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Abstract. In this work we consider planar polynomial differential systems of the form:

i:P(m,y), y:Q(‘ray)v

where P(x,y) and Q(z,y) are polynomials with real coefficients whose maximum degree is
d. We only consider systems of this form with the circumference 2% +3? —1 = 0 as a periodic

orbit. These systems take the form:

T =—yc(z,y) + f(z,y) a(z,y), y==cz,y)+ f(z,9)b(z,y),

where f(z,y) = (2 +4? —1)/2 and a,b and c¢ are real polynomials. Our interest in this
work is to study the multiplicity of the circumference as periodic orbit of the aforementioned
system. This work contains some theorems that characterize when the circumference is a
limit cycle of multiplicity m and when it belongs to a period annulus. Moreover, if we
assume that the system is of a particular form, we will give an upper bound for the possible
multiplicities that the circumference may have as a limit cycle. Finally, we apply our results

to some examples.
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1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

In this work we consider planar polynomial differential systems of the form:

X =Py, V=), (1)
where P(x,y) and Q(x,y) are polynomials with real coefficients whose maxi-
mum degree is d.

We only consider systems of the form (1.1) with the circumference x2 4 y? —
1 = 0 as periodic orbit. We denote by I' the graphic of this periodic orbit. In
the works [3, 7], it is shown that any polynomial differential system with the

circumference as periodic orbit takes the form:

& =—yc(z,y) + flz,y)alz,y), ¥ =zc(z,y)+ flz,y)b(z,y), (1.2)

where f(z,y) = (22 +y?>—1)/2 and a, b and c are real polynomials. Moreover,
since f(z,y) = 0 needs to be a periodic orbit, the circumference cannot contain
any critical point of the system. Therefore, we assume that there is no real
point in the intersection of f(z,y) = 0 and ¢(z,y) = 0. In the case of ¢ = 0,
I" is filled with critical points and then f = 0 is not a periodic orbit.

Our interest in this work is to study the multiplicity of the circumference
as periodic orbit of system (1.2). The following section contains the definition
of multiplicity of a periodic orbit.

In order to state our results we prefer to write system (1.2) in the equivalent
Pfaffian form: w = 0 with

w = cdf + fwo,

where c(x,y) is the aforementioned polynomial and wy is the polynomial 1-
form given by wy = bdx — ady. We recall that df = xzdx + ydy.

We present a generalization of Melnikov functions to study the multiplicity
of the circumference as a periodic orbit of system (1.2). Melnikov functions are
classically used for the study of the bifurcations of limit cycles from a period
annulus. We give a description of these functions and its use in the following

section.
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The most important results we present are the following ones.

Theorem 1.1. T' is a limit cycle of multiplicity 1 of system (1.2) if, and only

. wo
Zf, f}oc 750

We are going to use the following result due to Frangoise [11] which char-
acterizes the decomposition of any polynomial 1-form w in relation with the
algebraic curve f = 0.

Proposition 1.2. [11] Given any polynomial 1-form w, there exist g, S
polynomials in R[x,y] and 1 a polynomial in R[x], such that

w = gdf +dS + ¢(f) (ydzx — zdy),
where f = (x? +y* —1)/2.

In particular, we have that § W0 = 0 if, and only if, there exist gg, Sy
polynomials and a polynomial 1-form wy, such that wg = godf + dSy + f w1,
where wy is the following 1-form wy; = ¥ (f) (y dx — z dy).

We consider the particular case in which c is a constant different from zero
and by scaling we take ¢ = 1. Using the aforementioned result, we can prove
the following one.

Theorem 1.3. Consider the particular case c(x,y) = 1. Then, T is a limit
cycle of multiplicity 2 of system (1.2) if, and only if, wy = godf + dSp + fwr
and 7{ e (wy — godSp) # 0.
£=0

The previous theorem shows that to characterize when the circumference is
a limit cycle of multiplicity two, one needs to compute an integral involving
elementary functions. Since we are mainly interested in the algebraic prop-
erties of the multiplicity, we are going to restrict ourselves to the particular
case in which ¢ = 1 and Sy is a constant, that is, we are going to determine
when the circumference is a limit cycle of multiplicity m, with m > 2, of the
following 1-form:

w=df + fgodf + f*wr, (1.3)

where, f = (22 4+y%—1)/2, go is a polynomial in R[z, y] and w; is the following
1-form w1 = ¥(f) (ydz — x dy), with ¢ a polynomial in R[z].
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Theorem 1.4. Consider the 1-form (1.3). Then, T is a limit cycle of multi-
plicity m if, and only if, w = df + fgodf + f™o(f) (ydx — xzdy), with ¢ a
polynomial in Rlz| such that ¢(0) # 0.

The following corollary specifies when the circumference I' belongs to a

period annulus for the 1-form described in (1.3).

Corollary 1.5. Consider the 1-form (1.3). Then, I' belongs to a continuum
of periodic orbits if, and only if, w = df + fgodf, where go is any real
polynomaal.

We remark that the 1-form w = df + fgodf has the function f as first
integral and 1 + f gg as inverse integrating factor. The definitions of these
notions of integrability can be found in [7, 13] and the references therein.

We have characterized when the circumference I' is a limit cycle of multi-
plicity m and when it belongs to a period annulus. We assume that the 1-form
(1.3) has degree d and the following result gives an upper bound for the pos-
sible multiplicities that the circumference may have as limit cycle of (1.3) in
terms of d. Since this upper bound is sharp, we have the value of the cyclicity
of I' inside the family of systems of degree d whose associated 1-form reads
for (1.3). The definition of cyclicity and its relationship with the multiplicity
is described in the following section.

We denote by |z] the floor of the real number x.

Theorem 1.6. Consider the 1-form (1.3) and assume that it is of degree d.
Then, the cyclicity of T' as a limit cycle is |(d —1)/2].

This work is organized as follows. The next section contains the definitions
and previous results needed to state and prove our theorems. In addition, this
section contains the description of the state of the art of the set forth problem.
The first definition that we need is the multiplicity of a limit cycle of a planar
differential system, which is given in terms of the Poincaré return map. One
of the classical tools to determine the multiplicity of a limit cycle consists
in changing the system to local coordinates and to characterize the Poincaré
return map in these coordinates. We describe how this method gives rise to
several formulae to tackle our problem. However the determination of these
formulae is computationally very difficult. Another way to do this study is to
consider the notion of analytic m-solution. This notion is introduced in [13]
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and it allows the computation of the multiplicity of a limit cycle, provided that
one knows an analytic m-solution. In order to complete the understanding of
the meaning of multiplicity, we give its relationship with the notion of cyclicity.
We remark that the cyclicity is related with the possible bifurcations of a limit
cycle, whereas the multiplicity is defined for a fixed system.

We introduce the concept of bifurcation of limit cycles from a continuum
of periodic orbits. This bifurcation can be related to the stability problem as
we will explain in Section 2. To start with, we describe how the definition of
successive Melnikov functions allows to control the number and distribution of
limit cycles bifurcating from a period annulus. A summary of the main classi-
cal results in this context and the corresponding references is given in Section
2. Frangoise in [10] and Gasull and Torregrosa in [14] showed the connec-
tion between the bifurcation of limit cycles from the Hamiltonian system with
H = 2?4+ y? and the determination of the order (or equivalently the multiplic-
ity) of a non-degenerate weak focus. The Melnikov functions corresponding
to adequate perturbations of the aforementioned Hamiltonian system give rise
to the computation of the first non-vanishing Liapunov constant of the weak
focus, that is, its order and its stability can be given.

Our main aim is to give the determination of the multiplicity of a limit cycle
through the use of Melnikov functions, that is, to generalize the previous result
from a weak focus to a limit cycle. We will only consider the circumference
as a limit cycle. We are able to give explicit formulae which determine when
the circumference is a limit cycle of multiplicity 1 or 2, cf. Theorems 1.1
and 1.3, respectively. Given a natural number m, with m > 2, Theorem 1.4
gives explicit systems with the circumference as limit cycle of multiplicity m.
The proof of these theorems is given in Section 3. Finally, Section 4 contains
several examples to illustrate our results.

2. DEFINITIONS AND PREVIOUS RESULTS

In this section we first recall the definition of multiplicity for a periodic orbit
of a planar analytic differential system. We describe two ways to study the
multiplicity of a limit cycle of a differential system. The first way consists in
changing the coordinates (x, y) to curvilinear or local coordinates, in which the
determination of the Poincaré map can be done in a recursive form. The second

way is to show the equivalence between having a limit cycle of multiplicity m
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and the existence of an analytic m-solution related to it. The definition of
analytic m-solution and the proof of the mentioned equivalence is given in
[13].

Given a planar analytic differential system of the form:

L Py, Y =Qwy), (2.1)
defined in an open set U C R?, we say that a periodic orbit I' C U is a
limit cycle if there exists a neighborhood of I' without any other periodic
orbit, that is, I' is an isolated periodic orbit for system (2.1). We denote by
(z,y) = ~(t) the equations corresponding to this closed trajectory and, thus,
I':={y()|0<t<T}, where T > 0 is the minimal period of the limit cycle.

We are interested in the behavior of the orbits of system (2.1) in a neigh-
borhood of a periodic orbit I'. It may happen that I belongs to a continuous
band of periodic orbits. In such a case, it is no longer a limit cycle because it
is not isolated. The classical definitions and results related to periodic orbits
can be encountered in the following books [1, 5, 16, 19, 20, 22, 23]. We say
that a limit cycle I is stable (resp. unstable) when there exists a neighborhood
of it such that any orbit with initial condition in this neighborhood has I" as
limit set when evolving the time to +oo (resp. —oc). A limit cycle is called
semi-stable when it is stable in a inner neighborhood and unstable in an outer
neighborhood, or the other way round, unstable in a inner neighborhood and
stable in an outer one. Any periodic orbit of a planar analytic differential sys-
tem is either stable, unstable, semi-stable or it belongs to a continuous band
of periodic orbits.

In order to determine the stability of a periodic orbit I', we consider the
Poincaré map associated to it. To define the Poincaré map, we consider a
point pg € I' and a section > through the point pg, that is, X is an arc of a
curve containing the point py and such that the considered differential system
is not tangent at any point of this arc. Since I' is a periodic orbit, for each
point g of 3, the solution of system (2.1) starting in ¢ cuts 3 again in another
point, denoted by II(q), for some positive time. We notice that since I' is a
periodic orbit and pg € I, we have that II(pg) = po. In fact, any fixed point
of this map corresponds to a periodic orbit of system (2.1). The function
IT: 3 — ¥ defined in this way is called the Poincaré map for I'.
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The qualitative properties of the Poincaré map do not depend on the chosen
point pg or the chosen section Y. Moreover, the Poincaré map is a diffeomor-
phism with the same regularity than system (2.1), so in our context is an
analytic diffeomorphism. We parameterize the section ¥ by a real parameter
o € (—e,¢e), with € > 0 and ¢ = 0 corresponding to the point py € T'.

The Poincaré map gives the definition of the displacement map associated
to the periodic orbit I', d : ¥ — ¥ which is d(o) = II(0) —o. The displacement
map shows the stability of I" because, clearly from its definition, when d(o)
is increasing for o near 0 then I' is unstable; when d(o) is decreasing for o
near 0 then I' is stable; and if ¢ = 0 is an inflection point of d(o) then I' is
semi-stable. If d(o) = 0 for o near 0, then I' is contained in a continuous band
of periodic orbits.

Moreover, the Poincaré map gives rise to the definition of multiplicity of a

limit cycle as follows:

a) If II = Id, then I' belongs to a continuous band of periodic orbits, and
it is not a limit cycle,

b) if Il(0) = c1 0 + O(c?) with ¢; # 1, then T is said to be a limit cycle
of multiplicity 1 (or a hyperbolic limit cycle),

c) if (o) = 0 + ¢y o™ + O(c™ 1) and ¢, # 0, then T is said to be a
limit cycle of multiplicity m.

Note that ¢; # 0 because II is diffeomorphism and II'(0) = ¢; > 0 because
II is an increasing map.

The study of the multiplicity of a limit cycle also shows the stability of the
periodic orbit I', because when c; is greater than one, then I' is unstable, if ¢;
is lower than one then I' is stable. In the case that ¢; = 1 we need to determine
the parity of m. If m is even then I' is semi-stable and if m is odd then when
cm 18 positive I' is unstable and when ¢, is negative then I' is stable.

2.1. Curvilinear coordinates method. We define the local or curvilinear
coordinates associated to a periodic orbit, see [16, 22|, to study the multiplicity
of a periodic orbit of a planar analytic differential system (2.1).

Since I' is an oval, we can describe it with its arc-length parameter s, I' :=
{(¢(s),9(s)) : s €0, L]}, where L > 0 is the total length of the oval. Given a
point (z,y) in a neighborhood of I'; we consider its projection (¢(s),1(s)) over
I' and the value n which is the length of the normal from (z,y) to (¢(s), ¥(s)).
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Hence, any point (x,y) in a neighborhood of ' can be described by means of
these curvilinear coordinates (s,n). We notice that the change from cartesian
(z,y) to curvilinear coordinates (s,n) is given by:

= ols) = n(s) y = vls) + nels), (2.2)

where 1/ (s) and ¢(s) denote the derivative of ¥(s) and ¢(s) with respect to s.
Since the pair (¢(s),1(s)) parameterize the oval T, we have that | ¢'(s) | + |
Y'(s) |# 0 and, thus, the jacobian of the change described in (2.2) is different
from zero in a neighborhood of n = 0.

We apply this change of coordinates to system (2.1). Since I' is a periodic
orbit of system (2.1), ds/dt is different from zero in a neighborhood of n =
0 and, therefore, we can write the new system in the form of the ordinary

differential equation:

i F(s,n), (2.3)

where we take s as the new independent variable. Moreover, F(s,0) = 0,
because in these coordinates the orbit I' is described by n = 0. This change to
curvilinear coordinates affects an annular neighborhood of the periodic orbit
I' and this neighborhood can be seen as a cylinder with n € (—¢,¢), for ¢ > 0
small enough to ensure the good change to curvilinear coordinates, and the L-
periodic variable s. Hence, in these coordinates, we study ordinary differential
equations defined over a cylindrical manifold. In this way, in a neighborhood of
a periodic orbit, a system in the plane can always be considered as an ordinary
differential equation over a cylinder. We remark that there are differential
equations over a cylinder that cannot be transformed to a planar polynomial
differential system.
We develop the function F'(s,n) in a series of n:

F(s,n) = ZFj(s) n’,
i>1
where the functions Fj(s) are L-periodic in s because ¢(s) and ¢(s) are L-
periodic.
Let us consider the flow ¥(s;ng) of equation (2.3), that is, U(s;ng) is the
function satisfying:
0V (s;ng)

s = F(s,¥(s;np)) and ¥(0;n9) = no. (2.4)
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We develop the flow ¥(s;ng) in terms of ng and we get:
U(s;ng) = > W (s)ni,. (2.5)
Jjz1

We note that since n = 0 is a solution to (2.3), we have that ¥(s;0) = 0.

We also note that, in these coordinates, the Poincaré map associated to
n = 0is given by II(ng) = ¥(L;no), or equivalently, Il(ng) = > .~ ¥;(L) ng.

We impose that W(s;ng) satisfies the initial value problem (2.4) and we
develop in terms of ng. In this way we get a series of recurrent linear differential
equations for the functions W;(s), j > 1. For instance, equating the coefficient
of ng in the development of (2.4), we deduce that:

Vy(s) = Fi(s)Pa(s)
and ¥1(0) = 1. Hence, we have that:

Uy (L) = exp (/OL Fi(s) ds> .

In the same way, equating the coefficient of n3 in the development of (2.4), we
get that:

Uy(s) = Fi(s)Wa(s) + Fa(s)¥i(s),
and Wy(0) = 0. Therefore, we have that

Uy(s) = Ty (s) (/08\1/1(0) Fy(0) do> .

In a recursive way, we can give formulas for any ¥;(s) provided that W¥;(s)
with ¢ = 1,2,...,7 — 1 are known. In this recursive way we can compute the
values of W;(L) and we can determine the multiplicity of the periodic orbit I'.

Since II(ng) = W(L;ng), we deduce that if ¥;(L) # 1, we have that '
is of multiplicity 1 and if ¥;(L) =1, ¥;(L) =0 for j = 2,3,...,m — 1 and
U, (L) # 0, then I' is of multiplicity m. In case that ¥;(L) =1 and ¥;(L) =0
for all j > 2, we have that I" belongs to a continuous band of periodic orbits.

This way of studying the multiplicity of a limit cycle I' is computationally
very difficult because, we first need to know these curvilinear coordinates. Sec-
ondly we need to change to these new coordinates and moreover, the recurrent
differential equations giving the expressions of W;(L) are more complicated as
J increases. We also remark that the computation of W;(L) involves j iterated
integrals.
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Remark 2.1. This study of the multiplicity can be particularized for a mon-
odromic critical point, that is a singular point of center or focus type, provided
that this point has no real characteristic directions. Then, by blowing-up, we
can think of it as a periodic orbit. For further information about monodromic
points, characteristic directions and blow-ups, see the book [23]. We can also
use curvilinear coordinates and the multiplicity corresponds to the order of

the point as a focus of the system.

Lloyd in [17] studies some properties of the flow of the ordinary differential
equation (2.3) and proves the following formulae. We use the notation we have
defined to state his result. Lloyd considers system (2.3) and proves:

L
F
IT'(ng) = exp </0 ?)n (s,¥(s;np)) ds) .
Let us define the following two functions:

¢
E(¢,ng) = exp< ; g—i(s,\ﬂ(s;no)) ds>

?F

W <¢7 \Ij(¢7 nO)) .

D(¢,n0) - E(¢,TL0)

Lloyd showed that:

L
0" (ng) = E(L,no)/o D(¢,ngp) do,

;’(/OLD<¢,no>d¢>)2+

L 3
+ [ B0 G ¥ o]

I1"(ng) = E(L,no)

These formulae coincide with the values ¥1(L), Uo(L) and ¥3(L) in the case
ng = 0.

2.2. Analytic m-solution method. An alternative way to study the multi-
plicity of a limit cycle is given in [13] where the concept of analytic m-solution
is introduced. This notion is related with the concept of multiplicity of an in-
variant curve and it arises as a generalization of the result given in [15] where
only the case of multiplicity m = 1 is treated. We state the corresponding
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definitions, which always concern a planar differential system (2.1) with a pe-
riodic orbit I' contained in an open set & C R2. All the considered functions
are assumed to be analytic in U.

Definition 2.2. We say that a curve f(x,y) = 0, where f is analytic function
defined in an open set U, is an invariant curve of system (2.1) if the following

equality occurs:

Pleg) 5t + Qa)y = o) (e.0). (2.6

where ko(z,y) is an analytic function in U called the cofactor of f(x,y).

The following result shows that there always exists an invariant curve which
implicitly describes the considered periodic orbit I'. This result is proved in
[1, 22], see also [13].

Lemma 2.3. [1, 13] If system (2.1) has a limit cycle T', then there exists an
analytic invariant curve f(x,y) = 0 for system (2.1) defined in a neighborhood
U of T and such that T' C {(x,y) € U : f(z,y) = 0}. Moreover, the curve
flxz,y) = 0 can always be chosen such that the vector V f(x,y) is different
from zero in all the points of T.

Once the notion of invariant curve has been introduced, we give the defini-
tion of generalized exponential factor.

Definition 2.4. [13] A function Fy; = exp (gd/fd> with d € N, d > 1 is
called a generalized exponential factor of order d associated to the invariant
curve f(xz,y) = 0 for system (2.1) if it satisfies

oF, OF
Pe,y) 5y + Q) 55 = kaw.y) Fala,y),

where k4(x,y) is an analytic function in U called the cofactor of Fy(x,y) and
ga(z,y) is an analytic function in U with g4(p) # 0, Vp € T.

We can determine the multiplicity m of the considered periodic orbit I' =
{7(t) : 0 <t < T}, contained in the invariant curve f(x,y) = 0 and whose
existence is ensured by Lemma 2.3, using the notion of analytic m-solution.

Given a positive integer m, we say that f(z,y) = 0 is an analytic m-solution of
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system (2.1) if there exist m — 1 generalized exponential factors of consecutive
orders d = 1,2,3,...,m — 1, whose cofactors satisfy that:

T T
/ kj(y(t))dt =0 for j =0,1,2,....,m—2 and / Em—1(y(t)) dt # 0.
0 0
The following theorem is proved in [13].

Theorem 2.5. [13] If T is a limit cycle of system (2.1) and f(x,y) = 0 is
an analytic invariant curve defined in a neighborhood U of T' and such that
I' C{(zx,y) e U : f(z,y) = 0} with Vf(x,y) different from zero in all the
points of T', then T has multiplicity m if, and only if, f(x,y) = 0 is an analytic
m-solution of (2.1).

The particular case of multiplicity m = 1 is already treated in the following
theorem, proved in [15].

Theorem 2.6. [15] Let us consider a system (1.1) andI" := {~(t) : 0 < t < T}
a periodic orbit of minimal period T > 0. Assume that f : U C R?> — R is
an invariant curve with v C {(x,y) : f(x,y) = 0} and let ko(x,y) be the C*
function given in (2.6). We assume that if p € U is such that f(p) = 0 and
Vf(p) =0, then p is a singular point of system (1.1). Then,

T T
| wtrenar = [ aivtaena,
0 0
where div(z,y) is the divergence of system (1.1).

2.3. Relationship with the cyclicity. We have seen the definition of multi-
plicity of a periodic orbit, but we are also interested in another concept related
with the bifurcations of a limit cycle of multiplicity m. This concept is the
cyclicity whose definition is the following.

We consider system (2.1) and any unfolding of it of the form:

T = P/\(x7y)a Yy = Q)\(:Bay)a (27)

where Py(z,y) and Qy(z,y) are analytic functions in the same neighborhood
(z,y) € U and analytic in the set of parameters A € R¥. Moreover, when
A =0, Po(x,y) and Qo(x,y) coincide with the functions P and @ defining the
unperturbed system (2.1).

We recall, see for instance [1], that a fixed system (2.7) and system (2.1)
are said to be J-close if |A]| < §. We say that two ovals I'1, T'y are e-close
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if d(I"1,T'2) < € where d(-, ) denotes the Hausdorff distance between compact
sets.

Definition 2.7. We say that the cyclicity of a periodic orbit I" of system (2.1)
is m if the following two conditions hold.

(i) There exists g > 0 and dg9 > 0 such that for any system of the form
(2.7) which is 0-close to system (2.1), with < dg, has at most m limit
cycles which are e-close to I', with € < &g.

(ii) Given € > 0, § > 0, with € < g9 and § < dp, there exists a system of
the form (2.7) which is d-close to system (2.1) with exactly m limit
cycles e-close to T'.

As we have defined the notion of cyclicity, when we perturb system (2.1),
we are considering any analytic unfolding of it, that is any system of the form
(2.7) with any A € R¥ and any k£ € N. Thus, as it is stated and proved in [1],
a limit cycle I' of multiplicity m has cyclicity exactly m. The proof of this
fact uses the Weierstrass Preparation Theorem, see for instance [5]. In the
particular case that m = 1, we say that I' is a limit cycle of multiplicity 1,
and we have that any perturbation of the system of the form (2.7) has one,
and only one, limit cycle bifurcating from I'. This property gives rise to the
denomination of hyperbolic for any limit cycle I' of multiplicity 1.

However, bifurcation problems do not usually consider any analytic unfold-
ing but the restriction to a particular family. This particular family usually
has a finite number of parameters and, more concretely, is usually a poly-
nomial family. That is, the cyclicity is usually studied inside a certain fixed
family of systems of the form (2.7). In this sense, the multiplicity establishes
an upper bound for the cyclicity inside the restricted family of study, which
does not need to be attained.

One of our interests is to study the maximum multiplicity of the circumfer-
ence as limit cycle inside of the family of planar polynomial differential systems
of degree d. This maximum multiplicity is what we denote the cyclicity of the
circumference inside the aforementioned family. We know that this number is

finite due to the following result of Francoise and Pugh [9].

Theorem 2.8. [9] A periodic orbit has finite cyclicity inside any analytic
family of vector fields depending on a finite number of parameters.
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2.4. Melnikov method. In this section we describe a method to tackle a
completely different problem to the one of determining the multiplicity of a
periodic orbit, which is our concern. The method of Melnikov functions serves
to determine the periodic orbits which persist from the perturbation of a period
annulus. In the following section we describe how this method can be used to
solve a related problem to ours: to give the multiplicity of a weak focus. This
use of Melnikov method was introduced in [10, 14]. Since a weak focus can
be seen as a limit cycle by blowing up, we base on the previous result to give
the way of studying the multiplicity of a limit cycle by means of the Melnikov
method.

Let us describe the context in which the Melnikov method is introduced.
Let H be a real polynomial and let us consider the associated Hamiltonian

system
t=-Hy, y=H,. (2.8)
We consider a perturbation of the previous system of the form:

i':—Hy—i-EPl, g'/:Hx—i—an, (29)

where P;, 1 are real polynomials in (x,y). We assume that the unperturbed
system (2.8) has a continuum of periodic orbits and we aim to study which
ones of them persist in system (2.9). We parameterize the period annulus of
system (2.8) by h € T C R, where Z is an open real interval and H = h denotes
one of the periodic orbits. The parameter h only has sense in the open interval
7 which is usually bounded.

We write system (2.9) as a 1-form so as to make the calculations easier:

H.dx + Hydy + £(Q1dx — Pidy) = 0.
We denote by w = Q1dx — Pidy and system (2.9) takes the form:
dH 4 ew = 0.

Let II(h; ) be the Poincaré map associated to system (2.9) over a transversal
section ¥ parameterized by h. Let -(h) be the arc of orbit of system (2.9)
with initial point A € ¥ and ending point II(h;¢). In the particular case that
for a value hy € ¥ the corresponding 7. (h) is a periodic orbit, we have that the
initial and ending points of ¢ (h) are the same. That is, we have a function
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h(e) such that h(0) = hg and I(h(e);e) = h(e). In such a case, we say that
the periodic orbit H = hg persists.

We can develop II(h;e) in a neighborhood of ¢ = 0. We recall that when
¢ = 0 we have that II(h;0) = h because we have a period annulus. Therefore,

(hje) = h+ 111 (h) e + O(e?),

The function II; (h) is called the first Melnikov function and it can be shown,
see for instance [10], that it can be computed through the following Abelian
integral:

I (h) = /H:hw. (2.10)

Proposition 2.9. [9, 10] Suppose that the orbit H = hg persists, then
Ty (ho) = 0.

The proof of this proposition can be found in [10].

We observe that at first order in e, the maximum number of isolated zeros
of the function II;(h) is an upper bound for the number of the limit cycles
that bifurcate from the considered period annulus.

This observation leads to the statement of the 16! weak Hilbert problem.
As stated in the paper of Arnold [2], this problem reads for:

Given H (x,y) areal polynomial of degree n and any continuous
family of closed connected components of its level curves H = h
and given w any polynomial 1-form of degree d; to determine
the maximum number of isolated zeros of the function II; (k)

in terms of n and d.

The existence of an upper bound for the number of isolated zeros of II; (k) in
terms of n and d is proved by Varchenko [21]. This proof is an existential one
and not a quantitative one.

In the previous Proposition 2.9 a necessary condition for an oval H = hg to

persist after the perturbation is given. A sufficient condition is the next one:

Proposition 2.10. [9, 10] If hg is such that I11(ho) = 0 and I} (ho) # 0 (i.e.,
ho is a simple zero of the function I11(h)), then there exists a unique periodic
orbit of system (2.7) which bifurcates from H = hy.

The proof of this result can be found in [11] and the references therein.
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If instead of having a simple isolated zero of II; (h), we have a multiple zero
(although isolated), its multiplicity gives an upper bound for the number of

periodic orbits which bifurcate from it as the following proposition shows.

Proposition 2.11. [9, 10] Let ho such that
Iy (ho) = 0,11 (ho) = 0,..., 17" (ho) = 0, T{"(ho) # 0,

then there exist at most m periodic orbits (not necessarily real ones) of system
(2.7) which bifurcate from H = hy.

The proof of this proposition is analogous to the one of Proposition 2.10 but
using Weierstrass Preparation Theorem instead of Implicit Function Theorem,
see for instance [5].

Since II; (k) is an analytic function of h, if it has a non-isolated zero, then
IT1;(h) = 0. In such a case we denote by w1 = Q1dz — Pidy and we have that
the Pfaffian form dH + ew; = 0 gives rise to a uniparametric family of the
periodic orbits at first order in €. For the sake of completeness, we consider
an analytic perturbation of dH = 0:

dH + Zaiwi = 0, (2.11)
i>1
where w; are polynomial 1-forms. In case II;(h) = 0, we need to compute the
second order term in ¢ for II(h;e) = h + IIx(h)e? + O(e3).

We remark that the hypothesis | —, w1 = 0 implies a certain expression for
w1 in terms of H. For instance, any 1-form w; is of the form w; = gdH + dS
with ¢ and S real polynomials then, we always have that || y—pw1 = 0. This
assertion is true because the first term in the integrand is zero since H = h is
constant and, thus dH|g—j, = 0. Moreover, the second term is an integral of a
differential of a polynomial over a closed curve and, thus, its value is zero.

Francoise in [10] gives the following definition:

Definition 2.12. [10] A real polynomial H(z,y) satisfies the x-condition if
the next implication holds: given any polynomial 1-form w such that | HopW =
0, then w = gdH + dS, where g, S are polynomials.

In fact, generic polynomials H satisfy the x-condition as the following The-
orem 2.13 shows. We remark that if H satisfies the x-condition, we have
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completely restricted the form of any w with | y—pw = 0. Moreover, in gen-
eral, if one knows the degree of w, the degrees of the polynomials g and S are
bounded in terms of the degrees of w and H.

We recall that polynomials of Morse type are generic and that a polynomial
is of Morse type if all its singular points (finite or infinite) have different
tangents, i.e. the Hessian matrix in any critical point is a non degenerated
bilinear form. The following result is proved in [18]:

Theorem 2.13. [18] All the Morse polynomials satisfy the x-condition.

For example, the polynomial H = (22 + 4% — 1)/2 is of Morse type, so it
satisfies the x-condition.

If H is a real polynomial that satisfies the x-condition then, a construc-
tive way to find the polynomials g and S is the following one. Suppose that
I y_pw = 0 and we know that there exist polynomials g and S such that
w = gdH + dS. We calculate the differential of w which needs to satisfy:

dw=dgNdH +gNdPH+d? s,

where A is the alternate product and we recall that the operator d® = 0.
Thus, dw = dg N dH, which defines a partial differential equation for g. This
partial differential equation is always solvable by means of the characteristics’
method. Once we know the polynomial g, we compute the polynomial S using
that w — gdH needs to be an exact 1-form.

Following the reasonings given in [11], we call the second Melnikov function
associated to (2.11) to the following one:

Ma(h) = [ w2 = guen).

In the case that [, pn(w2 — g1w1) = 0, we have the following equality wy —
giwi = godH + dSs5, where go and Sy are polynomials. By an analogous
reasoning, we have that, in this case, I[1(h;e) = h + €3 I3(h) + O(e?), with

3(h) = /H_h(w:s — g1w2 — Gaw1),

which is defined to be the third Melnikov function.

A recursive analysis, which can be found [11], allows to find an explicit
formula for II,,(h), called the nth Melnikov function, provided that the n — 1
previous Melnikov functions are all identically null.



122 JAUME GINE, MAITE GRAU AND PAZ DE PRADA

2.5. Order of a weak focus through Melnikov functions. In this section
we consider a system (2.1) with a non-degenerated singular point of center or
focus type, which we assume to be at the origin. Such a system takes the

form:
= -y +pxy), v =12+ qxy), (2.12)

where p and ¢ are analytic functions in a neighborhood of the origin without
constant nor linear terms. Taking a transversal section through the origin,
we can define the Poincaré map II(o) associated to this singular point (which
corresponds to ¢ = 0) analogously as before. It can be shown that, in case
the origin is not a center, this Poincar return map always takes the form
(o) = 0 + Vap_102*71 + O(0?*) with Vay,_; # 0, k > 1. In such a case,
we say that the origin of system (2.12) is a weak focus of order k. The value
Vok—1 is called a Liapunov constant. The origin of system (2.12) is a center if,
and only if, II(o) = 0.

Francoise, in [10], is the first author who determines the order of a weak

focus using Melnikov functions. He considers the following system:
T = _y+8Pn7 y:x—’_EQn?

where P, and (),, are homogeneous polynomials of degree n, which can be
seen as a perturbation of the Hamiltonian system with H = (22 + y?)/2.

We remark that, in this section, n denotes a natural number. We do this
remark to avoid possible confusion with the n which we have used in the
section of the curvilinear coordinates.

Gasull and Torregrosa in [14], see also the references therein, study any
system of the form (2.12) with the aim to determine the order of the weak focus
using the Melnikov functions. In order to correctly define the perturbations
which lead to this method, we write system (2.12) in the form

t=—-y+Pi+P+P+...,90=24+Q1+Q2+Qs+ ..., (2.13)

where P; and @); are homogeneous polynomials of degree i + 1. They prove

the following result:
Theorem 2.14. [14] We write system (2.13) as the 1-form,

dH 4+ w1 +wy+---=0,
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where w; 1is the 1-form w; = —Q;dx + Pdy, with P; and @Q; homogeneous
polynomials of degree v + 1. If Vo =V =---=V,_1 =0, then

1 1 n—1
Vo= Wm/ Zwihn—i—l—iy
272 p2 JH=p S

where hg =1, and h,, is such that

d (i wlhm_l) = —d(hymdH).
=1

We remark that if n is even then V, = 0.

The main idea to prove this theorem is to consider system (2.13) as the
following perturbation of the Hamiltonian system with H = (22 + y?)/2.

b= —y+eP+?P+ P34,y =24+eQ1 +°Qa +3Q3+ ..., (2.14)

The relationship between system (2.13) and the perturbation (2.14) is the
change of coordinates (x,y) — (ex, ey), which ensures that the Poincaré map
associated to the origin of system (2.13) coincides with the one defined for
(2.14).

There are two basic ideas which allow to make the relationship between
the two following problems: the study of the order of the weak focus at the
origin of system (2.13) and the number of limit cycles which persist under the
perturbation described in (2.14). The first idea is that the order in € of the
perturbation in (2.14) must reflect the multiplicity of vanishing at the origin
of the corresponding terms. Since we relate system (2.13) with (2.14) by the
change of coordinates (x,y) — (ez, €y), we have that the perturbative terms
(P;, Q;) must go with €. On the other side, Melnikov functions, in this case,
are always a monomial in p (the level curve H = p is parameterized with
p > 0 in the notation used in [14]) multiplied by the corresponding Liapunov
constant, as we have seen in Theorem 2.14.

2.6. The inverse problem for the circumference. Given a planar differ-
ential system of the form (2.1), a direct problem is to determine the invariant
algebraic curves that it possesses. This problem is related with the integra-
bility problem. As an inverse problem, it has also been studied which pla-
nar polynomial differential systems possess a certain fixed invariant algebraic
curve, see [7], [8] and the references therein.
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We are interested in the problem of studying the multiplicity of the cir-
cumference as limit cycle of a planar polynomial differential system. Thus,
we aim to know the systems which possess the circumference I' as invariant
algebraic curve. Throughout this section, we write f = (22 + 3% — 1)/2 and
I' := {f = 0}. This characterization is a corollary of the following result due
to Christopher, Llibre, Pantazi and Zhang in [7]. This result has also been
encountered by [3].

Theorem 2.15. [3, 7] Let f = 0 be a nonsingular algebraic curve, then all
polynomial systems with f = 0 as an invariant algebraic curve, are of the

form:
i:—fyC(x,y)—l—fa(x,y), y:f;pc(-f,y)"‘fb(-f,y),

where a(x,y), b(z,y), c(x,y) are polynomials.

Moreover, if the system is of degree d and the curve f = 0 is of degree n
and we assume that the curve f = 0 does not contain any singular point at
infinity, we have that deg(c) < d —n + 1, deg(a,b) < d — n, where deg(-)

denotes the degree.

In the particular case where we look for the systems with the circumference
as invariant algebraic curve, we have the following result.

Theorem 2.16. All the systems with the circumference as invariant algebraic

curve are of the form:

Tz = ) C(:Ev y) + f(xa y) a(x, y)v y = C(IL‘, y) + f(:E? y) b($7 y)7
with f(x,y) = (22 +y?> —1)/2 and a(z,y), b(z,y), c(x,y) are polynomials.

We remark that if the system has degree d, then deg(c) < d — 1 and
deg(a,b) < d — 2, which is proved in [7].

For the sake of completeness, we are going to prove this theorem, using
different techniques to the ones described in [3, 7].

Lemma 2.17. We consider a polynomial system (2.1) with the circumference
f = 0 as periodic orbit. We write I' := {y(t) : 0 <t < T}, where T is
the minimal positive period. Then, there exists a function T(t) with 7(0) =
0,7(T) = 2m and such that y(t) = (cos7(t),sin7(t)).
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Proof. We consider the parametrization of the periodic orbit I' in terms of
the time t of the system which is v(t) = (zo(t),yo(t)) and we choose ¢ such
that 29(0) = 1, yo(0) = 0. We consider the function G(¢,7) = yo(t) — sinT,
and we apply the Implicit Function Theorem at the point (¢,7) = (0,0):

G(0,0) =0 and M:—cosr =—-1#0.
or t=0,7=0

Therefore, there exists 7(t) such that 7(0) = 0 and yo(¢) = sin7(¢). Since
we know that x3(t) + y3(t) = 1, we deduce that z3(t) = 1 — y3(t) = 1 —
sin?7(t) = cos?(r(t)). The hypothesis x(0) = 1, y(0) = 0 ensures that
xo(t) = cos(7(t)).

Since the curve I' := {y(t) : 0 < ¢t < T} is a compact set, there is no
problem in extending 7(¢) over all the interval [0, 7] and 7(T") = 27 because
the minimal positive period of the functions cos 7 and sin T is 2. O

We are going to prove Theorem 2.16 using Bézout Theorem, see for instance

[12]:

Theorem 2.18. [12] Let fi = 0 and fo = 0 be two algebraic curves with
f1 and fa square-free polynomials. We assume that the two curves share an

infinity number of intersection points, then either fi divides fo or fo divides

fi

Proof of Theorem 2.16. We consider system (2.1) and we define the
function ¢ = —yP + x@ which is a polynomial. Since the circumference
I' := {y(t) : 0 <t < T} is a periodic orbit of the system, we have that
A(t) = (P(v(t)),Q(y(t))). Using Lemma 2.17, we deduce that P(v(t)) =
—sinT(t) 7(t) and Q(v(t)) = cos7(t) 7(t). Thus,

c(y(t)) = sin?7(t) 7(t) + cos®> () 7(t) = ().
We consider the polynomial A = P + y ¢ and we evaluate it in (t):
A(y(t)) = —sin7T(t)7(t) + sin7(t)7(t) = 0.

Using Theorem 2.18 and the fact that f is irreducible, we have that the
polynomial f divides A. Thus, there exists a polynomial a such that A = af.
Using that A = P + yc, we have P+ yc = af and, so, P = —yc + af.
Reasoning as before, we consider the function B = ) —xz ¢ and we obtain the
result. O
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3. PROOFS OF THE MAIN RESULTS

In this section, we are going to prove the main results that we have stated
in the first section. The first Theorem 1.1 characterizes when I is a hyperbolic
limit cycle of system (1.2). We recall the statement of this theorem.

Theorem 3.1. T is a limit cycle of multiplicity 1 of system (1.2) if, and only
i, 74 0 %o0.
f=0 €

Proof. As proved in Theorem 2.16, we consider the system (1.2) with the

circumference as a periodic orbit:

&= —yclz,y)+ flz,y)ale,y), y=wclzy)+ flz,y)bl,y)

where f = (2% +y? — 1)/2 and a, b, ¢ are polynomials. We write the afore-

mentioned system as a 1-form:
w = cdf + fwg, where wy=bdr — ady.

Since f = 0 is a periodic orbit, we have that the polynomial ¢ does not vanish
in a neighborhood of the circumference. Therefore, in such a neighborhood
we can write w ~ df + f=°.

Theorem 2.5 ensures that I' is a limit cycle of multiplicity 1 if, and only
if, fOT ko(v(t))dt # 0, where ko is the cofactor of f. We observe that this
cofactor is kg = ax + by as the following computations show: zf, + yf, =
(—yc+ fa)r + (zc+ fb)y = fax + foy = f(ax + by).

These computations can also be performed using the equivalent Pfaffian
form: w A df = (edf + fwo) Ndf = f(wo Adf) = f(by + ax)dx A dy. This last
equality comes from woAdf = (bdx—ady)\(xdx+ydy) = bydxNdy—azxdyNdx =
(by + ax)dx A dy. We deduce that w Adf = f(by + ax)dz A dy, from which we
conclude that kg = (azx + by).

We parameterize using polar coordinates, or equivalently the parameteriza-
tion described in Lemma 2.17.

T 2T
b
| wrtenar = [ iw=§ =
0 0 c(x,y) T=cos T, y=sin T f=0 ¢
where we have used that c(y(t)) = 7(¢t). O

We consider the particular case in which c is a constant different from zero
and by scaling we take ¢ = 1. The second main Theorem 1.3 characterizes
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when I is a limit cycle of multiplicity 2, provided that ¢ = 1. The statement
of this theorem is the following.

Theorem 3.2. Consider the particular case c(x,y) = 1. Then, I' is a limit
cycle of multiplicity 2 of system (1.2) if, and only if, wo = godf + dSo + fw1
and j{ e_SO(wl — godSy) # 0.
f=0

Proof. This proof is based on the result given by Proposition 1.2. We have
that there exist polynomials gg, Sy and a polynomial ¢ such that wg = go df +
dSo + ¥(f) (ydxr — xdy). Since ¢ = 1, the previous theorem ensures that I’
has multiplicity > 1 if, and only if, ¢ W0 = 0. Therefore, we deduce that:

o=7§ godf +dSo +(f)(yde — zdy) = w<0>y§ yde — xdy = (0)27.
f=0 f=0

This identity implies that ¢(0) = 0. Therefore, ¥(f) = f ¢(f) for a certain
polynomial ¢. We conclude that wy = godf + dSp + fwi, where wy is the
following polynomial 1-form w; = ¢(f) (ydx — zdy).

Theorem 2.5 gives that I' has multiplicity 2 if, and only if, there ex-
ists a generalized exponential factor of order 1 whose cofactor k; satisfies
that fOT k1(y(t))dt # 0. We are going to show that the function F; =
exp{—e™/f} is a generalized exponential factor of order 1 with cofactor
k1 =x* (G_SO ((w1 — godSo) Ndf + fwr A dSo)) where * is the Hodge operator.
We recall that the Hodge operator gives the equivalence between 2-forms and
functions over the real plane as follows. If &(x,y)(dz A dy) is a 2-form, then
* (&(x,y)(dz ANdy)) = &(z,y) which is the equivalent function. On the other
way round, given a function &(x,y) then * (£(x,y)) = &(z,y)(dxz A dy) which
is the corresponding 2-form.

We consider F; = exp{—e*/f} and we have that the Pfaffian form w
reads for w = df + f(godf + dSo) + f?wi.

Then we have:

wANdFy, = F (df + f(g[)df 4 dSO)+f2W1) /\6750 <fd50+df>:|

T
Fleiso 9

=~ [fdf NdSo + P godf ndS + fdSyAdf +
+ fPur AdSy + 2w Adf]

= F e 50 [(w1 — godSo) ANdf + fwi AdSo].
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Using the same parameterization as in the proof of the previous theorem, we
see that

T
/ k(v (8) dt = f ¢ (wy — godSo),
0 =0

and the claim follows. O

In order to study a polynomial case, we are going to restrict ourselves to
the particular case in which ¢ = 1 and Sy is a constant, that is, we are going
to determine when the circumference is a limit cycle of multiplicity m, with
m > 2, of the following 1-form:

w=df + fgodf + f*wr,

where, f = (224+y%—1)/2, go is a polynomial in R[z, y] and w; is the following
1-form w; = ¥(f) (ydr — x dy), with ¢ a polynomial in R[z], where we have
used the result of Francoise stated in Proposition 1.2.

The statement of Theorem 1.4 is the following.

Theorem 3.3. Consider the 1-form (1.3). Then, I' is a limit cycle of multi-
plicity m if, and only if, w = df + fgodf + f™é(f) (ydx — xdy), with ¢ a
polynomial in Rlz| such that ¢(0) # 0.

Proof. We suppose that w = df + fgodf + ™ ¢(f) (ydx —zdy), with ¢(0) # 0,
and we aim to see that I' is a limit cycle of multiplicity m of system (1.3).

We consider F; = exp{1/f7}, and we see that for j = 1,2,...,m — 1, it
is an exponential factor associated to f = 0 of order j and with cofactor
ki = — fm 971 ¢(f) (2% + y?) as the following computations show. We have
that dF; = —j Fydf / f7+1,

J
wAdF; =—f"¢(f) i F; (ydx — xdy) A df
= —J [T () (@ + y?) Fy d A dy.
Since ¢(0) # 0 and the term (22 + 3?) is equal to 1 over (t) we deduce that
T hi(v(t))dt = 0for j = 1,2,...,m—2and [." kn—1(y(t))dt # 0. Therefore,

using Theorem 2.5 we deduce that f = 0 is an analytic m-solution and, thus,
I' is a limit cycle of multiplicity m.

Reciprocally, we suppose that I" is a limit cycle of multiplicity m of system
(1.3) and we will see that w reads for w = df + fgodf + f™ ¢(f) (ydx — zdy),
with ¢(0) # 0.
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Using Proposition 1.2, we can write w = df + fgodf + f2¢(f)(ydz —xdy) and
we only need to show that ¥(f) = f™ 2¢(f) with ¢ a polynomial such that
#(0) # 0. We know, by Theorem 2.5, that I is a limit cycle of multiplicity m if,
and only if, there exists m — 1 generalized exponential factors Fy, Fs, ..., Fi—1
associated to f = 0 of consecutive orders from 1 to m—1 and whose respectively
associated cofactors ki, ko, ..., kpy—1 are such that fOT k;j(y(t))dt =0, for j =
0,1,...,m —2 and fOT km—1(7(t))dt # 0.

We remark that F; = exp{1/f} is a generalized exponential factor associ-
ated to f = 0 of order 1 as the following computations show: dFy = —F; df / f?
and

1
7
We see that its cofactor is k; = —(f)(2? + y?) so 027r k1 (y(t))dt = —(0)27.
Since we assume that I' has multiplicity m with m > 2, we deduce that I' has
multiplicity 2 if, and only if, ¥(0) # 0, and the claim for m = 2 follows.

We show the inductive step over m. We suppose that ¢ (f) = f™3¢(f), we
will see that ¢(0) = 0 and, therefore, 1(f) = f™ 24(f). We see that Fy,_» =
exp{1/f™ 2} is a generalized exponential factor associated to f = 0 of order
m—2 with cofactor kpy_» = (2—m)d(f)(x?+?). The computations to show
this fact are the same performed in the previous paragraph. Since I' is a limit

wAdF) = —f2(f) = Fi(yde — xdy) A df = —(f) (2 + y*)Fr.

cycle of multiplicity m by assumption, we deduce that fOT km—2(~(t))dt = 0.
Therefore, $(0) = 0 and thus we deduce that ¢ (f) = f™2¢(f) for a certain
polynomial ¢. To end the proof, we only need to see that ¢(0) # 0. We see
that F,,_1 = exp{1/f™ '} is a generalized exponential factor associated to
f = 0 of order m — 1 with cofactor k1 = (1 —m)o(f)(z? + y?), using
the same computations as before. By Theorem 2.5, we conclude that I' is a
limit cycle of multiplicity m if, and only if, f(;[ km—1(y(t))dt # 0. Therefore
¢(0) # 0 and the claim follows. O

We are going to prove the following corollary, stated as Corollary 1.5, which
specifies when the circumference I' belongs to a period annulus for the 1-form
described in (1.3).

Corollary 3.4. Consider the 1-form (1.3). Then, I' belongs to a continuum
of periodic orbits if, and only if, w = df + fgodf, where go is any real
polynomaal.
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Proof. If I" belongs to a continuum of periodic orbits, then I' is a periodic orbit
with any multiplicity m for any natural number m. Therefore, in Theorem
1.4 we have that ¢(f) =0 and the claim follows.

If w = df + fgodf, we see that f is a first integral of this 1-form, so I' belongs
to a continuum of periodic orbits. O

We end this section with the proof of Theorem 1.6. We recall that we are
under the hypothesis that, in the Pfaffian form w = cdf + f(go df +dSo)+ f? w1,
c¢=1and Sy is a constant. Thus, we can consider the 1-form (1.3).

Theorem 3.5. Consider the 1-form (1.3) and assume that it is of degree d.
Then, the cyclicity of I' as a limit cycle is |(d —1)/2].

Proof. Note that if w is a polynomial 1-form of degree d of the form (1.3),
where d = 1, 2, 3, 4, then the result is obvious or it is a consequence of Theorem
1.1.

We assume that d > 5 from now on. If w is the polynomial 1-form given
in (1.3) and it is of degree d, we have w = df + fgodf + f*¢(f)(ydx — xdy),
and ¥ (f) is a polynomial in f of degree d — 5, i.e, 1(s) is a polynomial in s of
degree |(d —5)/2].

We remark that by Theorem 1.4 and its Corollary 1.5 we deduce that the
maximum multiplicity of I as limit cycle of w is when ¢ (f) = fLd=5)/2]p
where 7 needs to be a nonzero constant. Then, using Theorem 1.4 again, we
get that this maximum multiplicity, i.e. the cyclicity, is |[(d — 5)/2] + 2.

To end the proof, we only need to show the following formula:

- 5]

e If d is even then there exists k an integer number, such that d = 2k, and

for any natural number d.

(d—5)/2] +2=|(2k—5)/2| +2=|k—5/2| +2=k—3+2=k— L.

On the other hand, |(d —1)/2] = |(2k—-1)/2| = |k—1/2] =k — 1.
e If d is odd, there exists k£ an integer number such that d = 2k + 1, and

(d—=5)/2] +2=|(2k+1-5)/2] +2=[k—2] +2=k—2+2=F

On the other hand |[(d —1)/2| = |(2k+1—-1)/2] = k. O
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4. EXAMPLES

Our purpose in this section is to apply the results given in Section 3 to some
distinguished systems of the form (1.2). We apply our results to quadratic,
cubic and quartic systems with the circumference as algebraic limit cycle.

The following result is due to Ch’in Yuan-shiin [6] and characterizes the
algebraic limit cycles of degree 2 for a quadratic system.

Theorem 4.1. [6] If a quadratic system has an algebraic limit cycle of degree

2, then after an affine change of variables, the limit cycle becomes the circle
M=2?+¢y>-1=0. (4.1)

Moreover, T' is the unique limit cycle of the quadratic system which can be
written in the form

= —y(cror + cory + coo) — (22 + 9% — 1),

) (4.2)
y = x(ci0x + coty + o),

with 190 # 0, ¢y + 4(co1 +1) > 0 and gy > iy + 3,

We state some known results related to quadratic systems with an algebraic
limit cycle. It is shown by Evdokimenko that there are no algebraic limit cycles
of degree 3 for a quadratic system. Related to the study of algebraic limit
cycles of degree 4, Chavarriga, Llibre and Sorolla [4] proved that any quadratic
system with an algebraic limit cycle of degree 4 is affine-equivalent to one of
four concrete families. There are other examples of quadratic systems with an
algebraic limit cycle of degrees 5 and 6, which were encountered by Llibre and
Swirszcz. In [15], Giacomini and Grau proved that all the mentioned known
algebraic limit cycles of a quadratic system are hyperbolic. For a survey on
these results see [4, 15] and the references therein.

In the first example, we characterize all quadratic systems with the circum-
ference as a limit cycle and we study its multiplicity. We first prove a Lemma
to describe the systems under study.

Lemma 4.2. Let us consider all quadratic systems with the circumference as

a periodic orbit. By a rotation and a scaling, these systems are of one of the
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following two forms:
1) @
(2) @

—y+ faoo, y=z+ fboo
—y(l—va)+ fag, y=2x(1—-vz)+ fboo,

where f(x,y) = (22 +y? —1)/2 as along all the section, and ago,boo and v are

real numbers with 0 < v < 1.

Proof. Since the system has the circumference as a periodic orbit, using
Theorem 2.16, it takes the form:

&= —yclz,y)+ f(zy)alz,y), § = wc(z,y)+ f(zy)b(z,y),

with f(z,y) = (224+y?>—1)/2 and a(z, y), b(z,y), c(x,y) polynomials. We also
have that the circumference f(z,y) = 0 and c¢(x,y) = 0 have no intersection
points. Since the system is quadratic, then a(z,y) and b(z, y) are real numbers
and there are two cases to choose ¢(x,y). In the first case, ¢(x,y) is a nonzero
constant which, by scaling, can be taken to be ¢(z,y) = 1. In the second case,
c(x,y) is a polynomial of degree 1 which, by rotation, can be taken such that
the curve c(z,y) = 0 is a straight line perpendicular to the z-axis. Therefore,
by a scaling, we can take c(z,y) =1 —vax with 0 < v < 1. O
Example 1. We are going to analyze the cyclicity of the circumference in
each of the two forms of the system that we have described in the Lemma 4.2:

(1) If we write the system in the Pfaffian form w = 0, we have w =
df + f wo, with wg = dSp and Sy = bgg x — ago y. Then we apply Theorem 1.1,

w

and we have that I' is a limit cycle of multiplicity 1 if, and only if, 7{ il # 0.
f=0 ¢

This integral is always equal to zero and, moreover, I' belongs to a continuum

of periodic orbits because we can write w = df + fd(Sp) and H = fe0 is a
first integral.

(2) If we write the system as a 1-form, then, w = (1 — va)df + fwo,
where wyg = boggdr — agody. Using Theorem 1.1, I' is a limit cycle of

multiplicity 1 if, and only if, j{ “o # 0. We have that j{ “ _
!

f=0 € =0 €
/27r —bgo sin 6 — agg cos 0
0

1—vcosb

7{ wO:—bgO/Q’T vsinf d9—a00/27r cos 0 0.
f=0 C v Jo 1—wvcosf o 1—wvcosb

df. If we separate in two integrals, then:
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The first integral is always equal to zero because:

2T ind b o
/ Y g = 20 In|l —vcosf|| =0.
o l—wvcosf v 0

Using basic rules of integration, the second one is equal to

/ ™ cosf d0 — 27y

o l—wvcosh M(l—km)’

and, since 0 < v < 1, we deduce that the integral ff:o wo/c is equal to zero
only if agg = 0. Then, T is a limit cycle of multiplicity 1 if, and only if, agg # 0.

If we suppose that agg = 0, then, the Pfaffian form w = 0 can be written
as w = (1 —va)df + fwo, where wy = bppdr = d(bgpx). We have w =
(1 —vax)df + fSp and T" belongs to a continuum of periodic orbits because a
first integral is H = f(1 — v a)~b00/?,

In summary, in the family of quadratic systems, the cyclicity of the circum-
ference as a limit cycle is 1. In this way, we recover the results described by
Theorem 4.1 (except the uniqueness) and also the hyperbolicity.

We note that the cyclicity is 1 which does not contradict Theorem 1.6
because ¢ # 1, which is one of its hypothesis.

In order to apply the other results given in Section 3, we give the next
example. To do this, we must consider the case in which ¢ = 1. In this
example we study the family of cubic systems with the circumference as a
limit cycle.

Example 2. We consider all cubic systems with the circumference as a limit
cycle, that is of the form (1.2), and with ¢ = 1. By a rotation and a scaling,
these systems are:

t=-y+ falz,y), y=z+[fbzy),

where a(z,y) = ago + a0z + any and b(z,y) = by + biox + bor1y with a;j, bi;
are real numbers for 7,57 = 0,1. We write this system as a 1-form as follows,
w=df + fwo, with wp = b(z,y) dx — a(x,y) dy. Using Theorem 1.1, we need
to see when j;f:() “2 # 0. Since

w
f 0 —(a10 + bm)ﬂ'.
f

=0 C

We deduce that if ajg 4+ bp1 # 0 then, I' is a limit cycle of multiplicity 1.
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We suppose that bygy = —aq9 and we consider w = df + fwy with wy =
(boo + biox — aroy)dz — (apo + a10x + ap1y)dy. We can rewrite wy as follows:
wo = d(booz+b102?/2—a100y—agoy—ai0ry—ao1y*/2). If we write wo as before,
then we have w ~ df + f dSp, where Sy = 2bgoz+b10x% — 2000y — 20102y —ao1y>.
In this way, the system has a first integral H = fe% and therefore I belongs
to a continuum of periodic orbits.

Example 3. We consider all quartic systems with the circumference as a limit
cycle, that is of the form (1.2), and with ¢ = 1. By a rotation and a scaling,
these systems are:

i=-y+ falz,y), y=x+fbz,y),

where a(x,y) = ago + ai0r + ao1y + agx® + aiiry + agey® and b(x,y) =
boo + bior + bory + bogx? + biizy + boey? with a;j, b;; are real numbers for
1,7 = 0,1,2. We write this system as a Pfaffian form as follows, w = df + fwy,
with wg = b(z,y) dz — a(x,y) dy. Reasoning as the previous examples, we use
Theorem 1.1 and we get that I' is a limit cycle of multiplicity 1 if, and only if,

ff:o £ 0. Since
f - —(a10 + bo1),
f=0 €
we deduce that if a19 + bg1 # 0 then, I' is a limit cycle of multiplicity 1.
We suppose that bgy = —ajg and we know that there exists Sy, go and w;
such that wy = godf + dSo + fwi. We calculate gg, S and wy as follows:

2
% wp = V14 2h(—ag(1 + 2h) cos® 0 — cos? 0(a1oV'1+ 2h +
f=h

0
+(a11 + b20)(1 4 2h) sinf) — sin O(byy — a10V1+ 2hsin @ +
+bo2(1 + 2h) sin? 0) — cos O(apy + (ap1 + b10)V1+ 2hsin 6 +
+(ag2 + b11)(1 4 2h) sin® 6))) df = 0.

This fact implies that w; = 0. To calculate gy we need to solve the equation
dgo N df — dwy = 0 with respect to go. We get go(z,y) = —ainz — 2bpax +
2a00y + b11y. Now, we know that wg = go df + dSgy and we replace the value
of go(z,y) so that dSy = wo — godf. Solving this last equation we have that:
So(z,y) = (6boox + 3brox? + 2a112® + 4bgax® + 2bopz® — 6agey — 6arory —
6az0x?y — 3any? + 6boazy® — 2a02y® — 4azey® — 2b11y%) /6.
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Using Theorem 1.3, if the integral ff:o e~ (wy — godSp) is different from
zero, then I' has multiplicity 2. We see that this integral can be written as the
sum of the following two integrals:

j{ e % (wy — godSo) = —(an +2602)% ze 0d(—Sy) +
=0 f=0

+ (2ag0 + bll)% ye d(—Sp).
f=0
Using integration by parts we deduce that:

}1{ e’so(wl—godso) = (a11+2boz)j{ e %0 dy — (2(1204-[)11)% e dy.
f=0 f=0 =0

To be able to apply the Theorem 1.4 we need to suppose that Sy is constant.
We impose Sy to be a constant and we have that w = df + f godf. Applying
Corollary 1.5, I" belongs to a continuum of periodic orbits.

In summary, under the hypothesis ¢ = 1 and Sy is a constant, in the family
of the quartic systems, the cyclicity of the circumference as a limit cycle is 1.
If we consider the case ¢ = 1 but Sy is not a constant then it can occur that,
in the family of the quartic systems, the cyclicity of the circumference as a
limit cycle is greater or equal to 2.

In future works we will study the more general cases in which either ¢ or Sy
are not constants. We are also addressed the problem of studying algebraic
curves of higher degree than the circumference.
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