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OSCILLATION OF SECOND-ORDER QUASI-LINEAR
NEUTRAL FUNCTIONAL DYNAMIC EQUATIONS WITH
DISTRIBUTED DEVIATING ARGUMENTS

TONGXING LI*2 AND ETHIRAJU THANDAPANI?*

ABSTRACT. In this paper, some sufficient conditions for the oscillation of
second-order nonlinear neutral functional dynamic equation

b
(r(®) ([2(0) + pO[r®)>)") +/ q(t, a7 [g(t, )AL =0, teT

a

are established. An example is given to illustrate an application of our results.

1. INTRODUCTION

The theory of time scales, which has recently received a lot of attention, was
introduced by Hilger in his Ph. D. Thesis in 1988 [[Z] in order to unify continuous
and discrete analysis. A time scale T is an arbitrary nonempty closed subset of
the reals, and the cases when this time scale is equal to the reals or to the integers
represent the classical theories of differential and difference equations.

The theory of “dynamic equations” unifies the theories of differential and dif-
ference equations and it also extends these classical cases to cases “in between”.
Several authors have expounded on various aspects of this new theory; see the
survey paper by Agarwal et al. [0] and the references cited therein. The books
on the subject of time scales, i.e., measure chain, by Bohner and Peterson [, B],
summarize and organize much of time scale calculus.

Recently, there has been much research activity concerning the oscillation and
non-oscillation of solutions of various dynamic equations on time scales, e.g.,
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see [2, 6-11, 13-29] and the references cited therein. Agarwal et al. [B], Saker
(8], Tripathy [28] established some oscillation criteria for second-order nonlinear
neutral delay dynamic equation

(r(6) ([e() + p)z(t — 7)*)) " + f (1 2(t — 6)) =0, (1.1)
where r(t) > 0, p(t) > 0, and f(¢,u)sgnu > q(t)|u|* such that r, p and ¢ are real
valued rd-continuous functions defined on T. We note that the results established
in [B, [¥] also require that

0<p(t) <l (1.2)
To the best of our knowledge, nothing is known regarding the oscillation of (IZ)
under the case when 0 < p(t) < a < oo other than the work in [EG]. In [E8],
the author obtained some new oscillation criteria for (ITll) under the cases v >
1, 6 > 7, and r2(t) > 0. Chen [B], Sahiner [[G], Saker et al. [[9, 21|, Saker and
O’Regan [Z2], Wu et al. [E1], Zhang and Wang [E8] considered the second-order
nonlinear neutral dynamic equation with variable delays

(r() (l(0) + p(@)alr)*)") ™ + £ (1,2[5(0)]) = 0. (13)
where the case (I2) holds. Han et al. [[] and Saker et al. [PH] examined the
oscillation of (I33) when v = 1. In particular, Han et al. [[] investigated the
case where v = 1 and p € C.q([to, 00)T, [0, po]), where py is a constant. Regard-
ing the oscillation of dynamic equations with distributed deviating arguments,
Thandapani and Piramanantham [P3] studied the equation

(r(®) ([(t) + p[r))]*) ") +/ q(t,€)f (zlg(t, ©)]) AE = 0. (1.4)

Chen and Liu [@] examined the oscillation behavior of the third-order equation

(B(t) (At)(x(t) + zo(t):zz:[f(zf)])A)A)A + / q(t,6)f(t.€ z[g(t, )]) A& = 0. (1.5)

Following [, E3, PG|, we shall consider the oscillatory behavior of equation

(r(t) ([2() + p(O)z[r(O]*) ) + / q(t, )27 [g(t,)|AE =0, t € T.  (1.6)

Since we are interested in oscillatory behavior of solutions, we will suppose that
the time scale T under consideration is not bounded above, i.e., it is a time scale
interval of the form [tg, c0)r := [tp,00) N T. Throughout the paper we assume
that: v > 1 is a ratio of odd positive integers,

(H1) 7 € Cra[to, 50), (0,00)), [ ()" At = 00, 4(t.€) € Cra(lto, 00)r X
[a, b]T,T) and q(t,&) > 0;

(Hy) T € C%d([to, oo)qr,']I‘), 78(t) > 79 > 0, here 7y is a constant, T([to, OO)']T) =
[7(t0), 00);

(Hs) 7lg(t,€)] = gl7(t),&] for (t,€) € [to, 00)r x [a, b]r;
(Hy) p € Cua([to, 00)T, [0, ag]), where aq is a constant;

(Hs) a,b € [to, 00)r, g(t,€) € Cra([to, 00)r X [a,b]r, T), [a,b]r = {t € T:a <
t < b}, g(t,a) < g(t,€) for (t,€) € [to, 00)T X [a,b]r, and limy o g(t, a) = .
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We set z(t) := z(t) + p(t)x[r(t)]. By a solution of (@), we mean a non-
trivial real-valued function x which has the properties z € Cl;([t,, 00)r, R) and
r(z2)7 € CLy([ty, 00)1, R), tp € [to, 00)r and satisfying () for all ¢ € [t,, 00)T.
Our attention is restricted to those solutions of ([Cd) which exist on some half-
line [t,,00)r and satisfy sup{|z(t)| : t € [t;,00)r} > 0 for any ¢, € [t,,00)r. A
solution x of (ICA) is said to be oscillatory if it is neither eventually positive nor
eventually negative. Otherwise it is called non-oscillatory. The equation itself is
called oscillatory if all its solutions are oscillatory.

Our purpose in this paper is to derive some new criteria for the oscillation of
(1). This paper is organized as follows: In the next section, we present some
conceptions on time scales. In Section 3, we give some lemmas. In Section 4, we
will use the Riccati transformation technique to establish some oscillation results
for the case where g(t,a) > 7(t). In Section 5, we shall establish some oscillation
criteria under the case when g(t,a) < 79(t). In Section 6, we will give an example
and a remark to illustrate our main results.

2. SOME PRELIMINARIES ON TIME SCALES

A time scale T is an arbitrary nonempty closed subset of the real numbers
R. Since we are interested in oscillatory behavior, we suppose that the time
scale under consideration is not bounded above, i.e., it is a time scale interval of
the form [tp, c0)r. On any time scale we define the forward and backward jump
operators by

o(t) :==inf{s € T|s > t}, and p(t) :=sup{s € T|s < t}.

A point t € T is said to be left-dense if p(t) = ¢, right-dense if o(t) = t, left-
scattered if p(t) < t, and right-scattered if o(t) > t. The graininess p of the time
scale is defined by pu(t) := o(t) —t.

For a function f : T — R (the range R of f may actually be replaced by any
Banach space), the (delta) derivative is defined by

fla(t)) — f(t

g - Het) = 1)
o(t)—t

if f is continuous at t and t is right-scattered. If ¢ is not right-scattered then the

derivative is defined by

provided this limit exists.

A function f : T — R is said to be rd-continuous if it is continuous at each
right-dense point and if there exists a finite left limit in all left-dense points. The
set of rd-continuous functions f : T — R is denoted by Cyq(T,R).

f is said to be differentiable if its derivative exists. The set of functions f :
T — R that are differentiable and whose derivative is rd-continuous function is
denoted by C}(T, R).

The derivative and the shift operator o are related by the formula

fo(t) = flo(t) = f(t) + u(t) f2(2).
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Let f be a real-valued function defined on an interval [a,b]. We say that f is
increasing, decreasing, nondecreasing, and non-increasing on [a, b] if ¢, ts € [a, b]
and tp > ¢y imply f(t2) > f(t1), f(t2) < f(t1), f(t2) = f(t1) and f(t2) < f(t1),
respectively. Let f be a differentiable function on [a,b]. Then f is increasing,
decreasing, nondecreasing, and non-increasing on [a, b] if f2(t) > 0, f2(t) < 0,
fA2(t) >0, and f2(t) <0 for all t € [a,b), respectively.

We will make use of the following product and quotient rules for the deriv-
ative of the product fg and the quotient f/g (where g(t)g(c(t)) # 0) of two
differentiable functions f and ¢

(Fo)2(t) = [2)g(t) + f(o(t)g™(t) = f(1)g™(t) + f2(t)g(a(t)),
([)A () = fA(t)g(t) — f(t)gA(t).

g g(t)g(o(t))

For a, b € T and a differentiable function f, the Cauchy integral of f2 is
defined by

/ FAOAL = F(b) - f(a).

The integration by parts formula reads

| rrwsoat= 09w - faga) - [ rngtoa,

and infinite integrals are defined as

t—o00

/:o £(s)As = lim /atf(s)As.

3. SOME LEMMAS

Below, we give the following lemmas, which we will use in the proofs of our
main results.

Lemma 3.1. [@, Theorem 1.93] Assume that v : T — R is strictly increasing and
T := v(T) is a time scale. Let y: T — R. If y>[v(t)] and v>(t) exist for t € T,
then

(o) = 2o ().

Remark 3.2. In condition (H,), we assume condition 7([t,00)1) = [7(to),0)r
which indicates that 7(T) C T is a time scale, and the derivative in T is the same
as that in 7(T).

Lemma 3.3. [8, Theorem 1.90] Assume that y € Cl([to,o0)r, R). Then

(" (6)° = A (1) / [y (8) + (1 — h)y(H)]"dh. (3.1)
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4. OSCILLATION RESULTS FOR THE CASE WHEN ¢(t,a) > 7(t)

In this section, we will establish some oscillation criteria for (@) under the
case where ¢(t,a) > 7(t) for t € [tg, 00)T.

Theorem 4.1. Assume that (Hy)—(Hs) hold, 7(t) < o(t), and g(t,a) > 7(t) for
t € [ty,00)r. Suppose further that there exists a positive functionn € C%d([to, 00)T, R)
such that

limsup/t n(s) {—f“ QUs, A8

t—o00 27_1

L+ %% r[r()]((2(s))+)"+
() gti(s)

uhere Q(t,€) = min{a(t, ), (0. €)), (1) = max{0,9°(0)). Then (D)
18 oscillatory.

} As =00, (4.1)

Proof. Let x be a non-oscillatory solution of (Id). Without loss of generality,
we assume that there exists ¢, € [tg, 00)r such that x(t) > 0, z[7(¢)] > 0, and
x[g(t,&)] > 0 for all t € [t;,00)r and £ € [a, b]r. From (@) and (H;), we see that
there exists ty € [t1, 00)r such that

(r(t)(z2 (1)) < 0, 22(t) > 0, t € [t, 00)r. (4.2)
Using (@) and Lemma B, for all sufficiently large ¢, we obtain
b r\T AT 72
[ a0t ol + THOEEON. o
and so
(rME M) + / q(t, &)z [g(t, )AL + a(ﬂ/ q(7(t), &)z [g(r(t), §)]AE
+ (I r)Y) <o.

By applying inequality
1
c+d > F(c—l—d)” fore>0, d>0, v>1,

(Hs)—(H;) and the definitions of @ and z, we conclude that
A ag’ A 2Vg(ta b
(OEOP)+ L (rolEEro))  + T Mongac <o 4y
Next, we define a Riccati substitution

Then w(t) > 0. From (E) and condition 7(t) < o(t), we have
Alr@)] = (7 (@) /rlr )7 22 (). (4.5)

, T € [tg, OO)']T. (44)
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From (E4), we obtain

A = (1A () n(t) . n(t) SO M)A
A0 = (OEON) | 0]+ s COE)*
Thus
A _ 77(?5) r ZA v A
agpne 15 OGN = n@)[(2[7()])7]*
OO Gt @) o
Using (B3), (H,), Lemma B and Lemma B3, we get
[(lr@)])]™ = Alelr @ 22 (]2 (2). (4.7)

Then, we have by (E4), (E3), (E4Q) and (E=2) that

A ) a1 o
wi(t) < (z[r(t)])w( (t)(z2(1))) T (t)

n(t)T2(t) W7 (PN OD/
VRO m)en O e

On the other hand, we define another function u by

_ T OIEER @) ~
utt) = () LI e o, (@9
Then u(t) > 0. From (E3), we have
ArO] 2 ([ @)/rlr ()" 227 (1), (4.10)

By virtue of (E9), we obtain

A (@) = n@)[(zlr@®)]) A
@) @) (4.11)

Using (Bd) and Lemma B, we get (24). Hence by (E22), (E9), (E10) and (E1T),
we find that

A n(t) ALy
O S Gy TONETOD)
21 o () r2(t) s
+7777"(75)16 Q _77"1/7[7(;7)](77 o (¢))r D/ (u? () (4.12)
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Thus, we have by (E38) and (EI32) that

FOEOM® + 5 GEOIEEO)) o350,
< ) EEOR o o0
n(t)T2(t) W7 (1)) D/
Aol @)en <)
a’ [P0 , ()5 (1) o
R RO e T
Therefore, by (E3), conditions g(t,a) > 7(t) and 72(t) > 79 > 0, we have
WA () + “T—(ﬂuﬁ(t)
S QU1 AL URO)I
>~ - Tn(t)+ no(t) (t)
o (t) o v¥+1) /v
Uampiroy e O
A ) T o) el
i R O B

In view of (AI3) and inequality

v B+l
Bu — AultY/7 < 7
(v + 1)+t Ay

, A>0, (4.14)
we get

w(t) + aT—(juA(t)
< n(t){—f“ O e (1) T[T(t)]((nA(t)h)”“}

201 (v + 1)+t To

Integrating the above inequality from %5 to ¢, we obtain

/tn@ {f;’Q(s,f)Ag_ ! (HE) r[r(s)]gmﬁgs)w“}As

271 (v + 1)+t To Tont(s)
an?
< w(ts) + ——ult),
70
which contradicts (). This completes the proof. O

In view of Theorem El, we can obtain different conditions for oscillation of all
solutions of (@) with different choices of . For example, if n(t) = 1 and n(t) =t
for t € [ty, 00)T, we have the following results, respectively.
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Corollary 4.2. Assume that (Hy)—(Hs) hold, 7(t) < o(t), and g(t,a) > 7(t) for

t e [to, OO)']I‘. [f
9] b
/ / Q(s,8)AEAs = oo, (4.15)

where Q) is defined as in Theorem g1, then (CB) is oscillatory.

Corollary 4.3. Assume that (H,)—(Hs) hold, 7(t) < o(t), and g(t,a) > 7(t) for
te [t07 OO)T- [f

hmsup/t {stf AE 1% (s )]}AS_ (4.16)

t—00 271 (fy + 1)7+1 g 57+

where @ is defined as in Theorem g1, then (CB) is oscillatory.

Now, we establish the following Philos-type oscillation criterion for the oscilla-
tion of ().

Theorem 4.4. Assume that (Hy)—(Hs) hold, T(t) < o(t), and g(t,a) > 7(t) for
t € [to,00)r. Suppose also that there ezist functions H, h € Cxq(D,R), where
D=A{(t,s):t>s>tg} such that

H(t,t) =0, t >to, H(t,s) >0, t >s > t, (4.17)

and H has a non-positive continuous A-partial derivative H>:(t,s) with respect
to the second variable and satisfies

H™(t,5) + H(t, s) TZ((Z)) = - z:}@(;)) (H(t,s))/ 0+, (4.18)

and

t b
lirtlisup H(; to)/ [H(t, 3)77<8) fa;f_(fvf)ﬁf

L 0 O [(GRC0) ih I
R A CTE) CR e

where 1 is a positive A-differential function, Q is as in Theorem g1, h_(t,s) :=
max{0, —h(t,s)}. Then (CA) is oscillatory.

Proof. By (B13), the proof is similar to the proof of Philos-type oscillation the-
orems by [B, B0, 1], so we omit the details. O

5. OSCILLATION RESULTS FOR THE CASE WHEN ¢(t,a) < 77(t)

In this section, we will establish some oscillation criteria for (@) under the
case when ¢(t,a) < 77(t) for t € [to, 00)T.

Theorem 5.1. Assume that (Hy)—(Hs) hold, g(t,a) <
> 0

7(t), g(t,a) < oft)
for t € [tg,00)T, g(t,a) € C%d([tQ,OO)T,T), g>(t,a) > rt e

-
fo [to, 00)T, and
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9([to, 00)1, a)) = [g(to, a),00)r. Suppose further that there exists a positive func-
tion n € Chy([to, 00)r,R) such that

t b O(s
limsup/t n(s) {M

t—o00 2771

B G0 (U C) IS K N
(y+ 17+ (g2(s,a)) 7 (s) }A Y

where Q and (n™), are defined as in Theorem F-A. Then (ICB) is oscillatory.

Proof. Let x be a non-oscillatory solution of (I@). Without loss of generality,
we assume that there exists t; € [tg, 00)r such that x(t) > 0, z[7(¢)] > 0, and
xlg(t,&)] > 0 for all t € [t;,00)r and & € [a,b]r. Proceeding as in the proof of
Theorem BT, we have (E32) and (B23). We define a Riccati substitution

r()(z2(1)

w(t) := n(t)m, t € [ta, 00)T. (5.2)
Then w(t) > 0. From (E4) and condition ¢(t,a) < o(t), we have
Aot )] = (7 ()/rlg(t a)) 7 227 (1). (5:3)

By virtue of (E3), we obtain

a oo (O gt @) — ()l
HrOEON) L O Gl @, 1)

Using (B3), Lemma BT and Lemma B3, we get
[(=lg(t, a)])"]™ > A[2lg(t, )] "2 [g(t @)lg™ (¢, a). (5.5)
Thus, by (B3), (633), (63) and (B33), we see that
T/(t) r ZA o1 A
Clat.ay (OEONT

n
_ n(t)g>(t, a) W7 () D/
A a)l e @) O >0

On the other hand, we define another function u by

R s
ult) =)= )

Then u(t) > 0. From (E3) and condition ¢(t,a) < 79(t), we have
gt = (e () /rlg(t.a))" 2577 (1)). (5.8)

wi(t) <

°(t)

, t € [ta, 00)r. (5.7)



DYNAMIC EQUATIONS WITH DISTRIBUTED DEVIATING ARGUMENTS 189

From (B72), we obtain

Applying (BOl) and Lemma B, we get (E3). Hence by (B3), (B22), (EX), and
(B3), we find that

A n(t) JUNTRNPAR
W0 < Crgan CFOIEEOD
() n(t)g?(t,a)

n°(t) u’ (t) — 7T1/W[g(t,a)](n0(7t )+l

,a) .
A, a)](na(t))(wH)M(M ()
_|_a_0’y{(nA<t>>+ o

na(t) u (t) - 77’1/’7[9(25’ a)](na(’t)) 7+1) /7y

Therefore, (E33) yields

UmQ)E
n(t) + 1) (t)

109 (¢ 0) W7 (1)) D/

t,a
a_(ﬂ ﬂ ol U(t)gA(t,a)(u”(t))(%irl)/w
7o { n°(t) Q 77“1/7[9(75,a)](n"(t))(vﬂ)/w}' (5.11)
In view of (EId) and (EIT), we get

wi(t) + C:_LOUA (1)

2 Q, 1 ag”\ rlg(t, a)l((n> (1))
< n(t) { 27 1 + (y + 1)+ (1+ 7'0> (gA( a)) g ti(t) }
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Integrating the above inequality from ¢, to ¢, we obtain

u[“Q{LQ@QAg— : @+ﬁi>mm@mmN$MWH}As

20 (v + 1) T /) (93(s, )1+ (s)
an?
< wits) + ——u(ts),
To
which contradicts (B). This completes the proof. O

From Theorem B, we can obtain different conditions for oscillation of all
solutions of (@) with different choices of n. For example, if n(t) = 1 and n(t) =t
for t € [tg, o0)T, we have the following results, respectively.

Corollary 5.2. Assume that (Hy)—(Hs) hold, g(t,a) < 7°(t), g(t,a) < o(t)
for t € [tg,00)T, g(t,a) € C}d([to,oo)T,T), g2 (t,a) > 0 fort € [ty,00)r, and
9([to, 00)1, a)) = [g(to, a), 00)r. If (BIH) holds, where Q is defined as in Theorem
F1, then (CA) is oscillatory.

Corollary 5.3. Assume that (Hy)—(Hs) hold, g(t,a)
for t € [to,00)T, g(t,a) € Cly([to,00)r, T), g*(t,a) >
g([to,OO)T,(I)) = [g(to,a/),OO)T. [f

N RIS S S V1O I U
/{ 7 <v+1>v+1<gﬁ<s,a>>vsw+1}A =co, (312)

< 77(t), g(t,a) < off)
0 fort € [tg,00)r, and

lim sup
t—o0

where @ is defined as in Theorem g1, then (CB) is oscillatory.

Now, we derive the following Philos-type oscillation criterion for the oscillation
of (I[).

Theorem 5.4. Assume that (Hy)—(Hs) hold, g(t,a) < 79(t), g(t,a) < o(t)
for t € [tg,00)T, g(t,a) € C%d([to,oo)T,T), g2(t,a) > 0 fort € [ty,00)r, and
9([to, 00)1,a)) = [g(to,a),00)r. Suppose also that there ewist functions H, h €
Cia(D,R), where D = {(t,s) : t > s > to} such that (BIQ) holds, and H has a
non-positive continuous A-partial derivative H®:(t,s) with respect to the second

variable and satisfies (EI8), and

lirtriigp m /to K(t,s)As = o0, (5.13)
where
Kit.s) = HEME) f; Qe OAE 1+ 5 rlgls, al(h (1, 5)!
’ 20 (y+1F (g2(s,a)n(s))

n 1s a positive A-differential function, Q) is defined as in Theorem 1, h_(t,s) :=
max{0, —h(t,s)}. Then (IA) is oscillatory.

Proof. By (BI), the proof is similar to the proof of Philos-type oscillation the-
orems by [B, 20, E1I], so we omit the details. O



DYNAMIC EQUATIONS WITH DISTRIBUTED DEVIATING ARGUMENTS 191

6. APPLICATION

Firstly, we consider the following example.

Example 6.1. Consider the second-order neutral functional differential equation

0
[z(t) + z(t — 2m)]" +/ z[t+&dE =0, t > 1. (6.1)
—3m
Let « =1, a = -3m,b=0,r(t) =1, pt) =1, 7(t) =t —2m q(t,§) = 1,
g(t,€) = ¢ + £ Then Q(1,€) = min{q(t,&), (v (1), )} =1,4(ta) =1, g(ta) =
t—3rm <t+¢&for & € [-3m, 0] and g(t,a) < ( ) < t. Moreover lettlng 0 = 1,

we see that equation (B1) is oscillatory due to Corollary B2.
Secondly, we give a remark to summarize our main results.

Remark 6.2. In this paper, we have introduced some new theorems for investi-
gation of the oscillation of delayed and advanced equation (). We can use
similar method to examine equation (CB) when g¢(¢,b) < g(t,€) for (t,§)

[to, 00)T X [a,b]r. To the best of our knowledge, there are no known results can
be applied to the enclosed example. It would be interesting to study (IC3) when

7lg(t, &)] Z g[T(t), €], limy 0o p(t) = 00, or p(t) < 0.
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