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Oscillation of even order nonlinear
dynamic equations on time-scales

SAID R. GRACE, SYED ABBAS, JOHN R. GRAEF

ABSTRACT. In this paper, the authors discuss the oscillatory behavior
of solutions to a class of even order nonlinear dynamic equations on
time scales. The results are established by a comparison with n-th
order delay dynamic inequalities or first-order delay dynamic equations
whose oscillatory characters are known. Several corollaries are obtained
for special cases.

1. INTRODUCTION

In this paper we discuss the oscillatory behavior of solutions of the even-
order nonlinear dynamic equation

1) (b0 (¢*©)") +a@0 ) =0, €.

where T is an arbitrary time scale (i.e., a nonempty closed subset of the real
numbers) with supT = 400, and n > 4 is an even positive integer. We
denote time scale intervals by [£o, 00)T = [{p, 00) N T. For basic concepts,
terminology, and notation for the time scale calculus, we refer the reader to
the fundamental works of Bohner and Peterson [8,9]. In general, we will use
these notions without further explanation.

Throughout we will assume that the conditions below are satisfied:

(H1) « and + are the ratios of odd positive integers with o > 1;

(Hz) q, b € C’I‘d([é-O) OO)T) (07 OO)),

(H3) 7 € Cra([€0,0)T, (0,00)T) satisfies 7(§) < £ and 7(§) — 00 as £ —
o3

(H4) b™(€) > 0 and

£ 1
B(&, &) = /g b”a(s)As — 0o as & — 00.

2020 Mathematics Subject Classification. Primary: 34N05, 39A10.

Key words and phrases. Oscillation, super-linear neutral term, dynamic equations.

Full paper. Received 6 May 2021, revised 25 July 2021, accepted 17 September 2021,
available online 5 November 2021.

(©2022 Mathematica Moravica

47



48 EVEN ORDER EQUATIONS ON TIME-SCALES

By a solution of (1), we mean by a nontrivial real-valued function ¢ that
satisfies equation (1) for £ > &. We consider only nontrivial continuable
solutions, i.e., those that do not vanish in some neighborhood of infinity. An
oscillatory solution of equation (1) is a function that is neither eventually
positive nor eventually negative. The solutions which do not satisfy this
condition are termed nonoscillatory. Equation (1) is called oscillatory if all
solutions are oscillatory. Our aim here is to prove new oscillation criteria for
equation (1).

Many books and numerous articles have been written on oscillatory be-
havior of solutions of differential equations of different types and orders, and
we mention [4-7,25,26,28,29,31| as some typical examples. In recent years,
there has been significant amount of research on the oscillatory behavior of
solutions of various class of dynamic equations on time scales; for example,
[1,3,14-24] and the references therein for some recent research on this topic.

Other authors have studied equations in the form of (1) with the goal
of obtaining sufficient conditions for the oscillation of all solutions. For
example, Chen and Nie [11] considered an equation similar to (1) with a
sum of terms, rather than a single one, on the left hand side. In [13,19]
the authors considered equation (1) with b(t) = 1 and = 1. Grace et
al. studied equation (1) and obtained integral conditions, not comparison
results, that guaranteed the oscillation of all solutions. The advantage of
comparison type theorems is that various existing results that guarantee the
desired behavior of the comparison equation can be applied.

To the best of our knowledge, there are no reported results concerning the
oscillation of the dynamic equation (1) via a comparison with inequalities of
the form

2) (b 6> ()" + Qs () <0,
or first order equations of type
(3) YE(E) + POWTHT((€) =0,

where the functions P, @ € C.q((&o, 00)T, (0,00)) are appropriately chosen.

Motivated by this observation, our aims is to establish some new oscilla-
tion criteria for equation (1) via a comparison with the dynamic inequalities
or dynamic equations of the types (2) and (3) whose oscillatory characters
are known.

2. PRELIMINARIES

In this section we present some topics that are needed to prove our main
results.
The Taylor monomials {h, (&, s)}22, are defined recursively as:

3
ho(§,s) =1 and hp+1(§,s) :/ hn(1,8)AT, for & se€T, n>1.
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It is easy to see that hi(&, s) = {—s for any time scale, but in general it is not
easy to find h,, for n > 2. For some particular time scales this is possible.
For example, h,(&,s) = (gzif)n for £, s € R, and h,(§,s) = (E:Lif)l for &,
s € Z, where £&% = {(£+1)--- (£ + n — 1) is the so-called falling function.
We also know that

0<hp&s) <(E—s)" for £>s and n=01,....

For additional details, see [8, Section 1.6].
The following lemmas play important roles in establishing our results.

Lemma 1 (Kiguradze’s Theorem [1, Theorem 5|). Let supT = oo, n € N,
and ¢ € C™(T,RT). Assume that d2"(t) # 0 is either nonpositive or
nonnegative on T. Then there is m € (0,n) N7Z with (—1)""™¢2" (&) > 0
for each sufficiently large &. In addition, the following conditions hold for &
sufficiently large:

(i) For 0 <k < m, we have ¢*" (£) > 0.

(ii) Form <k < n, we have (—1)™ % ¢A" () > 0.

The following lemma can be found in [13, Lemma 2.8|, |15, Lemma 2.2],
and [16, Lemma 2.3].

Lemma 2. Let supT = oo and ¢ € C}4(T,(0,00)), n > 2. Assume Kigu-
radze’s Theorem holds for some m € (0,n)N7Z and ¢™" (&) <0 on T. Then,
there is a sufficiently large &1 € T such that

O%E) = hin-1(€,€)6°7 (), for all§ € (§1,00)r.
The next lemma is extracted from [12, Lemma 2.2].

Lemma 3. Let conditions (H1)—(H4) hold and let ¢(t) be a positive solution
of equation (1). If

(H5) /: [/Oo <b—1(s) /:o q(u)Au> " A

then there exists & € [, 00)T such that fort € [§1,00)T andi=0,1,...,n—
1, we have

Av = o0,

¢™'(€) > 0.

3. MAIN RESULTS

We are now ready to establish our first oscillation result in this paper
for the equation (1) via a comparison with an n-th order delay differential
inequality.
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Theorem 1. Let conditions (H1)—(H5) hold. If the n-th order delay differ-
ential inequality

1 A

@ (b7©0*"(©)
2B () a1 (7(), €00 (O () <0, €2 &,

has no eventually positive solutions for any large & > &, then the equation
(1) is oscillatory.

Proof. Let ¢(£) be a nonoscillatory solution of equation (1) with ¢(¢) > 0
and ¢(7(§)) > 0 for & > & for some &; > &. In this proof and the others in
this paper, we will only give the details for the case where ¢(§) is eventually
positive since the proof in the eventually negative case is similar. From (1),
it follows that

) (b0 (6 ©)")" = ~a©8 (=€) <.

so from the fact that b>(€) > 0, it is not difficult to see that there exists
&y > &1 such that

€ >0, 49 >0, (96> (©)") <0
and
6°"(€) <0,

for £ > &o.
Notice that if (H5) holds, Lemma 3 implies m = n — 1 in Kiguradze’s
lemma, so that from Lemma 2, we have

G2 (E) > hua(€, €06 (€), for all € € (&1, 00)r.

Integrating, this implies
n—1
(6) (€)= hn-1(§,€)0%" (&), for all & € (&1,00)r.
Now inequality (5) can be written as
1 n—1 a\ A
((5©6*"7©)") + a8 (r(e)) <.
Taking the A-derivative and applying [10, Lemma 2.4|, we see that

(6 (> ©)")" = ((* 0> ©)")"
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for £ > &. Since ¢(t) > 0 and ¢ (&) > 0, from (6), there is &3 > & with
0(€) = hu1 (6,69 (9),

for £ > £3. From this we see that

(8) (T()) = haa(r(6), €00 (1(6)),
for &€ > &4, where 7(&) > &3 for £ > &4 for some &4 > &3.
Using the fact that ba ({)qﬁAn_l(f) is nonincreasing, we obtain

1

9) ba (€)™ (€) < ba (7(€))™" (7(£))

and using (8) in (9), we obtain

be ()62 (€) < b (r(€)e™" (7€) < b= (7(€) (- (7(8), 1)) ' $(T(€)).
Substituting this inequality into (7) and using the fact that a > 1, we see
that

(v ©0*" " (©)

A

11—«

(b7 (€ (hr (7€), 60) 7 16(r(€)) a(§)67(r(€)) <0,

1
«

+

(@0 (©)"
+ 2 (O (r©).60)7Y) e r(e) <o

We then have that ¢(€) is a positive solution of (4), which is a contradiction.
This completes the proof of the theorem. O

The following result is an immediate consequence of the theorem.

Corollary 1. Let a = 7 and conditions (H1)-(H5) hold. If the n-th order
linear delay dynamic inequality

(b2 (©6%" (@) "+ 205 (7€) (1 (r(6), €))* a(©)6((©)) < 0, £ > &,

has no eventually positive solutions for all & > &g, then the equation (1) is
oscillatory.

By specializing the choice of time scales, we obtain the following two
corollaries. The first one is for the time scale being the real numbers.

Corollary 2. Let T = R, a = ~, and conditions (H1)—(H5) hold. If the
n-th order linear delay differential inequality

1 /

(10) (b7 (06" V(e))

- . _ n—1, q—
+ 07 e (ML) st <0, ez,

(07
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has no eventually positive solutions for any large &1 > &, then the differential
equation

(& (")) +a©8 (7)) =0, £ € R,
1s oscillatory.

On the other hand, if we have T = 7Z so that we are considering difference
equations, we then have the following corollary.

Corollary 3. Let T = Z, a = v, and conditions (H1)—(H5) hold. If the n-th
order linear delay difference inequality

(1) A(b7 (0" (©))

Ly e (O €02
(n—1)!

has no eventually positive solutions for any large & > &g, then the difference
equation

)@@ <o, exa,

A6 (A" 16(6)) ") +a(©)8"(7(6) =0, £€N,
is oscillatory.

Results that guarantee that inequalities (10) or (11) have no positive
solutions can be found in a number of places, for example, the monographs
of Agarwal et al. [2,4] Gyori and Ladas [27], or the papers [28,30].

Our second oscillation theorem for equation (1) makes a comparison to a
first order delay dynamic equation.

Theorem 2. Let conditions (H1)—(H5) hold. If the first order delay dynamic
mequality

1 q(§)(hn—1(7(£),&))" 41—
(12)  wO)+— - W) <0, €24,

a ba (r())
has no eventually positive solutions for all large & > &y, then equation (1)
1s oscillatory.

Proof. Let ¢(&) be a nonoscillatory solution of (1), say ¢(£) > 0 and ¢(7(£))
> ( for £ > & for some & > &y. Following the proof of Theorem 1, we again
obtain inequalities (7)—(9). Using (8) in (7), we obtain

11—« o
(&) a©ha1 (7€) €6 (€))7 <0

or
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(e )" 2o ) S
< (b (€)™ (r(e)) " <o,
and so,
(b 9> (9))"
+iq(€)(hgzzzg) ,61))” ( L (€)" (r (O))v-&-l—a .

Letting w(§) = ( )qun ' (), this becomes

U)A(f)—i‘ ( )( ( ( ) fl)) '\/Jrlfa(T(f)) <0.

5

« be(7(£))
Then w is a positive solution of (12), which is a contradiction and completes
the proof of the theorem. O

The following result is immediate.
Corollary 4. Let conditions (H1)-(H5) hold. If

: € q(s)(hna(7(5), &)
lim su As =00
E%wpl@) ba (r(s))

then the equation (1) is oscillatory.
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