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Abstract

In this paper, we investigate oscillation and asymptotic properties for three-dimensional systems of dynamic equations.
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1. Introduction

In this paper, we investigate three-dimensional dynamic systems of the form

x8() = a()y“(t)
yA(0) = b1z (1) (1)
Z2(t) = —c()x” (1)

on a time scale T which is unbounded from above. We assume that a, b : [0, c0) > [0, c0) (not identically zero) and
¢ : [0, o0) > (0, 00) are rd-continuous functions such that

/ooa(r)Ar = /OO b(t)At = o0, (2
0 0

and «, B, y are ratios of odd positive integers.
A solution of system (1) is denoted by (x, y, z). Solution (x, y, z) defined for t > 1y, 9 € [0, 00) is said to be proper
if

sup{|x(s)|, |y(s)], |z(s)| : s € [t,00)} > 0 fort > 1.

A proper solution of system (1) is said to be oscillatory if all of its component x, y, z are oscillatory, i.e. neither
eventually positive nor eventually negative. Otherwise, a proper solution is said to be nonoscillatory.
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Definition 1.1. System (1) is said to have Property A, or to be almost oscillatory, if every proper solution (x, y, z) of
system (1) is either oscillatory or

lim x(¢) = lim y(t) = lim z(z) = 0. 3)
11— 00 —00 11— 00

Originally, Property A has been introduced for differential systems and equations, see [1,2] and the monography [3].
Here together with Property A, so called Property B was investigated in the case when c is negative.

As it is noticed in [4, p. 126] in a picturesque way, Property A and Property B state that every solution which may
oscillate, does oscillate. Some authors use a different terminology — the system or higher order equation is almost
oscillatory [5], or strongly oscillatory [4] in order not to separate system (1) with ¢ positive or negative into subtypes.

Dynamic system (1) includes linear and nonlinear systems and third order differential and difference equations,
which were deeply investigated in the literature.

When T = R and a(#), b(¢), c(t) are real continuous positive functions for + > 0, then (1) is equivalent to the
system of differential equations

x'(t) = a(t)y* (1)
Y (1) = b(t)zP (1) (4)
() = —c(@®)x? (1).

Properties of higher order nonlinear systems have been deeply investigated by Chanturia [2]. If « = g = 1, then
system (1) is equivalent to the third order differential equation

1 o, N\Y
— | —X'@ +c@|x@| 1) =0. 5
(b(z) <a(t)X()>) c(@®)x ()] sgn x(1) ®)
Third order differential equations have a long history concerning linear equations. We refer to the pioneering works
of Birkhoff [6], Sansone [7] and Villari [8]. Further references can be found in the papers [9-11].

When T = N and {a,}, {bn}, {c,} are sequences of positive real numbers, then (1) is equivalent to the system of
first order difference equations

Ax(n) = a(n)y*(n)
Ay(n) = b(n)zP (n) (6)
Az(n) = —c(n)x? (n).

These properties have been investigated in [5]. Asymptotic and oscillatory properties of the third order difference
equation

A (iA <iAxn)) +cpflxner) =0, te€{0,1,2} 7
by, dn
has been studied in [12—15]. Observe that Eq. (7) with T = 0 is equivalent to system (6) witha = g = 1.
In our paper we use a unified approach to systems (4) and (6) and we study oscillatory and asymptotic properties
of solutions of (1). The global asymptotic properties and oscillation for linear dynamic systems were investigated in
the last section.

2. Calculus on time scale

In this section, we only give preliminary results on a time scale T, which is an arbitrary nonempty closed subset of
real numbers. An introduction with applications and advances in dynamic equations are given in [16,17].

We have two jump operators on a time scale. The forward jump operator and the backward jump operator on T
are defined by

o) =inf{s >r:5€ T} and p@) =sup{s <t:s €T}

for all t € T, respectively. If o(t) > t, we say t is right-scattered, while if p(t) < t, we say t is left-scattered. If
o(t) =t, wesayt is right-dense, while if p(¢t) = t, we say ¢ is left-dense. The graininess function p : T + [0, 00) is
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defined by u(t) := o (¢t) — t. We define the interval [#(, 0o) in T by [tg, 00) :={r € T : t > #¢}. The set T* is derived
from T as follows: If T has left-scattered maximum m, then T = T — {m}. Otherwise, T = T.

Assume f : T + R and let t € T*. Then we define £ (¢) to be the number (provided it exists) with the property
that given any € > 0, there is a neighbourhood U of ¢ such that

ILf (@) = f($)] = fADIo (1) — 51| < €lo@) —s]

forall s € U. We call f2(z) the delta derivative of f(t) at ¢, and it turns out that 2 is the usual derivative if T = R
and the usual forward difference operator A if T = Z.

If f: T+ Riscontinuous at ¢ € T, then the delta-derivative of f at ¢ equals to W foro(¢) > t, and
lim_,, LU=L) for o (1) = 1 if the limit exists. If £ is differentiable at 7, then

o) = f(t) +pu) f2(t), where f7 = foo. (8)

If f, g : T — R are differentiable at t € T*, then the product and quotient rules are as follows:

(fOR ) = fAg®) + (g™ 1)

and

A A . A
(g) 0= L2O8O — FOTD ooy 20,

g(1)g? (1)

Wessay f : T + R is rd-continuous provided f is continuous at each right-dense point r € T and whenever ¢ € T is
left-dense lim,_, ,— f(s) exists as a finite number.

A function F : T — R is called an antiderivative of f : T — R provided F A = f(¢) holds for all r € T*.
Every rd-continuous function has an antiderivative. In this case we define the integral of f by

t
/ f()As = F(t) — F(a) forteT.

IfaeT,supT = oo, and f € Cyq on [a, 00), then we define the improper integral by

oo b
/ f®)At .= blim/ f@)At

provided this limit exists, and we say the improper integral converges in this case.
The following result is the chain rule on T, which is an essential to determine whether system (1) has Property A,
see [16, Theorem 1.90].

Theorem 2.1. Let f : R — R be continuously differentiable and suppose g : T + R is delta differentiable. Then
f og: T Risdelta differentiable and the formula

1
(fog) (1) = { /O £ (3() + hu()g™ () dh} ¢ 1)

holds.
An n x n matrix valued function A on T is called regressive provided
I + (1) A(¢) is invertible for all ¥ € T.

The existence and uniqueness theorem for initial value problems for linear systems is proven in [16, Theorem 5.8].

Theorem 2.2. Let A be a rd-continuous and regressive n x n-matrix-valued function on T and suppose that
[+ T R" is rd-continuous. Let tg € T and yg € R". Then the initial value problem

YA =AWy + f1), y(to) = yo

has a unique solution y : T — R".
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3. Nonoscillatory solutions of system (1)

In this section, we study asymptotic properties of nonoscillatory solutions which we use in the next section.

Lemma 3.1. Let (x, y, z) be a solution of system (1) with x(t) # 0 fort > tg, to € [0,00). Then (x,y,z) is
nonoscillatory and x, y, 7 are monotone for large t.

Proof. Let (x, y, z) be a solution of system (1) with x(¢#) nonoscillatory for ¢ > £y, fo € [0, 00). Then without loss of
generality assume that x(#) > Ofor¢r > T > t9, T € [0, 0o) and so from the third equation of system (1) we have

2 = —c)xV(t) <0 forallr > T > 1.

This implies that z(z) is strictly decreasing for + > T, and eventually of one sign for ¢+ > 7. Since the first and second
equations of system (1) are either nonnegative or nonpositive for all # > T, y(¢) and x(¢) are monotone for r > T and
eventually of one sign for r > T'. Therefore, (x, y, z) is nonoscillatory. O

Lemma 3.2. Any nonoscillatory solution (x, y, z) of system (1) is one of the following types:

Type (a) :  sgnx(t) =sgny(t) =sgnz(t) foralllarget € [0, 00),
Type (b) :  sgnx(t) =sgnz(t) # sgny(t) foralllarget € [0, 00).

Proof. Let (x, y, z) be a nonoscillatory solution of system (1). Without loss of generality, we assume that x(t) > 0
fort > T, T € [0, 00). Then from Lemma 3.1, we have y(¢) and z(¢) are monotone for ¢t > T. Since y is monotonic,
we have either y(r) < 0 or y(t) > O for all t > T. Similarly, either z(r) < 0 or z(¢) > O for all # > T. We now
show that z(¢#) < 0 cannot hold. Suppose it holds, then there is 71 > T, T1 € [0, 0o) and a constant d > 0 such that
z(t) < —d < O for t > Ty. Therefore, from the second equation of system (1) we have

A0 =b)P (1) < —dPbt), t>T.

In view of (2), y(t#) — —oo ast — o00. Therefore, there is 7o > Tj, T» € [0, 00) and a constant v such that
y(t) < v < 0fort > T,. From the first equation of system (1), we have

2 <v¥a@) fort>T

and hence x(f) — —oo as t — oo. But this contradicts the fact that x(#) > O for all # > 7. This implies that z(¢) > 0
for all # > T. One can show similarly the proof for the case when x(#) < O eventually forr > 7. O

Solutions of Type (b) are sometimes called Kneser solutions (see e.g. [3]). In the following lemma, we describe
asymptotic properties of Kneser solutions:

Lemma 3.3. Let (x, y, z) be a Kneser solution of (1). Then

lim y(t) =0, lim z(r) = 0.
11— 00 —o0

Proof. Let (x, y, z) be a Kneser solution of system (1). Assume that lim;_, o y(#) # 0. Then lim;_, o, y(t) =1 < 0.
Therefore, there exists 77 € [0, oo) such that y(z) > % for all + > T7. From the first equation of system (1)

A o 1\*
x2() =a@)y™ (1) = (5) a(r).

This implies that

lim (x(z) — x(T7)) > <£> /ooa(t)Ar = 00,
t—00 2 T

1

and so lim,_, o, x () = oo. But this gives us a contradiction. Similarly one can show that lim;_,, z(#) =0. O
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Theorem 3.1. Assume that one of the following conditions is satisfied:

/ c(t) At = oo, 9
0

00 00 B
/ b(t) (f C(S)AS) At = 00, (10)
0 t
00 00 00 B ¢
/ a(r) (/ b(s) (/ c(t)At) As) At = o0. (11)
0 t s

Then every Kneser solution of (1) satisfies lim;_, oo x(¢) = 0.

or

or

Proof. Without loss of generality, assume that (x, y, z) is a Kneser solution of system (1) such that x(¢) > 0 for ¢ > 1o,
tg € [0, o). From the first equation of system (1), x is nonincreasing, and lim;_, o, x(f) = L{ < 0co. By Lemma 3.3,
lim;— 0 y(t) = lim;— 0 z() = 0. We now show that lim;—, », x () = 0, and so we let lim;—~ x(f) = L1 > 0. Then
there exists 71 > tg, T} € [0, 0o) such that x(¢) > L > O fort > Tj.

Assume (9). Integrating the third equation from #j to ¢ and passing t — oo we get a contradiction with the fact that
lim;—, o0 z(#) = 0. Now assume (10). From the third equation of (1), we obtain

00 B
Zﬁ(t) > Lf’/ </ c(r)Ar) .
t

Hence, integrating the second equation of system (1) from ¢ (+ > T7) to oo and using the fact lim;—, » y(t) = 0, we

have
00 %) B
—y(t)zL'fV/ b(r)(/ c(s)As) At. (12)

t

This implies that lim;_, o, y(t) = —o0, which is a contradiction. Finally assume (11). Integrating the first equation of
(1) from T7 to t we get

t

—x(O) +x(T) = / a(s) (—y)*(5) As

T

and using (12) we have

t oo 00 B “«
—x(r)+x(Tl)zL°;ﬂV/Ta(s) (/ b(t) (/ c(u)Au) Ar) As. (13)
1 K T

Ast — oo we get lim;—, o, x(f) = —00, a contradiction. [
4. Almost oscillatory solutions of system (1)

In this section, we give sufficient conditions for the oscillatory behavior of solutions of system (1).

Theorem 4.1. If By < 1 and

00 K o Y
/ c(t) (/la(s) </ b(r)Ar) As) At = 00, (14)
0 0 0

then every nonoscillatory solution of (1) is a Kneser solution.
In addition, if any of conditions (9), (10) or (11) is satisfied, then system (1) has Property A.
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Proof. By Lemma 3.2 any nonoscillatory solution of system (1) is either of Type (a) or (b) fort > T, T € [0, 00).
We now show that a nonoscillatory solution of system (1) of Type (a) cannot occur. Assume that there exists a
nonoscillatory solution (x, y, z) of system (1) of Type (a) for t > T. Without loss of generality we assume that
x(t) > 0 for t > T. From the second equation of system (1) we have

t
y(@) —y(T) = / b(t)P(t)AT, t>T
T
and so
t
y(t) > / b(m)P (AT, t>T. (15)
T
Using the monotonicity of z in (15), we have

t
y(®) zzﬁ(t)f b(v)At, t>T
T

and so

t o
ye(r) > 2% (1) ( / b(r)Ar) , t>T.
T

From the previous inequality and the first equation of system (1), we have

t
(1) = x(t) — x(T}) :/ a(0)y* (1) At
T

t T o
> / a()2% (1) ( / b(s)As) A,
T T

fort > T1 > T, T1 € [0, 00). The above calculation and the monotonicity of z imply that

t T o
x(1) zz“ﬂ(z)/ a(t) (/ b(s)As) Ar, t>T >T.
T T

And so

t T o Y
X (1) > %P7 (1) (/ a(t) (/ b(s)As> Ar) , t>T >T. (16)
T, T

c(t)
29PY (1)

t T o Y
xzyog—iit()t)zc(t)(/;la(t)</; b(s)As) At) , t>T1 >T,

and so
t —ZA(‘[) t s T o Y
/ At > / c(s) (/ a(r) </ b(m)Am) Ar) As, t>T>T. 17
, 2%P7 (1) 7 T T

Note that from Theorem 2.1, we obtain

Multiplying inequality (16) by yields

: 1
o (@(0) + p()hz?(1))*Br dn

1 A
(—) = (—afy + D22 (1)

7987 =1(¢) (18)

Moreover, since z(t) > z(t) + w(t)hz®(t) > z° (t) > 0 by Eq. (8), and z is monotonic, we have

RO < 1 )A
2B () T apy — 1 \zPr=1(@) )
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Integrating above inequality from 77 to ¢ we obtain

[ s = = [ ()
AT < AT
7, 2%P7 (1) afy — 1 Jp, \z%v=1(x)

1 [ o }
oy =1Ll BT |

This implies that f;lo ;,%Ay((;)) At < oo. But this contradicts inequality (17) as t — oo. Hence, a nonoscillatory solution
of system (1) of Type (a) cannot occur.
Finally, if any of conditions (9), (10) or (11) is satisfied, then by Lemma 3.3 and Theorem 3.1 every Kneser solution

satisfies (3), and so (1) has Property A. O

Remark 4.1. If 8y < 1 and (x, y, z) is a solution of system (1) of Type (a), then

00 —ZA(T)
/7: WAT < oo, T € [0, 00).

Theorem 4.2. Let afy = 1 and

00 t s o y(1—€)
/ c(t) (/ a(s) (/ b(r)Ar) As) At = 00, (19)
0 0 0

where 0 < € < 1. Then every nonoscillatory solution of (1) is a Kneser solution.
In addition, if any of conditions (9), (10) or (11) is satisfied, then (1) has Property A.

Proof. By Lemma 3.2 any nonoscillatory solution of system (1) is either of Type (a) or (b) fort > T, T € [0, c0).
We now show that a nonoscillatory solution of system (1) of Type (a) cannot occur. Assume that there exists a
nonoscillatory solution (x, y, z) of system (1) of Type (a) for r > T. Without loss of generality assume x(¢) > 0
for + > T. In this case, we have inequality (16) for + > 71 > T, where oy = 1. Raising this inequality with
afy = 1to (1 — €)-th power we get

‘ - o y(l—€)
=9y > 17 () (f a(t) (/ b(s)As) AT) , =T
T, T

Since x is nondecreasing, there exists 7> > T1, T € [0, o0) and a constant d; > 0 such that x¥ (¢) > d; fort > T>.
This implies that (x?)!=€(r) < diexV(t) for t > T». Combining these inequalities we obtain
1

1 t T o y(1—€)
—xV(t) > 21760 </ a(t) (/ b(s)As) Ar) , t>T. (20)
dl T, T

Multiplying inequality (20) by ¢z€~!, integrating the third equation of system (1) from 75 to ¢ and using the fact that
z is positive and nonincreasing, we have

t s T o y(l—€) 1 t —ZA(S)
/ c(s) |:/ a(t) (/ b(i)Ai) A‘L’] As < — 1_—As, t>T.
T T T dy Jr, 277¢(s)

—z%(s)
z 1—€ ( S)
(19). Hence, a nonoscillatory solution of system (1) of Type (a) cannot occur.

Finally, if any of conditions (9), (10) or (11) is satisfied, then by Lemma 3.3 and Theorem 3.1 every Kneser solution

satisfies (3), and so (1) has Property A. O

Since 0 < 1 — ¢ < 1, we have by a direct computation that fﬁ; As < oo, which yields a contradiction with

Theorem 4.3. If By > 1 and

00 o o) af
/ a(t) (ft b(s)As) (/ c(s)As) At = 00, 21
0 0 o ()
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then every nonoscillatory solution of (1) is a Kneser solution.
In addition, if any of conditions (9)—(11) is satisfied, then system (1) has Property A.

Proof. By Lemma 3.2 any nonoscillatory solution of system (1) is either of Type (a) or Type (b) fort > T, T € [0, 00).
We now show that a nonoscillatory solution of system (1) of Type (a) cannot occur. Assume that there exists a
nonoscillatory solution (x, y, z) of system (1) of Type (a) for + > T. Without loss of generality we assume that
x(t) > 0 fort > T. From the third equation of system (1) and the nondecreasing nature of x we have

z(t) > xV(t)/ c(t)ar, t>T. (22)
t

One can show that

t
y(t) > Zﬁ(a(;))/ b(r)At, t>T, (23)
T

by integrating the second equation of system (1) from 7 to ¢ and using the fact that z is nonincreasing. By (22) and
(23) and from the first equation of system (1), we have

t [
xB(1) = a@)y* (1) = a() (/ b(fo) 2P (o (1))

T

t o 00 af
Za(t)(/ b(r)Ar) x*PY (5 (1)) </ c(r)m) .
T o(t)
So this implies that

t xA(s) t K a 00 ) ) of
/TWASZ/;MS) </T b(r)Ar> (/;(S)c(l)Al> As, t>T. (24)

From condition (21), the right-hand side of inequality (24) is divergent for large . We will show that the right-hand
side is convergent for large 7 to get a contradiction. Since 0 < x + hux® < x° by Eq. (8), we have
1 A
1 t
x2@) dh > — @)
0 (x(@) +hp®)xA ()Y xBY (o (1))

and so

1
a —ocﬂy)xA(t)/O

Since by Theorem 2.1

! dh < (1 —af )ﬂ
@ () + hu(xD ey = 0 T Y By (o (1))

1 A ! 1
(x“ﬂH(r)) = (=0 | T hoxamyr
we obtain
(;)A < (1 —_ Olﬂy)ﬂ
xBr=1(1)) = xBY (o (1))

This implies that

/00 x8(1) 1 1 1
At < — < Q.
r X7 (o(1)) 1 —aBy [x*Pr=1(c0)  x*Pr=U(T)
But this contradicts with inequality (24), and so a nonoscillatory solution of system (1) of Type (a) cannot occur.
Finally, by Lemma 3.3 and Theorem 3.1 every Kneser solution satisfies Eq. (3) and this completes the proof. [

Remark 4.2. If 8y > 1 and (x, y, ) is a solution of system (1) of Type (a) of system (1), then

(o] XA('L')
/;‘ WA'C < 00, T e [O, OO)
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Theorem 4.4. If

00 Y
[ c(t) (/l a(s)As) At = 00, (25)
0 0

then every nonoscillatory solution of (1) is a Kneser solution.

Proof. Let (x, y, z) be a nonoscillatory solution of system (1) of Type (a) such that x(¢) > 0, y(#) > 0 and z(¢) > 0
fort > T, T € [0, c0). Integrating the third equation of (1) we have

t
z(t) — z(T) + / c(s)xY (s)As = 0.
T

Because y is increasing, we have x(¢) > d f; a(t)At, where d = y“(T). Since z(¢) > 0

s Y
z2(T) > d” /tc(s) (/ a(r)At) As
T T

and as t — 0o we get a contradiction. The rest of the proof is the same as in proof of Theorem 4.1. O

Remark 4.3. If T = R, Theorems 4.1 and 4.3 coincide with Theorem 2.3 of [2] for system (4), and Theorem 4.4
generalizes Theorem 8 of [9] for linear equations of the form (5).

If T = N, Theorems 4.1-4.3 generalize Theorems 1-3 of [S] and Theorem 4.4 agrees with [13, Theorem 2] and
[12, Theorem 2.6] for third order difference equations.

Remark 4.4. Let us compare conditions in Theorems 4.1-4.4 under assumption (2).

In the sublinear case ¢y < 1, if (25) holds, then (14) holds as well, but not vice versa. Thus Theorem 4.1 yields
a better condition than Theorem 4.4.

In the superlinear case ¢y > 1, Theorems 4.3 and 4.4 are different because conditions (21) and (25) are
independent.

Also in the case ¢y = | Theorems 4.2 and 4.4 assume different conditions. Similar to the superlinear case, one
can easily see that it can happen that (19) holds and (25) not. To show vice versa,let T = RN [2,00), ¢ = 1,8 =1,
y = 1 and

a(t) =Int, b(t) = ; c(t) = ee(0,1).

2(In £)1+e’

Then (2) holds and because
t t s t
/ a(s)ds:t(lnt—1)+c1,/ a(s)/ b(u)duds 5/ (Ins)%ds < t1n%t + ca,
2 2 2 2
we have
00 t s (I—¢€) % (¢ 1n2t)(1—s)
c(t) a(s) b(t)drds dr < ——drt
2 2 2 > t2(Inp)l+e

© (Int (1—¢)
= / &dt < 0
2

t1+8

for any ¢ € (0, 1). On the other hand, (25) is satisfied because
o0 ! © Int—1 ©  dr  ds
c(t) a(s)dsdr > ——dr = = — = o0.
2 2 > t(np)l+e 2 t(nr)f 2 $°

Example 4.1. Consider the superlinear differential system

X)) =y, Y =z1), @) =- 3(0).

13
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By Theorem 4.4 every nonoscillatory solution of this system is Kneser. However, the system does not have Property

A, because it has a solution (#, — tiz, t%) satisfying lim;_, o, x () = 1. Note that none of assumptions of Theorem 3.1

is satisfied and Theorem 4.3 is not applicable in this case.

We close this section with a discussion on the global existence and uniqueness. It is well known that the existence
and uniqueness for nonlinear systems (1) does not hold. In the continuous case, this means that system (4) can have,
so-called singular solutions of the first kind, i.e. solutions are trivial for large ¢ but not identically zero, see [3].

In general, as it is noticed in [16], “going forward” in time is easy to do under the Lipschitz continuity (see [16,
Theorem 8.16]), but for going “backward” in time, this condition is not sufficient and the regressivity is required
(see [16, Theorems 8.18, 8.20]). In [5] the existence and uniqueness “going forward” for (6) are considered. Similarly
as in the continuous case, the uniqueness going “backward” for (6) in general does not hold as the following example
illustrates:

Example 4.2. Consider the difference system
Ax(n) =y(), Ay() =z(), Az(n) = —x* ().

By Theorem 4.3 this system has Property A and has a (not identically zero) solution (x, y, z) which is not proper. In
fact, (x, y, z), where x; = —y; = z1 = l and x,, = y, = z, = O for n > 1 is such solution.

5. Linear dynamic systems

This section is devoted to the linear dynamic system

xA(0) = a(t)y(r)
y2(t) = b(t)z(1) (26)
Z2(t) = —c()x(1),

where a, b, c are rd-continuous and positive functions for ¢ > 0 satisfying (2) and the regressivity condition
wW®ambt)e) #1 fort > 0. (27)

We start with the existence and uniqueness result for initial value problems for system (26).

Lemma 5.1. If (27) holds, then for any to > 0 and (xo, Yo, z0) € R> the initial value problem (26), x(t9) = Xo,
y(to) = yo, z(t9) = zo has a unique solution (x, y, z) defined for t > 0.

Proof. Denote the matrix of (26) by A(¢). Obviously, A(¢) is rd-continuous on [0, co). By a direct computation we
have

det(I + u(A@®) = 1 — > a®b(t)e(t) # 0,

i.e. the matrix A(¢) is regressive from (27). Now the result follows from Theorem 2.2. O

Remark 5.1. If T = R, then u(¢) = 0 and the existence and uniqueness for the linear system of first order differential
equations hold.

If T = N, then u(#) = 1 and the existence and uniqueness for the linear system of first order difference equations
hold provided a(n)b(n)c(n) # 1 forn € N.

The next lemma shows that the property of Kneser solutions remains valid going “backward” in time.

Lemma 5.2. Assume (27). If a solution (x, y, z) of (26) satisfies for some T > 0
x(T)=0, y(T)=<0, zT)>0,
then

x(t) >0, yt)<0, z@ >0 fort=>0. (28)
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Proof. By Lemma 5.1 every solution of (26) is defined on [0, co) and any solution which is not identically zero on
[0, 00), is proper.

Since x(T') > 0, we have from the last equation of (26) that Z2(T) < 0. And in view of z(T) > 0, it follows that
there exists 77 € [0, oo) such that z(¢) > z(T) > O for ¢t € (T1, T). From this and the second equation of (26) we
have y(t) < y(T) < Ofort € (11, T) and so, from the first equation, x(¢) > x(7") > 0 for t € (11, T). Repeating
this argument, (28) follows. O

Now we are ready to prove the existence of Kneser and oscillatory solutions of linear system (26).

Theorem 5.1. Assume (27) holds. Then (26) has Kneser solutions with the property

x()y(@) <0, x(t)z(t) >0 fort>O0. 29)
Proof. Let X'(1) = (x' (1), y' (1), 2'(1)), i = 1,2, 3, be a basis of the solution space of (26). We consider a sequence
of solutions wi () = (xx(2), yr(?), zk(t)), k € N such that

wi (1) = cx X' (1) + di X* (1) + e X (0),

where xx(T) = 0, yx(T) = 0 and c,% + d,f + e,% = 1. Then by Lemma 5.1 we have z;x(T) # 0. Without loss of
generality assume that z; (7)) > 0. By Lemma 5.2

xe (1) >0, yw(@) <0, zx() >0, forO0<t<T,t>0. (30)

Put Ay = (ck, dx, ex). Then || Ax || = 1 for each k. The unit ball is compact in R3, so (A;) has a convergent subsequence
(Aki)~ Denote

A= lim A, = (c.d. e).
11— 00

Then ¢? + d? + ¢*> = 1 and w(z), defined by
(1) = (x(1), y(0), 2(0)) = Tim (e X' (0) + di X2 (1) + e, X (1)),

is a nontrivial solution of (26). In view of (30) and the fact that & is an arbitrary integer, we have
x(t) >0, y@) <0, z()=0 fort=>0.

If x(t9) = O for some #y, then from (26) we have x(r) = 0, y(r) = 0 and z(r) = 0 for ¢t > f9, and because w is
a nontrivial solution, this contradicts the uniqueness of the initial value problem (26), x(fo) = y(t) = z(tp) = 0
stated in Lemma 5.1. Thus x(z) > 0 for t > 0 and from (26) and positivity of functions a, b, c we have z(¢) > 0 and
y(@) <Ofort >0. O

Theorem 5.2. Assume (27) and either (19) with 0 < € < 1 or (25). Then (26) has an oscillatory solution.

Proof. By Lemma 3.2 every nonoscillatory solution of system (1) is either of Type (a) or (b). By Theorems 4.2 and
4.4, solution of Type (a) does not exist. By Lemma 5.2 Kneser solutions satisfy x(¢)y(#) < 0 and x(¢)z(t) > 0 for
t > 0. Thus any solution satisfying x (#9) y(f0)z(fo) = O is oscillatory. O

Example 5.1. The linear difference system

1
Ax(n) = ——y(n),

n+1
A = )
y(n) - 1Z(n)
1
A =
o) = = o)
does not have Property A because it possesses a Kneser solution (x, y,z) = ("Tl, _rlw }L) Theorem 5.2 is not

applicable and it is an open problem whether this system is oscillatory.
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