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(O ROXA M)A + P x(),x2(0) + F(t,x(0) =0

oscillates or converges to zero on an arbitrary time scale T.

1 Introduction
The theory of time scales, which has recently received a lot of attention, was introduced
by Stefan Hilger in his Ph.D. Thesis [1] 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 of difference equations. A book on the subject of time scales by Bohner
and Peterson [2] summarizes and organizes much of the time scale calculus. Many other
interesting time scales exist and they give rise to plenty of applications, among them the
study of population dynamic models (see [3]). In the last few years, there has been much
research activity concerning the oscillation and nonoscillation of solutions of some dy-
namic equations on time scales, and we refer the reader to the papers [3-21].

Following this trend, in this paper, we will consider the third-order nonlinear dynamic

equation
(@ (x> )™) + P(6,x(2), 2% () + F(£,2()) =0, ¢ >, (1)

where ry(t), ro(¢) are positive, real-valued, rd-continuous functions defined on the time
scale interval [a, b] (throughout a, b € T with a < b). We assume throughout that:
(i) F:T x R— Ris a function such that uF (¢, u) > 0, @ > f(¢) for u #0,

(i) P: T x R?> — R is a function such that M > q(t), uP(t,u,v) >0 for u #0,

(iii) g,f:T — R are rd-continuous functions such that g(z) + f(¢) > 0 for all £ € T.
Since we are interested in oscillatory behavior, we suppose that the time scale under con-
sideration is not bounded above, i.e., it is a time scale interval of the form [a,00). By a
solution of (1), we mean a nontrivial real-valued function satisfying equation (1) for ¢ > a.
A solution x(t) of (1) is said to be oscillatory if it is neither eventually positive nor eventu-

ally negative; otherwise, it is called nonoscillatory. Equation (1) is said to be oscillatory if
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all its solutions are oscillatory. Our attention is restricted to those solutions of (1) which

exist on some half-line [z, 00) and satisfy sup{|x(¢)| : £ > to} > O for any o > ¢,.

2 Some lemmas
In this section, we state and prove some lemmas which we will need in the proofs of our

main results.

Lemma 2.1 Suppose that x is an eventually positive solution of (1) and

1 1
/L:O rl—(t)AtZOO, /Z‘O mAt=OO. (2)

Then there is a t; € [ty, o0) such that either
Q) x(2) >0, x2(¢) > 0, (r(£)x2 ()2 > 0, t € [t1,00), or
(i) x(2) >0, x2(2) <0, (r()x2 ()2 >0, t € [t,0).

Proof Let x be an eventually positive solution of (1). Then there exists t; € [£,,00) such
that x(¢) > O for ¢ € [£1, 00). From (1) we have

(@ (rn@Ox*®)")> = =P(t,x(2),x*(#)) - F(£,%(2))
< —x(t)q(t) — x(t)f (£)
<0

for t € [t;,00). Hence, r1(£)(r2(t)x*(£))? is strictly decreasing on [¢,00). We claim that
n@®)(r ()22 ()® > 0 on [t,00). Assume not, then there is a t, € [t,00) such that
() (ra(£)x® (£))2 < 0, t € [ta, 00). Then we can choose a negative constant c and ¢3 € [£,, 00)
such that 71 (£)(r, (£)x® (£))® < ¢ < 0 for t € [t3,00). Dividing by r,(¢) and integrating from t3

to t, we obtain

Fa (A (0) < rata)x (1) + ¢ / FAs

t3 rl—(s).
Letting ¢ — 00, then ry(t)x”(t) — —oo by (2). Thus, there is a ¢4 € [¢3,00) such that for

t € [tg,00), ra(t)x™(2) < ro(ts)x®(t4) < 0. Dividing by r5(¢) and integrating from ¢, to ¢, we
obtain

#(t) - x(E) < ra(Ea)™ (12) / rf—(j)

which implies that x(¢) — —oo as ¢ — oo by (2), a contradiction with the fact that x(¢) > 0.
Hence, we have

(0x*(0)> >0, teln,o0).

This implies that r,(£)x* (¢) is strictly increasing on [£;, 00). It follows from this that either
r2(t)x> () < 0 on [t1,00) or ry(¢)x”(¢) is eventually positive and the proof is complete. [J
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Lemma 2.2 Assume that

f (B)AL = o0, 3)

0

where ¢(t) = q(t) + f(t) and x(t) is a solution of (1) that satisfies Case (ii) in Lemma 2.1.
Then lim;_, o, x(t) = 0.

Proof Let x be a solution of (1) satisfying Case (ii) in Lemma 2.1, that is,
x()>0,  x*<0,  (n@x"@)*>0, teln,00).

Then lim;_, o, x(¢) = b > 0. Assume b > 0 and we now show that this leads to a contradic-

tion. From (1) and x > b,

(@) (x> ®)")> = -P(t,x(2),x*(#)) - F(£,%(2))
< —x(t)q(t) - x()f (¢)
= —x(t)(q() +£(2))

< —by(?),

where ¢(t) = g(t) +f(¢), for ¢ € [£1,00). Now let
u(t) = n(O(nOx )", teln,o00),
then we have
u®(t) < -be(t), te[t,o0).

Integrating the last inequality from ¢; to ¢, we have

u(t) < ulty) - b /  o(s)As.

Using (3) it is possible to choose a t; € [, 00), sufficiently large, such that u(¢) < 0 for all
t € [t;,00), which is a contradiction, and this completes the proof. O

Lemma 2.3 Assume that x(t) is a solution of (1) satisfying Case (i) of Lemma 2.1. Then
there exists t| € [ty, 00) such that

w0 = 260G (@) fore=a, @)
ro(t)
where 5(t, 1) = é %.

Proof From Case (i) of Lemma 2.1, we have x(¢) as a solution of (1) satisfying

x>0,  x*0)>0,  (nOx*@©)">0
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for t > ;. Using x(t) is a solution of (1), we get (r1(£)(r2(t)x®(£))*)® < 0 and hence
() (r2(£)x® (£))? is decreasing on [£;, 00). Hence,

A A
030 = o) s [ HOCOEO s

r1(s)

> n8(t0)(n@ex2 1), t=n,
and this leads to (4) and the proof is complete. d

3 Main results
In this section, we establish some sufficient conditions which guarantee that every solution
x(t) of (1) oscillates on [ty, 00) or converges as t — 00.

Theorem 3.1 Assume that (2) holds. Furthermore, assume that there exists a positive func-
tion z(t) such that z*(t) is rd-continuous on [ty, 00) and if

¢ Afe))2
liin sup / <z(s)<p(s) - Z(LZQ ((55)31)>AS = 00, (5)

for all sufficiently large t;, where Q(t, t;) = %, @(t) = q(t) + f(t), then every solution x(t)

of (1) is oscillatory or lim;_, o, x(t) exists (finite).

Proof Let x(£) be a nonoscillatory solution of (1). We only consider the case when x(t) is
eventually positive, since the case when x(¢) is eventually negative is similar. By Lemma 2.1
either Case (i) or Case (ii) in Lemma 2.1 holds. Assume x(¢) satisfies Case (i) in Lemma 2.1.
Define the Riccati-type function w(t) by

wit) = 2(t) —rl(t)(VZ;Z;CA(t))A, t>t. (6)
By the product rule,
A
w0 =n(o@) ) 0 0) 0|+ ZD 0 00x0)*)°

(®)
A A Z(t) 4 Z(t) A
(o ®) (nx(©) (G(t))[m] + 20 Cp(e x5 0) - F(o,0).
Using (1) we have

. a W (D) x2(t)
w (t) _Z(t)q( ( )f(t)"'z (t) (t) Z(t)x(t)xg(t)

(n((ra()x" () %)

Using (4) and x2(¢) > 0, we obtain

w7 (t)

Z°(t)

r1(8)(ra(0)x (£)) 2 (r () (ra (£)x2 (£)) )7 8(¢, h)
ra(t)(x° (2))?

wh(t) < —2(0)q(8) — z(Of () + 2

—z(¢)
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Since r1(£)(ry(£)x>(t))* is decreasing, we have

Ay < A WO 8(tt) (WD)
wo(t) < —z()g(t) +2°(2) 70 2(¢) ) @02
w7 (£) (W (1))
= 2(0p(0) + 20 s - Q) 7)
where ¢(£) = q(£) + f(£) and Q(¢, &) = % From (7) we have
A (=) w 1/ 1 7
w0 = 2090+ (o [V ) -3 0]
(z%(1))?
< —[Z(t)w(t) 200, tl)]' (8)
Integrating (8) from £ to ¢, we obtain
! (z%())?
-w(t) <w(t) -w(t) < - /tl [Z(S)w(S) " 2006, tl)}As, 9)
which yields
! (z%(s))?
A [z<s)go<s) T m]AS < wit) (10)

for all large ¢. This is contrary to (5) and so Case (i) is not possible. If Case (ii) in Lemma 2.1
holds, then clearly lim;_, o, () exists (finite). O

On the basis of Lemma 2.2 and Theorem 3.1, we have the following results.

Corollary 3.2 If (2) and (3) hold, then every solution of (1) is either oscillatory or
lim;_, o x(£) = 0.

Corollary 3.3 Assume that (2) holds. If

t
. ra(s) )
lim su sp(s) — As = 00,
t~>oop/t‘1 ( v 458(s, 1)

then every solution of (1) is either oscillatory or lim,_, o x(t) exists.

Example 3.4 We consider the third-order dynamic equation

2
xAS(t) + %A(t)))x(t) + éx(t) =0, a>0,b>0,t>1, (11)

where r1(t) = ry(£) = 1, P(t,x(),x2(£)) = a(l + (x ()}« (t)/t, F(t,x(2)) = bx(t)/t. Let f(t) =
b/t and ¢g(¢) = a/t. It is not difficult to verify that all conditions of Corollary 3.3 are satisfied.
Hence, every solution of equation (11) is oscillatory or satisfies lim;_, o, x(¢) = 0.

Now we establish a Kamenev-type (see [18]) oscillation criterion for (1).

Page 5 of 7
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Theorem 3.5 Assume that (2) holds. Furthermore, assume that there is a positive function
z(t) such that z*(t) is rd-continuous on [ty, 00), and for all sufficient large t;,

t
lim sup

t—>00

12)

(- S)’”[Z(S)w(S) _EE6P }As “ oo,

1
t_m t 4Q(S) tl)
where m > 1, Q(t, 1) and ¢(t) are as in Theorem 3.1. Then every solution of (1) is either

oscillatory or lim;_, o x(2) exists.

Proof Proceeding as in Theorem 3.1, we assume that (1) has a nonoscillatory solution, say
x(¢) > 0 for all £ > ¢;, where #; is chosen so large that Lemma 2.1 and Lemma 2.3 hold. By
Lemma 2.1 there are two possible cases. First, if Case (i) holds, then by defining again w(t)
by (6) as in Theorem 3.1, we have w(t) > 0 and (8), that is,

[dﬂw@%—&A“»Z]f—wAu)

4Q(t’ tl)
Therefore,
t . (ZA(S))z t A
/n (t-ys) [z(s)go(s) - 200, tl):|AS < _/q (t —s)"w=(s)As. 13)

Integrating by parts of the right-hand side leads to

/t(t—s)”’wA(s)As = (t—s)mw(s)|§1 - /th(t,s)w"(s)As

5]

=—(t-1t)"w(t) - /th(t, s (s)As, (14)

5]

where A(t, s) := ((t — s)™)?s. Note that
—m(t-s)""1,  u(s)=0;

(t=0 ()" —(t=5)""
u(s)

h(t,s) =
, 1(s)>0,

and m > 1, h(t —s) < 0 for ¢t > o (s). It follows from (14) that
t
[ (-9t 685 = ~te -ty
5]

Then from (13) we have

t A 2
f (t- s)’"[z(s)ga(s) - fQ((:);)}As < (t—t)"wlty).

Then

1 t A 2 _ m
¥ / (t—s)m[z(s)w(s)— iz((;);)}ms (t t“) w(t).

Page 6 of 7
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Hence,

(z°(s))?

li?l sup tim / t-s)" [z(s)qo(s) - m

}As <w(t),

which is a contradiction of (12). If Case (ii) holds, then, as before, lim;_, o, x(f) exists and

the proof is complete. d
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