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Abstract. We consider the Liénard system in the plane and present general assumptions to obtain some
new explicit conditions under which this system has or fails to have a positive orbit which starts at a point
on the vertical isocline and approaches the origin without intersecting the x-axis. This arises naturally in
the existence of homoclinic orbits and oscillatory solutions. Our investigation is based on the notion of
orthogonal trajectories of orbits of the system.

1. Introduction

To study the qualitative theory of the Liénard equation
X7+ f(x)x" +g(x) =0,

such as boundedness, oscillation and periodicity of the solutions, results are established by examining the
corresponding planar system

dx dy ~
Coy-Fw, =), )

where F(x) := fox f(u)du. Asymptotic and qualitative behavior of this system was studied by many authors.
In the literature, there are a considerable number of results on the existence and uniqueness of periodic
orbits, homoclinic orbits, oscillation of solutions, center problem and existence of limit cycles for Liénard
and other types of second order differential equations (see [1-22] and the references cited therein). In the
study of the qualitative behavior of solutions of the Liénard system the notion “property (Z7)” is very useful.
We say that system (1) has property (Z7) if there exists a point P(xo, yo) with yo = F(xo) and xo > 0 such that
the positive semitrajectory of (1) starting at P approaches the origin through only the first quadrant.

In this paper, we give some conditions on F(x) and g(x) under which the system (1) has or fails to have
property (Z7). We assume that F and g are continuous on an open interval I which contains 0 and satisfy
smoothness conditions to guarantee the existence and uniqueness of solutions of the corresponding initial
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value problems. Also, we assume that F(0) = 0 and xg(x) > 0 for x # 0 which implies the origin is the
unique equilibrium of (1), and hence closed orbits (if any) rotate clockwise around it. Also, throughout this
paper in the results related to property (Z]), we assume that F(x) > 0, for x > 0 sufficiently small, because
if F(x) has an infinite number of positive zeros clustering at x = 0, then the system (1) obviously fails to
have property (Z]). The following results for property (Z]) are the following theorems of Hara [11] and
Hara-Sugie [16].

Theorem 1.1. (Hara[11]) Under the condition that

lim sup F)

-0t 4/2G(x)

the Liénard system (1) fails to have property (Z7), while it has property (Z7) if

F(x) = 2/2G(x).

Theorem 1.2. (Hara — Sugie[16]) Suppose that

X
<2, where G(x) ::f g(u)du,
0

F(x) < 2/2G(x) — h(~§/2G(x)),
for x > 0 sufficiently small, where h(E) is a non-negative continuous function with

h(é)

— < 2is a non-decreasing function for & > 0 sufficiently small,

3

and

)
fo I%dé = oo for some &y > 0.

Then the system (1) fails to have property (Z7).

The following result gives a sufficient condition for system (1) to have property (Z7).

Theorem 1.3. (Hara — Sugie[16]) Suppose that

F(x) > 2/2G(x) — h(4/2G(x)),
for x > 0 sufficiently small, where h(&) is a non-negative continuous function such that for & > 0 sufficiently small

h(€)

= is non-decreasing,

and
alHE)) < ;% for some a > 4,
_ ¢ hw ) )
where H(E) = ?du. Then the Liénard system (1) has property (Z7).

These results are extended by some authors to more general planar dynamical systems of Liénard type, see
for example [1, 5, 14]. In this paper, we consider system (1) and present some new explicit necessary and
sufficient conditions under which this system has or fails to have property (Z]). Our results improve the
above and the existing results in the literature.
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2. A comparison theorem

In this section we give a comparison result that will be used repeatedly in the sequel. First, we state the
following result of T. Hara [11] on property (Z7).

Lemma 2.1. (Hara[11]) Consider system (1). For each point P = (xo, yo) on the vertical isocline in the right half-
plane, the positive semitrajectory y*(P) approaches the origin, without intersecting the x-axis, if and only if there
exist a constant 0 > xo and a continuous function (x), such that

g(&)
F(&) — (&)

Using the above lemma, we present a simple comparison theorem.

P(x) < F(x) and fx ————d& < Y(x)for 0 < x < 6.

Theorem 2.2. Suppose that the system (1) corresponding to Fy and gy has property (Z7). If we have
F2(x) 2 Fi(x) and g>(x) < g1(x),
forall x > 0, then system (1) corresponding to F, and g, has this property, too.

Proof. By assumption the system (1) corresponding to F; and g; has property (Z7). Thus from the above
lemma, there is a continuous function 1(x) < Fi(x) (hence 1(x) < F»(x)) and some 6 > 0 such that for
0 <x < 6 we have

x O * 91(5)
f RO - 9@ = |, BE -p@c VYW

Now using again the above lemma we have that (1) has property (7). O

Consider (1) with g(x) = x and F(x) = Ax. Then, we have a linear system and, either by elementary results
or by the above lemma, we easily find that system (1) has property (Z7), for A > 2, and that it fails to have
property (Z7), for A < 2. Now consider the system (1) as

dx
dr
dy
dr

=y-F@
- @

The above comparison theorem shows that if

()

limsup — <2,

x—0*
then system (2) fails to have property (Z7), while it has property (Z7) if
F(x) > 2x.

From Theorem 1.2 of Sugie-Hara [16], we can solve the problem in the case F(x) /" 2 as x — 0. But this

F(x)

result is restricted and cannot solve the problem, when in general we have — 2asx — 0*. As we shall

see, the results of this paper solve this problem even in the case

hrnmfﬁ <2 <limsup — Fx )
=0t X x—0*
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3. Main results

The main idea in proving the main results in this paper is to find the family of orthogonal trajectories of
system (1). Indeed, if this family described by u(x, y) = C and taking w(t) := u(x(t), y(t)), where (x(t), y(t))
is a solution of this system, initiate at a point on the vertical isocline and remains at the first quadrant
approaching the origin then we must have w’(t) < 0 for all ¢ sufficiently large (see Theorem 3.2).

Lemma 3.1. The orthogonal trajectories of (1) in the right half-plane are level curves of the function

_ (RO dn (T dn
u(x, y) = f (5) xp(= (T?))dE +y exp( f1 9(77))' >0 ®)

where xo > 0 is arbitrary.

Proof. The orbits of system (1) satisfy the following differential equation

dy = —g()
dx  y-F(x)

Therefore, their orthogonal trajectories have the equation

dx ~ —g()
Tdy  y-F@)’

or equivalently

(v - F())dx - g(x)dy = 0. (4)

d
In order to make the equation (4) integrable, we multiply it by the integration factor u = ﬁ exp (— flx g(—g)),
then we get the exact equation Du(x, y) = 0 where u = u(x, y) is given in (3) and the proof is complete. [

Theorem 3.2. Suppose that for some 6 > 0 we have

. F(é) * dp
hri%?pf (g(é) 2)exp (- fl g(n))dé_m ©

Then the Liénard system (1) fails to have property (Z7).
Proof. If we assume that the system (1) has property (Z]) then there exists a solution
(x(t), y(B)) to <t <oo, x(to) = xo,

hat initiates at the point (xo, F(x0)) on the vertical isocline y = F(x) (x > 0), remains at the first quadrant and

approaches the origin. By calculating % along with (x(t), y(t)), to <t < oo we get

du dudx odJudy 1
@ wataa ) e @l ®

Since & 3 <0and d_y = —g(x) < 0, then (6) gives

du_ 2 dx dy " dy dn
ar S 5 an e (- fg(rn) (e~ f1g<n>)'
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and by integration from fy to t we arrive at

f o dy fr(f) dn fX(t) fﬁ dn
ulx(®),y@#)) - K < 2—exp| — dr=2 exp| — —)dé, 7
(x4 0) fo dt i 1 9(17)) %0 b 1 g(n)) 7
where K = F(xg) exp ( - 1x0 ;:Z)) Now, since y(t) > 0, (3) together (7) give

x(t) F(é) x(t) 3
i; re) p(‘i‘wmﬁé K<2L;e“%_ﬁ‘mmﬁ&

or equivalently

0 (@) :
fxO (e - Yol fg(n))dg<K

This contradicts (5) and the proof is complete. [J
Theorem 3.3. Suppose that
. * F©) 9(&)
limsu f
xao*p b ( V2G(€) )G(é)

for some 6 > 0. Then Liénard system (1) fails to have property (Z7).

d& = +o0 (8)

Proof. Define for x > 0 the function

u=u(x) = v2G(x),
and the mapping A : R* xR — (0, \/m) x R by
Alx,y) = (u(x), y) = (u,0),
Then the mapping A is a diffeomorphism of the right half-plane onto (O, \/m) that transforms the

system (1) to the following simpler form of the Liénard system

du do
I =v-F(u) andd———u,

in which % = \/92(% and F*(u) = ( ‘1(§)). Consequently, we have only to determine whether the system
above, instead of (1), fails to have property (Z]). Applying Theorem 3.2 to this system, it suffices to have
TF(u) -2
lim supf Mdu = +oo.
n—0* o u

Now, the change of variable u = 4/2G(x) in the integral above and the fact that /2G(x) | 0 as x — 0%, give
the equivalent condition (8). O

The following corollary is an improvement of Theorem 1.2.

Corollary 3.4. Suppose that

F(x) < 2+/2G(x) — h(~/2G(x)),

where h(u) is a continuous function such that for some 6 > 0

* h(u)
u?

limsup | —5~du=

x—0* x

Then the Liénard system (1) fails to have property (Z7).
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Proof. We have

¥ F(&) g(8) ~ 9(6)
fa(\/m )= Zf (F&) = 2426 e

= [ (M)

2G(¢)

_ f ‘V ZG(X) h( 1
V2G©)
B f\/zc(a) h(u)
V2G(x) u?
This, together with the fact that 4/2G(x) | 0 as x — 0" gives us

. o F©) 9(é) Chw)
hmsupj(; ( ZG(E)_ )G(E)dé llris()tlpﬂ ?du—ﬂx).

Now, Theorem 3.3 completes the proof. [

x—0*t

Example 3.5. Consider the Liénard system (1) with
1
g(x)=x and F(x)=3x-22x sinz(;).

2

Here, we have G(x) = %. Writing F(x) = 2x — h(x), where h(x) = —x + 2.2 x sin (i) then we have

v
f ) f6 -1+ Z.isznz(a)du
0

fa 01-1.1 cos(g)

du

.
_01f —+11f COSM 44 = +oo.
u
W)

Therefore, from Corollary 3.4 system (1) fails to have property (Z7). Notice that, in this example the function == is
not non-decreasing in any interval (0, 0) (0 > 0), hence we cannot use Theorem 1.2.

Remark 3.6. The method in which F(x) is compared with J2G(x) to obtain sufficient conditions under which the
system (1) has or fails to have property (Z7) (and other similar properties) was initiated by A.F. Filippov [7] and
improved by J. Sugie and T. Hara [11, 16]; see also [1-5, 10, 12-15, 17-20]. In the next results we use a new approach

and in parallel with the above results, we compare F(x) with 2g(x), instead of /2G(x) (of course under some additional
assumptions on g(x)).

We start with a simple observation based on Hara’s lemma.

Proposition 3.7. Suppose that for some 6 > 0,

gx)=x, 0<x<o. )
If we have
F(x) > 2g9(x), 0<x<, (10)

then the Liénard system (1) has property (Z7).
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Proof. Taking 1(x) = g(x) then by assumptions (9) and (10) we have g(x) < F(x) — ¢(x) for 0 < x < 9, and
hence

"L
fF(é) W(E dé fdé—x<9(x) P(x), 0<x<0.

Now, Hara’s lemma gives the desired result. [J

Proposition 3.8. Suppose that for some 6 > 0,

) X d’7 B
jo‘exp(—‘f1 g(n)>dx +00. (11)

If we have

F (x)
lim sup —=

x—0* g(x) (12)

then the Liénard system (1) fails to have property (Z7).

F($)

Proof. From (12) we have —= )

(11), we get

(é) 3 d O x d?] _
III:L%?p (E—Z) ( ﬁg(ﬁ))d5>m.£ exp(—ﬁ ﬁ)dx_+oo,

and from Theorem 3.2 the proof is complete. [J

-2 < -m <0, for some m € (0,2) and all £ > 0 sufficiently small. Thus using

Theorem 3.9. Suppose that F and g satisfy

1 dn
L M = 400, (13)

F(x) < 2g(x) - h( exp fl ) %),

where his a nonnegative function on (0, 0) for some 6 > 0, and satisfies

( )

and

limsup | —5~du = +oo.

x—0* X
Then the Liénard system (1) fails to have property (Z7).

Proof. Using the above assumptions we have

F(&) ¢ dp : £ dp
f (5 ~2ew(- fl s = f (F&) - 290)) <a>)exf’( flm)d‘g
£ q
= [ o[ (o= [
14(x)
= f h(u)d(;)

u(®)

1(0) h(u)
= f ?du,
u(x)
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where u(x) = exp (f1 a0 )) From (13) we also have u(x) | 0 as x — 0%, thus

. F() _ ¢ dn ()
e [ - [ <tmve [P0

and the proof is complete from Theorem 3.2. [
Theorem 3.10. Suppose that for x > 0 sufficiently small, g is differentiable,

1<g'(x)<k-1,
1

f ﬂ = 400,
o 9(m)

*d
g(x)exp(—ﬁ g(—z))>l>0.

If we have

and

F(x) > 2g(x) - h( exp fl ) %),

where h(u) is a non-negative continuous function such that for u > 0 sufficiently small

h(u)
u

is non-decreasing,

and

alHw))* <

for some a > —

h(u) K2
u 1’

«s()

u?

where H(E) = |~ —~-du, then the Liénard system (1) has property (Z7).

Proof. Let p = lim,_,o-
have H(xg) > e J

Define u(x) = exp( f )

2

O<o<1l-—.
la

Then there exist 6 > 0 such that for 0 < x <,
90 | )
ux) " ux)

In Hara’s lemma take ¢(x) = g(x) + ku(x)H(u(x)). Then we have

gl h(ue)
@ ue

o o
< ﬁl and H(M(.X')) < ml

F(x) — (x) > u ()[ —kH(u(x))]>O

) From (15), u(x) | 0 as x — 0*. Let ¢ be chosen so that

3768

(14)

(15)

(16)

(17)

(18)

(19)

h(xx)' Then by (18) p > 0 and @ > p for x > 0. If p > 0, then for some xy > 0 we
X0 dn . . ( )

= 0o, which contradicts (19). Therefore we have — — 0 and H(x) — 0 as x — 07.

(20)
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for 0 < x < 6. Define the function ¢(x) by

b(x) = 1/}(x)—f _99 4 x>0

F(©) - y(©)
We have
() u() u@ (@) g H(u00)Jutx)
o 2k DG 5 - A h{uo) |
hence by (20),
(u(x)) K2
qb( 02— F(1-5 -5 - )0 0<x<s

where r(x) = g(x) — h(u(x)) — ku(x)H(u(x)). Therefore, ¢(x) > 0 for 0 < x < 0 and Hara’s lemma completes
the proof. O

Example 3.11. To present an example of a function g that satisfies all the required assumptions appearing in Theorem

3.10, consider the Liénard system (1) with g(x) = (1 + #)x, on (0,1). Here, we have g(x) > x and
n“(x

2

L= e S " e

1
<6, forxe(0, E)'

Also we have

*d
f an _ Inx — arctan(In x).
1

g(m)
Therefore,
. Tdny s
J(hﬂr(r)}g(x)exp(—fl m) =e 2 >0,

1 dﬂ O X d,7
— = 400 d - dx = oo,
fo gy~ fo b f g(n)) =

so assumptions (14), (15) and (16) are satisfied. Hence, for any function F which satisfies (17), (18) and (19) with a
suitable h, Liénard system (1) has property (Z7).
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