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OSCILLATION CRITERIA FOR IMPULSIVE DYNAMIC
EQUATIONS ON TIME SCALES

MUGEN HUANG, WEIZHEN FENG

ABSTRACT. Oscillation criteria for impulsive dynamic equations on time scales
are obtained via impulsive inequality. An example is given to show that the
impulses play a dominant part in the oscillations of dynamic equations on time
scales.

1. INTRODUCTION

In this paper, we are interested in obtaining oscillation criteria for solutions of
the second-order nonlinear impulsive dynamic equation on time scales,

yAA(t)+f(t’yJ(t)):O’ tEJT :: [O’OO)QT’ t#tk’ k:1?27"'7
y(t) = gr(yty), v ) =y (1)), k=1,2,..., (1.1)
y(td) =vo, ¥ () = b,
where T is a unbounded-above time scale , with 0 € T, t;, € T,0 <ty < t1 <ty <

s <t < ...oand limg o T = 00.
: A : A
y(te) = lim y(te+h), y2(t0) = Tim y=(t +h), (12)

which represent right limits of y(¢) at ¢ = t; in the sense of time scales, and in
addition, if tj is right scattered, then y(t{) = y(tx),y>(t{) = y*(tx). We can
defined y(t; ), y>(t; ) similar to (T.2).

We suppose that the following conditions hold:

(HL) f € Cra(T x R,R), xf(t,x) > 0 (z # 0) and f(t,z)/p(x) = p(t) (z # 0),

where p(t) € Crq(T,Ry) and zp(z) > 0 (z #£0), ¢'(z) > 0.
(H2) gi,hi € C(R,R) and there exist positive constants ag, aj, by, b}, such that
i< B0 g g )y
x x

We note that the theory of dynamic equations on time scales are an adequate
mathematical apparatus for the simulation of processes and phenomena observed
in biotechnology, chemical technology, economic, neural networks, physics, social
sciences etc. For further applications and questions concerning solutions of dynamic
equations on time scales, see [3], [5], 6]
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Recently, impulsive dynamic equations on time scales have been investigated by
Agarwal et al. [2], Belarbi et al. [7], Benchohra et al. [8, [0} 10, [I1], Chang et al.
[12] and so forth. In [I1I], Benchohra et al. considered the existence of extremal
solutions for a class of second order impulsive dynamic equations on time scales,
we can see that the existence of global solutions can be guaranteed by some simple
conditions.

Based on the oscillatory behavior of the impulsive dynamic equations on time
scales, Benchohra et al. [§] discuss the existence of oscillatory and nonoscillatory
solutions by lower and upper solutions method for the first order impulsive dynamic
equations on certain time scales

y2 () = f(ty(t), telr:=[0,00)[ T, t#ts, k=1,...,

1.3
y(i) = Tnly(t), k=1,.... (13)

On the other hand, Huang et al. [I4] considered the second order nonlinear impul-
sive dynamic equations on time scales

YRR + f(ty7 (1) =0, telr:=[0,00)NT, t#ty, k=1,2,...,
y(t) = gr(y(ty), > ) = (™ (), k=1,2,..., (1.4)
y(td) =, Yt = ug,

extend the well-known results of Chen et al. [I3] for the impulsive differential
equations to .

Motivated by the ideas in [I5], we establish the sufficient conditions for the oscil-
lation of all solutions of , which utilize Riccati transformation techniques and
impulsive inequality. Those results extend some well-known impulsive inequality
on differential equations to impulsive dynamic equations. Our method is different
from most existing ones. An example is given to show that though a dynamic equa-
tion on time scales is nonoscillatory, it may become oscillatory if some impulses are
added to it. That is, in some cases, impulses play a dominating part in oscillations
of dynamic equations on time scales.

For the remainder of the paper, we assume that, for each k = 1,2, ..., the points
of impulses ¢, are right dense (rd for short). In order to define the solutions of the
problem , we introduce the two spaces:

AC" = {y : Jt — R which is i-times A-differentiable, and its i-th

delta-derivative yA(i) is absolutely continuous};

PC = {y : Jr — R which is rd-continuous expect at t, for which
y(t),y(60),y2 (1), y ™ (67) exist with y(t) = y(te), > (t;) =y (t)}.

A function y € PC(AC?*(Jr\{t1,...},R) is said to be a solution of (L.I)), if it
satisfies y22(t) + f(t,y°(t)) = 0 a.e. on Jpr\{tx},k = 1,2,..., and for each k =
1,2,...,y satisfies the impulsive condition y(t) = g (y(tx)), y> () = hi(y> (tr))
and the initial conditions y(td) = yo, y>(td) = y5*.

A solution y of is called oscillatory if it is neither eventually positive nor
eventually negative; otherwise it is called nonoscillatory. Equation is called
oscillatory if all solutions are oscillatory.
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2. PRELIMINARY RESULTS

We will briefly recall some basic definitions and facts from the time scales calculus
that we will use in the sequel. For more details see [I1 [l [@].
On any time scale T, we define the forward and backward jump operators by

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

where inf ¢ = supT,sup¢ = inf T, and ¢ denotes the empty set. A nonmaximal
element ¢ € T is called right-dense if o(¢) = ¢ and right-scattered if o(t) > ¢. A
nonminimal element ¢ € T is said to be left-dense if p(t) = ¢t and left-scattered if
p(t) < t. The graininess p of the time scale T is defined by u(t) = o(t) — t.

A mapping f : T — X is said to be differentiable at ¢ € T, if there exists
b € X such that for any € > 0, there exists a neighborhood U of ¢ satisfying
I[f(a(t)) = f(s)] = blo(t) — s]| < elo(t) — s|, for all s € U. We say that f is delta
differentiable (or in short: differentiable) on T provided f2(t) exist for all ¢ € T.

A function f : T — R is called rd — continuous provided it is continuous at
right-dense points in T and its left-sided limits exist (finite) at left-dense points in
T. The set of rd-continuous functions f : T — R will be denoted by C,.q(T,R).

The derivative and forward jump operator o are related by the formula

Flo(t) = f(t) + () f2 (). (2.1)

Let f be a differentiable function on [a,b]. Then f is increasing, decreasing,
nondecreasing and nonincreasing on [a, b] if f& > 0,2 < 0,f2 > 0and f2 <0
for all ¢ € [a,b), respectively.

We will use the following product and quotient rules for derivative of two differ-
entiable functions f and g:

(fo)® = f2g+ 7% = fg™ + f2¢°, (2.2)
A e A
(s = I (23)

where f7 = foo,9g° # 0. The integration by parts formula reads

b b
/ FABa(AL = FB)g(t)]l - / £ (692 (DA, (2.4)

Chain Rule: Assume g : T — R is A—differentiable on T and f : R — R is
continuously differentiable. Then fog: T — R is A—differentiable and satisfies

1
(fog)(t) = {/ F(g(t) + hult)g® ())dh} g™ (2). (2.5)
0
A function p: T — R is called regressive if for all t € T

1+ pu(t)p(t) # 0.

The set of all rd — continuous function f which satisfy 14 u(¢t)p(t) > 0 for allt € T
will be denoted by R*. The generalized exponential function e, is defined by

ep(t5) = exp { [ € (AT},

with &,(z) = log(1 + hz)/h if h # 0 and &,(z) = z if h = 0.
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Lemma 2.1 (5, p. 255). Lety, f € Crq and p € RT. Then

y2 () < p(t)y(t) + f (1),
implies that for allt € T,

) < vlto)esltto) + [ et o(s)f(5)s.

to

3. MAIN RESULTS

Next, we prove some lemmas, which will be useful for establishing oscillation

criteria for (1.1)).
Lemma 3.1. Assume that m € PC*[T,R] and

mA(t) < p(t)ym(t) +qt), te€Ir:=[0,00)NT, t #ty, k=1,2,...,

(3.1)
m(tf) <dgm(ty) +by, k=1,2,...,
then for t > to,
y<mlte) [] duen(tto)+ > ( I1 djep(t,tk))bk
to<tp <t to<tp<t trp<t;j<t
. (3.2)
+ / I dren(t,o(s))a(s)As.
to s<tp<t

Proof. Let t € [to,t1]7. then use Lemma to obtain

m(t) < m(to)ep(t, to) —I—/ ep(t,o(s))q(s)As, t € [to,t1]r.

to
Hence (3.2)) is true for ¢ € [to,t1]r. Now assume that (3.2) holds for t € [to,t,]7 for
some integer n > 1. Then for t € (t,, tp41]T, it follows from and Lemma [2.1] .
we get

m(t) < mit)ey(tut) + [ eylto(s)a)s.
Using , we obtain, from ,
m(t) < [dnm(t;) + bnlep(t, tn) —&—/t ep(t,o(s))q(s)As

gdnep(t,tn)[m(to) I dreptato)+ > ( 11 djep(tn,tk))bk

to<trp<tn to<tp<tn tk<tj<tn
t

/ T dicoltn.o(sDa®)As] +buey(t.t, )+/ e (t, o (5))q(s) As
to s<tp<tn t

H drey(t, to) + Z ( H dje,(t, ty) )bk

to<trp <t to<tp<t tp<t;<t

/ T dieplt.o(s)als)hs.
to s<tp<t

which on simplification gives the estimate (3.2)) for ¢ € [t,t,+1]T, by induction, we
get (3.2) holds for ¢ > . O
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Lemma 3.2. Suppose that (H1), (H2) hold and y(t) > 0, t > t{, > to is a nonoscil-
latory solution of (L.1). If

oo by
(H3) ftj Htj<tk<S a’; As = oo for some t; > t.
Then y»(t}) > 0 and y>(t) > 0 for t € (tg, ty+1]r, where ti, > tg.

Proof. At first, we prove that y® (t,;) = 0 for tj, > t, otherwise, there exists some
j such that t; > ¢ and y*(t;) < 0, hence

y2 () = hy (y2 (7)) < by (t7) <.

Let yA(t;r) = —a (a > 0). From (1.1) and (H1), for t € (tj4,—1,tj4ilr, 0 =1,2,...,
we obtain

Y22 () = —f(t,y° (1) < —p()p(y° (1) < 0;

i.e., y2(t) is nonincreasing in (tj1i—1,tj1ilT, i = 1,2,..., then

Y2 (t) <yR () = —a <0,

A A . B (3.3)
Y= (tihe) <y 2( J+1) =hjy1 (y (tj+1)) < i1y (tj+1) < —bja <0.
By induction, we obtain
y2t) < —a J] bi<0 te (tiyn tjpnilr (3.4)

t<tp<t

In view of (H2), we have y(t{) < ayy(t;). Applying Lemma [3.1} we obtain for
t >t

t+ H ak—a/ H ai H by As

tj<tp<t tj s<tp<t tj<tk<s
H ay y t+ - a/
ty<tp<t ti b <tp<s &

Since y(t;r) > 0, one can find that (3.5) contradicts (H3) as ¢ — oo. Therefore,
y2(t;) > 0 (tx > t}). By condition (H2), we obtain, for any ¢ > t,

(3.5)

y2(t5) = bpyR (t;) > 0.
Since y2(t) is decreasing in (ty,txr1]T, tx > ty, we have y2(t) > y2(t;) > 0,
t € (tk, thti1]T, te > th. The proof of Lemmais complete. O

We remark that when y is eventually negative, under the hypothe51s (H1)-(H3),
it can be proved similarly that y*(¢]) < 0 and for ¢t € (¢, tx+1]r, y>(t) < 0 for
ty >t > to.

Theorem 3.3. Suppose that (H1)-(H3) hold and there exists a positive integer ko
such that aj, > 1 for k > ko. If

/’ H = o0, (3.6)

to to<ty, <t

then (L.1]) is oscillatory.
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Proof. Suppose to the contrary that Eq.(1.1)) has a nonoscillatory solution y, with-
out loss of generality, we may assume that y is eventually positive solution of ;
ie, y(t) > 0,t >ty and kg = 1. From lemma we have y2(t) > 0, € (tg, ter1]T,
k=1,2,.... Let

2 (2)

w(t) = .
e(y(t))
Then w(t)) >0, k = 1,2,..., and w(t) > 0, > to. Using (H1) and (L.I)), when
t 7& tk‘v

(3.7)

N _ fyr @) y2 () b A A
0=~ 5]~ SRl Jy 7 O+ O @) a0
B ey(t) (v* () N2 [, A (3.8)
<20~ ey Glay) Jy 7 WO mOr )
< —p(1).

Since ¢'(y(t)) > 0 and ¢(y(t)) > 0, from (H2) and aj > 1, we obtain

N N Afp—
e(y(ty)) — wlagy(ty)) @(y(tk )
Applying Lemma we obtain from (3.8) and .,

t) < w(tp) H bk—/ H bip(s)As

—bw(ty), k=1,2,.... (3.9)

to<tp<t to s<trp<t (3.10)
= IT befwito) / )As} .
to<t<t to to<tk<s
In view of and , we get a contradiction as ¢ — oco. Then every solution
of is oscillatory. |

Theorem 3.4. Assume that (H1)-(H3) hold and ¢(ab) > ¢(a)p(b) for any ab > 0.

If
/ 11 ‘p t)At = (3.11)

to go<tp<t

then (1.1)) is oscillatory.

Proof. As before, we may suppose y(t) > 0, t > to be a nonoscillatory solution of

(L), Lemman yields y2(t) > 0,t > to, define w(t) as in (3.7)), we get w(t) >

0,t > to, w(t) )20k—12 ..,-holdsfort;étkand
(7 by (ty, by (ty, b

witf) = L i) < ) kY Up) P_w(ty).  (3.12)

e(y(ty)) w(aky(tk )~ elap)ey(ty))  wlag)

Using Lemma we get from (3.8]) and (| -

w(t) < w(ty) / (s)As
t0<tk<t to s<tp<t ¥
- ] w(to) / AL )],
to<tp<t ¥ to o<t <s

Letting ¢ — oo, the above inequality contradicts to (3.11)). Then every solution of

(1.1) is oscillatory. O
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From Theorems [3.3 and [3:4] we have the following corollaries.

Corollary 3.5. Suppose that (H1)-(H3) hold and there exists a positive integer ko
such that aj, > 1,bi, <1 for k > k. If foo p(t)At = oo, then (1.1) is oscillatory.

Proof. Without loss of generality, let kg = 1. By b < 1, we get bik > 1, therefore

[T s [(oa

0 to<trp<s

Let t — oo and using [~ p(t)At = oo, we obtain from Theorem that (L.1]) is
oscillatory. O

Corollary 3.6. Suppose that (H1)-(H3) hold and there exist a positive integer kg
and a constant o > 0 such that

1 tpr1\ @
P>l —> k> ko. 1
izl > () frk=k (3.13)
If
/ tp(t) At = oo. (3.14)

Then (1.1) is oscillatory.
Proof. Without loss of generality let kg = 1. Then (3.6]) yields

/ L Leas

b
to to<ty<s K

t1 1 to 1 t
= tAt—Ff/ tAt—F-"—i-i/ t)At
| nace - [T ),

0 1

1 to ts t
> 7&[/ tgp(t)AH/ tg‘p(t)At+~~+/ tgﬂp(t)m} (3.15)
tl t1 to tn
1 to t3 t
> — {/ s“p(s)As +/ sp(s)As+ -+ —l—/ so‘p(s)As}
tr Ly b tn
1
=— [ s%p(s)As,
7 Ju,
for t € (tn,tny1)r- Let ¢ — oo and use (3.15), (3.14) yields (3.6) holds. According
to Theorem we obtain (|1.1)) is oscillatory. (]

Corollary 3.7. Assume that (H1)-(H3) hold and ¢(ab) > ¢(a)p(b) for any ab > 0.
Suppose there exist a positive integer ko and a constant o > 0 such that

plag) o (tk+1
b T\t

If [T tep(t)At = oo, then (L)) is oscillatory.

The above corollary can be deduced from Theorem [3:4] Its proof is similar to
that of Corollary S0 we omit it.

)a, for k> ko.
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4. EXAMPLE

Consider the second-order impulsive dynamic equation

1

AA

t ——y7(o(t)) = t>1,t#k k=1,2,...
PR+ g (W) =0, E2 1 Ak k=12

k+1 . _ _
Ty(k )7 yA(k+):yA(k )7 k:1727"'7

y(k+) = 1)

y) =vo, y>(1) =up-
where v > 3 and p(t) < ct, where ¢ is a positive constant.
Since ar, = af = (k+1)/k, b = b} =1, p(t) = 1/(to?(t)), tx = k and p(y) = y".
It is easy to see that (H1)-(H3) hold. Let ko = 1, a = 3, hence

plap) _ v = (e tri1)?
) = (k4 1)/ = (B = ()

/Oot“p(t)At:/ooﬁw;(t)At:/Oo (%)ZN.

Since p(t) < ct, we get

and

t 4 1

a(t) t+4 u(®) = 1+¢

/°° (O_Et))zmzmlc)z/mm:oo.

By Corollary we obtain that is oscillatory. But by [4] we know that the
dynamic equation y>2(t) + ﬁy”(a(ﬁ)) = 0 is nonoscillatory.

In the above example, it is interesting that the dynamic equation without im-
pulses is nonoscillatory, but when some impulses are added to it, it becomes oscil-
latory. Therefore, this example shows that impulses play an important part in the

oscillations of dynamic equations on time scales.

hence
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