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THE LOCAL CYCLICITY PROBLEM. MELNIKOV METHOD USING
LYAPUNOV CONSTANTS

LUIZ F. S. GOUVEIA AND JOAN TORREGROSA

ABSTRACT. In 1991, Chicone and Jacobs shown the equivalence between the compu-
tation of the first-order Taylor developments of the Lyapunov constants and the devel-
opments of the first Melnikov function near a non-degenerate monodromic equilibrium
point, in the study of limit cycles of small amplitude bifurcating from a quadratic center.
We show that their proof is also valid for polynomial vector fields of any degree. This
equivalence is used to provide a new lower bound for the local cyclicity of degree six
polynomial vector fields, so M(6) > 44. Moreover, we extend this equivalence to the
piecewise polynomial class. Finally, we prove that M (4) > 43 and M (5) > 65.

1. INTRODUCTION

In the last century, Hilbert presented a list of problems that almost all of them are
solved. One problem that remains open consists in determining the maximal number
H(n) of limit cycles, and their relative positions, of planar polynomial vector fields of
degree n. This problem is known as the second part of the 16th Hilbert’s problem. In
the year of 1977, Arnol’d in [4] proposed a weakened version, focused on the study of the
number of limit cycles bifurcating from the period annulus of Hamiltonian systems.

In this work, we are interested in another local version, that consists in providing the
maximum number M(n) of small-amplitude limit cycles bifurcating from an elementary
center or an elementary focus, clearly M(n) < #H(n). In other words, M(n) is an upper
bound of the (local) cyclicity of such equilibrium points. For more details, see [49]. For
n = 2, Bautin proved that M(2) = 3, see [5]. For n = 3, the family of cubic systems
without quadratic terms was studied in [7, 51]. The proof of M;(3) =5 can be found in
[54]. Zotadek in [55], shows the first evidence that M(3) > 11. However, this problem has
been recently revisited by himself in [57]. The first proof of this fact was obtained some
years later by Christopher in [14], studying first-order perturbations of another cubic
center also provided by Zotadek in [56].

In 2012, Giné conjectures that M(n) = n*+3n—7, see [25, 26]. This suggests a higher
value for M(n) for polynomial vector fields of low degree. Gouveia and Torregrosa in
[30] show that M(5) > 33, M(7) > 61, M(8) > 76, and M(9) > 88. The first evidence
that this conjecture fails is given in [53]. Recently, a complete proof that M(3) > 12 is
provided by Giné, Gouveia, and Torregrosa in [27]. Moreover, in the same paper, they
show that M(4) > 21. For n = 6, the best lower bound was given in [42], proving that
M(6) > 40. The first main result of this paper updates this value.

Theorem 1.1. The local cyclicity of monodromic equilibrium points for polynomial vector
fields of degree n = 6 is greater than or equal to 44. That is, M(6) > 44.

In this work, we are also interested in piecewise polynomial vector fields. Andronov,
in [3] was the first studying such class of systems. In the last years, they have been
widely studied, since many problems of engineering, physics, and biology can be modeled
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by them, see [1, 6]. One of the most studied situations in the plane is given by two
vector fields defined in two half-planes separated by a straight line. As in the case of the
classical qualitative theory of polynomial systems, the study of the number and location
of the isolated periodic orbits, also called limit cycles, have received special attention, see
for example [11, 17, 24, 36, 41, 46]. In particular, it can be seen as an extension of the
16th-Hilbert problem for planar piecewise polynomial vector fields, see [38].

Here, we study limit cycles bifurcating from the origin in the class of piecewise differ-
ential equations of the form

(Z,9) = (PH(z,y,7\),Q"(x,y,))), when y >0,
(T,9) = (P (z,9,)),Q (2,9,A)), when y <0,

where P*(x,y, \) and Q*(z,y, \) are polynomials in x and y. The straight line ¥ = {y =
0} divides the plane in two half-planes, ¥* = {(z,y) : y > 0}, and the trajectories on
Y are defined following the Filippov convention, see [20]. Here we will consider only limit
cycles of crossing type, that is, when both vector fields point out in the same direction on
the separation line . Then, we denote by #H(n) the number of limit cycles of crossing
type for piecewise polynomial vector fields of degree n. Similarly, Mg(n) counts the
ones of small amplitude bifurcating from a monodromic equilibrium point. The upper
index ¢ means for crossing limit cycles and the subscript p for piecewise class. Clearly,
M(n) < H(n) and M5(n) < Hg(n).

For n = 1, Huan and Yang in [37] show a numerical evidence that H¢ (1) > 3. Llibre and
Ponce in [46] provide an analytical proof of this property. Using the averaging technique
this lower bound was reobtained by Buzzi, Pessoa, and Torregrosa in [11]. Freire, Ponce,
and Torres also obtained the same number in [22]. In this last work, the three limit
cycles are explained studying the full return map, two appear near the origin and the
other one far from it. But the three limit cycles appear nested and surrounding one sliding
segment. In fact, the two limit cycles of small amplitude appearing from an equilibrium
point provide the lower bound M(1) > 2. This value can be proved with the results in
[22] and we will recall it in the next section. Recently in [21], the three limit cycles have
been obtained near infinity in a Hopf type bifurcation.

For n = 2, using averaging theory of fifth-order, and perturbing the linear center, Llibre
and Tang in [47] proved that H;(2) > 8. Recently, da Cruz, Novaes, and Torregrosa in [18]
improve this lower bound and, using local developments of the difference map, Gouveia
and Torregrosa in [29] provide the first high lower bounds for piecewise polynomial classes
of degrees three, four and five: M$(3) > 26, M5 (4) > 40 and M5(5) > 58. Here we
update two of these lower bounds using averaging theory in our second main result.

Theorem 1.2. The local cyclicity for piecewise polynomial vector fields of degree four
and five is M;(4) > 43 and M (5) > 65, respectively.

In this paper, we are interesting also in differential equations containing a privileged ¢
that acts as small perturbation of a periodic behavior. Lagrange, in his study about the
three-body problem, formulated the idea of averaging. During some years, this method
was used in many fields without people bothering about proofs validity. In 1928, Fatou in
[19] gave the first analytic proof. Nowadays, in planar differential systems, the averaging
theory is also used for proving the existence of limit cycles which appear, after pertur-
bation, from a fully periodic neighborhood. A similar mechanism, when the differential
equation is nonautonomous, used for the same purpose is the Melnikov method. More-
over, it is an excellent tool for studying global bifurcations that occur near homoclinic or
heteroclinic loops in one-parameter families.
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Let us consider the perturbation of a Hamiltonian system

¢ = —Hy,+eP(x,ye N, 0
y, = HI—FSQ({E,y,E,)\).
Then, the first Melnikov function writes as
M(h) = [ Q(x,y,0,\)dx — P(x,y,0,\)dy, (2)
Fh

where ', = {H(z,y) = h?®} are closed ovals. This first-order analysis is based on the
Implicit Function Theorem. In fact, for € small enough, the simple zeros of M (h) corre-
spond to limit cycles of the perturbed system (1). That is, if h* satisfies that M (h*) =0
and M'(h*) # 0 then, there exists an hyperbolic limit cycle of (1) that goes to 'y« when
h goes to h*.

This result can be generalized also for the perturbation of centers, (z,9) = (P., Q.),
having an inverse integrating factor V(z,y). Then after a time rescaling the perturbed
system

(3)

r = PC<£IZ',3/)+€P($,3/,E,)\>,
y = Qc(m,y)—i-aQ(m,y,e,)\),

can be written as

P A
o o= —H, e PEYEN
Viz,y) (4)
J = HocQ@ue))
: V(z,y)

So, the corresponding generalized first Melnikov function of (4), or also of (3), is

In this paper, we only consider the above Melnikov function for the study of perturba-
tions of periodic orbits near planar autonomous differential systems. In this case, there
are some works explaining the equivalence between Melnikov studies and the averaging
theory, see [9, 32]. For more details in this theory we refer the reader to [10, 35, 50, 52].

This bifurcation mechanism can be used also in piecewise differential equations, see
[43, 44, 45]. Although this problem can be treated in a more general way, in this work we
will consider a simplified version of it. We will study that only the perturbation in (3) is
defined by piecewise functions. This perturbation will be defined in two zones separated
by a straight line, that is, the differential equation to consider can be written as

©.9) _{ (Pe(,y), Qel,y)) + & (PH(,,6, 1), Q7 (x,y,,))), if y >0,

| (Pl ), Qel, ) + e (P(2,y,6,0),Q (2,6, 7)), i y < 0.
Therefore, the piecewise generalized first Melnikov function of (6) is

M,(h) = M*(h) + M~ (h), (7)

—~
(@]
Nl

where
Q*(,y,0,\)dx — P=(z,y,0,\)dy
r V(z,y)
with T = ', N {£y > 0}. Clearly, in both piecewise regions we have the same center

having V' (z,y) as an inverse integrating factor. The main results of this work could be
extended to perturbing piecewise centers but this is not the aim of this paper.

M=(h) =
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From the mechanism described above, the functions (2), (5), and (7) provide the num-
ber of limit cycles bifurcating from the period annulus up to first-order analysis. Another
tool for obtaining limit cycles bifurcating from the origin comes from the study of the
Taylor development of the return map, the so-called Lyapunov constants. In this context
the perturbation terms of the non-degenerate linear center, (z,9) = (—y, ), usually have
degree at least two because in this case, the Lyapunov constants are polynomials in the
perturbation parameters, [15]. Another small limit cycle bifurcates from the origin using
the classical Hopf bifurcation when the linear coefficients are added in the perturbation
terms and the trace parameter change sign adequately. This bifurcation phenomenon is
also known as the degenerated Hopf bifurcation. More details on it can be seen in [2]. In
piecewise differential equations, a similar bifurcation can also be introduced, but adding
two limit cycles instead of only one. The linear terms are responsible for one of them and
the other is due to the existence of what is known as the sliding segment that appears
when the constant terms are added. The latter is known as the pseudo-Hopf bifurcation
and they are summarized in the next result.

Proposition 1.3 ([28]). Consider the perturbed system

i=—(1+Ay+ Y afa™y, =—y+ 3 aprty,
k+0=2 k+40=2
y=x+2cy+ >, by, y=d+z+ Y, bty
k+6=2 k+40=2

fory >0 and y < 0, respectively. If af; —ay; +2bdy — 2bgs +bag — bag # O then there exist c
and d small enough such that two crossing limit cycles of small amplitude bifurcate from
the origin.

We notice that when ¢ = d = 0, the expression af; — aj; + 2bdy — 2bg, + by — by defines
the stability of the origin. So, we could define it as the first Lyapunov constant for the
piecewise perturbation of the linear center. More details on the pseudo-Hopf bifurcation
are collected in [12, 22, 23]. In [14, 27, 29, 30], we can see that a good and simple tool
for studying the number of limit cycles of small amplitude bifurcating from the origin is
the first-order development of the Lyapunov constants. We notice that, in this case, the
Jacobian matrix of the vector field at the origin must be of nondegenerate monodromic

type.

Then, a natural question arises. Are there any relation between both mechanisms?
Chicone and Jacobs in 1991 provided a positive answer for quadratic families of vector
fields, see [13]. But, their proof is also valid for polynomial vector fields of any degree.
Hence, we can say that the next result comes from their original work. These ideas appear
also in the works of Han and Yu, see [33, 35], where the Melnikov function in the Hopf
bifurcation is studied.

Theorem 1.4 ([13]). Let (&,9) = (P.(x,y), Qc(z,y)) be a polynomial vector field of degree
n, with a non degenerated center at the origin. Consider the perturbed systems, in the
class of polynomial vector fields of degree n,

n

(#.9) = (Peley) + > auay . Qule,y) + Y bua'y!) (8)

(2.9) = (Pw,y) +& 3 aua®y' +0(2), Qulw,y) +6 Y buay' +0(). (9)
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If we denote by LE} the first-order expansion, with respect to the parameters ag, by, for
the Taylor series of the Lyapunov constant Ly associated to (8) then, for p small, the
first Melnikov function of (9) is

N 00
M(p) =) L (1 + O‘kjopj> P, (10)

k=1 j=1

with the Bautin ideal (L1,...,Ly,...) = (L1,...,Ly).

We remark that the perturbations in the above result are taken without linear terms.
This restriction is due to the fact that the elements in the Bautin ideal should be poly-
nomials. A direct consequence is the first part of the next corollary. For the second part
the classical Hopf bifurcation is necessarily to be used. As usual, O(g?) denotes the terms
of degree at least 2 in the perturbative parameter ¢.

Corollary 1.5. Let A,, be the matriz corresponding to (L[ll], cee L%]) with respect to the
parameters (ag, a1, agz, - - - , bao, b11, bog, - ..) € R34 where each LLI] is the linear k-
Lyapunov constant of system (8) and m < N. Then, if rank A,, = ¢ and for € small
enough, system (9) has { — 1 hyperbolic limit cycles of small amplitude bifurcating from
the origin. Additionally, adding the trace parameter, there are polynomial perturbations
of the center (&,9) = (P.(z,y),Q:(x,y)), exhibiting ¢ hyperbolic limit cycles of small
amplitude in a small enough neighborhood of the origin.

Recently, see [27, 29, 30|, a detailed study of the return map of a differential equation
near a non-degenerated monodromic point located at the origin has been done. The
authors focus their attention not only on first-order Taylor developments, with respect
to parameters, of the coefficients of the return map with respect to the initial condition.
These papers are a continuation of the work given by Christopher in [14]. The degenerated

Hopf bifurcation technique applies when LL” = ug for £ = 1,..., N, and all u; are
new independent parameters. Then, the existence of N limit cycles of small amplitude
bifurcating from the origin is guaranteed. This approach fails when the rank does not
increase in each step. That is when at least one LE} is a linear combination of the
previous ones. The main advantage of Theorem 1.4 is that we can compute easier the
expressions of Lg} than the coefficients of the series expansion of M. In [34] the study of
the multiplicity of zeros is also taken into account and moreover it provides upper bounds
for the number of limit cycles up to this perturbation order.

This paper is structured as follows. In Section 2, for completeness, we prove Theo-
rem 1.1 recovering the original proof for quadratic vector fields obtained in [13]. As a
natural application of it, we also prove Corollary 1.5. Then, we can get limit cycles of
small amplitude bifurcating from a center equilibrium point. Finally, we extend Theo-
rem 1.4 and Corollary 1.5 to the class of piecewise polynomial vector fields. In Section 3
we show, with a simple example of a polynomial vector field of degree 6, that the max-
imal computed rank of the linear developments does not coincide with the subscript of
the corresponding Lyapunov constant. Then, the result using only linear parts given by
Christopher in [14] does not apply. But using Theorem 1.4 we provide more limit cycles
of small amplitude. In Section 4 we prove our first main result, Theorem 1.1, and we
study the local cyclicity problem for some vector fields of degrees 7, 8, and 10, proving
that M(7) > 60, M(8) > 70, and M(10) > 97. Finally, Section 5 is devoted to piecewise
polynomial vector fields of degrees 3,4, and 5, proving our second main result Theo-
rem 1.2. We also provide a new proof of M5 (3) > 26, different from the one published
in [29], using now only first-order developments.
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2. THE PROOF OF CHICONE—JACOBS’ RESULT

This section is devoted to the proof of Theorem 1.4 and Corollary 1.5. The proof of
Theorem 1.4 for quadratic vector fields can be found in [13]. You can see it partially also
in [48]. Here we reproduce it but extended for every polynomial vector field of degree n.

Proof of Theorem 1.4. To simplify notation, we rewrite the perturbed parameters in (8)
and (9) as

(CLQQ,CLH,CLQQ, ce ,bgo,bll,bog, .. ) = ()\1, ce ,)\m) S Rm, with m = TL2 + 3n — 4.

After a linear change if necessary, equations (8) and (9), in the usual polar coordinates,
write as

dr _ r?Ry(0) + - + " Ryya (0) 11)

df B 1+ T@g(g) + -+ Tn_1®n+1(0> (
where R; and ©; are homogeneous trigonometric polynomials in sin @, cos 8 of degree i. We
define r(6; p) the solution of the initial value problem defined by (11) with initial condition
r(0; p) = p. Then, from the first return map r(2m; p), we can define the displacement
function associated to (11) as

A(p) = r(2m; p) — p-
Clearly, the zeros of this function provide periodic orbits of the corresponding system in

Cartesian coordinates.
The Taylor series in p of the displacement function A; associated to (8) is

Ai(p, ) = Li(A\)p™ ™! (1 +) 51cj()\)ﬂj)- (12)
k=1 =1

with i; polynomials vanishing at zero. Similarly, the Taylor series in € of the displace-
ment function A, associated to (9) is

% o0 k
Dalpe) = Ykl = >0 (S5 ) (13)

We notice that both Taylor series representation are only local, but with the Global
Bifurcation Lemma, see [13], the coefficients dj(p) are defined and being analytic on the
p-domain corresponding to the portion of the z—axis cut by the periodic trajectories
surrounding the center at the origin of the system. We observe that the idea of Melnikov
theory is determining dj(p) under the condition d;(p) = 0 for all j < k.
Writing the parameters A as their Taylor series expansion in terms of a privileged
parameter ¢, \i(€) = 372, A/, in (12), we have for each k and i,
LiMe) =D LY (M)’ and fu(A(e) = Y Brige’.
j=1 j=1

Rearranging the Taylor series (12), for € and p small enough, it follows that

Ai(pAe) =D > LYe (1 + ZZBkijpjei) P, (14)

k=1 j=1 i=0 j=1

As the first-orders in € of equation (8), changing A by €\, and equation (9) coincide, the
coefficients of degree one in ¢ for (14) and (13) are equal. So,

N 00
di(p) = L} (1 + > Brjor’ ) pPrr
k=1 =1
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It is well known that in the above expression the odd exponents in p corresponds to the
property that the first non vanishing Lyapunov constant has always an odd index, see
[2]. For a proof that the Lyapunov constants of even indices are in the ideal of the odd
ones, we refer the reader to [16, 31]. Applying the ideas in [13, Sect. 4] to differential

system (4) we can write
1

di(p) = 7—F—=M(p),
0) = 5 M)
where the function M is defined in (5).
The statement follows because, in our case, H(z,y) = (2> +4*)/2+ - -. O

Proof of Corollary 1.5. We study first the case when the trace parameter is zero. In this
case, it is well-known that the Lyapunov constants are polynomials in the perturbation
parameters, see [15]. Then we can compute the linear terms of the Lyapunov constants
with, for example, the classical mechanism described in [42]. Consequently, Theorem 1.4
gets the expression of the first Melnikov function (10). Hence, if the rank of the computed
expressions is £, we have £ —1 simple zeros near p = 0 and there exists a perturbed system
exhibiting ¢ — 1 limit cycles of small amplitude. Finally, adding the trace parameter as
in the classical Hopf bifurcation (see [40]), we get the total ¢ limit cycles as it is stated
in the statement. U

We notice that the above two results can be easily generalized for piecewise vector
fields. Let us consider the piecewise version of the perturbed differential systems (8) and
(9) given by

(#3) = (Pu(a Z @ty Qule,y) + Y bty (15)

and

(t,9) = ( r,y)+ ¢ Z aizby + 0(e?), Qo y) + ¢ Z bfl:):kyl#—O(eQ)). (16)

k+1=2 k+1=2

They are defined for the parameters a;;,b); and a;;,b;;, in the regions y > 0 and y < 0,
respectively. Here, as previously, the unperturbed system (&, y) = (P.(x,y), Q.(x,y)) has
a non-degenerated center at the origin.

The next corollary provides the piecewise extension of Theorem 1.4. So, its proof
follows closely to the proof of Theorem 1.4. In this case, the return map is also analytic
in p and all the steps are similar. The main difference is that the Taylor series of d; in
p have all powers starting in 2, because now we have not the property of symmetry that
vanishes all the even terms in the developments. We remark that the perturbation in
(16) has no constant nor linear terms.

Corollary 2.1. Let Lg} be the linear terms of the Lyapunov constants of a polynomial
piecewise vector field (15) near a monodromic equilibrium point. Then the corresponding
first Melnikov function (5) of (16) writes as

N

M(p) = Z LE} (1 + Z Oékjopj>pk+la
j=1

k=2
being the Bautin ideal (Lo, ..., Ly,...) = (La, ..., Lx).

Finally, similarly as for analytic perturbations here also the rank of the matrix provides
a lower bound for the number of limit cycles bifurcating from a monodromic equilibrium
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point. But, using piecewise perturbations, we have two extra limit cycles of small ampli-
tude as we have shown in Proposition 1.3. Then we have at least as many limit cycles as
the number of linearly independent linear parts plus one.

Corollary 2.2. Let A, be the matriz corresponding to (L[Ql], cee LE}J) with respect to the
parameters (ag, aiy, ady, ... bay b5, by, .. .) € RZ*T60=8 where cach LI is the linear part
of the k-Lyapunov constant of system (15). Then, if rank A,, = £, for € small enough,
there exist perturbation parameters, (a*,b*), such that system (16) has £ — 1 limit cycles
of small amplitude bifurcating from the origin. Additionally, adding the trace parameter,
there are piecewise polynomial perturbations of (&,79) = (P.(z,y), Qc(x,y)) exhibiting (+1
hyperbolic limit cycles of small amplitude in a small enough neighborhood of the origin.

We remark that the definition of the matrix A,, for Corollaries 1.5 and 2.2 does not
coincide, because of the different definitions of the subscripts in the nonvanishing coeffi-
cients of the respectively Taylor developments in p. But the important property for the
number of the limit cycles of small amplitude is which is the value of its rank.

3. A FIRST BUT NOT TRIVIAL EXAMPLE

In this section we show the explicit linear developments of the Lyapunov constants
in a simple example provided by [39]. In the proof of the next result, we can see how
Corollary 1.5 is better than the direct use of the Lyapunov constants. We remark that,
most probably, the number of limit cycles presented will be the maximum using only
first-order analysis. We have chosen a vector field of a high degree to see better the
effectiveness of our results.

Proposition 3.1. Let us consider the system
(#,9) = (—y + 2y, x + 2'y?). (17)

Then, there exist polynomial perturbations of degree 6 such that from the origin of the
center (17) bifurcate 16 limit cycles of small amplitude.

Proof. System (17) has a time-reversible center at the origin. Because it is invariant
by the change (x,y,t) — (z,—y,—t). Additionally, it has also a rational first integral
obtained from its corresponding inverse integrating factor. They are, respectively,

2, ,2\5 10 _ 9.5 1 1
EHY) hd Vigy) = 22+
(1 — 29)2 (22 + y2)3/2
The next step is the computation of the linear terms of the Taylor developments of

the Lyapunov constants. We have computed LE] for k =1,...,40 with, for example, the
algorithm described in [30]. As in the previous section, let A,, be the matrix corresponding

H(z,y) =

to (L[ll}, . ,LL”) with respect to the parameters (asg, a1, doz, - - ., b, b11, boz, - . .) € R,
Then, the proof of the statement follows using Corollary 1.5 because rank Asg = 16.

We point out that we have checked that rank A, = k for k =1,...,12, but rank A;3 =
12. Additionally, that rank A;4 = 13, rank A, = 14, for k = 15,...,18, rank A;9 = 15, and
rank A, = 16, for k£ = 20,...,40. From these values we can say that, up to & = 40 there
are no more limit cycles than the ones in the statement. Moreover, without Corollary 1.5,
that is with the results in [14], only 12 limit cycles of small amplitude can bifurcate from
the origin.

The explicit expression of the necessary Lyapunov constants to get the statement are:

2
LY = 2 (3as0 + asz + oy + 3bys).



MELNIKOV METHOD USING LYAPUNOV CONSTANTS

2
L[zl] = 5(541 + ass + bag + Sbos + a14 + Has),
2
Lgl] = £<336L20 + 7@02 — bn),
2
LE]:Eﬁg(ﬂﬂam——2ugl—Ewm—%2%m2+21mM%
2
LE] = ﬁ(?laﬁo - 7b33 - 5615 -+ 5@24 + 7(106 + 7@42 - 21b51),
2
LE::—ﬁEQ&ﬂ%3+8m@1+9Mau+2ﬂ3%@,
2
LE]:-—ﬂiag@97ﬂ%%—%8&wam—%8ﬂ%aw—+84ﬂ%%—%&Elml+44%wam%
2
_LQ]::-—2127125(-265929b114—1931573a024-9055937amﬁ,
2
Lg]::151516155(—40561101631——18052569bﬁg+—42963501a04%—320497961a40
+ 58729949as,),
2
L%}::——51515555(12806957a60+—4471569a42%—4628869a06——12806957bm
— 4471569b33 + 3270585a4 — 3270585b15),
2
o= __ 2 (9725859717 29642231001 28891397801b
I = 563966875 2 a0+ 03
+ 9538151417y, ),
Y = 2 (770680333485bs; + 789987106585 155267074197
12 = 16500171875 05+ 40+ i
+ 156791990497az; 4 147654869097b,1 + 152709627597bss),
2
Ll = 158564044415887 33790154009423
13 = 3137213184375 @20 o2
— 4680685675639011),
2
Ll (4443429078671 1agy + 33213540185625Las

~ 10108895671875

+ 60777619220839a22 — 18692855217819b;5 — 42136878469511bs, ),

(23966540375301agp + 836045165071 7a s

T 3418644718125

+ 6115824649905a94 — 23966540375301b5; — 8360451650717b33

— 6115824649905b5 + 8657859935137 as),
2

L _ 24541281 21797hgs + 1 2 449
) 3357597491015625(3 5412818709921797bys + 1075093752985900449b,,
+ 1088751590673845749a15 + 3300044169461702997as,),
9
L= _ 441743420639301995b,5 + 85703797233564799b
17 430461216796875< 05 + -

+ 87765192673441699b,3 + 89435736465275399a32

+ 88812279725145499a44 + 449630929414297095as),

)
L— 63431621172437564093
18 56468685076171875( 420

— 1883311935706466021b1; + 13503765373476308497as),
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n_ _ 2 464272204405895182111
19 621155535837890625( 40

1 84747082997571253579a05 — 59162027050841642971bs;
— 26101104368457380559b,5 + 61867863575213428971aqy),
n_ 2

) p— 5933622583442761308861
20 35654327757094921875( 60

+ 1503042242167592202705a94 — 2059684414443886787537b33
+ 2125467391558746447037aps — 1503042242167592202705b1 5
— 5933622583442761308861b51, + 2059684414443886787537a,s).

4. LOCAL CYCLICITY FOR SYSTEMS OF DEGREES 6,7,8, AND 10

In this section we use Corollary 1.5 to study lower bounds for the cyclicity in some
centers of low degree, n = 6,7,8, and 10. Next result proves Theorem 1.1. The other
propositions do not provide better lower bounds for the local cyclicity in the indicated
degrees. But we have decided to be added here because the centers and their perturbation
studies are new. From the proofs, it seems that the number of limit cycles that bifurcate
from the origin will be the maximum values for first-order studies. We have computed
some more terms than the necessary to prove the statements. In all cases, we show
that only studying first-order developments and using the technique described in [14] the
results on lower bounds for the cyclicity are worst. We have not studied degrees n =
3,4,5,9 because we do not have new centers having this special property. Unfortunately,
we have not improved the lower bounds previously obtained in [27, 30].

Proposition 4.1. There are polynomial perturbations of degree 6 such that from the
origin of the center

o 198 . 128 . 416 ,, 448 , ., 256 , , 256 . 8
T T AT T e T T At 1)
)= 20— 2N ——16645642+%$33—y1’24+g$5+26
y= 5TV Ty Y T Y Tt Tyt T Y

bifurcate at least 44 limit cycles of small amplitude.

Proof. The vector field in the statement and the proof that it has a center at the origin is
given by Giné in [25]. The proof of the statement follows from Corollary 1.5 computing
LE], for k =1,...,80, and checking that rank A, = 44, for k = 52, ...,80. We notice that
rank A, = k, for k = 1,...,32. Because of the size, we only show the linear developments
of the first three Lyapunov constants:

4
L[ll] — _(2@12 —+ b21) -+ 4(@30 + b03)7

3
4
L[Ql] = g(2a32 + 40/14 + b41 + 2b23) + 4(@50 + 4b05)7
n 512
Ly = {57z (488agy — 86an1 + 236az — 118b> + 172b11 — G1by).

g

Remark 4.2. We notice that for the center (18) we have also computed 44 Lyapunov
constants up to fourth-order and, using [30], we can prove only the existence of 41 limit
cycles of small amplitude bifurcating from the origin.
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Proposition 4.3. There are polynomial perturbations of degree 7 such that from the
origin of the center

( 2527 2968 4186 2800

b o= ——aby - "%y — —— a2ty — —— a3y — 553225 + 56218

3 3 3 3
184 88
ety + gty H 48wy’ —y,
2219 5684 742 1148
y = 67227 + 148425y + - oy + - xhy? — ?:Jc‘?’y‘1 - x2y°
104 44

\ —315zy% — 28y" — 58x* — 4413y — T:rzy2 - gasy?’ +10y* + =z,

bifurcate at least 60 limit cycles of small amplitude.

Proof. The system in the statement has a center at the origin because it has a rational
first integral of the form H (x(x? + y?),y(z* + y?)), where

3
Hiz,y) = (422 — Ty — 1)" Y(x, yg) (19)
(44822 + 3362y + 63y% — 4dx — 12y + 1)° (118322 — 68z + 1)

with ¢ (z,y) = 107522% + 295682y + 17640xy? + 3024y® — 16002* — 2760zy — 576y* +
T4x 4 57y — 1. The original cubic polynomial vector field having a center at the origin is
given in [8].

The proof follows also from Corollary 1.5 computing LE], fork=1,...,80, and checking
that rank Ags = 60. We notice that rank A, = k, for k = 1,...,55. We show only the first
three Lyapunov constants:

1
L[ll} = —(ay2 + ba1) + aso + bos,

3
1
= 1 (16642 + 35211 + 9y + 3952020 + Yasz + 45as0 + 968bun + 45bos
+ 1064by; + 616bgg + Ibas + 9byy),
2192
= (ags + 176a13 + 15a16 + 1392a20 + 528as;, + Yazy + 6800a4 + 15as

105
+ 105a70 + 880bos + 105bg7 + 912b13 + 528b9s + 15ba5 + 1072b31 + 880b40

+ Obys + 15bg1).
O

Proposition 4.4. There are polynomial perturbations of degree 8 such that from the
origin of the center

(. B4 . 18 . B4 ., 894 .,

T = 1—75x8+£xy—ﬁxy —i—1—751‘y—2x4y4
+%xgys) _ %xzye _ %xf n %yg _y,
y = —%iﬂy - 112—755451763/2 - %aﬁy?’ — %:{;43/4
\ —25—2:v3y5 ;—ifc%ﬁ - %x@/ + %yg +

bifurcate at least 70 limit cycles of small amplitude.

Proof. We consider the center with quartic homogeneous nonlinearities given in [25] but
written in polar coordinates, (z,y) = (rcosf,rsinf). Then, with the change R = 73/°
and recovering again new Cartesian coordinates, we obtain the system in the statement of
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degree 8. Then it has also a center at the origin. The proof of the statement follows again

from Corollary 1.5 computing Lg], for k = 1,...,130, and checking that rank Ag; = 70.
We notice that rank A, = k, for k = 1,...,45. The first three Lyapunov constants are

1
L[ll] = —(aiz + ba1) + aso + bos,

3
1
L[Ql] — g<a14 + aso + Dasg + 5b05 + b23 + b41)7
1
L:[J,ﬂ - %(5@6 + 3asy + Sasy + 35a70 + 35bg7 + 5bas + 3bas + Sbe1 ).

g

Proposition 4.5. There are polynomial perturbations of degree 10 such that from the
origin of the center

(. — 2%Ilo + §x9y + %xSyQ + 12—552x7y3 _ %xﬁyfl + %x‘:’y‘r’ _ 5x4y6
+§—§x3y7 + %nyS _ %xyg + gym —y,
j = _gwgy _ 12_852w8y2 _ %ﬂy:a _ %x6y4 _ %:ﬁ’gﬁ _ ?#yﬁ
\ —%x?’gﬂ + %mzyg _ ;l—gxyg + ;_iym T

bifurcate at least 97 limit cycles of small amplitude.

Proof. The center in the statement is obtained following the same procedure than in
the proof of Proposition 4.4 but with the change R = %%, The proof of the existence
of such limit cycles of small amplitude follows again from Corollary 1.5 computing L,E:l],
for kK = 1,...,130, and checking that rank A9 = 97. We notice that rank Ay = k, for
k =1,...,58. Curiously, the expressions of the first three Lyapunov constants coincide

with the ones of the previous proposition. O

5. PERTURBING PIECEWISE SYSTEMS OF DEGREES 3, 4, AND 5

This section is devoted to proving Theorem 1.2. We also show that there are other
cubic centers having cyclicity also higher or equal than 26 as it was proved in [29] but
using second-order developments. The following result only uses first-order analysis. The
best lower bound for the local cyclicity, up to our knowledge, for piecewise quadratic
vector fields is [18]. As we have no new nor better results for n = 2 we have concentrated
our efforts to high degrees. But, the computational difficulties arise for n > 6 even using
the parallelization algorithms. This is why we have stopped in degree five polynomial
piecewise differential equations. So we do not write them here again.

As in the previous section, we have computed some more Lyapunov constants than the
strictly necessary to get the proofs. With the aim to convince ourselves that we have
obtained the optimal results for first-order studies. From the proofs, it can be seen also
that the classical study using only the return map and the Lyapunov constants provide
worse results. See again [29).

The general perturbed system considered in this section is

(2,9) = (Pc(x,y) + > af byt Qe(z,y) + > b&%’“?f) for y > 0,
k:-‘rf;:o k-‘rﬁ:O (20)

(z,9) = (Pc(fv,y) + 3 agrtyt Qe(z,y) + > b;gx’“yé) for y < 0.
k=0 k=0
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Proposition 5.1. There exist polynomial piecewise perturbations of degree n = 3 as (20)
such that 26 crossing limit cycles of small amplitude bifurcate from the origin of system

(o 168, 8252 - 2068
- YT 195 125 Y7 125 Y
44436 , 533631 , 502508 o, 60552 ,
— xr~ — i X _—
625 625 ~ YT 65 YT Teas Y
. 474 , 0164 2874
= z— x Ty + ——
y 125 125 7Y 125 Y
(232848 010392 , 385231 ., AOTOG4
( 625 625 “ YT g5 Y 625 7

Proof. The system in the statement is the Bondar—Sadovskii cubic center system given
by the rational first integral (19), see again [8], but rotated with the matrix

3/5 —4/5

4/5  3/5 )
The proof of the statement follows from Corollary 2.2 computing LE], for k=2,...,32,
and checking that rank Asg = 25. We notice that rank Ay, = k — 1, for &k = 2,...,24.

Because of the size, we only show the linear developments of the first three Lyapunov
constants:

2 - + — + _ 9
1 + +
L[z] = s (af; — ajq + by — by + 20, boz):

w

1
L = 5005 (1260007 ag, — 25200may, + 1125may, + 1638007az + 3375mas,

+ 1260007ady — 25200ma]; + 11257af, + 1638007az, + 3375mas,

— 1359007y, + 3375mhys + 189007by; — 85500y, + 11257hy; — 1359007b,
+ 3375wy + 189007by; — 85500mby, + 1125mb3; — 577664ay, + 577664a7;

— 11553280by, — 577664y, + 11553280, + 577664b5,),

1
1 i B B
L= Saiz500 (4738650000mag, — 9477300007y, + 42309375aj,

+ 6160245000mag, + 126928125maz, + 4738650000mag; — 947730000ma;;

+ 423093757 a, + 61602450007 ad, + 126928125mad, — 51109725007by,

+ 1269281257by, + 7107975007by, — 3215512500mby, + 423093757bs,

— 5110972500mbg;, + 1269281257b(; 4+ 7107975007bT, — 3215512500mb3,

+ 423093757b7; + 154703200045, — 84000000ay; — 1407276997647,

+ 373600047, + 260414166445, — 3735600045, + 417720004z,

— 15470320004 + 84000000ag; + 140727699764, — 37360004,

— 2604141664a3, + 37356000a7; — 4177200045, — 27939203952b;,

+ 68208000bg; + 62800483207, + 4644000b, — 144130963205,

+ 4242400005, + 939000063, + 27939203952, — 68208000

— 628004832b;;, — 464400057, + 14413096320b5, — 4242400065, — 939000057, ).
O

We remark that, in the above result, we have rotated because, without it, the local
cyclicity takes a lower value, up to first-order analysis. We have not proved that this
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rotation plays any special role. Except that the entries of the matrix are small rational
numbers. With other rotation matrices, the result will be generically the same. This
example shows how the separation straight line change the local cyclicity of the origin.

Proposition 5.2. There exist polynomial piecewise perturbations of degree n = 4 as (20)
such that 43 crossing limit cycles of small amplitude bifurcate from the origin of system
T = at—6x%? +yt+ 23 — 3y + 2% —y? — v,
y = 4dxdy — 4oy’ + 32y — P + 22y + .
Proof. The above vector field has a center at the origin because it is the holomorphic
system of degree four 2 = i z+22+23+4 2%, but written in Cartesian coordinates, z = z+iy.
The proof follows also from Corollary 2.2 computing Lg], for k =2,...,60, and checking

that rank Agy = 42. We notice that rank A, = k — 1, for k£ = 2,...,38. Because of the
size, we only show the linear developments of the first three Lyapunov constants:

2
1 _ _
L[2] = g(aﬁ —ap; + bgo - b20)a

1
L = (62 + agy + afy + a3, + Bay + Bagy + 3b; + 3bis
— Abgy — Abyy + by + byy),
+ 2ay; + 4af, — dag, + 4afy — 4ajy — 16ad, + 16a5, + 6ad,
— 6agy + 6ag; — 6az, — 4bdy + 4bgy + 16b, — 16by, — 14b], + 14b7;.
O
Proposition 5.3. There exist polynomial piecewise perturbations of degree n =5 as (20)
such that 65 crossing limit cycles of small amplitude bifurcate from the origin of system
i = 2% — 1023y + bayt + 2t — 62%y% + ¢t + 23 — 3wy® + 2% — y? —y,
y = baty — 1022y + ¢° + 42y — day?® + 322y — v + 20y + 2.
Proof. The vector field in the statement is, written in Cartesian coordinates (z = z+1iy),
the holomorphic system of degree five 2 =iz + 22 + 2% + 2% + 25. The proof follows again
from Corollary 2.2 computing Lg}, for k = 2,...,80, and checking that rank A7 = 64.

We notice that rank A, = k — 1, for £k = 2,...,58. Because of the size, we only show the
linear developments of the first three Lyapunov constants:

2 ] + — R
1 + +
L[2} = _(an —ap; + 2(b02 2502) bao b20)7

3
1
) B - B _
Lg} - g”(aﬁ + ayy + 3(agy + azy) — bz — bz + 3(bgy + bo3)

— 4(b3y + bag) + b3y + b3y),

2
L= 15 (30 — 3bj + 33y — 30, + Abjy — dbyg + 20y — 2bgy — T + by,

— 6bgy + 6bgy + 2ay — 2a, + 2bgy — 2byy — af; + ay; — 12ad, + 12ag,).
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