this paper can be extended to other
types of nonlinear high-order delay dynamic equations on time scales, and as &« < B here,
the establishment of oscillation criteria in the case @ > B is also worthy of further research.
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