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LIMIT CYCLES FOR A CLASS
OF DISCONTINUOUS GENERALIZED LIENARD
POLYNOMIAL DIFFERENTIAL EQUATIONS

JAUME LLIBRE AND ANA C. MEREU

ABsTRACT. We divide R? in [ sectors Si,...,5;, with | > 1 even. We de-
fine in R? a discontinuous differential system such that in each sector Sy, for
k = 1,...,1, is defined a smooth generalized Lienard polynomial differential
equation Z + f;(z)& + gi;(z) = 0, i« = 1,2 alternatively, where f; and g; are
polynomials of degree n—1 and m respectively. We apply the averaging theory
of first order for discontinuous differential systems to this class of non-smooth
generalized Lienard polynomial differential systems and we show that for any
n and m there are such non-smooth Lienard polynomial equations having at
least max{n, m} limit cycles. Note that this number is independent of I.

Roughly speaking this result shows that the non-smooth classical (m = 1)
Lienard polynomial differential systems can have at least the double number
of limit cycles than the smooth ones, and that the non-smooth generalized
Lienard polynomial differential systems can have at least one more limit cycle
than the smooth ones. Of course, these comparisons are done with the present
known results.

1. INTRODUCTION

A large number of problems from mechanics and electrical engineering, theory
of automatic control, economy, impact systems among others cannot be described
with smooth dynamical systems. This fact has motivated many researchers to the
study of qualitative aspects of the phase space of non-smooth dynamical systems.

One of the main problems in the qualitative theory of real planar continuous and
discontinuous differential systems is the determination of their limit cycles. The
non-existence, existence, uniqueness and other properties of limit cycles have been
studied extensively by mathematicians and physicists, and more recently also by
chemists, biologists, economists, etc (see for instance the books [1, 3, 22]). This
problem restricted to continuous planar polynomial differential equations is the
well known 16th Hilbert’s problem [8]. Since this Hilbert’s problem turned out a
strongly difficult one Smale [21] particularized it to Lienard polynomial differential
equations in his list of problems for the present century.

The classical Lienard polynomial differential equations
(1) i+ f(z)i+g(z) =0,

where f(z) and g(z) = x goes back to [9]. The dot denotes differentiation with
respect to the time ¢. This second order differential equation (1) can be written as
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the following first order differential system in R?

J= —g(), where F(a:):/0 f(s)ds.

Many results on the number of limit cycles has been obtained for the continuous
generalized polynomial differential equations (1) being f(z) and g(z) polynomials
in the variable x of degrees n — 1 and m respectively. The continuous classical
Lienard polynomial differential equations (1) were studied in 1977 by Lins, de Melo
and Pugh [10] who stated the following conjecture: if f(x) has degree n —1 > 0
and g(x) = z, then (1) has at most [(n — 1)/2] limit cycles. Here [z] denotes the
integer part function of z € R. They also proved the conjecture for n = 2,3. For
n = 4 this conjecture has been proved in 2012 (see [11]). For n > 7 Dumortier,
Panazzolo and Roussarie proved that this conjecture is not true in [5], they show
that these differential equations can have [(n — 1)/2] 4+ 1 limit cycles. Recently De
Maesschalck and Dumortier proved in [20] that the classical Lienard equation of
degree n > 6 can have [(n — 1)/2] + 2 limit cycles. The conjecture for n = 5 is still
open.

Results on the number of limit cycles for continuous generalized Lienard polyno-
mial differential equations can be found in [12] where the authors show that there
are differential equations (1) having at least [(n + m — 2)/2] limit cycles. See also
[4, 6, 16, 17, 18, 19, 23].

The objective of this work is to star the study of the number of limit cycles
for a kind of discontinuous generalized Lienard polynomial differential systems.
Here we shall play with many straight lines of discontinuities through the origin
of coordinates and with two different continuous generalized Lienard polynomial
differential systems located alternatively in the sectors defined by these straight
lines.

A similar work but with only one classical Lienard polynomial differential system
and only one straight line of discontinuity was studied in [14] obtaining [n/2] limit
cycles, instead of the [(n — 1)/2] of the continuous classical Lienard polynomial
differential equation obtained in [10].

Now we shall define the discontinuous generalized Lienard polynomial differential
system that we will study. We consider the function h : R? — R defined by

Lo

oo~ T (- om (o 27 ).

k=0
where [ > 1 even. The set

1
L1

)= {(w) :y = tan <a+ 2’;”) w}

k=0

divides R? into I sectors, Si,Sa,...,S;, i.e. h~1(0) is the product of /2 straight
lines passing through the origin of coordinates dividing the plane in sectors of angle
27 /1.

In this work we study the maximum number of limit cycles given by the averaging
theory of first order, which can bifurcate from the periodic orbits of the linear
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center £ =y, y = —x, perturbed inside the following class of discontinuous Lienard
polynomial differential systems:
. | Yi(z,y) if h(z,y) >0,
@ X =2 =0 e <o
where
_( y—ehi(z) _( v-—ek(2)
® e =( RO e = (4R,

¢ is a small parameter, and F;(z) and g¢;(z), for i = 1,2 are polynomials in the
variable x of degrees n and m respectively. System (2) can be written using the
sign function as

(4) X = Z(z,y) = Gi(z,y) +sign(h(z,y))Ga(z, y),

1 1
where G1(z,y) = 5 (Yi(z,y) + Ya(z,y)) and Ga(z,y) = 5 (Vi(z,y) — Ya(z,y)).
Our main result is the following one.

Theorem 1. Assume that for i = 1,2 the polynomials F;(x) and g;(x) have degree
n > 1 and m > 1 respectively, and that I > 1 is even. Then for || sufficiently
small there are discontinuous Lienard polynomial differential systems (2) having at
least max{n, m} limit cycles bifurcating from the periodic orbits of the linear center
T=y, y=—2x.

In short, taking into account Theorem 1 we can say roughly speaking that the
non-smooth classical Lienard polynomial differential systems can have at least
max{n, 1} limit cycles, i.e. roughly speaking the double number of limit cycles
than the smooth ones which at least have [(n —1)/2] + 2 for n > 6. Comparing the
mentioned result from [12], that smooth generalized Lienard polynomial differential
systems have at least [(n +m — 1)/2] limit cycles with Theorem 1, we can say that
the non-smooth generalized Lienard polynomial differential systems can have at
least one more limit cycle than the smooth ones. Of course all these comparisons
are done with the present known results.

2. AVERAGING THEORY OF FIRST ORDER FOR DISCONTINUOUS DIFFERENTIAL
SYSTEMS

The first-order averaging theory developed for discontinuous differential systems
in [13] is presented in this section. It is summarized as follows.

Theorem 2. We consider the following discontinuous differential system
(5) 2'(t) = eF(t,x) + 2 R(t, z,€),
with

F(t,2) = Fi(t,2) + sign(h(t,)) Fa(t, z),

R(ta z, E) =R (ta z, 5) + Slgn(h(ta x))RQ(tv z, 5)7
where F1,Fs :Rx D — R" Ry,Ry: Rx D x (—¢g,60) > R" and h : Rx D - R
are continuous functions, T —periodic in the variable t and D is an open subset of
R™. We also suppose that h is a C' function having 0 as a reqular value. Denote
by M =h=10), by £ = {0} x D € M, by By = E\M # &, and its elements by
z2=(0,2z) ¢ M.
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Define the averaged function f: D — R™ as

T
f(x):/o F(t,x)dt.

We assume the following three conditions.

(i) F1, F3, R1, Ry and h are locally L-Lipschitz with respect to x;
(ii) for a € Xy with f(a) = 0, there exist a neighborhood V of a such that
f(2) #0 for all z € V\{a} and dg(f,V,a) # 0, (i.e. the Brouwer degree of
f at a is not zero).
(iil) If Oh/Ot(to, z0) = 0 for some (to,z9) € M, then
((Vxh, F1>2 —<V3;h, F2>2) (to, ZQ) > 0.

Then, for |e| > 0 sufficiently small, there exists a T—periodic solution x(-,&) of
system (5) such that x(t,e) = a as e — 0.

Remark 1. We note that if the function f(z) is C' and the Jacobian of f at a is
not zero, then dg(f,V,a) # 0. For more details on the Brouwer degree see [2] and
[15].

3. PROOF OF THEOREM 1

The discontinuous Lienard differential systems (2) in polar coordinates (r,6)
become

7= —¢(cosf F;(rcosf)+sind g;(rcosh)),
0=—1+ % (sinf F;(rcos®) — cos@ g;(rcosh)),

with ¢ = 1 if sign (h(rcosf,rsind)) > 0 and ¢ = 2 if sign (h(rcosf,rsind)) <
0. Taking the angle 6 as new independent variable the discontinuous differential
systems become

(6) i = e (cos O Fi(rcosf) +sind g;(rcosf)) + O(?).

The discontinuous differential system (6) is under the assumptions of Theorem
2 taking
i1
. i 2km
t=60, T=2r, x=r, M=h (0):U @,r):0=a+— ; ,7>07. So
k=0
according with Theorem 2 we must study the zeros of the averaged function

ot 2k 1)7'r

= Z / (cosO Fi(rcosf) +sinf g1 (rcosf)) do+

2(k L
=1

Eo

™) o
/ (cos @ Fy(rcosf) +sinf go(rcosf)) dG] .

+(2k;1)7r
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If we denote by F(x Z a; " , Fo(x Z bzt , g1(z Z ¢zt and g2(x

m
E d;x* we have

1=0

l a+(2k 1) n
i+1
Z l/ 20 (Z agr' cos™ 0 + Zczr cos' fsin 6) do+

k=1 z 0

a+2k7r
/ (2h—1) (Zbr COSZH@Jerr coS 981119) dﬁl
a++"

=0

In order to calculate the exact expression of f(r) we use the following formulae
[2.513 3] and [2.513 4] proved in [7]:

1 2m sin(2m — 25)6
2m _
/COS 0 do = 22m ( m ) 22m 1 Z ( ) 2m — 21 )

/Cos2m+10d0: ]'Z< 2m+1 > Sin(Qm_Q'j+1)g'
m]:() 2m —-2j+1

Thus we have

f(r) = f1(r) + fa(r) + f3(r) + fa(r),

where

1 +(2k 1w

i1 _
Z/ 2 (Za r' cos 9) do =
=17t i=0

: i 1 i1 \7 1[4l

Z Z a;r 21+1((i+1)/2)l+21 < j )spl]k 4

k=1 | ;= =0

i odd
i aﬂ“z 2 < Z+1 >S0
91 . i,5,k | —

1= j:O ]

7 even

! - a;r 1+ 1 T " a;rt [E] 7+ 1

> & ey ik |

= ( )rey s (),
= | = 2 (i+1)/2 l gt 2 = j
i odd
with
sin (127 +1) (a+ Z507) ) —sin (i - 2 +1) (a+ 20507))

Pi,jk = #£0;

i—2j+1
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o @k=Dm 1)7\'

Z/ 2 (chr cos Qsm@) Zl+1¢”€7

k=1 i=0
with
¢ = cos' Tt (a + (Qk;nﬂ> — cos'tt (a + Z(k;l)ﬁ) #0;
CTESIES
Z/ . (Zbr cos' 1 9) dé =
! DLt i4+1 T "L brt L¢] 1+1
,; z; 2“( (i+1) /2)l+1Z 2 FO( j )WM ’
7 odd
with
sin (12 +1) (a+ 27)) = sin (i = 2j + 1) (a + 7))
Vi = i—2j+1 7 0;
a4 2k m
Z/OHF(% . <;dirzcos29sin9> 2 “Z;H-l@k’
with
Cip = cos'! <a+ 217) cos' ! (a+ (2k l ) ) £ 0
Thus

k=1 =1
i odd
“ 7t ] 1+1 Zogpt
%Y - (@ipi gk + bithijn) — > ——(citpie + diix)
im0 < o/ i

The function f(r) is a polynomial in the variable r of degree max{n, m} therefore

f(r) has at most max{n,m} positive roots. If r* is a simple zero of f(r), i.e.
d
f(r*) =0 and d—f # 0, then the Brouwer degree dp(f,V,r*) # 0 being V a
r r=r*

convenient open neighborhood of r* (see Remark 1). We can choose the coefficients
ai, bi, ¢; e d; in such a way that f(r) has exactly max{n, m} simple positive roots.
Hence Theorem 1 is proved.
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4. EXAMPLES
In this section we illustrate Theorem 1 by studying the existence of 27-periodic
solutions for two non-smooth Lienard polynomial differential systems.

Example 1. We consider [ = 2 and o = 0. Thus the function h : R?2 — R is
defined by h(z,y) =y and h=1(0) = {(z,y) € R? : y = 0}. System (2) becomes

®) X—““”—{nmm if y <0,
2 1 3 11 2 3
where Fi = 14+z+2°+ | ——-1|z°, Fb =14 (——-1]z+2"+2°, g1 =
97 127
7

f—l—x—l—ga:Q and go = 1 + 2z + 2. Thus we have

8
2 1 3
y—ell4+ax+2°+ 9——1 T
Yi(z,y) = i

—r—€ z+x+§x2 7
8 8

11
— 1 — -1 2 3
Yg(x,y): Y 6( +<127r )z—i-x +x>
—x—5(1+x+x2)

The averaging function (7) is given by

f(r)= /07T (cosf Fy(rcosf) +siné gi(rcosh))do+

2m
/ (cosO Fy(rcosf) +sinf go(rcosh))do =

—6 + 11r — 612 4 13,

The zeros of f(r) are r = 1, r = 2 and r = 3, and they are simple. Hence, by
Theorem 1 it follows that for € # 0 sufficiently small the discontinuous differential
system (8) has three periodic solutions.

Example 2. We consider [ = 4 and « = 7/4. Thus the function h : R? — R is
defined by h(x,y) = (y—2)(y+x) and h=1(0) = {(z,y) : y = 2}U{(2,y) : y = —x}.
System (2) becomes

. o Yl(xa ) lf( —iC)
(9) XZ@”{lam; it (y— )+ 2) <0

T2/ 2
where F} = 22, Fy = 12/2n+ V2

32
22, g1 = 1+x+224+2% and gy = —887m:—77rx3.
Thus we have

2
_ y —ex
Yl(x’y)_(—sc—a(l—i—:v—i—ﬁ—i—x?’) >

2v/2
Yy—¢€ (12\/§7r + %[xZ
Ya(z,y) =

—r —¢€ (—887rx — 3277rz3
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The averaging function (7) is given by

37

fir)y= /iT (cos@ Fi(rcosf) +sinf gi(rcosf)) do+

4

/ ’ (cos Fy(rcosf) +sinf go(rcosf)) do+
3
/ ’ (cos@ Fy(rcosf) +sinf gi(rcosf)) df+

/ ’ (cos® Fy(rcost) +sinf go(rcosh))dd =

—6 4 11r — 6r2 + 73,

The zeros of f(r) are r = 1, r = 2 and r = 3, and they are simple. Hence, by
Theorem 1 it follows that for & # 0 sufficiently small the discontinuous differential
system (9) has three periodic solutions.
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