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LIMIT CYCLES FOR m—PIECEWISE DISCONTINUOUS
POLYNOMIAL LIENARD DIFFERENTIAL EQUATIONS

JAUME LLIBRE! AND MARCO ANTONIO TEIXEIRA?

ABSTRACT. We provide lower bounds for the maximum number
of limit cycles for the m—piecewise discontinuous polynomial dif-
ferential equations & = y + sgn(gm(x,y))F(z), y = —z, where the
zero set of the function sgn(g,(z,y)) with m = 2,4,6,... is the
product of m/2 straight lines passing through the origin of coor-
dinates dividing the plane in sectors of angle 27 /m, and sgn(z)
denotes the sign function.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULT

Hilbert [9] in 1900 and in the second part of its 16-th problem pro-
posed to find an estimation of the uniform upper bound for the number
of limit cycles of all polynomial differential systems of a given degree,
and also to study their distribution or configuration in the plane. Ex-
cept for the Riemann hypothesis, the 16-th problem seems to be the
most elusive of Hilbert’s problems. It has been one of the main prob-
lems in the qualitative theory of planar differential equations in the XX
century. The contributions of Ecalle [7] and Ilyashenko [10] proving
that any polynomial differential system has finitely many limit cycles
have been the best results in this area. But until now it is not proved
the existence of an uniform upper bound. This problem remains open
even for the quadratic polynomial differential systems. However, it is
not difficult to see that any finite configuration of limit cycles is real-
izable for some polynomial differential system, see for details [13].

Thus we have the finiteness of the number of limit cycles for every
polynomial differential system of degree n, but we do not have uniform
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bounds for that number in the whole class of all polynomial differential
systems of degree n. Following Smale [15] we consider an easier and
special class of polynomial differential systems, the Liénard polynomial
differential systems:

& =y+ F(v),
y:_'xa

(1)

where F(z) = ap + a1z + ... + a,z", and the dot denotes derivative
with respect to the time ¢. For these systems the existence of uniform
bounds also remains unproved. But when the degree n of these systems
is odd Ilyashenko and Panov in [11] obtained an uniform upper bound
for the number of limit cycles in a subclass of systems such that F' is
monic and its coefficients satisfy some estimations.

For the Liénard polynomial differential systems (1) Lins, de Melo
and Pugh [12] in 1977 conjectured that they have at most [(n — 1)/2]
limit cycles if F(z) is a polynomial of degree n. Here [z] denotes the
integer part function of z. Moreover, he provided how to construct
Liénard polynomial differential systems of degree n with [(n — 1)/2]
limit cycles.

In 2007 Dumortier, Panazzolo and Roussarie [6] proved that forn =7
there are 4 limit cycles when the conjecture stated at most 3. In fact
as they comment in that paper their arguments can be extended in
order to show that for n > 7 odd always there will be more limit cycles
than the expected by the conjecture. Recently De Maesschalck and
Dumortier proved in [4] that the classical Liénard equation of degree
n > 6 can have [(n — 1)/2] 4+ 2 limit cycles. In the last two papers the
discussions are based on singular perturbation theory, and the authors
used relaxation oscillation solutions to study the number of limit cycles.

In short the results of Lins, de Melo and Pugh only show that [(n —
1)/2] is a lower bound for the maximum number of limit cycles that a
Liénard polynomial differential systems (1) of degree n can have.

In this paper we shall study the limit cycles of the m-—piecewise
discontinuous polynomial differential equations

(2) ;,j : Zi;" Sgn(gm(xa y))F(iL‘),

where the zero set of the function sgn(g,,(x,y)) with m = 2,4,6,... is
the product of m/2 straight lines passing through the origin of coordi-
nates dividing the plane in sectors of angle 27 /m. Here sgn(z) denotes
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the sign function, i.e.

—1 if 2 <0,
sgn(z) = 0 ifz=0,
1 if 2> 0,

We also consider the case m = 0 with go(z,y) = 1. Therefore the dif-
ferential equation (2) for m = 0 coincides with the Liénard polynomial
differential equation (1). For this reason we shall call the m—piecewise
discontinuous polynomial differential equations (2) for m = 2,4,6,. ..
as the m—piecewise discontinuous Liénard polynomaial differential equa-
tion of degree n if n is the degree of the polynomial F(x).

Piecewise discontinuous differential equations or more general non—
smooth differential equations derived from ordinary differential equa-
tions when the non—uniqueness of some solutions is allowed. The theory
of non-smooth differential equations has been developed very fast in
these recent years due to various facts: its mathematical beauty, its
strong relation with others branches of science and the challenge in
establishing reasonable and consistent definitions and conventions. It
has become certainly one of the common frontiers between Mathemat-
ics, Physics and Engineering. Also appears in a natural way in control
systems, impact in mechanical systems and in nonlinear oscillations, in
particular in electrical circuits. We understand that non-smooth sys-
tems are driven by applications and they play an intrinsic role in a wide
range of technological areas. See for more details on the non—smooth
differential equations [16] and the references therein.

Our main result on the limit cycles for m-—piecewise discontinuous
Liénard polynomial differential equations of degree n are the following
theorem and conjecture.

Theorem 1. Lower upper bounds L(m,n) for the mazimum number
of limit cycles of the m—piecewise discontinuous polynomial Liénard
differential equations (2) of degree n are

n—1

L(O,n):[ > } L(2,n):[g], L(4,n)=[";1].

Theorem 1 is proved in section 3 using the averaging theory. In the
appendix we shall summarize the results on the averaging theory that
we shall use in this paper. Of course the conjecture for L(0,n) was
proved by Lins, de Melo and Pugh [12], but here we shall present an
easier and shorter proof using averaging theory.

Conjecture. A lower upper bound L(m,n) for the maximum number
of limit cycles of the m—piecewise discontinuous polynomial Liénard
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differential equations of degree n is

if m=6,8,10,....

In section 3 we shall provide some analytical results providing evi-
dence that the conjecture must hold for the cases L(m,n) with m =
6,8, 10,....

2. COMPUTATIONS OF L(0,n), L(2,n) AND L(4,n)

As we shall see the proof of Theorem 1 is reduced to prove the next
Propositions 2, 3 and 4.

First we shall provide the proof of L(0,n). We recall the Descartes
Theorem about the number of zeros of a real polynomial (for a proof
see for instance [2]).

Descartes Theorem Consider the real polynomial p(x) = a;x" +
;@2 + o 4 a7 with 0 < iy < iy < -+ < 4, and ai; # 0 real
constants for j € {1,2,--- ,r}. When a;,a;,,, <0, we say that a;, and
ai;,, have a variation of sign. If the number of variations of signs is
m, then p(x) has at most m positive real roots. Moreover, it is always
possible to choose the coefficients of p(x) in such a way that p(x) has
exactly r — 1 positive real roots.

Proposition 2. The equality

L(0,n) = {";1}

holds.

Proof. For proving that [(n — 1)/2] is a lower bound for the maximum
number of limit cycles of the Liénard polynomial differential systems
(1) of degree n, we shall prove that there are differential systems of the
form
(3) t=y+eF (),

y = 7T,

with F(x) = agp + a1z + ... + a,2™ and a,, # 0 having [(n — 1)/2] limit
cycles.
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We consider the usual polar coordinates (r,#) such that x = r cosf
and y = rsinf. The differential system (3) in polar coordinates be-
comes

7 =¢ecosf F(rcos?),
. 1
(4) 0=—1—¢c—sinf F(rcosb).
r

Now taking as the new independent variable the variable 6, system (4)
can be written as

(5) % = —ccos F(rcos) + O(e?) = ef(0,r) +e2g(0,r,¢).

Since the differential equation (5) satisfies all the assumptions of
Theorem 10 of the appendix, we apply it to equation (5). Thus, using
the notation of the appendix we have

1 21
folr) = %/0 f(0,r)do
1 21
= —2—/ cos 0 F(r cos 6)db
T
1 pl 2 .
= —— ) gt cos't1 9dp
2 ; /0

n—1)/2|

[(n—1) 2
1 ) )
= —5 E a2j+1r27+1/ cos¥ 2 04de.
T 0

If
1 2 ]
bgj+1 = - COS2]+2 0do 7& 0
2m Jo
for j=0,1,...,[(n—1)/2], it follows that
((n=1)/2 |
for) = > agjpabor™ ™.
=0

By Descartes Theorem and choosing the coefficients ag;y1 conve-
niently the polynomial fy(r) has [(n — 1)/2] positive roots ry for k =
1,2,...,[(n—1)/2]. Clearly the other roots of that polynomial of degree
2[(n—1)/2] + 1 are 0 and —ry for k =1,2,...,[(n — 1)/2]. Therefore
f'iri) # 0 for k = 1,2,...,[(n —1)/2]. Hence, by Theorem 10, for
e sufficiently small the differential equation (5), and consequently the
differential system (3) will have [(n — 1)/2] limit cycles near the circles
of radius ry for £ = 1,2,...,[(n — 1)/2]. Hence, the proposition is
proved. U
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FIGURE 1. The functions sign(x) and ss(z).

Proposition 3. The equality

o= 2
holds.

Proof. For proving that [n/2] is a lower bound for the maximum num-
ber of limit cycles of the 2—piecewise discontinuous Liénard polynomial
differential systems (1) of degree n, we shall prove that there are dif-
ferential systems of the form

(6) 5; : g; esgn(z) F(x),

with F(z) = ap+a1x+ ...+ a,2™ and a, # 0 having [n/2] limit cycles.
System (6) in polar coordinates becomes
7 = esgn(rcosf) cosf F(rcosh),

(") § = —1 — esgn(r cos§) = sin f F(r cos ).
r

Instead of working with the discontinuous differential system (6) we
shall work with the smooth differential system

(8) .’E =y +ess(x)F(z),

Y= -2,
where ss(x) is the smooth function defined in Figure 1, such that
lim ss(x) = sgn(z).
0—0
System (8) in polar coordinates becomes

7 =€ ss(rcosf)cosf F(rcosb),
) é:—1—685(7‘COS€)%SH19F(7“COS@).
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We must note that the Poincaré map of both systems (7) and (9)
are smooth, because in the first case it is composition of two smooth
functions (one defined on x = 0 by the flow in « > 0, and the other also
defined on z = 0 by the flow in < 0), and in the second it is smooth by
the general results on smooth ordinary differential equations. Clearly,
the limit of the Poincaré map of system (8) when 6 — 0 tends to
the Poincaré map of system (6). On the other hand if we do the
Taylor expansion of the Poincaré map in the parameter €, the averaged
function fj of the appendix is the coefficient of ¢ in such expansion, for
more details see for instance the section 3 of [3]. Therefore, if fJ(r) and
fo(r) denotes the averaged function of systems (9) and (7) respectively,
then the limit of fJ(r) when § — 0 is the function fy(r). Hence, by
Theorem 10 the simple zeros of the function fo(r) provide limit cycles
of the differential equation (7), and consequently of the discontinuous
differential system (6). Now we shall compute the function fo(r).

Taking now 6 as the new independent variable system (7) can be
written as
dr

(10) i —esgn(rcos ) cos F(rcos ) + O(e?)

= ef(0,r) +e%g(0,r,¢).
Since the differential equation (6) is the limit of systems satisfying

all the assumptions of Theorem 10 of the appendix, we apply it to
equation (10). Thus we have

1 2T
fo(r) = Py f(0,r)do
0
1 /2 3r/2
= — —/ cos@F(rcosH)d9+/ cos @ F(r cos 6)df
2m —7/2 /2
1 w/2
= o (—cosf F(rcos@)df + cos( — m) F(rcos(d — m)))do
T J—n/2
1 w/2
= —— (cos F(rcos0)df + cos 6 F(—rcosf))dd
27T 771./2
N .
= == ayr¥ / cos™ 1 4do.
™ =0 —7/2

It
1 w/2 )
byj = ——/ cos? T 9df < 0

T J_n/2
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for j =0,1,...,[n/2], it follows that

[n/2]
fo(T’) = Z CLijQj?“Qj.
j=0

By Descartes Theorem and choosing the coefficients as; conveniently
the polynomial fy(r) has [n/2] positive roots ry for k =1,2,...,[n/2].
Clearly the other roots of that polynomial of degree 2[n/2| are —ry
for k = 1,2,...,[n/2]. Therefore f'(ry) # 0 for k = 1,2,...,[n/2].
Hence, from the previous arguments, by Theorem 10 for ¢ sufficiently
small the differential equation (10), and consequently the differential
system (6) will have [n/2] limit cycles near the circles of radius r for
k=1,2,...,[n/2]. Hence, the proposition is proved. O

Proposition 4. The equality

L(4,n) = {";1}

holds.

Proof. For proving that [(n — 1)/2] is a lower bound for the maximum
number of limit cycles of the 4-piecewise discontinuous Liénard poly-
nomial differential systems (1) of degree n, we shall prove that there
are differential systems of the form

. 2 _ .2
(11) a.;_y—i—esgn(x yh)F(z),

y=—-I,
with F((x) = agp + a1x + ... + a,2™ and a,, # 0 having [(n — 1)/2] limit
cycles.

System (11) in polar coordinates becomes
7 = esgn(cos(260)) cos§ F(rcosf),

. 1
(12) 0 = —1 — esgn(cos(260))—sin O F(r cos 9).
T

Using similar arguments to the proof of Proposition 3 we shall see
that the discontinuous differential system (12) is limit in R? \ {(0,0)}
of smooth differential systems.

Taking 6 as the new independent variable system (12) can be written
as
dr

(13) 0 = —esgn(cos(260))cos F(rcosf) + 0(52)

= ef(0,r) +¢<%g(0,r,¢).



DISCONTINUOUS LIENARD POLYNOMIAL DIFFERENTIAL EQUATIONS 9

Since the differential equation (13) is the limit of systems satisfying
all the assumptions of Theorem 10 of the appendix, we shall apply di-
rectly Theorem 10 to system (13) for computing the averaged function
fo(r). Thus we have

1 27
fg('f’) = 2— f(9 r)d9 = (Il + IQ)
T Jo
where
/4 5m/4
L = —/ cos @ F(rcos®)dd — / cos O F(rcosf)db,
—m/4 3m/4

3n/4 /4
I = / cos F(rcos 0)df —i—/ cos O F'(r cos 0)do.

w/4 5m/4

We have

w/4 w/4
L = —/ cos@F(rcosH)d0+/ cos @ F(—rcos)dd

—m/4 —7/4

w/4
= / cos O(—F(rcos®) + F(—rcosf))dd

—m/4
[(n—1)/2] /4

= -9 Z i1 ”/ cos¥ 2 0de

—7/4

If

w/4 ‘

b2j+1 = —2/ cos® 2 0d6 <0

—7/4

for j=0,1,...,[(n —1)/2], it follows that
((n=1)/2 |
L = Z agjr1baj 1t
§=0

Similarly we have

3m/4 3r/4
L= — / cos O F(rcos®)dd — / cos @ F'(—r cos 6)db
w/4 m/4

3m/4
= / cosO(F(rcos@) — F(—rcosf))df
/4
[(n—1)/2] "

= 2 Z Agj 1T ﬁ/ cos 2 dp

/4
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It

3r/4 ‘
Cojy1 = 2/ cos®*20d6 >0
w/4

for j=0,1,...,[(n —1)/2], it follows that

(n=1)/2] |
I, = Z agj11C2j1 T

j=0
Consequently

[(n—1)/2]
27 folr] = Z azjt1(baji1 + coj1)r T

=0

We claim that bgji1 + c2j41 < 0. This claim follows from the fact
that if 6 € (—n/4,7/4) then cos > 1/4/2, while if 6 € (7/4,37/4)
then cosf < 1/ V2. Therefore, by Descartes Theorem and choosing
the coefficients as;+1 conveniently the polynomial fy(r) has [(n—1)/2]
positive roots 7y, for k = 1,2,...,[(n — 1)/2]. Clearly the other roots
of that polynomial of degree 2[(n — 1)/2] + 1 are 0 and —ry, for k =
1,2,...,[(n —1)/2]. Therefore f'(ry) # 0 for k =1,2,...,[(n —1)/2].
Hence, by Theorem 10, for € sufficiently small the differential equation
(5), and consequently the differential system (3) will have [(n — 1)/2]
limit cycles near the circles of radius ry for 0

3. SOME ANALYTIC RESULTS AND NUMERICAL COMPUTATIONS

For m = 2,4,6,... let g,,(x,y) be the function which appears in sys-
tem (2). The set of points (x,y) satisfying ¢,,(x,y) = 0, divides the
plane in m sectors. We can assume that the slopes of the m /2 straight
lines of g,,(x,y) = 0 are tan(a + (27j)/m) for j = 0,1,...,m/2 — 1.
Then, by the arguments of the proof of Propositions 3 and 4 for study-
ing the limit cycles of the m—piecewise discontinuous Liénard polyno-
mial differential equation of degree n via de averaging method we must
study the simple zeros of the averaged function

1 ™l pet@n(+1)/m ,
Jo(r) = —+= / (—1) cos @ F(rcos)db.
2m =0 a+(2wj)/m
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If as usual F(z) = ap + a1z + ... + a,z™ with a, # 0, then

1 & (MLl pat2n(4+1)/m ‘ ‘
folr) = —=—) air’ Z/ (—1) cos'™ 0d6

(14) i=0 j=0 Y at2mj/m
= Z &idﬂ"i.
=0

Consequently fo(r) always is a polynomial of degree at most n. Note
that we have taken (—1)7 in the expression of the function fy(r), but
it also would be (—1)’*1, this depends of the explicit expression of the
function g,,(z,y). But this change of sign in the function fy(r) does
not affect its zeros.

Remark. From (14) for studying the simple zeros of the polynomial
fo(r) we must know if the constants d; which depend on m are zero or
not. The problem of solving the conjecture is reduced to know which d;
are zero for a giwven m, and to apply the Descartes Theorem.

We recall that a function g : R — R is called odd if g(—r) = —g(r),
and it is called even if g(—r) = g(r). If g is an odd polynomial, then g
only has monomials of odd degree. If g is an even polynomial, then ¢
only has monomials of even degree.

Proposition 5. If m is multiple of 4, then d; = 0 for 1 = 0,2,4,...,
and the polynomial fo(r) is odd.

Proof. Since m is multiple of 4, the signs (—1)’ and (—1)7*™/2 of
sgn(gm(z,y)) in an open sector defined by ¢, (z,y) = 0 and in its
symmetric with respect to the origin of coordinates are equal. But in
one of these sectors cos'™ @ is positive and in the other negative be-
cause 7 is even. So the addition of the two integrals of d; over these two
symmetric sectors is zero, and consequently d; holds. Therefore, from
(14) if follows that fo(r) is an odd polynomial. O

Proposition 6. If m is not a multiple of 4, then d; = 0 for i =
1,3,5,..., and the polynomial fo(r) is even.

Proof. If m is not a multiple of 4, the signs (—1) and (—1)*"™/2 in
an open sector and in its symmetric with respect to the origin of co-
ordinates are different. Since in these two sectors cos’*! @ is positive
because i is odd, again the addition of the two integrals of d; over these
two symmetric sectors is zero, and consequently d; holds. Therefore,
from (14) if follows that fo(r) is an even polynomial. O

Of course the results of Propositions 5 and 6 agree with the expres-
sions of fy(r) obtained in the proofs of Propositions 3 and 4.
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Proposition 7. If m = 6 then
[n/2]
fo(r) = Z ag;do;r?.
j=1
Moreover the mazimum number of positive real roots of the polynomial
fo(r) is [(n —2)/2].
Proof. From Proposition 6 and (14) if follows that for m = 6 we have
[n/2]
fo(r) = Z ag;do;r™.
j=0
We must prove that dy = 0. We have that
1 O fotmi+1)/3

dy= — E / (—1)" cos 0do
2m ;
j=0 Y a+7j/3
1 atm/3 D . g7
— +1
= % ;:0(—1)] cos ((9 - ?> do

An easy computation shows that

5 .
z:(—l)jJrl Cos (9 - ‘%T) =0,
5=0

consequently dy = 0.

Now the rest of the proof follows using Descartes Theorem as at the
end of the proof of Proposition 3. O

Note that for proving the conjecture for m = 6, from Proposition 7,
we only need to show that dy; # 0 for 7 = 1,2,3,..., and apply the
arguments of the end of the proof of Proposition 3.

With the help of the program mathematica we obtain for m = 6 and
a = m/2 that

1 LY VAl +1)
de = ; <2Bi (j + 1,§> — W)

where Bs (a, b) is an incomplete beta function and I'(2) is is the Euler

gamma function, for more details see [1]. Then, again we can verify
that dy = 0, and we must compute dy; for many j € {1,2,3,...} and
check that for those dy; # 0. But we do not know how to prove that
dej # 0 for all j =1,2,3,.... If this can be proved then the conjecture
is proved for m = 6.
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Proposition 8. If m = 8 then
[(n—1)/2] .
folr) =Y aspndaar®*.
j=1
Moreover the mazimum number of positive real roots of the polynomial
fo(r) is [(n — 3)/2].
Proof. From Proposition 5 and (14) if follows that for m = 6 we have
[(n—1)/2] 4
fo(r) = Z a2j+1d2j+1r2j+1--
j=0
We must prove that d; = 0. We have that

1 7 a+m(j+1)/4 '
dy = / (—1)7*t cos® Od6

2 j=0 Jatmj/4
1 a+m/4 7 ] ]7T

= — Z(—l)]+1 cos” <(9 — —) df
2m Jo =0 4

An easy computation shows that

7 .
Z(—l)jJrl cos® (9 - %) =0,
5=0

consequently d; = 0.

Now the rest of the proof follows using Descartes Theorem as in the
end of the proof of Proposition 4. ([l

Again note that for proving the conjecture for m = 8, from Propo-
sition 8, we only need to show that dy;; # 0 for j = 1,2,3,..., and
apply the arguments of the end of the proof of Proposition 4.

Again using the program mathematica we obtain for m = 8 and
a = 7/8 that

1 , .
daj1 = ] (\/ﬂ (G +3) +2 (Bi(z—\@ (+323)-

(5 +2
(v T+ 3:3)) TG +2)).

Then, we can verify that d; = 0, and we can compute dy; 1 for many
j €{1,2,3,...} and check that for those dy;+; # 0. But again we do
not know how to prove that ds;y1 # 0 for all j =1,2,3,.... If this can
be proved then the conjecture is proved for m = 8.

B

1
4
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Proposition 9. If m = 10 then

[n/2]
fo(?") = Z CLdeQj?"2j.

j=2
Moreover the maximum number of positive real roots of the polynomial
fo(r) is [(n —4)/2].
Proof. From Proposition 6 and (14) if follows that for m = 10 we have

[n/2]
fo(?") = Z CLdeQjT’2].

§=0
We must prove that dy = dy = 0. We have that

9 a+n(j+1)/5 '
/ (—=1)" cos Od6
a+mj/5

1

2 4
J

do ==
=0
1 a+n/5 9

. jﬂ'
- z:(—l)]Jrl Ccos ( — —) do
2r J,, = 5
An easy computation shows that
9 -

Z(—l)j+1 cos (9 — ‘%) =0,
5=0
consequently dy = 0.

On the other hand

9

1 atm(j+1)/5 '
dy = / (—1)7*t cos® Od6

27 =0 Jatmi/5
1 fotn/s s i
= o ) Z(—l)] oS (0 — ?) db

j=0
An easy computation shows that

9 -
Z(—I)JJrl cos® (0 — ‘%) =0,
j=0
consequently ds = 0.

Now the rest of the proof follows using Descartes Theorem as in the
end of the proof of Proposition 3. U
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Note that for proving the conjecture for m = 6, from Proposition 7,
we only need to show that dy; # 0 for 7 = 1,2,3,..., and apply the
arguments of the end of the proof of Proposition 3.

With the program mathematica we obtain for m = 10 and o = 7/2
that

1
dgj:%

2B, (5 s <j+ 1%) ~9B, 5, 9 <j_|_ 1%) %

Then, again we can verify that dy = ds = 0, and we can compute dy;
for many j € {2,3,...} and check that for those dy; # 0. But we do
not know how to prove that dy; # 0 for all j = 2,3,.... If this can be
proved then the conjecture is proved for m = 10, and so on.

APPENDIX I: AVERAGING THEORY OF FIRST ORDER

We first briefly recall the basic elements of averaging theory that we
shall need in this paper. Roughly speaking, the method gives a quan-
titative relation between the solutions of a non-autonomous periodic
differential system and the solutions of its averaged differential system,
which is autonomous. The following theorem provides a first order ap-
proximation for periodic solutions of the original system (for a proof
see for example [8, 14, 17]).

We consider the initial value problems

(15) x =cf(t,x)+%g(t,x,¢), x(0) = xq,
and
(16) y=¢foly), vy(0)=xqo,

with f, y and x( in some open subset Q2 of R", t € [0,00), € € (0, 0.
Here € is a small parameter. We assume that f and g are periodic of
period T in the variable ¢, and we set

f) =5 [ ey

Theorem 10. Assume that f, Dyf ,Dxxf and Dyxg are continuous
and bounded by a constant independent of € in [0,00) x Qx (0,e0], and
that y(t) € Q fort € [0,1/¢]. Then the following statements holds.
(1) Fort € [0,1/¢e] we have x(t) —y(t) = O(e) as e — 0.
(2) If p # 0 is a singular point of system (16) and det Dy F(p) #
0, then there exists a periodic solution ¢(t,e) of period T for
system (15) which is close to p, more precisely ¢(0,e)—p = O(e)
as € — 0.
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(3) The stability of the periodic solution ¢(t,¢) is given by the sta-
bility of the singular point.

We have used the notation Dy f for all the first derivatives of f, and
Dy f for all the second derivatives of f.

APPENDIX II: AN EXAMPLE IN CONTROL SYSTEMS

The constants in the following model can be chosen in such a way
that it fits in the universe of systems treated in this paper.

Consider the second order equation
T+ ar +br =cax
with a, b arbitrary constants, € a real parameter, and « satisfying |a| <
1.
Let Z, be the vector field represented by
T =y,
Yy = —br —ay + cax.
Note that, when e = 0, a? —4b < 0 and a # 0 then the system becomes

a linear vector field with complex eigenvalues (when a = 0 the system
becomes a center).

Let v = v(z,y) be a smooth real function defined in the plane and
we want to find a that minimizes the derivative of v along the orbits
of Z,. So,

0 = yv, — (br + ay)v, + caxvy,
and min{v} is attained by setting

ap = sgn{z.v,}

Choosing v = (22 4+zy+1?)/2 we consider Z,, with g = sgn{x(z+y)}.
So this system can be represented by the following differential system

T =y,

y=—br —ay+ ex,
if z(x +y) > 0 and

T =y,

y=—br —ay—cx,
if z(z+y) <0.

Assume Z,, satisfying the Filippov rules on the straight lines L; :

{z =0} and Ly : {x +y = 0}, which divide the plane in four regions I,
IL, 11T and IV.

If (1—b—a)? > &2 then the orbits of the system spiral the singularity
0. Observe that on the discontinuity set one finds just sewing regions.
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