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LIMIT CYCLES IN PLANAR PIECEWISE LINEAR DIFFERENTIAL
SYSTEMS WITH NONREGULAR SEPARATION LINE

PEDRO TONIOL CARDIN AND JOAN TORREGROSA

ABSTRACT. In this paper we deal with lanar piecewise linear differential systems defined
in two zones. We consider the case when the two linear zones are angular sectors of
angles o and 27 — a, respectively, for a € (0, 7). We study the problem of determining
lower bounds for the number of isolated periodic orbits in such systems using Melnikov
functions. These limit cycles appear studying higher order piecewise linear perturbations
of a linear center. It is proved that the maximum number of limit cycles that can appear
up to a sixth order perturbation is five. Moreover, for these values of «, we prove the
existence of systems with four limit cycles up to fifth order and, for a = 7/2, we provide
an explicit example with five up to sixth order. In general, the nonregular separation
line increases the number of periodic orbits in comparison with the case where the two
zones are separated by a straight line.

1. INTRODUCTION

Many systems of relevance to applications are modeled using piecewise linear differen-
tial systems. The study of such systems goes back to Andronov and coworkers [1] and
nowadays still continues receiving attention by many researchers. For more details about
piecewise linear (and piecewise smooth in general) differential systems see for instance the
books of Filippov [10] and di Bernardo et al. [8] and the references quoted therein.

In the classical theory for smooth systems an important topic is the weak 16th Hilbert’s
problem. The question is: Which is the maximum number of isolated periodic orbits,
also called limit cycles, that bifurcate perturbing a center? This problem for piecewise
differential systems defined in two zones have been studied recently, among other papers,
in [5, 7,17, 18, 19, 22, 25, 26, 32]. Usually the separation line between the two zones is a
straight line. Here we study the case when the separation line is nonregular. In fact we
consider two angular regions, i.e. the separation line is formed by two semi-straight lines
that coincide at the origin forming an angle «, with o € (0, 7). In particular we provide
lower bounds for the number of limit cycles of the linear center under perturbation,
with piecewise linear vector fields, up to order six. After a linear transformation, if it is
necessary, it is not restrictive to assume that the center is the classic harmonic oscillator.
More precisely, for each N € N, we consider the following piecewise linear perturbation

of the linear center N

io= —y+ Y £(ag +afz +ady),

N (1)
y = q:—i—zgi(bé—i-bix—i—biy),

=1

defined in the angular regions separated by the line . In fact the separation line ¥, is
defined as follows. For o € (0, 7) and o # 7/2, then ¥, = {(z,y) : x > 0,y = 0}U{(z,vy) :
x = (tana) 'y,y > 0}. For a = 7/2, we have Xx = {(z,y) : @ > 0,y = 0} U {(z,y) :
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z =0,y > 0}. Finally, 3, denotes the straight line {(z,y) : y = 0}. The notations =
indicate the angular sectors of angles o and 27 — « separated by X, respectively. We
denote the vector fields associated to system (1), defined in 3£, by X*, respectively. The
point (0,0) where the separation line 3, loses its regularity will be referred to as the
breaking point.

It is worth to emphasize that, with the perturbations that we have considered, the
perturbed systems do not escape from the class of piecewise linear system, but we consider
the period annulus of the center instead of a neighborhood of the origin. This is the aim
of the higher order Poincaré-Pontryagin—Melnikov theory instead of degenerated Hopf
bifurcation. This theory provides the same results, in the plane, than the averaging one.
In this paper, NV denotes the degree in the perturbation parameter ¢, or the order of
perturbation in €.

The number of limit cycles close to the origin for piecewise families, using Lyapunov
constants, is studied in [6, 32]. All the families introduced in both works have the origin as
a critical point for the systems defined in XF, respectively. In fact, the perturbations are of
higher order in the variables. In our case the perturbations are linear in the variables but
nonlinear in the parameter €. Moreover, we do not preserve the origin as a critical point
in X%, then the technique used in those papers, based on a change to polar coordinates,
is more difficult to apply. Consequently these two problems are not equivalent.

In the case when the separation line is a straight line, Han and Zhang in [18] conjectured
that the maximum number of limit cycles for planar discontinuous piecewise linear systems
should be at most two. However, Huan and Yang in [19] provided strong numerical
evidence that three limit cycles should exist. A computer-assisted proof of the existence
of such limit cycles was given in [25]. The existence of other examples with three limit
cycles, via bifurcation techniques, can be found in [5, 13]. The example given in [5] uses a
piecewise linear perturbation of a linear center and it is proved that three is the maximum
number of limit cycles that can appear up to a seventh order perturbation. Moreover,
as was observed in [5], when the order of the perturbation increases, the number of limit
cycles seems to stabilize in three. However, it is still an open question to determine
whether three is the maximum number of limit cycles for planar discontinuous piecewise
linear differential systems when the separation line is a straight line. In this case, Fuzébio
and Llibre in [9] proved that if one of the linear differential systems has its equilibrium
point on the straight line of separation, then the maximum number is less or equal than
four. This upper bound is decreased by two in the same cases in [23, 24]. For this special
class, the complete study is done in [28], where it is shown that the maximum number of
limit cycles is two. Moreover, this upper bound is reached.

When the separation line is no longer a straight line, it is possible to obtain more
than three limit cycles. Braga and Mello in [3] showed the importance of the separation
boundary in the number of bifurcated limit cycles. They proved the existence of piecewise
linear differential systems with two zones in the plane with four, five, six and seven limit
cycles, and conjectured that, given n € N there is a piecewise linear system with two
zones in the plane with exactly n limit cycles. Promptly, Novaes and Ponce in [29] gave
a positive answer to this conjecture. Braga and Mello in [4] also showed the existence of
a class of discontinuous piecewise linear differential systems with two zones in the plane
having exactly n hyperbolic limit cycles. As it was pointed out in [4], in the obtained
examples in [29], the limit cycles can be nonhyperbolic.

In this article, we highlight once again the importance of the separation line and the
number of breaking points in the number of limit cycles that can appear by perturbation
in piecewise linear vector fields. We study the bifurcation of limit cycles by studying
higher order piecewise linear perturbations of a linear center. We follow the procedure
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described in [5] to study the X,-piecewise linear vector field and we get four limit cycles
for every o € (0,7) and five for a« = 7/2. This shows that, in general, one can obtain
more limit cycles in comparison with the case of X, -piecewise linear vector fields. Clearly,
the functions to be studied, which ensure the existence of all these limit cycles, can not
be well defined when « goes to 7 nor to 0. We will come back to this question later.

In the works [3, 29] as well as in the present paper, all the considered limit cycles are
nested and they intersect X, only at crossing points. That is, the limit cycles intersecting
the sliding region are not considered. Below we give the precise definitions. Besides the
method used, the main qualitative difference with [3] is that we have only one breaking
point which define the nonregular set in X, and not one between two consecutive limit
cycles. Moreover all our limit cycles have this breaking point in its interior. With respect
to [29] we observe that the separation line is analytic.

For analytic vector fields the number of limit cycles usually increases when higher
order perturbations are considered. It is well known that, up to a first order analysis in
g, perturbing the linear center with arbitrary polynomials of degree n, we can only obtain
[(n—1)/2] limit cycles for the perturbed system, where [-] denotes the integer part function,
see [16]. On the other hand but in the same class of systems, in [20] it is proved that the
maximum number of limit cycles is lower or equal than [N(n — 1)/2]. This upper bound,
in general, is reached when n is large enough and N = 2. In many classes of polynomial
systems, when N increases, the number of limit cycles usually stabilizes. The stabilization
process depends on the considered family. In [14] this phenomenon is studied for some
families. For example, a concrete class is presented such that the maximum number of
limit cyclesis 0,0,1,1,1,2,2,2,2,2 when N = 1,...,10. In [20], considering perturbations
of a linear center by quadratic polynomials, it is shown that when N = 1,...,6, the
maximum number of limit cycles is 0,1, 1,2, 2, 3, respectively. A higher order study is not
necessary because Bautin in [2], for quadratic systems, proves that at most three limit
cycles can appear near a focus or a center. This stabilization phenomenon also appears in
piecewise linear systems. In [5] it is proved that for system (1), with separation line X, the
maximum number of limit cycles is 1,1,2,3,3,3,3 when N = 1,2,3,4,5,6,7, respectively.
In this paper we have not showed if the stabilization procedure also appear in general
piecewise linear systems with nonregular separation line because of the computations.
But we think that this phenomenon will appear for every family of systems, as we show
in Section 5 for some classes of ¥,-piecewise linear Liénard systems.

Before the presentation of our main results we introduce some definitions and notation.
In our approach, Filippov convention [10] is considered. Let X = (X', X~) be a general
piecewise vector field with nonregular boundary ¥,. We assume that (0,0) is the only
breaking point. The points on X} = X, \ {(0,0)} where both vector fields Xt and X~
simultaneously point outward or inward for X7 define the escaping and sliding regions.
The complement of these regions in X7, excluding the tangency points of X+ with 3,
defines the crossing (or sewing) region. See these situations in Figure 1. If the boundary
between the two zones is regular (i.e. X, is a smooth curve), the definitions of crossing,
escaping and sliding regions make sense for any p € 3.

Any segment S contained in an escaping or a sliding region is called usually a sliding
segment. A periodic orbit that intersects Y, but not the escaping nor sliding region is
called X,-crossing periodic orbit. When this periodic orbit is isolated, we call it X,-
crossing limit cycle, or simply crossing limit cycle. In this paper we only study this type
of periodic orbits bifurcating from the linear center. In the case when the separation line
is the straight line ¥, for e small enough, the sliding segment of system (1) is an open
interval that contains the origin. However, if the separation line is no longer a straight
line, system (1) can have more than one sliding segment separated by the breaking point.
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FIGURE 1. Filippov convention for (a) crossing, (b) escaping and (c) sliding regions.

Examples of this situation can be seen in Figure 2. Additionally, for £ small enough in (1),
the critical point of Xt and X~ is a focus or a center.

Yo ) Ya
+ 2a \ X+ +

X X+ X

X~ X~ X~ X~

FIGURE 2. Possible perturbed phase portraits for system (1). The color
segments mean noncrossing segments (escaping in red and sliding in blue).

This work is an application of a generalization of Francoise’s method for smooth sys-
tems, see [11]. More specifically, the method used in this work, see [15], is a generalization
to piecewise linear systems of the extension to higher order perturbations, see [21], of the
method of Frangoise. The main application in [15] is the computation of the Lyapunov
constants for piecewise systems and their use in the center-focus problem. Other appli-
cations of this method can be found in [30, 31]. This procedure is useful not only to
discuss the weak 16th Hilbert’s problem, but also to study related problems such that the
persistence of centers under small perturbations, and the study of the period function for
centers, see [5].

The method described in [15] is based on a decomposition of certain one-forms asso-
ciated to the expression of the vector field in polar coordinates. The decomposition, see
Section 2, is done in such a way that it simplifies the computations of the first nonzero
term, My (p), of the expansion in ¢ of the return map associated to the vector field defined
on the positive z-axis, so that

M(p,e) = p+e"¥My(p) + O™,

In this case the function My(p) is called the first nonvanishing Poincaré—Pontryagin—
Melnikov function. As in smooth systems, for each simple zero py of My (p), there exists a
hyperbolic limit cycle 7. of the perturbed system (1), such that 7. goes to 7o when € goes
to 0, where 7y is the level curve {z%+ y? = p2} of the unperturbed system. When M; = 0
fori =1,..., N — 1, then the number of zeros of My(p) determines the upper bound of
the number of limit cycles bifurcating from the center of the unperturbed system up to
order N. Our main result is the following.

Theorem 1.1. For system (1) and a € (0,7), the mazimum number, Zy, of zeros of
the corresponding function My(p) is 1,2,2,3,4,5 when N = 1,...,6. Moreover, for each
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N < 5, there exist perturbation parameters such that system (1), for ¢ small enough,
exhibits Zn hyperbolic limit cycles for every a € (0, 7). In addition, when o = /2, for
some concrete perturbation parameters and for € small enough, system (1) has five limit
cycles.

We recall that, in [5], the authors proved that system (1), when the separation line is
dor, has three limit cycles. In order to compare with this regular case, a natural question
appears: What happens with the extra limit cycles, when they exist, that appear in
Theorem 1.1 when « goes to 7?7 Analyzing the functions My (p) in Section 3, it is possible
to show that the radius of at least one of the limit cycles goes to infinity. Consequently
at least one limit cycle goes to infinity when a goes to m. Moreover, if o goes to 0 the
system becomes linear so there are no limit cycles. In this case all the limit cycles go to
origin. See Remark 3.3.

This paper is organized as follows. In Section 2 we provide the main tools to prove
the results of this work. In Section 3 we study the maximum number of limit cycles
that appears from X,-piecewise linear perturbations of a linear center up to a sixth order
perturbation. In addition, we prove the existence of a piecewise linear system with four
Yo-crossing limit cycles. For oo = m/2, see Section 4, we give an explicit example with five
limit cycles, together with the numerical simulation for small values of €. Moreover we
also get the values of € where some of these limit cycles disappear in a semistable limit
cycle bifurcation. In Section 5 we show some piecewise linear Liénard systems where
the stabilization process, commented previously, appears. We finish with a concluding
section. Although the computations of this work can be done analytically, due to the size
of the expressions that appear in some of the proofs, almost all have been done with a
Computer Algebra System?.

2. DIFFERENCE MAP FOR X,-PIECEWISE LINEAR SYSTEMS

This section is devoted to present the main tools that we need to state and prove the
results of this paper. We extend to X,-piecewise linear vector fields the presentation given
in [5] for the X, case. The method described uses the decomposition of a one-form given
in [11, 12] but for higher order perturbations, in polar coordinates, as was introduced in
[15].

Consider a system

N N
X* o (d,9) = ( —y+ Y & Br(zy), v+ ZeiQf(Jf7y)>7
i=1 =1

where P*(z,y) and QF(z,y) are analytic functions, defined in the regions Y2, see (1).

«?

The above vector field X, in polar coordinates (z,y) = (r cos @, rsin ), writes as
(S R (r0), 1+ Y, 07 (1,0)) i 0 € [0,0),
(SR (r,0),1+ X, £0; (1,0)) i 6 € [a,2m),

where Rf, @f are analytic functions in 7, sinf, and cos . Then it can also be expressed
as

(r,6) =

N
dH + Y ewl =0 if0€|0,a),

3 2)
dH + > cw; =0 if 0 € |o,2m),

=1

]

IThe computations are done with MAPLE™ in a Xeon computer (CPU E5-450, 3.0 GHz, RAM 32
Gb) with GNU Linux. See [27]
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where H(r) = (22 + y?)/2 = r?/2, and w® = w(r, ) are analytic one-forms, 27-periodic
in # and polynomial in r.

Let 77(0, p,€) (resp. 7=(6,p,€)) be the solution of X* such that r*(0,p,e) = p (resp.
r~(0,p,e) = p and reversing the angle 6). Observe that, for € small enough, it is well
defined in an annular region that does not contain the origin. The periodic orbits are the
zeros of the difference map A, (p,e) =rt(a, p,e) —r (=27 + «, p, &), see Figure 3.

(e, p,€)

7"7<—27T +a,p, 5)

FIGURE 3. Difference of the half-return maps of system (1)

p.e) = SN rE 0. p)e. I
p) = 0. Next proposition
p,€) in series of € and the

We write the solution 7£(6, p, ) in power series of ¢ as r*(
can be checked easily that (6, p,0) = ri (0, p) = p and ri(
provides the first nonvanishing term of the difference map A,
relation between its simple zeros with the limit cycles of (2).

0,
0,

Proposition 2.1. Denoting by ]\//TN(p) = ri(a,p) — ry(—27 + a,p), the Poincaré-

Pontryagin—Melnikov functions of order N for system (2) are given by

Mi(p) = M, d My(p) = M, N >2.
1(p) 1(p) and My(p) ~(p) (Mu(o)=0, bl N1} Jor N >
Moreover, if p is a simple zero of My, then a limit cycle of system (2) exists and it
converges to the level curve x2 + y? = p* when e goes to zero.

The functions My (p) depend on the coefficients of the perturbations. But they only co-
incides with the Poincaré—Pontryagin—-Melnikov functions when the previous ones vanish
identically. In the sequel we describe how these functions can be computed. The explicit
expressions of 7;(6, p) are given recursively in Theorem 2.3 and explicitly in Corollary 2.4.
The functions F S, and h that appear in those statements are obtained from the decom-
position defined in Lemma 2.2. In particular, Propositions 2.5 and 2.6 and Corollary 2.7
give how these functions can be written for piecewise linear systems. Finally, a concrete
example, for which we show the procedure to obtain the first nonvanishing terms of its
return map, is given in Proposition 2.8.

Consider now initial the value problem

N
dH + Y elw; =0,
& 3)

T‘(O, Ps 5) =P
where H(r) = r?/2 and w; = w;(r, ) are smooth one-forms 27-periodic in 6. The solution
(0, p,€) of (3) writes as r(0,p,e) = S 7i(f, p)e’ and it can be checked easily that
T(ea Ps O) = T0(97p) =p.

Lemma 2.2 ([15]). Let Q = «(r,0)dr + B(r,0)df be an arbitrary analytic one-form, 2m-
periodic in 0, and H(r) = r?/2. Then there exist functions h(r,0), S(r,0) and F(r) also
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27-periodic in 0 and defined by F(r) = QA " B(r,)dy, S fo r,p)dip — F(r)d
and h(r,0) = <a(r, ) — 8ST9)> JH'(r), such that

Q=0+ Q! where Q° = hdH + dS, Q' = F(r)db,

/ (20:0,/ 91:/ Q.
H=p?/2 H=p?/2 H=p?/2

Theorem 2.3 ([15]). Let r(0, p,e) be the solution of (3). Then for anyn € N, r(6, p,¢)
satisfies the following implicit equation

and

2 2 n ) 0
r (9,p,26) L LoEy =Y & UO Fi(r(v, p.e))dy + Si(r(v, p,e), ¥)[5= |, (4)

i=1

where the one-forms Q; and the functions Fi(r), h;(r,0) and S;(r,0) are defined inductively
as following: hy =1,

—Ql = —wlho = hldH + dSl + Flde,

and

= wihi_j = hidH + dS; + F,df,

fori=2,...,n using the decomposition given in Lemma 2.2 for the one-forms —§2;.

From the above theorem we can obtain recursively the expressions of r,(f, p). Next
result provides their explicit expressions up to sixth order.

Corollary 2.4. Let r(0,p,e) = SN 7:(6, p)e’ be the solution of (3). Assume that the
functions ro(0, p) = p, r1(0,p), r2(0,p), ..., r_1(0,p) are known. Then r,(0,p) can be
obtained equating the terms of order €™ in both sides of equation (4). In fact, this equality
writes

prn(eap) :Fn(eaparla"'arn—l)a (5)
where F,, depends on the one-forms wy,wo, .. .,wy, through the corresponding F;, S; and
ri =1i(0,p) fori=1,2,...,n. In particular,

Fi1 =51+ F10,

Fo=— %T% + Sy + D1(S1)ry + Fof + F{I(r),

Fy=—riro+ S5 +r1D1(S:) + %r%D%(Sl) +19D1(S1) + F30 + %F{’I(r%)
+ F{I(r9) + FylI(ry),

Fi=—rir3 — 315+ Si+ r1D1(S3) + 2r7 DI (S2) + 12D1(52) + 2D (Sh)
e D2(S)) + D1 (Sh) + Faf + Fyl(ry) + SEST(r2) + FY I(rs) + L 1(%)
+ FVI(ryra) + FiI(rs),

Fs =114 — rar3 + S5 + 11 D1(Ss) + 27 D7(S3) 4+ r2D1(S3) 4+ 2riDi(S2) + 112 D7 (S5)
+1r3D1(S3) + 5771 D1 (S1) + §rira DY (S1) + rrsD(S1) + 575 DF(S1) + raD1(S1)
+ F30 + Fyl(r) + YEVI(r2) + FyI(ro) + LEPT(%) + FY I (rirs) + Fil(rs)
+ L FO 10 + LG 1(2r,) + FYT(ryrs) + SFIT(2) + FI(ry),
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Fo = — 1175 — Tory — 215 4+ Sg + 11 D1(S5) + 1ri D7 (S4) 4+ roD1(S4) + %T?D?(Sg)
+ 1r3D3(92) + 1172 D3 (S5) + r3D1(S3) + 5571 D1 (S2) + Lrira D3 (Ss)
+ 113D (S2) + 14D1(S2) + i DY (S1) + 2riraDi(S1) + $rirsDI(Sh)
+ 1rr3 D(S1) + riraDi(S1) + rorsD3(S1) + r5D1(S1) + Fob + Fyl(r1)
FLRII(2) + Fil(ro) + LED T3 + Fo I (rirs) + Fyl (rs) + & FyV1(rd)
F LR 1(r2r) + FYT(rvrs) + SEYT(02) + FyI(ra) + o FOT(7%) + LEO 1 (rdry)
+ ARG 1(2rg) + LEP I (r172) + FI(rra) + F'L(rors) + FyI(r5).

i i f (7 i A f(r,0
Here fO = £/0) ,Dg)(f): gii)T:p,andI fo P, p
We remark that in general, from (5), we cannot extend the return map to the origin.

More precisely the functions M;(p), in Proposition 2.1, can have a singularity at the origin.
This fact is showed in the example described in Proposition 2.8. Next two propositions,
proved in [5], provide the expressions for F;, h;, and \S; for piecewise linear systems.

Proposition 2.5. Consider the system
N N
(#,9) = < —y+ 252(%1' + ayw + agy), T + Z e'(boi + buw + bQiy)) : (6)
i=1 =1
For anyn € N, the functions Fy(r), S;i(r,0) and h;(r, ), fom' =1,...,n, provided by Theo-
rem 2.3, can be rewritten in the following form: Fy(r) = fir?, ( ) p1i(0)r+p2i(0)r?
and hi(r,0) = g;, fori = 1,...,n, with f; and g; real numbers and py; homogeneous
trigonometric polynomials of degree k.
Proposition 2.6. For any n € N, given the functions Fi(r) = fir?, Si(r,0) = p1:(0)r +

p2.i(0)r* and hi(r,0) = g;, for i =1,...,n, obtained in Proposition 2.5 and the functions
ri(0,p), fori=1,...,n—1, we have

Pal0,9) =plfal + D2n(0) = P2n(0)] + |P1.a(6) = P1a(0)

+2Z (pQ" =i(0)r3(0, ) + fu- J/Grj(%P)dZDﬂ

1<
+ - [ 'r] (0, p)rn—;(0, p) + p1.a—j(O);(8, p)+

P
J—1 0

+ 3 (P2 s(O)a (6, p)rs4(6,0) + /0 Pt )1y k(0 ) ) |
k=1

We can use Propositions 2.5 and 2.6 to obtain, recursively, the explicit expressions for
ri(a, p) and r;(—27 + «, p). Due to the size of them, next corollary provides only the first
two.
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N

Corollary 2.7. Let r(0,p,e) = Zri(e,p)si be the solution of system (6), written in
i=1
polar coordinates. Then,

r1(c, p) =bo1(1 — cos @) + agy sin o + [(au + byt ) + (agy + b1y sin® a
+ (@11 — ba1) cos asin a] p/2,
r(=27 + a0, p) =r1(@, p) — T(ar + b,
ro(a, p) = [%(agl — b3,) sin® a — ag; bo; sin a cos oz} p [bog + ao1 (a1 + bar)
— bo1b11 + %b01<a11 + bg1)a + (@o2 + agraz1 — bo1(a11 + b21)) sin
+ (=bo2 — ao1(a11 + bar) + borbi1) cos @ + o1 (11 — bay) sin v cos a
+ %bm(agl + by1)sin® a + (ag1 (a1 — ba1) — boi(ag + byy)) sin® a cos o

— ((101 <a21 + bll) + bol(CLH — bgl)) sin «v COS2 Oé} + [%(4@22 + 4b12

+an by — bYy + a3, + 2ai; — 2b3)) + g(an + bar)?a® + §(ars + by

+ azi(a11 + bar))a — $(ar1 + bar)(as1 + bir)acos® a + (§(af; — b3

+ %(&11&21 — by1bay — 2a91b91 + a9 — bgz)) sin v cos o + %(a%l — 4by

— 202, — 6a3, + 5b3, — 4ags — Sa by — 6ayiboy) cos® o + %(bﬂ —a)

x (agy + byy) sin avcos® a + %(((121 +b11)? = (ay; — byy)?) cos? Oé]p,
ro(—27 + a, p) =ra(a, p) — whor (a1 + bar) + [ — 5(2(a12 + b22) + (a11 + ba1)(azr — b))

+ Z(an + bn )* (7 — @) — Z(af; — b3y)sinacosa

— %(an + ba1)(ag1 + b11) sin’® 04}/0-

Proof. The expressions of r1(6,p) and rs(6,p) can be obtained using Corollary 2.4 or
Proposition 2.6. The statement follows evaluating ri(6, p) and r9(6,p) in § = « and
0= -2+ a. U

Finally, we exemplify the algorithm of this section with the following proposition. Re-
sult below gives an example of a piecewise linear perturbation of the linear center that
exhibits two limit cycles when o = /2.

Proposition 2.8. Consider, in ©%, the system
2
Xt (i,9) = (—y + (1 — 3z)e — 87 'we? x),
X7 (d9) = (my+ (1 +a)e —4* + (frz + Bo)e’, @),

with B; = (3% + 87 — 48)/(372) and By = (372 + 107 — 8) /7. It has two hyperbolic limit
cycles I'] and 15, for e small enough. Moreover, when ¢ goes to 0, the limit cycles I'] and
'S go to the circles * + y* = 1 and z* + y* = 4, respectively.

(7)

Proof. We will prove that the first two Poincaré-Pontryagin-Melnikov functions vanish
identically and the third one has exactly two simple zeros. The statement follows using
Proposition 2.1.

Firstly, we write system (7) in the polar form. The vector fields X* write as

(.6) = (YF(r,0),Y5 (r,0)) if 6 €[0,7/2),
L (Y (r0), Yy (r,0)) i 0 € [n/2,27),
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where
YT (r,0) =cos6(1 — 3r cosf)e — 8 'r cos® O,
Y, (r,0) =1 —r~'sin(1 — 3rcosf)e + 87 ' sin § cos O,
Yy (r,0) = cosf(1 + 7 cos b)e — dcos b + cos §(B; + fur cos 6)<"
Yy (r,0) =1 —r"'sinf(1 4 rcosf)e + 4r~ " sinfe® — ' sin (B, + Bir cos H)e®

System (8) can also be expressed as
WH(r,0) if0€[0,7/2),
W=(r,0) if0 € [r/2,2m),
where
W*(r,0) =rdr — (1 — 3r cos 0)(sin dr + r cos 0df)e + 87~ 'r cos O(sin Odr + r cos §db)?
W~ (r,0) =rdr — (1 + rcos)(sin Odr + r cos 0d)e + 4(sin Odr + r cos 0d0)e*
— (By + B cos ) (sin Odr + r cos Od)e*

The analytic one-forms wi, defined in system (2), for system (8) are given by

wy (r,0) = — (1 — 3rcos 0)(sin Odr + r cos 6d0),
wy (r,0) =87 'r cos O(sin Odr + r cos Hd6),

wy (r,0) = — (1 + rcosf)(sin Odr + r cos 0db),

wy (r,0) =4(sin Odr + r cos 0d0),

ws (1,0) = — (Byr cos O + B2)(sin Odr + r cos 0d0),

and wgr(r, 6) = 0.

Let 75(0,p,¢) = r5(0,p) + ri (0, p)e + 15 (0,p)e? + r3 (0, p)e® be the solution of the
1n1t1a1 value problem W*(r,0) = 0, (0, p,e) = p. It is easy to check that ri (0, p) = p
and (0, p) = 0.

NOW we start with the computation of the first order term of the difference map. We use
Lemma 2.2 in order to obtain a decomposition of the one-forms Qi defined in Theorem 2.3.
If we write them as —Q5 (r, 0) = —wi = o (r, 0)dr+ B (r, 0)df, then the functions Fi=(r),
S(r,0) and hi(r,6) are obtained from the decomposition of Lemma 2.2 of the one-forms
—QF. Consequently,

21
) =g [ Btee. i) -
0
5.0 = [ B a0 = B (1),

L (@f() ~ Di(SE)(r.)

Thus, after some direct calculations, we obtain the following expressions:
Fir(r) = —3r?/2, Sf(r,0) = rsinf — 3r*sin(20)/4, hi(r,0) =0,
Fy(r)=1?/2, Sy (r,0) = rsinf +r*sin(20)/4, hi(r,0) = 0.

In order to obtain 7] ( p) from Corollary 2.4, we need to solve the equations pri (6, p) =
FE(p)0 + ST (p,0) — Si(p,0), which simplifies to

(0, p) = —3(0 + cosOsin 0)p* /2 + psin b,
pry(0,p) = (64 cos@sinh)p*/2 + psinb.
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Therefore, r{ (0, p) = —3(0+cosfsin)p/2+sin 6 and 1 (6, p) = (0+cos O sin0)p/2+sin 6.
Consequently r(7/2,p) = r{ (=37/2,p) = —37p/4 + 1 and the first coefficient of the
difference map M;(p) = 0.

For the second order term we use again Lemma 2.2 to decompose the one-forms

= — 4sin0dr — 4r cos 8d0.

—Qf = —wihf —wf = —wf = — 87 'rcossinfdr — 87 11* cos® Hd0,
2 = ~W

We write them as —QF (r,0) = a5 (r,0)dr + 85 (r,0)dd. The functions Fs°, Si and hi are
given by

1 1 [ 8r?cos?e) 4
Fy(r) = %/0 B3 (r,)dy = %/0 —wa = —;7“2,

9 0
S5 (r,0) = / B (r, ) dip — Ff (r)0 = /0 s ‘:S 4 iﬁe %7»2 sin(20),
hi(r,0) =r~Y(af (r,0) — Dy(S5)(r,0)) = r~ (=87 'rcosfsinf) + 47 'rsin(26)) = 0,

1 2w
—_ — —4 —
Fy =5 / By (1 o / rcosydy = 0,

o

5 (r,0) = / By (ryh) dp — Fy (r)0 = / —4r cos ) dip = —4rsin b,
0 0

hy (1,0) =r~(ay (1,0) — D1(S5 ) (r,0) = r~'(—4sin 6 + 4sin §) = 0.

~—

In order to obtain r5 (6, p), again from Corollary 2.4, we need to solve the equations
pr3 (0, p) = F3'(0, p, 1), where

+ =0
1

0
5O HEE () [ 7w ).

$=0

From these equations we obtain the following expressions for the functions 3 (6, p)

4 2 4
ry(0,p) = E - ?e—l— %—I—%(l —300829> cos® 0 + (940 7T> cos@sin&}p

-2
+3cos39—3—|—sm 0,
2p
_ 16 1 5 9 7 , 5 ,
ry (0,p) = Z+§+§ 1 —3cos™0 | cos G—FZCOSQSIHQ p—cos’ —4sinf + 1
sin? 6
20

Consequently ry (7/2, p) = ry (=37/2,p) = (972 + 8)p/32 — 3 + 1/(2p) and Ms(p) = 0.

We finish with the third order term. We use again Lemma 2.2 to decompose the one-
forms —Qf = —wihy —wihf —wf = —wi =0and —Q; = —w;hy —wy h] —w; =
—ws; . The expression for w; can be found above. Similarly as in the first and second
order, one can compute the functions FSi, 53i and hfnf that appear in the decomposition
of Lemma 2.2 of the one-forms —Q5. They are given by F; (r) = £ir?/2, S5 (r,0) =
Byrsin  + B2 sin(260), and hi (r,0) = F (r) = Sy (r,0) = 0.
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Using again Corollary 2.4, we can obtain the functions 73 (6, p). For simplicity, we omit
the expressions of them. Consequently,
ri (7/2,p) = — 3(3n* + 447* — 512)p/(1287) + (97* — 32)/(47) — 37/(8p),
75 (=37/2,p) = — (97" + 13272 + 2567 — 1536)/(1287)p + (97> + 247 — 32)/(47)

— (37 +32)/(8p),
and M3(p) = 2(p—1)(p—2)/p. The proof finishes because p = 1 and p = 2 are two simple
zeros of M3(p) and M;(p) = Ms(p) = 0. O

3. HIGHER ORDER PERTURBATIONS FOR X ,-PIECEWISE LINEAR SYSTEMS

In this section we study the number of limit cycles that appear from piecewise linear
perturbations up to order six of a linear center when the separation line has only a
breaking point. The next result provides the maximum number of zeros of the Poincaré—-
Pontryagin—Melnikov function of order N for the first values of N.

Proposition 3.1. For system (1), the mazximum number of zeros of the corresponding
function My(p) is 1,2,2,3,4,5 when N =1,...,6.

Proof. Let P*(z,y) = a5 +afx + a5y and QF (z,y) = bg; + b2+ byy be the polynomials

defined in (1). By Propositions 2.5 and 2.6 and Corollary 2.7, substituting the parameters

T P S + +
Qoi, @1i, Q2i, boi, b and by by the respective ag;, a3;, as;, by;, by; and by, we get ;" («, p)

and r; (=27 + a, p), for i = 1,...,6. So, from Proposition 2.1 we have that
Mi(p) = Mi(p) =(agy — ag) sina + (bf; — by, )(1 — cos )
+ % (af, — apy)(a +sinacos a) + (b3; — by, ) (o — sina cos @)
+ (a3 — ag, +bf; = byy)sin® a + 2w (ay; +by,) [p = Coa + Crap.
In general, for 2 < i < 6, the Poincaré-Pontryagin—-Melnikov functions write as
1

M(p) = Z Cja(N)p,

j=1—1i
where C;;(\) are polynomials of degree 7 in the variables
R C e e o e
A = (agy, a1y, a9, bgy, b1y, bay,s - - -5 gy, g, ag;, by, by, b3;).

We omit the explicit expressions of the polynomials C;;(\;) because of the size of them.
We have that M;(p) = 0 if and only if Cy; = C1; = 0, that is

ag; =(sina) ™" (ag; sina + (bf; — by )(1 — cosav)),

ay, =(a — 27 +sinacosa) <af1(oz + sin acos ) + (b3, — by ) (e — sin o cos ) (9)

+ (a3, — ay; + b, — by) sin? o + 27rb2_1>.

Then, the polynomial C'_; 5 corresponding to function ]/\4\2(,0) becomes
C_12 = (by; — by) (ag; sina + by (1 — cos ar)).
If by # bay, then C_; 5 = 0 if and only if

(cosa — 1)bd;

sin «

(10)

+ _
g1 =
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Imposing that the parameters ag;, aj; and ag; are like in (9) and (10) we obtain that
C,g 3= C’,34 =C_y 5= = C_56 = 0. This shows that the degrees of the functions ]\73(;)),
M4(p) M5( ), and M6( ) are at most 2, 3, 4, and 5, respectively. Therefore, when
N =1,...,6, the maximum number of zeros of ]\/ZN(p) is 1,2,2,3,4,5, respectively. The
proof concludes because the zeros of My(p) and My (p) agree. O

The result below shows the existence of an example of a piecewise linear perturbation
of the linear center that exhibits four limit cycles when the separation line is nonregular.

Proposition 3.2. For every a € (0,), there exist real numbers agy, af;, asy, ady, a3y,

ags, agy, g;, and ay;, fori=1,...,5, such that the system
X+ - T = —y+ (a& +afyr + a3 y)e + (a(J)E + agyy)e* + a8L353 + a8r454,
gy = x4+ 2
S (11)
Y- T = —y+ Z e'(ag; + ayx),
=1
y = r+e¢,

has 4 hyperbolic limit cycles, for € small enough.

Proof. From the procedure described in Section 2, Proposition 2.6, and Corollary 2.7 we
get v (a, p) and 7; (=27 + a, p), for i = 1,...,5. So, from Proposition 2.1, we have that
the Poincaré—Pontryagin—-Melnikov functions, for + = 1,...,5, write as

=) Cuhp

j=1—i
where C;;(\) are given polynomials of degree 7 in the variables

i+ o+ 4+ £ 4
A = (ag;, agy, gz, Aoy, Aoz, A1, A1g, G13, A1y, Gpg, Aoy, Qoy).

We start with a short scheme of the proof. We prove that, for every «, there are parameters
A such that M;(p) = Ma(p) = Ms(p) = My(p) =0 and

M5(p> = Gop_3 + Glp_2 + GQ,O_1 + G3 +p

where G; for ¢ = 0,...,3 are arbitrary constants. Therefore, Ms5(p) can have 4 simple
zeros. For that we ¢ COHSlder a sequence of systems of equations, Ey, k =1,...,7, involving
the coefficients of M, . . ., Ms with respect to p, which are denoted by C;;()). The systems
E), are linear with respect to a specific collection of variables, A, that are a subset of the
full parameter X\. More precisely we follow the next steps. First we start considering the
system of equations, Ej(«), defined by the coefficients of the function ]\/4\1(p). Solving
FE;(«r) with respect to A\; we vanish identically ]/\/[\1 (p). The second system, Fs, is defined
by the coefficient of lower degree of Mz As in the proof of Proposition 3.1, when this
coefficient vanishes all the coefficients of lower degree of Mg, M4, and M5 also vanish.
For each k = 3,...,7, we consider the system Ej(a) formed by the polynomials C;;(\)
such that j +i¢ = k — 1. Step by step, we show that there are variables A\, such that,
with respect to them, the system FEj(«) is linear and it can be uniquely solved. The
determinant of the corresponding matrix Ay (a) of the coefficients of Ej(«) with respect
to A is nonzero, for all @ € (0,7), so that there exists a unique solution such that ]\/4\5
has indeterminate coefficients.
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Now we continue with the full proof For the vector fields Xt and X, using the
method of Section 2 the functions -, b5, and S in Prop081tlon 2.5 write as

F () bt i r,0) <L
Fi (r) =haf a3, nE(r,0) =4 [(a 52 + 20%)

F::F(T) —%aﬁ [(%1) + 2“22] ) h;‘(r, 0) :% [(a 1)3 + 4%1‘122}

Fjf(r) =1501, {(%1) + 46‘21@;2} 2, hi(r,0) =15 [(a2+1)4 + 6(az;)?ag, + 4(ady) }7
F5+(7") :3%a;r1 {(azl) + 6(‘121) a22 + 4(‘122) }7’2, h;-(r’ 0) :é [(a;)s + 8(‘121) a22 + 12@21(“5‘—2)2}7
F (r)= %ahr forti=1,...,5, h; (r,0) =0, fori=1,...,5,

Sy (r,0) =1 [2%_1 + a7 cos 9} rsinf — rcos 6,
S, (r,0) %[Za& +aircos€}rsin9, fori=2,...,5,
Sf(r,0) =1r {4@& sin @ — 8 cos @ + 2a;,7sin O cos O + af;r(1 — 2 cos? 9)} ,
Sy (r,0) =47 [(4(aarla§'1 + 2ad,) + 2af,ag,r cos 0) sin 6 + ((af;)* + agy)r(1 — 2 cos? 6) — 8ag; cos 9} ,
S5 (r,0) :%T [4(&8‘1 (az1)” + 2aq, a3, + 2a3;ag; + 4%3) sin 6 + 2(af; (a3;)* + 2af; az,)r sin f cos §
+ a3 ((a31)” + dagy)r(1 — 2 cos? §) — 8((az;)” + 2a3,) cos 9}
Sy (r,0) :LT {4((131 (a3,)° + dagyaz a3, + 2(a; 2)° agy + dagyaz, + 4ag ags + 8ag,) sin 6
—8((ag)® + 4a21a22) cos 6 + 2(af; (af,)® + 4af a3, ady)rsin cos 6
+ ((0F)* + 6(a) 20 + () *)r(1 — 2c0526) |,
S3 (r,0) =ir{4(a31(a21) +dagy (a3,)* + 2(a3;) agy + 4(a3y)ags + Bagzaz, + 8agyaz; + 6ag, (a3y)%az,
+ 8agya3,a3,) sin 6 — 8( (a3, D!+ 6(a3))ad;y + 4(az;) ) cos ) + 2(‘111(@21) +6af, (a3;)%a,
+ 4a11(a3’2)2 + ((a§1)5 + 8((13'1) asy + 12a21(a22) Yr(1 — 2 cos? 9))Tsinecos 9}.
The first step star/t\s defining Fj(a) and A;. We have that the coefficients Cp; and

C}1 of the function M (p) are linear with respect to variables ag;, ady, ayy, aip, and aj;.
Consequently Ey(«) = {Cp1 =0,C1; =0} and A\ = (ay;, ay;), where

Co1 = (ag; — agy) sina+ 1 — cos a,

)

1
Oy = 5 (af; — a;y)(a+ sinacosa) + aj; sin® a + 2611171 .

Let A;(a) be the matrix of the coefficients of E)(a) with respect to A\;. We have that
det Aj(a) = sina(cosasina — 27 + «)/2 # 0, for all @ € (0,7), so that there exists a
unique solution of system FE)(«). That is

_ 1 + ag; sina — cos a _ afja+aj;sin’ a+ af; sinacosa
a;; = .
11 :
o1 sin o ’ o — 21+ sina cos o

Then we obtain that M, (p) =0.
The second step continues considering the coefficients of Ms(p) :

C_ 12 = —ag sina + 2(cosa — 1),
g + o+ ot ot
Co2 = —agysina + Us(ag;, agy, afy, azy ),
_ .- - + o+ o+
Cia= -ap (21 — a —sinacosa) + Va(afy, a3y, ady),

’ 2
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where U; and V5, are polynomials of degree two in the respective parameters. Note that
C_15 is linear with respect to the variable agj;. Consequently Fs(a) = {C_;5 = 0} and
A2 = (agy). If we denote by A, the matrix of the coefficients of U, with respect to Ag, in
fact A, is a real number, we see that det Ay(a) = —sina # 0, for all « € (0, 7). So the
solution of Fs(«) with respect to Ay is

+

cosa — 1
gy = 44—

sin «
As we have mentioned before, this implies that the coefficients C_53, C_54, and C_45
also vanish.

For the last steps we omit, due to the size of them, the explicit expression of the
polynomials C;;()), for i = 3,4,5. In what follows we only explicit the systems Ej, and
the variables \; aforementioned:

Es3(a) ={Cp2=0,C_13=0,C_94=0,C_355 = Gy}, /\3 (ag, a 02,a21,aﬁ)
Ey(a) ={C12=0,C3=0,C_14,=0,C 55 = Gy}, = (a1y, Agy, Apz, Ag3),
Es(a) ={C13=0,Cp4 =0,C_1 5 = G}, = (a3, Gy, agy),
Eg(a) = {C14=0,Co5 = G3}, = (a1, ags),
E7(a) = {Ci5 =1}, = (ay5)-

The determinants of the respective matrices Ag(«), for k = 3, ..., 7 are

[0

8(cosa — 1)3(7 cos? o — 24 sin o + 15asin a + 16 cos v — 23)

det As(a) = 9(cosa + 1)(cos asina — 27 + ) ’

det Ay(a) = — (cosa — 1)*(2cos asin @ + 67 cos a — 3arcos a + 4 sin o + 67 — 3a) /3,
det As(a) = — sin* a(cos asina — 27 + ) /2,

det Ag(a)) = — (cos® a — 2msina + asina + cos ) /2,

det A7(a) = — (cosarsina + 2w — ) /2.

Simple calculations show that all of above determinants are nonzero for all « € (0, 7). So
that there exists a unique solution of each system Ej(a)) with respect to variables A such
that ]\//E =0fori=1,...,4 and the coefficients of ]\75 are Gy for k=0,...,3.

The proof finishes from the Imglicit Function Theorem that guaranties that each simple
zero, pj, of M;, or equivalently M;, get a limit cycle for system (11). In fact the limit
cycles bifurcate from the circles z? + y? = p?, for € small enough. O

We note that, usually when we study a Poincaré-Pontryagin-Melnikov function of some
given order, we have proved first that the previous vanish identically. That is, for each
order we solve the system of equations defined by all the coefficients of the corresponding
function. In the above proof we have used another approach to prove that the fifth
function has indeterminate coefficients and the previous are identically zero. In each step
the system is defined from the coefficients of lower degree monomials of all the functions
simultaneously.

Remark 3.3. It is not difficult to check that when o goes to m, the coefficient C_35 of
the function J\/4\5(p) goes to infinity. Once C_s5 is defined by the product of the radius of
the four limit cycles, at least one radius goes to infinity. This means that when o goes to
m, at least/o\ne limat cycle goes to infinity. When a goes to 0 all of the coefficients of the
functions M;(p), fori=1,...,5, except the one of maximal degree, go to zero. Therefore
all of the limit cycles go to origin. In particular, when o goes to 0 the system becomes a
purely linear system, for which it is known that no limit cycles exist.
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The proof of the first part of Theorem 1.1 follows directly from Propositions 3.1 and 3.2.
The second part is proved in the next section.

4. AN EXPLICIT EXAMPLE WITH FIVE LIMIT CYCLES

In this section first we provide an example of a concrete system (1), with a = /2,
exhibiting five limit cycles up to a perturbation of order 6. Second we give the values
where two of the limit cycles, that appear from the level curves of the center, disappear
in a semistable limit cycle bifurcation. Similar systems can be obtained for other values
of a, like a = /3 or a = 7/4, but the expressions to manipulate are too big to provide
the same result for every «. In fact this can be used as an illustration of Proposition 3.2
where another type of piecewise linear system has four limit cycles up to a perturbation
of order 5, but for any «a.

Proposition 4.1. Consider, in ¥%, the system
2
6
Xi:(x,y):(—y+Ze’(ag;+ah x+z (bE + bz ) (12)
i=1
with agg = agy = Ggg = a5 = a3 = Ay = a5 = by = b_z = by3 = o5 = bpg = by, =

- = - + + + + + + + +
bz = by = by = big = agy = agg = ajy = af5 = ajg = b01 = bgs = by = b11 = bjs = 0,
ag, = ag;, = 1 and

- _ 13737 —8) o 1377bi;

1200(37 + 8)’ 1748 -106(31 — 8)2(3m + 8)3”
b = _ﬂ b, = — 654

1 25(37 + 8)’ 04 2304 - 105(37 — 8)2(371 + 8)3’
b 187097+ 8) & 137rag,

1 200(37 + 8)’ 047796 - 106(3m — 8)2(3m + 8)3
Are = _& b+ —_ _ B(—]’—4

02 25(37 + 8)’ 04 2304 - 105(37 — 8)2(371 + 8)3’
b _ 187697 (97 — 8) o 187697b],

27 5000(37 + 8)2(31 — 8)’ 1 384 - 108(3m — 8)2(371 4 8)4’

L 137n P s

02 50(3r +8)’ 05 442368 - 108(31 — 8)3(371 4 8)4’
b ~56307m(97° — dm? — 247 — 64) oo g

12 104(37 + 8)2(37 — 8) ’ 05 442368 - 108(31 — 8)3(371 + 8)4’

N 187697 (277 — 1872 — 87 — 320) 2571353b7;
Qg3 = — , by = ’

2-104(37 + 8)2(371 — 8) 1536 - 1011 (37 — 8)3(371 + 8)°
. 1377, _ 137a,4
a1 = —

M3 = §105(37 — 8)2(37 + 8)3
L 187697 (37% — 197 + 24)
%3 500037 + 8)2(3m — 8)

55296 - 1013(37 — 8)4(37 + 8)6
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with

g5 =41811030661294897*! —817083226057543927 %+ 7186568468648968807
—35136091330385011207% +141460518894891655687 " —522708267640509354247°
+1374402704556719738887° —224865343103126777856m* +22346323816316 737945673
—1172107835245241303047 +19019943696196960256m — 17768647117686964224,

a7 =10387544938396777485m ' —2216009586857979196807 3 4-32660225946366202555207 12
—305076732600112783313407 ! +-1899675316524047498422567'° —8010610434280126187576287°
+232149497454911964605702475 —49080245717739619183426567 " +81883641356702551403274247°
—106987583527756215511121927° +-99743702094213704845885447* —66325786670317935085486087>
+31156674603169002679173127% — 3419255450638555262484487 4+ 356351263498044935503872,

by, =168706470337° — 2586832545067 4 8872710661807 +29640648681547° — 208226857226407*
+356602585603207> —2265386773760072 4+ 107562381680647 — 3269824380928,

ag, =4104780375 —4013562967° 426789814727 — 80093892487 892578572872 — 56741437447
17841538048,

ags =41811030661294897 ! —750518401124139127'° +5908523829927596647°
—19129284895229521927 +35188767602510699527" —113566393580234215687°
+422631734412511825927° —993959930275614351367% +14165966496514146304073
—8225407960883763609672 —80659523308953272321 — 17768647117686964224,

aty =136826017° — 349666477 —860019007> + 7667137672 +4065615367 — 126661632,

bt =168706470337° — 2586832545067 4 16670698623727° —7908691016707° —143113101789607*
+199272816720007> +-92345295416327% — 1824551743488 — 3269824380928,

by =4104780375 —4743301687° +20465412487* — 34417654087 + 26266090247 — 46362931207
45073936384,

b, =3694302277° — 656764848077 4446347347485 —1331962359487° 4 2363926079047
—375635258752m° +4125079910407% — 2204471377927 + 171924455424,

by =498730806457 1 —97529579928071% +116102427891307° — 734885658142207°
+2747266895886127" —66723995693145675 4-11386180415861767° — 15561309620613127*
+17713162776576007> — 116881816813568072 +228294320455680m — 167679759482880.

Then, system (12) has five hyperbolic limit cycles I, i = 1,...,5, for € small enough.

Moreover, when € goes to 0, the limit cycle TS goes to the circle 2% + y* = i?, for i =
1,...,5.

Proof. Using Proposition 2.5 we can obtain the functions F=(r), hi(r,0), SF(r,0), for
t=1,...,6 and, from Proposition 2.6 and Corollary 2.7, we can obtain the first coefficients
of the series of r;° for system (12). We have omitted the explicit expressions of these
functions, due to the size of them. Thus, we get M(p) = Ma(p) = Ms(p) = My(p) =
Ms(p) =0 and

_ 37m(p—1)(p—2)(p—3)(p—4)(p— ) (13)
120000(37 + 8)p* '
Therefore, p = 1, p =2, p = 3, p = 4, and p = 5 are the five simple zeros of M;g(p).

The proof finishes in a similar way than Proposition 3.2 because all the zeros of Mg are
simple. [l

Ms(p)

Proposition 4.1 provides the convergence of the difference map, rescaled by €%, to the
function Mg, given in (13), when e goes to 0. This fact is showed in Figure 4, where the
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numerical approximation of the difference map is drawn together with the function Mg
for different values of €. We remark that the numerical computation must be done with
high accuracy, since there are perturbation parameters of order 107°°,

0.0015- 0.0015- 0.0015

0.0010 0.0010 0.0010q

0.0005] /\ 0.0005] /\ 0.0005] /\
0 | 0 N\
-0.00051 -0.00051 -0.00051

-0.00101 -0.00101 -0.00101

=]

-0.00151 -0.00151 -0.00151

FIGURE 4. The red curves are the difference maps, rescaled by p*eS, for

system (12) with e = 1-107%, ¢ =5-107? and ¢ = 1 - 1079, respectively.
The function Mg given in (13) is drawn in black.

Of course the coefficients given in above result are not very “friendly”. Unfortunately,
the vanishing conditions of first coefficients in ¢ of the difference map imply intricate
relations between the parameters of system.

The five limit cycles of Proposition 4.1 bifurcate from the level curves of the center for
e small enough. These limit cycles exist until two of them collapse into a semistable one.
This bifurcation can be seen in Figures 5 and 6. Next proposition establishes the interval
in € where the five limit cycles of system (12) exist. The proof is done looking for the
first values of € where the difference map has a double zero.

Proposition 4.2. System (12) has five limit cycles when ¢ € (e5,0) U (0,ef) with e =~
—9.3602420168 - 1079 and f ~ 1.6090831394 - 1075.

4.x107°%
i L5x107%
3.x 107
1L.x107%

- -50.
1Lx10°% 5. x 10

“1.x107° 5.x10°%0

-2.x107° 4
“1.x107%

-3.x107°

“1.5x107%

-4.x107°%

FIGURE 5. Difference map for system (12), rescaled by p?, with e = 1-1078,
e=c¢f, and ¢ = 2- 1078, respectively.

Finally we remark that, in this section, the computation of the difference map is ob-
tained subtracting the evaluations of the analytical solution of system (12), in polar
coordinates, in the values § = 7/2 and § = —37w/2. Consequently the numerical error
only comes from the evaluation of this solution.
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8.x 1077 5.x 107!
2.x 10734 Ox 10
- -514
6.x 107 i
4.x107°H
=524 -
4.x10 L x10-5Y 3.x 107
2.% 1077 2x107
/’\ /\ L1054 /\
0 ‘ ‘ ‘ o
: ‘ ‘ 0
N3 4 5 3 4 5 "3 4 5
o 1052 ~1.x 107}
-2.x107°H
4. x 10752 ~1.x107°Y 51
-3.x107°Y

FIGURE 6. Difference map for system (12), rescaled by p*, with e = —8 -
107 e =¢;,and e = —1.1- 1073, respectively.

5. PIECEWISE LIENARD LINEAR SYSTEMS

In previous sections we have shown how the number of limit cycles bifurcating from
the center increases with the perturbation order. When this growth is saturated, we can
say that there has been a stabilization process. This section is devoted to study this
phenomenon for some Y,-piecewise linear Liénard systems. This stabilization process is
similar to the one commented in [5], for ¥, -piecewise linear systems. This phenomenon
can not be showed for the systems in Sections 3 and 4 due to the computational difficulties
to get further in the order of perturbation.

Proposition 5.1. For system
N
X5 (@) = (o D+ ada) ) (1)
i=1

the maximum number, Zy, of zeros of the corresponding function My (p) is 1,2,2,2,2,2
when N =1,2,3,4,5,6. Moreover, for each N, there exist perturbation parameters such
that system (14) exhibits Zx limit cycles for € small enough.

Proof. Considering the functions Pi=(z,y) = a3 + af;x and QF (v,y) = 0 as in the proof
of Proposition 3.1, we get

—_~ 1
Mi(p) = Vi(p) = (i — agy) sinar+ 5 [(af; — aiy)(a + sinacosa) + 2mag; | p.
In general, for 2 < i < 6, the Poincaré-Pontryagin-Melnikov functions write as
. 1 . 1
Ml<p) = Z Cj7l()\l)p], fOI' Z = 2, 3, and Mz(p) = Z C],z(>\1>p]7 for 9, = 4, 6,
j=—1 Jj=-3

where C;;();) are polynomials of degree i in the variables \; = (a3;, ai, .. . ,ag;, a3;). We
have that M;(p) = 0 if and only if

_ d + ap(a—27+sinacosa)
Aoy = Ggy an a, = :

o + sin o cos av
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Thus, the polynomials C_; 5, Cp2 and Cf » of the function J/\/[\g(p) take the form
C’—1,2 :07
3

(agy — agy)(a + sin avcos @) sina — 2mway;ag; (1 — cos® )

Co =

Y

o + sin a cos «
-1
2(a? + 2asin o cos v + sin® v cos? )

Cia= — 4dmaag, sin o cos o

+ 2m(a;)*(1 — cos* @) (o — 7 + sin acos @) — 2mag, (o + sin? a cos® a)
+ (ajy — afy)(a® + sina cos a(3a® + 3asin a cos a + sin? a cos® oz))] .

Solving Cpo = 0 and C} 5 = 0 with respect to ag, and afy, respectively, we get

2ray ag (1 — cos® @)

gy =agy —
(a+ sinacos @) sina’
al, = ! o’a,(a — 2m)
12 = - . - 12
a3 + sin a cos a(3a2 + 3arsin a cos a + sin? a cos? a)

+ ajy(3a — 27) sin a cos® a + ay, sin a cos a(a(3a — 47) + sin? a cos® @)
+ 27(ay;)?*(1 — cos* a)(a — 7 + sin ar cos a)} :

Then, the polynomial C_; 3 of the function ]\/4\3(p) becomes

— (42
277‘111(%1)
o 4+ sin o cos a

-1,3 =

Note that C_;3 = 0 if and only if af; = 0 or a;; = 0. We assume that the parameters
agy, afy, agy and afy are like above. If af; = 0 we get C 34 = C 94 =C 35 =C o5 =
C_36 = C_96 = 0. This shows that the degree of the functions My(p), M5(p), and Mg(p)

is at most 2. Therefore, when N = 2,...,6, the maximum number of zeros of My(p) is
2. fa; =0weget C_g34 =C_94=0C_35=C_356=0. In this case we should continue

investigating the functions ]\75(/)) and ]\/Zﬁ(p).
The polynomials Cj 3 and C 3 of the function Ms(p) are given by

Cos — (ags — ags) (o + sin avcos a) sin o + 2mag;ar, (1 — cos® @)
(A )

o + sin «v cos «
1

Chs zé(afg —ap)(a+sinacosa) + ma;.

Solving Cp3 = 0 and C 3 = 0 with respect to ag; and afy, respectively, we get

_ L 2magag(1 — cos®a)
(o3 = Qo3 — (

aja( — 27 -+ sin v cos «
and  aj; = 1a( )

a + sin acos ) sin « o+ sin a cos «

Then, the polynomial C_ 4 of the function ]\74(/)) becomes

2mar, (at)? sin
O pu= 12(ag) ‘

)

o+ sin o cos av

We have that C_; 4 = 0 if and only if aarl = 0 or a;, = 0. In both cases, we get C_55 = 0.

This shows that the degree of ]\/I\g,(p) is at most two. Similar computations can be done
for Mg(p).
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Consequently, when N =1, ..., 6, the maximum number of zeros of ]\//TN(p) is1,2,2,2,2,2,

respectively. We remark that the zeros of My(p) and M, ~(p) agree. Following the same
ideas as in the proof of Proposition 3.2 explicit examples with 1 and 2 simple zeros can
be found for orders N = 2,...,6.

The proof concludes also using Proposition 2.1 to get the limit cycles corresponding to
each simple zero of the function My. O

Finally, we consider one more Liénard class. Now, the nonlinearity terms are in the sec-
ond component while the previous proposition they were in the first component. Clearly,
the number of limit cycles is not the same and it points out that there is no any symmetry
between both problems. We omit the proof of the next result, because it follows using
similar arguments and computations.

Proposition 5.2. Consider the system
N
X () = =+ 05+ ). (15)
i=1

defined in XE. Then, the mazimum number, Zy, of zeros of the corresponding function
Mny(p) is 1 when N = 1,2,3,4,5,6. Moreover, for each N, there exist perturbation
parameters such that system (15) exhibits Zy limit cycles for € small enough.

6. CONCLUSIONS

Planar piecewise linear differential systems with two zones were studied in this paper.
We have seen that the separation line has a strong influence on the number of limit cycles
that can appear. The simplest case occurs when the separation line is a straight line. For
this case, it has already proven the existence of three limit cycles. It is worth to mention
that it is still an open problem to determine whether three is the maximum number of
limit cycles for ¥, -planar piecewise linear differential systems.

If the separation line is no longer a straight line, more than three limit cycles can appear.
In this paper we have considered the case when the two linear zones are angular sectors
of angles av and 27 — o, where o € (0, 7). That is the separation line ¥, is formed by two
semi straight lines with a breaking point at the origin. We have studied the bifurcation
of limit cycles by studying higher order piecewise linear perturbations of a linear center.
We have proved that the maximum number of limit cycles that can appear up to a sixth
order is five. Moreover, this upper bound is reached for some values of a.

Some natural questions still remain. The first one is to prove that there exist concrete
examples with five limit cycles for every a € (0, 7). The second one is if the saturation is
five and if it occurs for the sixth order. Finally, whether five is the maximum number of
crossing limit cycles for the class of Y -planar piecewise linear differential systems.
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