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Oscillation Criteria for Generalized Liénard Type System

Tohid Kasbi, Vahid Roomi and Aliasghar Jodayree Akbarfam

ABSTRACT: In this work we use qualitative theory of differential equations to
study the qualitative behavior of the solutions of a generalized Liénard system.
Under quite general assumptions we present some sharp conditions under which the
solutions of the system are oscillatory. Some examples are presented to illustrate
our results.
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1. Introduction

It is well known that the Liénard system

i=y—F). §=—g) (1.1)

is of grate importance in various applications. Hence, asymptotic and qualitative
behavior of this system and some of its extensions have been widely studied by
many authors. Various questions on the stability, boundedness, oscillation and
periodicity of solutions of (1.1) and its generalizations have received a considerable
amount of attention in the last four decades [see 1-19]. We consider the system of
two differential equations

&= h(k(y) - F(2)), §=—g(a), (1.2)

which is a generalized Liénard system, where F', g , k and h are continuous func-
tions which ensure the existence of a unique solution to the initial value problem.
Moreover, the following assumptions hold.

(Cy) F(z) and g(x) are continuous on R with F'(0) = 0, xg(z) > 0 for z # 0,
h(u) is continuously differentiable and strictly increasing with ~(0) =0
and h(+o0) = +oo and k(u) is continuously differentiable and strictly
increasing with k£(0) = 0 and k(£o0) = £oo.
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Under these assumptions, the origin is the unique critical point for system (1.2).

In order to study the global asymptotic stability of the zero solution, oscillation
problem and existence of periodic solutions of system (1.2) the significant point is
to find conditions for deciding whether all trajectories intersect the vertical isocline
k(y) = F(x).

In [19], the authors proved a proposition about the existence of a unique solution
for initial value problem corresponding to system (1.1). In the following, we prove
the same result for system (1.2).

Proposition 1.1. If (C4) is satisfied, then for any initial point p(xo,yo), system
(1.2) has a unique orbit passing through p.

Proof. By Peano’s Theorem (see [13] p. 10]), (1.2) has at least one solution
(x(t),y(t)) satisfying x(0) = z¢ and y(0) = yo. Along such a solution, we have

dy g(z)
dzx h(k(y) — F(x)) (1.3)
y(zo) = Yo.

In order to prove this proposition, we only have to prove that if p # O = (0,0),
then the initial value problem (1.3) has a unique solution.

(i) Suppose p ¢ T' = {(z,y) € R? : y = k=}(F(x))}, that is, yo # k= (F(x0)).
Then there exists a rectangle E : |z — z¢| < a and |y — yo| < b such that E does
not intersect I'. Therefore, (C}) implies that %(%) is continuous on E.
Applying the Picard-Lindel6f Theorem, we know that the initial value problem
(1.3) has a unique solution on E.

(ii) Suppose p € T, that is yo = k~1(F(z0)), for example, x¢ > 0. If the conclusion
is not true in this case, then (1.3) has two solutions y = y;(z) with y;(z¢) = yo, for
i=1,2 and y1(z) Z y2(z) for 1 <z < x9. We may assume y = y;(x) ([x1,zo]) is
under the characteristic curve T" for 4 = 1,2. Thus, there is an «* € [x1,x0) with
yi(z*) > ya(a*). Set

T=8up{x:x€xr",x0) such that y1(s) > y2(s) for any s € [z*,z]}.

Then, y1(x) > ya2(z) for x € [2*,Z] and y1(T) = y2(Z). This shows that (1.3) has
two solutions passing through the point (Z,y1(Z)).The first step (i) implies that
(Z,y1(z)) € T. Hence, T = x¢. Using (1.3), we obtain that

d(yi(z) — y2(2)) _ g9(@)(hlk(y(z) — F(2)) — hk(ya(z) — F(2))) (1.4)

(z) —
da h(k(y(z) — F(2))h(k(y2(z) — F(z))
It follows from (C7) that h(u) is strictly increasing with wh(u) > 0 for u # 0.

Therefore, from y;(z) — F(x) < 0 for x € [2*,x¢) and y1(x) > y2(z) and (1.4), we
can conclude that

d(y1(z) — ya (7))

>0 for xe€lx™ xo).
dx
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This implies that y;(2) — yo(x) is strictly increasing on [2*,20]. Thus, yi(x) —
ya2(x) < y1(xzo) —y2(xo) = 0, that is, y1 (x) < ya2(x) for © € [2*,z¢), a contradiction.
This completes the proof.

Definition 1.2. System (1.2) has property (X ™) in the right half-plane (resp., in
the left half-plane) if for every point (xo,yo) with k(yo) > F(xo) and g > 0 (resp.,
k(yo) < F(xo) and xg < 0), the positive semi-orbit of (1.2) passing through (2o, yo)
crosses the vertical isocline k(y) = F(x).

Definition 1.3. System (1.2) has property (Y ) in the right half-plane (resp., in
the left half-plane) if for every point p(xo,yo) with k(yo) = F(xo) and xg > 0 (resp.,
k(yo) = F(xzo) and o < 0), the positive semi-orbit of (1.2) starting at p(xo,yo)
intersects the negative (resp., positive) y-azis.

In this paper we will find conditions for deciding whether system (1.2) has
property (XT) and (Y1) in the right and left half-planes. Our results extend the
results of Villari and Zanolin, and Hara and Sugie for this system with h(z) = z
and k(y) = y and improve the results presented by Sugie et al. and Gyllenberg
and Ping.

Gyllenberg and Yan in [8] proved the following theorem which substantially
extended and improved previous results presented by Aghajani and Moradifam [1]
which already have included the most of previous sufficient conditions for property
(X ™) in the right half-plane for system (1.2) with h(x) = z and k(y) = y.

Theorem 1.4. (see [8]) Suppose that G(4+00) = +oo. Then system (1.2) with
h(z) =z and k(y) =y has property (XT) in the right half-plane if

“(aFmgn) | 2yagn) CF@) Y\ _ L
(/b ((2G(n))23a+(2G(n))1§“)d"+(20(x))‘;) = (1.5)

for some b >0 and « > 0, where G(x) = fox g(n)dn.

lim sup
r— 400

Recently, the authors in [4] proved the following theorem which substantially
extend and improve previous results presented in [1,2].

Theorem 1.5. Assume that G(+o00) = +oo, | = R'(0) # 0 and h(z) — h(y) >
Wz —1y) for everyy < x < 0. Then, system (1.2) with k(y) =y has property (X )
in the right half-plane if there exists a(t) with a’(t) > 0 fort > a >0 and a(8) > 0

for some B > «, such that

</””(h(F(n))a’( 2G(m)g(n) , 2ViL/a'(\/2G(n))g(n)

v @G2GMVEG) | @AMV (1)
ME@) \_

a( 2G(:c))) *

lim sup
T—r+00

+

for some b > 0, where G(x) = fomg(n)dﬁ-
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However, Theorem 1.5 and previous results [1-3] are inapplicable to the system
(1.2) with

F(z) = —In(|z| + 1)sgnz, k(y) =~y + Atanhy, h(x) =2sinhz, and g(z) =z,

(1.7)
for deciding whether all orbits of (1.7) cross the vertical isocline k(y) = F(x) or
not (see Example 2.2).

In the next section we will extend and improve Theorems 1.4, 1.5 and the
previous results presented in [1-4] and we will derive some new sufficient conditions
for property (X ), which can be applied to system (1.7).

2. Sufficient conditions for property (X ™)

Note: Hereafter we assume that the condition (Cy) holds.

Let G(z) = [; g(n)dn. First, we introduce a system which is equivalent to
(1.2). Define function ¢(z) by ¢(z) = \/2G(z)sgn(x), and map ® : R? — R? by
O(z,y) = (¢(x),y) = (u,v). Changing variables u = \/2G(z)sgn(x), v =y, dr =
g(z)sgn(z)

\/2G(z)

following system

dt and denoting 7 by ¢ again, we can transform system (1.2) into the

i = h(k(v) - F* (u))

V=—U

(2.1)

)

where F* is a continuous function defined by F*(u) = F(G~!(3u?sgn(u))), and
G~1(w) is the inverse function to G(z)sgn(z).

In [10] the authors proved that systems (1.2) and (2.1) with h(x) = z are
equivalent. Consequently, we have only to determine whether system (2.1), instead
of (1.2), has property (XT) or not.

Consider the following two conditions on function h.

(Aq) For every y < x < 0, assume that h satisfies the following condition.

h(x) = h(y) = h(z —y). (2.2)
(Az2) For every 0 < x < y, assume that h satisfies the following condition.

h(x) = h(y) < h(z —y). (2.3)

Remark 2.1. Suppose that h(zx) is an odd function. Then (A1) and (Asz) are
equivalent.

Theorem 2.2. Suppose that (A1) holds and h'(x) and k' (x) are increasing for
x < 0. If there exists a(t) with a’(t) > 0 fort > a > 0 and a(8) > 0 for some
B8 > «, such that



OSCILLATION CRITERIA FOR LIENARD SYSTEM 87

lim sup s

uU—+00

</“h(F*(8))a’(S) +2/d(s)/sa(s)l (F*(s) k' (k' (F*(s))) |

a2(s)
ME @)Y
” wo)‘+

for some b > 0. Then, system (2.1) has property (XT) in the right half-plane.

(2.4)

Proof. We prove the theorem by contradiction. Suppose that there exists a
solution (u(t),v(t)) of (2.1) whose graph remains in the region A = {(u,v) : u >
0 and k(v) > F*(u)} for all future time. Let (ug,v9) = (u(0),v(0)) € A. We claim
that
tllgloou(t) = +o00. (2.5)
If (2.5) is not true, then lim; , o u(t) = 4 < +o00. Let P = (i, F*(i)) €
{(u, F*(u)) : u > 0} and OP be the characteristic curve arc from O to P. Then the
positive semi-orbit of (2.1) starting from P is contained in the bounded domain sur-
rounded by v—axis, v = vg, u = @ and arc from O to P. Thus limy_, 4 o (u(t), v(t))
must exists and from Poincare-Bendixson Theorem we conclude that it must be an
equilibrium of (2.1). But from (Cj), the origin is the unique equilibrium of (2.1).
This implies that @ = 0. Since system (2.1) has no critical points in this region,
we have
u(t) = 400 ast — 4oc.

So, we may assume that ug is sufficiently large. We also assume vy < 0. Because
v(t) <wvg — upt = —o00 as t — +oo.

Thus, it turns out that u(t) > ug > 0 and v(t) < vy < 0. for t > 0. Now let

a(u(t)) *(a~ s v
o = [ HEC ) o, W)

52 a(u(t)) ’

for some v > . Then

w(t) ="

Since F*(u(t)) < k(v(t)) < 0 for t > 0 and by the assumptions (A;) and i/(x) and
k' (x) are increasing for x < 0, we get h(k(v(t))—h(F*(u(t))) > h(k(v(t))—F*(u(t)))
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Therefore,

ds +

/“(“(t” h(F*(a”"(s)))

t
u(t) a'( sk’ (k *(s
B e Cr G D

_ /a<“°> M (o)

ds < +o0.

w 2 /a) /)R E )
“f a%<s>
for t > 0.
Since, k(v(t)) > F*(u(t)) and u(t) — 400 as t = +oo,
O E () L R(F (W)
L 2 BT )
L(F=(s))W (F*(s))
)

ds < +o0.

N /“<t> 20K (s)\/sk/ (k=
v a2 (
Now by taking z = a=1(s ) and b = max{vy,a"*(y )} we have

) h(F*(s +2\/a \/sa ($)k'(k—1(F*(s)))
lim sup (/b d

GQ(S)

S
uU—+00

) <u>>> .
a(u)
This contradiction completes the proof.

Notice that if h satisfies (A1), then by dividing two sides of (2.2) by  —y and
then y — x we conclude that h/(z) > h’(0) > 0 for 2 < 0. Now by the same way as
in the proof of the theorem above we can prove the following theorem which does
not need the condition 4/(x) be increasing.
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Theorem 2.3. Suppose that (A1) holds and 1 = h'(0) # 0 and k'(x) is increasing
for @ < 0. If there exists a(t) with a’(t) > 0 fort > a > 0 and a(8) > 0 for some
8 > «, such that

h(F™*(s +2\/a \/sa (F*(s)))l . h(F*(u)\ -
(/b 22(s) St )‘+
(2.6)

for some b > 0, then system (2.1) has property (XT) in the right half-plane.

lim sup
uU— 400

The following two corollaries are obtained by straightforward application of the
theorem above.

Corollary 2.4. Assume (Ay) holds and I = h/'(0) # 0 and k'(x) is increasing for
x < 0. If there exists a(t) with a’(t) > 0 for t > a > 0 and a(B) > 0 for some
8 > «, such that

lim inf 7h(F* ()

Uu—>—+00 a u)

lim sup /u h(F™"(s))a’(s) + 2\/(1/(28)\/Sa(s)k’(k;*l(F*(S)))l
b a?(s)

for some b > 0. Then, system (2.1) has property (XT) in the right half-plane.

> —o0 and

ds = 400,

uU—+00

Corollary 2.5. Suppose that (A1) holds and 1l = h'(0) # 0 and k'(x) is increasing
for x < 0. If there exists a(t) with a’(t) > 0 for t > a > 0, a(8) > 0 for some
B>« and fb ot ds = +o00 for some b > 0, such that

lim inf M

u—too  a(u)

h(F™*(u))y/a'(u)
BE}E&E Va(u)/uk! (k—1F* (u)) > =2V,

then, system (2.1) has property (X 1) in the right half-plane.

> —00 and

Recall the definition of function F*(u) under the assumption G(+00) = 400 as

follows:
F*(u) = F(G_1 <%u2>> for u>0.

Put # = G7'(3u?). Then we have the following result for the system (1.2) which

is equivalent to Theorem 2.3.

Theorem 2.6. Assume that G(+o0) = +oo, I = h/(0) # 0 and (A1) holds and
K'(z) is increasing for x < 0. Then, system (1.2) has property (X) in the right
half-plane if there exists a(t) with a'(t) > 0 for t > a > 0 and a(B) > 0 for some
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5 > «a, such that

s *(h(F(n))a'(/2G(n))g(n)
1H+o£’(/b ( (2G|

2.7
2Vl (1/(\/267‘(77»\/ky(kﬂ(F(n)))g(n))d77 M) (2.7)

a®2(1/2G(n))/2G(n)
for some b > 0.

Corollaries 2.4 and 2.5 can be formulated for system (1.2) in the same manner.
The following theorem is useful in applications.

Theorem 2.7. Suppose that hq(z) < ha(x) for x > 0. If system (1.2) with he(z)
as h(x) has property (X) in the right half-plane, then it has property (X ) in the
right half-plane with hi(x) as h(z) too.

Proof. We prove the theorem by contradiction. Suppose that system (1.2)
with hq () fails to have property (X ™) in the right half-plane. Then there exists a
positive semi-orbit O} (p) of (1.2) starting at a point p(zo, yo) with h1(yo) > F(x0),
which does not meet the characteristic curve hy(y) = F(z). Suppose that OF (p)
is a positive semi-orbit of (1.2) with ho(z) as h(x). From hi(z) < he(x) we have:

g —g(x) —9(x)
(i)hl ~ hi(k(y) — F(z)) = ha(k(y) — F(x))

The last relation shows that the slope of O} (p) is less than the slope of O (p).
Therefore, system (1.2) corresponding to ho(z) fails to have property (X ™) in the
right half-plane. This contradiction completes the proof.

The same results can be proven for functions k, I’ and g.

Now, we show that how our results are related to those listed in the introduction.
Also, we give some examples which the previous results are inapplicable.

= (g)h2 <0.
T

Example 2.1. Consider system (1.2) with
F(z) = 6z — bzsin®z, k(y) =y, h(z)=g(z) ==,

Note that for every b > 0,

2nm 1
lim inf —/ _9(77) dn < lim —fb 6-5sin"n
z—+o0 F(z) J, F(n) n—+oo 12nm
1 2nm 1 1
< 1 — dn=- < -.
- nHHJIrloo 12nm J, g 6 4

Thus, all of the results presented by Filippov [5], Hara and Yoneyama [[10],
Lemma 4.2], Villari and Zanolin [[17], Theorem 2.6] and Hara and Sugie [[11],
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Theorem 5.1] are inapplicable to this system. From Corollary 2./ with a(t) =t we
have

L Jh(FTw) o
lim uf =y = limnf(6 — 5sin” ) = 1> —co, and

lim sup /u h(F™*(s))a’(s) + 2\/(1’(5)\/sa(s)k’(kfl(F*(s))ldS
u——+oo Jp GQ(S)

u 875 2
= limsup/ ST OT Y s = +oo for some b > 0,
b S

U—r 400
Hence system (1.2) has property (X) in the right half-plane.
Example 2.2. Consider system (1.2) with

1
F(z) = —In(|z| + 1)sgn(z), k(y) = Atanhy + vy with v > 3 and A >0,
h(z)=e"—e™" and g(x)=u=x,

Obviously, h'(0) =2 >0 and if y < © < 0 we have

eV -1 e -1

e'<l= —e""> - "= > .
ety —1 e* —1

Since (€* —1).(e*" ¥ — 1) < 0 we have
=" =1 < (e =1)(e" Y =1)=
eV —e"—eV+e "< —e" Y =
h(z) = h(y) = h(z - y).

Thus, h satisfies (A1). Now, by choosing a(t) = t, we have

( / WE*(3) + 25 VR ETEG) h(F*(u)))
s s

lim sup

u—+00 2 u

1 1
u —(s+1)+2y2vs —— —(u+1
Zlimsup(/ (5+1 ( 2) 2 ds + 4tL ( ))
u——+00 b S u
Y227 -1 242y —2
= lim sup (/ ( 7 + i )ds) —1=+400
U 00 b s+1 s(s+1)

Therefore, by Theorem 2.3 this system has property (X 1) in the right half-plane.
Example 2.3. Consider system (1.2) with

F(z) = —zsin®(z)In(| z | +1), k(y) =y and h(z) = g(z) = z.
Notice that for any o > 0 and b > 0 we have

hmsup</:<aF(n)g(n) N 2v/ag(n) )dn+ F(z) >

a—-+o0 2GM)5=* (2G(n)) =" (2G(x))%

</bm (asin2(77)ln(77+1)+2\/a)dn+ Sin2(z)1n(x+1))

na xa—l

= lim sup
Tr—r+00

%+ +00.
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Therefore, (1.5) does not hold. So, Theorem 1. and all previous results are inap-

plicable to this system. However, let a(t) = t_%l, then

S

(/ h(F™*(s +2\/a \/sa(s)k’(k—l(F*(s)))h’(F*(s))d
b a?(s)

lim sup
u——+o00

h(F* ()
e >

= lim sup
uU—+00

“ 9.5+ 1 —sin?(s)l 1
> limsup (/ i sin”(s) In(s + 1)
b

S

(/u 25 +1 —sin?(s) In(s + 1)
b

. ds — (1 + ) sin®(u) In(u + 1)>

ds) =400 for some b>0.

u=km—-+o00
Therefore, by Theorem 2.2 system (1.2) has property (X+) in the right half-plane.

The following analogous results are obtained with respect to property (X ) in
the left half-plane.

Theorem 2.8. Suppose that (Az) holds and h'(x) is increasing and k'(x) is de-
creasing for x > 0. If there exists a(t) with a’(t) > 0 fort < a <0 and a(B) <0
for some B < a, such that

(/ h(F™*(s s) — 2:/d(s)\/sa(s)h' (F*(s ))k:’(k:_l(F*(s))dS
u a?(s) (2.8)

lim inf
U—r—00

for some b < 0, then system (2.1) has property (XT) in the left half-plane.

Notice that if h satisfies (Az), then by dividing two sides of (2.3) by z — y
and then y — x, we conclude that h'(z) > h’/(0) > 0 for > 0. Similar to the
Theorem 2.3 we have the following theorem which does not need the condition
1/ (x) be increasing.

Theorem 2.9. Suppose that (Az) holds and I = h'(0) # 0 and k'(x) is decreasing
for @ > 0. If there exists a(t) with a’(t) > 0 fort < a <0 and a(8) < 0 for some
B < «, such that

for some b < 0, then system (2.1) has property (XT) in the left half-plane.

U—r— 00

Corollary 2.10. Assume (Asz) holds and | = h'(0) # 0 and k' (x) is decreasing
for @ > 0. If there exists a(t) with a’(t) > 0 fort < a <0 and a(8) <0 for some
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5 < a, such that

ligl_inf %
/b h(F*(s))d'(s) — 2\/(1’(5)\/sa(s)k’(kfl(F*(s)))ld
u a*(s)

for some b < 0. Then system (2.1) has property (XT) in the left half-plane.

> —oo and

lim inf
U—r—00

§ = —00,

Corollary 2.11. Suppose that (Az) holds andl = h'(0) # 0 and k'(x) is decreasing
for x > 0. If there exists a(t) with a'(t) > 0 for t < a < 0, a(f) < 0 for some
6 <« and fﬁ L_ds = —co for some b < 0, such that

oo a(s)

lim inf M

U—r —00 a,(u)

| W(E* () /' (a)
lim su 2\/Z’
2 R e (@)

> —00 and

then system (2.1) has property (X ) in the left half-plane.

Now recall defining the function F*(u) under the assumption G(—oc0) = +oo

as follows:
F*(u) = F<G1< %u2)> for uw<0

and put = G~'(—3u?). Then we have the following result for the system (1.2)
which is equivalent to Theorem 2.9.

Theorem 2.12. Assume that G(—o0) = 400, [ = h'(0) # 0 and (Az) holds and
k' (x) is decreasing for x > 0. Then, system (1.2) has property (XT) in the left
half-plane if there exists a(t) with a/(t) > 0 for t < a <0 and a(B) < 0 for some
5 < a, such that

smiag( [ - MBI
» \ @ (/26026 )

(2.10)
N 2V1 al(_\/QG(U))\/kl(k_l(F(n))g(n))d _ M) = —00
CaAGm) Ao |

Tr—r—00

for some b < 0.
Corollaries 2.10 and 2.11 can be formulated for system (1.2) in the same maner.

Example 2.4. Consider system (1.2) with functions given in Ezample 2.2. In
Ezample 2.2 it is proved that, function h satisfies (A1). Since h is an odd function,
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by Remark 2.1, h satisfies (Az). Now, by choosing a(t) =t, we have

1—u) — 1
lim inf h(F(u)) = ( o) 1= — 1> 00 and
U——00 a(u)

/b h(F(s))d'(s) — 2\/a’(s)\/sa(s)kz’(kfl(F(s))ld

fim inf a2(s) y
b(l—s)— 2 —2|s]2
< hrninf/ ( ) 1_52 [ ryds
U—r — 00 S
b
1—2y/2 242y —2
< lim inf 7 + 7 ds | = —oco for some b<0,
u——00 “ 1—s s(1—s)

Therefore, by Corollary 2.10 this system has property (X ) in the left half-plane.

3. Sufficient conditions for property (Y )

In this section we present some sufficient conditions for system (1.2) to have
property (Y1) in the right and left half-planes. Many authors have also investigated
property (Y1) and several interesting sufficient conditions have been given. Hara
and Yoneyama in [10] proved that if there exists an a > 0 such that F'(z) > 0 for
0 <z < a and some a > i such that

Ly
7 ) Fogn

then system (1.2) with k(y) = y and h(u) = u has property (Y1) (see also [5,9,16]).

In this section we will extend the above result and will obtain some sufficient
conditions which can be applied when none of the sufficient conditions presented in
the pervious literatures are applicable. First, we have a lemma about asymptotic
behavior of solution of (1.2) and then we will give some results about the property
of (Y1) in the right half-plane for system (1.2).

Lemma 3.1. For each point P(p,k~(F(p)) with p > 0, the positive semi-orbit of
(1.2) starting at P crosses the negative y-azis if the following condition hold.
(A3) There exists a 6 > 0 such that F(x) < 0 for 0 < & < ¢ or F(x) has an
infinite number of positive zeroes clustering at x = 0.

Proof. We prove the theorem by contradiction. Suppose that there exists a
point P(p, k=1 (F(p)) with p > 0, such that the positive semi-orbit of (1.2) starting
at P does not cross the negative y-axis. Let (z(t),y(t)) be a solution of (1.2)
defined on interval [tg, +00) with (x(to), y(to)) = P. Then we have

0<a(t) <yl(to) for t>to.

and
y(t) = +o00 as t— —o0.
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Hence, it follows from the first equation of (1.2) that
z(t) = —c0 as t— —oc.
And therefore, there exists t; > ty such that
z(t) <=1 for t>t;.
Integrating leads to
—z(t) <a(t) —x(t1) <ty —t — —oc0 as t— —oo.

This is a contradiction and the proof is complete.
Hereafter we assume that there exists a § > 0 such that F(x) > 0 for 0 < z < .

Theorem 3.2. Suppose that (Az) holds and h/(x) is increasing for x > 0 and
k' (x) is decreasing for x > 0. If there exists a(t) with a'(t) >0 fort > a >0 and
a(B) > 0 for B > « such that

nin b (h(F(s))g(s)d (s) B Va'(8)g(s)\/h (F(s)k' (k=1(F(s)) .
([ (Mo G )) sy

z—0+ a(s))

= —00
for some b > 0, then system (1.2) has property (Y ) in the right half-plane.

Proof. We prove the theorem by contradiction. Suppose that there exists
a point P = (p,k~1(F(p)) with p > 0 such that the semi-orbit of (1.2) passing
through P = (p,k~*(F(p)) does not intersect the positive y-axis. Now suppose
that there exists a solution (z(t),y(t)) of (1.2) which starts at point (z¢, yo) with
k(yo) = F(x0) and whose graph remains in the region {(z,y) : > 0 and k(y) <
F(x)} for all future time. Taking the vector field of (1.2) into account, we see that
if the positive semi-orbit of this system crosses the x-axis, then it also meets the
negative y-axis. Since ¢ < 0 in this region, we have

lim x(t) = lim y(t) = 0.

t— o0 - t— o0
So, we may assume that wug is sufficiently small and
0<ux(t) <ug for t>0.

Now let

GO (R ()gla ) hE)
"“)/w GG T AGae)
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+

Thus,

: 0 /IEe(s) FETFEREG)
(o - [ ) <0

Therefore,

/a@(t)) W(E(a (s)gla" (s)) - h(k(y®)
: @G(sP7) 2CTaa(0)
[ TR T,

S

2G(a(s))
2w y(F(a ())gla (s)) . h(k(w))
SL 2GR T Acatu)
[ VTV ECRES),
: 2G(a(s))

for t > 0. Now by taking z = a=!(s) and b = maz{vy,a 1 (y)} we have

([T () s) TG FECDR G FE)

IHOJ’(/Z, ( (2G(a(s))*7? Glals)) )d (3.2)
60 o, -
(Glale (1))

Since, % > 0 and z(t) — 0 as t — +oo, (3.2) contradicts (3.1). This

contradiction completes the proof.
Now by the same way as in the proof of Theorem 3.2 we can prove the following
theorem which does not need the condition h'(x) be increasing.
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Theorem 3.3. Suppose that (Az) holds and I = h'(0) # 0 and k'(x) is decreasing
for x > 0. If there exists a(t) with a’'(t) > 0 fort > a >0 and a(8) > 0 for § > «
such that

hmmf< /:(MF( $)o(s)a'(s) _ v/ (s)g(s lk’)) <<s>>>>ds) — —0(33)

20+ (2G(a(s))>? Ga(s

for some b > 0, then system (1.2) has property (Y ) in the right half-plane.
By choosing a(t) =t we have following corollary.

Corollary 3.4. Suppose that (As) holds and h'(x) is increasing for x > 0 suf-
ficiently small and k'(x) is decreasing for x > 0 sufficiently small. Then system
(1.2) has property (Y) in the right half-plane if there exists an o < 0 such that

h(F()
\/2G (x)

for x > 0 sufficiently small.

— VI (F(@)k (k=1 (F(2)) < a,

Similarly, turning our attention to the left half-plane, we have the following
results about property of (Y1) in the left half-plane.

Lemma 3.5. For each point P(—p, k=1 (F(—p))) with p > 0, the positive semi-
orbit of (1.2) starting at P crosses the positive y-axis if the following condition
holds.

(A4) There exists a § > 0 such that F(z) > 0 for = < x < 0 or F(z) has an
infinite number of negative zeroes clustering at x = 0.

Example 3.1. Consider system (1.2) with functions given in Example 2.2. Since
F(z) <0 forx >0 and F(z) > 0 for x <0, by Lemmas 3.1 and 3.5 this system
has property (Y1) in the both right and left half-planes.

Example 3.2. Consider system (1.2) with
F(z) =z, k(y)=aarctany+ By, h(z) =2+, and g(r) ==,

1
with a>0, >0 and ﬂ>1.

By choosing a(t) =t and using Theorem 3.3 we have:

- / (h(F(s»g(s)ags) ) ¢a'<s>g<s>wk/<k1<F<s>>>>d8>

20+ (2G(a(s)))? G(a(s))

cupr ([ (75570
= lim inf (/I (s+(1 —%/E)%)ds) = —o0,

for some b > 0. Therefore, this system has property (Y ) in the right half-plane.
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Hereafter we assume that there exists a ¢ > 0 such that F(z) < 0 for —0 < & <
0.

Theorem 3.6. Suppose that (A1) holds and h'(x) and k'(x) are increasing for
x < 0. If there exists a(t) with a’(t) > 0 fort < a < 0 and a(B) < 0 for some
B < « such that

gar( [ (AEDO0) | YT TECFTETECD )

e (2G(a(s))3/2 G(a(s))

= —00
for some b < 0, then system (1.2) has property (Y ) in the left half-plane.

Theorem 3.7. Suppose that (A1) holds and 1 = h'(0) # 0 and k'(x) is increasing
for x < 0. If there exists a(t) with a’(t) > 0 fort < a <0 and a(B) <0 for 8 < «
such that

li“ié“f(/:(h((F(g(g))Bﬂ AL St Hsm)‘“) -y

for some b < 0, then system (1.2) has property (Y ) in the left half-plane.

By choosing a(t) =t we have following corollary.

Corollary 3.8. Suppose that (A1) holds and h'(x) and k'(x) are increasing for
x > 0 sufficiently small. Then system (1.2) has property (Y ) in the left half-plane
if there exists an « > 0 such that

h(F(x))
24/2G(x)

for x < 0 sufficiently small.

+ VR (F(@)k (k=1(F(2))) < o

4. An Oscillation Theorem

In this section we will present our main result and will give examples to illustrate
our results.

Theorem 4.1. Assume that G(£o0) = +oo, I = h/(0) # 0 and (A1), (Az) hold.
Then, all nontrivial solutions of system (1.2) are oscillatory if (2.7),(2.10),(3.3)
and (3.5) hold for some functions satisfying in the conditions of Theorem 2.0,
Theorem 2.12, Theorem 3.3 and Theorem 3.7 respectively.

Notice that the other obtained results in section 2 and section 3 can be formu-
lated for the existence of the oscillatory solutions for systems (1.2) and (2.1) in the
same manner.

Example 4.1. Consider system (1.2) with functions given in Example 2.2. By
Examples 2.2, 2./ and 3.1 this system has property (XT) and (Y) in the both
half-planes. Hence, all nontrivial solutions of this system are oscillatory.
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