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ABSTRACT. In this work, we are interested in crossing limit cycles surrounding
only one equilibrium point or a sliding segment. The studied systems are piecewise
cubic polynomial defined in two zones separated by a straight line. In this class,
we get at least 24 crossing limit cycles, all of them in only one nest, bifurcating
from a cubic polynomial center. The computations use a parallelization algorithm.

1. INTRODUCTION

Andronov, in [2], started the study of piecewise linear systems. In last years, this
subject has been widely studied, since many problems of engineering, physics, and
biology can be modeled by such systems, see [12, 13]. Most of usual models propose
piecewise differential systems defined in two half planes separated by a straight line.
Recently, the study of the number of limit cycles have received a special attention,
see for example [10, 18, 23]. In particular, it can be considered as a generalization
of the 16th-Hilbert problem, see more details on this classical problem in [20].

In this paper, we are interested in the study of isolated periodic orbits, the so-
called limit cycles, for piecewise differential equations of the form

(',LJ7 y/) = <P+(x7 y? >\)7 Q+(x7 y’ )\))7 When y > 07
(@) = (P (2,y,A), Q" (z,y, 1)), when y <0,

where P*(z,y,\) and Q*(z,y, \) are polynomials of degree n in (z,y) and A € RE,
where K is the total number of parameters. It is not restrictive to consider the
straight line 3 = {y = 0}, it divides the real plane in two half-planes 3% = {(x,y) :
+y > 0}, and the trajectories on 3 are defined following the Filippov convention,
see [13]. We will consider only limit cycles of crossing type, that is, when both
vector fields point out in the same direction in the intersection points with the
discontinuity line . We can define H;(n) as the maximum (when it is finite) number
of crossing limit cycles of (1). When all crossing limit cycles bifurcate from a singular
point we will denote such maximum by My (n). Both definitions are the piecewise
generalizations of the known as global and local Hilbert numbers H(n) and M (n).

It is well-known that linear systems have no limit cycles, so H(1) = M(1) = 0.
This is not the case for piecewise linear systems defined in two zones separated by
a straight line. Huan and Yang in [19] firstly showed a numerical evidence that
Hg(1) > 3. In [23] Llibre and Ponce provide an analytical proof of this fact. Later,
using the averaging bifurcation mechanism this lower bound was reobtained, [4].
Recently, also the same number was obtained in [15]. The three limit cycles in [15]
are explained studying the full return map, two appear near the origin and the other
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one far from it. In fact, these two limit cycles, appearing from an equilibrium point,
provide the lower bound Mg(1) > 2. This value can be proved with the results in
[14]. We will show this in the next section.

For quadratic vector fields is also well known that H(2) > 4, see [26]. But for
piecewise quadratic systems there are few works providing good lower bounds. Using
averaging theory of order five, and perturbing the linear center, Llibre and Tang in
[24] proved that HS(2) > 8. Recently, da Cruz et al. in [11] provide a better lower
bound, H;(2) > 16. These limit cycles appear using also the averaging method but
at order two and perturbing some quadratic isochronous systems. The new lower
bound is quite surprising because is higher than what it can be expected a priori,
that is doubling (because we have two vector fields) the value 4 obtained for usual
quadratic vector fields.

The best known lower bound for the number of limit cycles in cubic systems is
H(3) > 13, see [21]. For piecewise cubic polynomial vector fields a very recent work,
see [16], provides H7(3) > 18 in two nests of nine limit cycles each.

In this work we will prove that HZ(3) > My (3) > 24. Furthermore, all the
crossing limit cycles are in the same nest, all surrounding a small enough sliding
segment. Our approach is based in the degenerate Hopf bifurcation, studying small
limit cycles appearing from an equilibrium point of center-focus type, see [1, 25].
That is, through the computation of the coefficients (Lyapunov quantities) of the
return map near the origin but for piecewise differential systems. As we consider the
perturbation of centers, we need to compute only the linear parts of the Lyapunov
quantities. This idea, using the Implicit Function Theorem, was stated by Chicone
and Jacobs in [6] for an equivalent problem. Also [7, 17] use such approach. In
this paper we propose to extend it for piecewise vector fields. However, as the
computations are quite hard, we use also the parallelization ideas introduced in
[22]. But with more computation time this is not essential. Our main result is the
following.

Theorem 1.1. There exists a piecewise cubic polynomial vector field, defined in
two zones separated by a straight line, exhibiting 24 small amplitude crossing limit
cycles. That is H7(3) > Mg(3) > 24.

2. DEGENERATED HOPF AND PSEUDO HOPF BIFURCATIONS

Let us consider the differential equation (1) in the usual polar coordinates, (x,y) =
(rcosf,rsinf). We will assume that, when A\ = 0, system (1) has a non-degenerate
center at the origin. That is, in polar coordinates the linear part of the Jacobian
matrix has zero trace and positive determinant. Then, using the Filippov convention,
we can write (1) as

o (2)
=R (r,0,\), 6¢€][r2n],
where the dot represents the derivative with respect to #. When the Taylor series
of R* in (2), with respect to 7, have terms of order higher or equal than 2, we can

{ i =Rt(r,0,)\), 60¢cl0,n],

write the solution, satisfying r(0,p, \) = p, as (6, p,\) = p + Zv,‘!(@, ok Tt
k=2

is defined in 6 € [0, 7]. Equivalently, we can write 7~ (0,p,A) = p + ka’(ﬁ, Ao
k=2
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for the solution of (2) in 6 € [m,27] such that r—(0,p,A) = p. Consequently, the
Poincaré half-return maps will be TI*(p, \) = r* (£, p, A). As usual, instead of the
complete Poincaré map obtained by composition, we define it by the difference map

A(p, )‘) = H+(p, )‘) - H_(p, >‘) = ZLk(/\)pk (3)

The coefficients Ly are known as the Lyapunov quantities associated to system (2).
Under the above conditions, when we take A = 0 the unperturbed system has a
center and Li(0) = 0 for every k. Consequently, for the perturbed system, the
first nonvanishing Lx provides the stability of the origin. In this case we say that
the origin is a generalized weak focus of order K. We have followed the classical
Lyapunov algorithm scheme. For more details we refer the reader to [1]. As the
usual Lyapunov quantities, see [8], to solve the analytic center-focus problem for non
degenerate centers, L are polynomials in the parameters A with rational coefficients.
Moreover, they are also defined when the previous vanish. The main difference in
(3) between the analytic study versus the piecewise one is the fact that in the first,
the Lyapunov quantities with even indices are zero while in the second not. In both
cases, as we are perturbing a center, the expressions of Lx are polynomials that
vanish at A = 0. Then, we compute the Taylor series of L, of order 1 with respect to
A, L,(cl), and we consider Ax(A) the matrix of coefficients of L,(:), for k =2,..., K.
Then, if the rank of Ax is K — 1, the Implicit Function Theorem provides K — 1
hyperbolic limit cycles. Because, the first K — 1 coefficients in (3) are independent.

Usually, the computation of the Lyapunov quantities needs a hard effort and high
memory computers. In our approach, only the expressions of their linear parts are
necessary to be computed. As in the analytic scenario, a parallelization algorithm
can be used. We have used the procedure developed by Liang and Torregrosa in
[22]. Without it, the involved computations are impossible to be obtained.

For analytic vector fields with a weak focus of order 1 at the origin only one
limit cycle bifurcate from the origin using the trace parameter. This phenomenon
is the classical Hopf bifurcation. See more details also in [1]. Next result is the
generalization of this property for piecewise analytic, where two crossing limit cycles
appear. This result follows from the study of the return map near the origin given
in [14].

Proposition 2.1. Consider the perturbed system

3 3
T = _(1 + 62)y + Z a;ﬁxkyév T = ) + Z al;éxkyga
k=2 k=2 (4)
3 3
y=x+2cy+ >, by, y=d+z+ Y, bz,
ket l=2 k=2

fory >0 and y < 0, respectively. If af; — ayy + 2(bgy — boa) + bag — byy # 0 then
there exist ¢ and d small enough such that two crossing limit cycles bifurcate from
the origin.

Proof. When ¢ = d = 0, from the condition given in the statement, the origin is
stable or unstable because the first non vanishing coefficient in (3) is

2

Ly, = 3 ((CLE —ayy) + 2(bgy — boy) + (b3y — b2_0)> :
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So, for ¢, d small enough, computing the return map as in the proof of Proposition 7.3
of [14] we can write, for z > 0,

A(x) = Ti(x) — 2 = Agle,d) + Ag(e, d)a + Agle, d)a® + -

where Ag(c,d) = d, Ay(c,0) = €™ — 1, and Ay(0,0) = Ly. As ¢ and d are arbitrary

parameters, two crossing limit cycles bifurcate from the origin. O

An alternative way to get the same bifurcation, see [11], is to obtain a first crossing
limit cycle assuming that there is no sliding segment, A(0) = 0, computing the A,
and Ay and checking that they have opposite sign. The second can be obtained
adding a sliding segment with an adequate stability. The first bifurcation was showed
in [9] where the return map of a focus-focus point is studied without the existence of
a sliding segment. The second mechanism is presented as a pseudo-Hopf bifurcation
in [5].

3. DEGENERATED HOPF BIFURCATION IN PIECEWISE CUBIC SYSTEMS

This section is devoted to prove our main theorem.

Theorem 3.1. Consider the perturbed system of the form (1)

3 3
(#9) = (Ple.y) + 3 afya"y',Quley) + 3 blyahy') fory >0,

k+§:2 k+§=2 (5)
(09) = (Ple.g) + 3 aia"y',Quley) + 3 byahy!) fory <o,
k-+0=2 k=2

where Pu(x,y) = —y(1—68x+118322) and Q.(r,y) = x—582*—44xy+30y*+67223+
148422y — 945xy? — 84y>. Then, there exist small enough values of the parameters
afg, bfg such that the above system has at least 22 hyperbolic crossing limit cycles
bifurcating from the origin.

Proof. The origin of the unperturbed system (5) is a Darboux center with the ra-
tional first integral

(420 — 7y — 1)°h(z,)
(44822 + 336xy + 63y? — 442 — 12y + 1)3(118322 — 682 + 1)’

H(z,y) =

where h(z,y) = 1075223 4295682y + 1764021y 4+ 3024y> — 160022 — 27602y — 576y +
T4z + 57y — 1. Note that it is well defined at the origin. With the perturbation in
system (5) the difference map near the origin writes as (3). Straightforward compu-
tations show that the linear terms of the first 23 Lyapunov quantities, denoted by
Lgl), e ,Lgi), are linearly independent, then, using the Implicit Function Theorem,
there are small enough values of the parameters in (5) such that the difference map
(3) has at least 22 simple zeros. They correspond to 22 hyperbolic crossing limit
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cycles for (5) and the statement follows. The expressions of the first linear parts are

2 _ _ —
Lél) - —g((aﬁ —ayy) + 2(bgy — bgz) + (b3 — bag)),

i B - B _
Lz(sl) - _§(44(b8L2 + byz) + 4d(byg + byg) + 28(b1; + byy) + 128(ag, + agy)

+ 184(ag0 + agg) + (afy + agy) + (b3, + byy) + 3(agy + azy) + 3(bgz + by)),
2 B _ _ _
Lz(ll) = E(‘mz(b;o — byy) + 12(bfy — byy) — 372(ay;, — ay;) — 768(ags — ags)
+ 88@?2 - a1_2) - 176(531 - 52_1) - 10796(“30 - a2_0) + 4856@32 - a&)
— 132(@5“0 — a3y) — 3920((){“1 —by) — 108128(1);0 — byp)
— 200862(632 — bay) — 109135(a1+1 —ajp))-

We do not show here the complete expressions because of their size. In fact, the
rational coefficients appearing in the used expressions have numerators and denom-
inators with more than one hundred digits each. 0

Proof of Theorem 1.1. The perturbation considered in (5) has no constant nor linear
terms, then the 22 hyperbolic crossing limit cycles, using Theorem 1.1, bifurcate from
the origin as the difference map A(z) starts with terms of order at least 2. In fact,
after these limit cycles bifurcate we have that Ly # 0, Then, as the perturbation
(4) add linear and constant terms and the 22 limit cycles are hyperbolic, the 2 limit

cycles bifurcating, using Proposition 2.1, from the origin are different, having in
total 24. This finishes the proof. [l

We observe that using only linear parts we have no more crossing limit cycles
because the next Lyapunov quantities are linearly dependent with respect to the
first. The difficulties in the computations do not allow us to study higher order
developments to get more limit cycles, if they exist.

As we have mentioned above, the described approach to find a lower bound for the
cyclicity of the origin from the fact that linear parts provide a complete unfolding
of K small limit cycles, adding the trace parameter, when the rank is K, follows
from [6, 7, 17]. This approach, in the analytic scenario and for the unperturbed
center (5), was followed in [3] to provide another explicit example with 11 small
limit cycles in polynomial cubic vector fields. This is because in (3) only odd terms
appear in the unfolding. What is relevant here is that the same center provides, in
the piecewise scenario, more than double crossing limit cycles, in fact 2(K + 1).
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