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Abstract

One of the main open problems in the theory of ordinary differential equations is the
study of the existence and number of limit cycles, due to their fundamental role in under-
standing the periodic behavior of dynamical systems. A limit cycle is an isolated periodic
orbit of the system and plays a central role in the qualitative analysis of differential equa-
tions. This study falls within the framework of Hilbert’s 16'" problem, specifically its
second part, which concerns the existence of a uniform upper bound on the number of
limit cycles in polynomial differential systems of a given degree. In this thesis of master,
we conducted a comprehensive review of the concept of limit cycles, focusing on their
identification within a specific class of polynomial differential systems arising from poly-
nomial perturbations added to the linear center + = y, 1y = —z, These perturbations,
which involve small parameters €, generate nonlinear dynamics and give rise to new limit
cycles. We employed first- and second-order averaging theory to determine accurate upper
bounds on the number of limit cycles bifurcating from the periodic orbits of the unper-
turbed system. This work is based on a detailed study of the scientific article authored
by Jaume Llibre and Claudia Valls, entitled “On the number of limit cycles of a class
of polynomial differential systems” [1], in which we reanalyzed their theoretical results
and applied them to an original example. Our main contribution lies in providing an
original applied example that explicitly satisfies the conditions of the second-order av-
eraging theory, illustrating the practical challenges involved in applying the theory and
complementing the theoretical results established in the referenced article.

Keywords: Polynomial differential systems, integrability, phase portrait, limit cycles,
Hilbert’s 16'® problem, averaging theory.
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Résumé

L’un des principaux problémes ouverts dans la théorie des équations différentielles ordi-
naires est I’étude de 'existence et du nombre de cycles limites, en raison de leur role fon-
damental dans la compréhension du comportement périodique des systémes dynamiques.
Un cycle limite est une orbite périodique isolée du systéme et joue un roéle central dans
I’analyse qualitative des équations différentielles. Cette étude s’inscrit dans le cadre du
16° probléme de Hilbert, plus précisément sa deuxiéme partie, qui concerne ’existence
d’une borne supérieure uniforme pour le nombre de cycles limites dans les systémes dif-
férentiels polynomiaux d’un certain degré. Dans ce mémoire, nous avons mené une revue
compléte du concept de cycle limite, en nous concentrant sur leur identification dans une
classe spécifique de systémes différentiels polynomiaux issus de perturbations polynomi-
ales ajoutées au centre linéaire © = y, y = —ux, Ces perturbations, qui impliquent de
petits parameétres €, engendrent une dynamique non linéaire et donnent naissance a de
nouveaux cycles limites. Nous avons utilisé la théorie de 'approximation (ou moyenne)
d’ordre un et deux afin de déterminer des bornes supérieures précises pour le nombre de
cycles limites bifurquant & partir des orbites périodiques du systéme non perturbé. Ce
travail repose sur une étude détaillée de 'article scientifique rédigé par Jaume Llibre et
Claudia Valls, intitulé « On the number of limit cycles of a class of polynomial differential
systems » |1], dans lequel nous avons réanalysé leurs résultats théoriques et les avons
appliqués a un exemple original. Notre contribution principale réside dans la présentation
d’un exemple appliqué original satisfaisant explicitement les conditions de la théorie de
I’approximation du second ordre, illustrant les défis pratiques liés a ’application de cette
théorie et complétant les résultats théoriques établis dans 'article de référence.

Mots-clés : Systémes différentiels polynomiaux, intégrabilité, portrait de phase, cycles
limites, 16° probléme de Hilbert, théorie de I’approximation.
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Introduction

Dynamical systems form a fundamental framework for modeling a wide array of phe-
nomena encountered in disciplines such as biology, physics, engineering, and economics.
They serve as essential mathematical tools for describing the temporal evolution of states
within various processes. Since the early days of differential equations, these systems have
attracted extensive interest from mathematicians aiming to understand their qualitative
and quantitative behaviors (see [3-0]).

Many realistic models are nonlinear by nature, which makes finding explicit analytic solu-
tions extremely difficult or often impossible. Therefore, numerical methods have become
indispensable for approximating solutions. However, these approaches usually provide
insight only over finite time intervals and may fail to reveal the global dynamics of the
system.

At the end of the nineteenth century, the French mathematician Henri Poincaré profoundly
transformed the field through his pioneering work “Mémoire sur les courbes définies par
une équation différentielle” (see [7]). He introduced a qualitative approach to differential
equations based on geometric and topological concepts, enabling the study of solutions’ be-
havior without relying on explicit formulas. Fundamental notions such as phase portraits
and return maps, introduced by Poincaré, laid the foundation of the modern qualitative
theory of dynamical systems.

A central challenge in this theory is the investigation of integrability and the existence
of periodic solutions, especially limit cycles, which are isolated closed trajectories. The
concept of limit cycles first appeared in Poincaré’s seminal works (see [%]), and since then,
numerous models in physics, engineering, chemistry, biology, and economics have been
formulated as planar autonomous polynomial systems exhibiting such cycles (see [9-11]).
In 1900, David Hilbert presented a list of 23 unsolved problems at the International
Congress of Mathematicians (see [15]). Among them, the second part of the sixteenth
problem asks about the maximum number H(n) of limit cycles and their possible config-
urations in planar polynomial differential systems of degree n, described by

&= P(z,y),
y = Q(Qf,y),

where P and () are real polynomials in two variables. This problem remains open and
stands as one of the most profound challenges in the theory of dynamical systems.

Given the complexity and nonlinear nature of many real-world systems, especially
those lacking explicit solutions, modern research increasingly relies on analytical approxi-
mation techniques. Among these, the averaging theory plays a pivotal role in studying
nonlinear dynamical systems subjected to small perturbations. Averaging theory facili-
tates the detection and approximation of periodic solutions, particularly limit cycles, by
analyzing averaged functions over time (see [1], [16-20]).
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This thesis of master is organized into three main chapters, each building upon the
previous to provide a comprehensive study of limit cycles in planar differential systems:
e Chapter 1 presents the fundamental theoretical background necessary for the study
of polynomial differential systems. It introduces key concepts such as vector fields,
critical point analysis, and integrability via invariant curves. Several original ex-
amples are included to illustrate the theoretical notions and their application in
analyzing the system’s behavior.

e Chapter 2 focuses on limit cycles, beginning with their definition and basic proper-
ties. It discusses the Poincaré-Bendixson theorem and analytical techniques used to
study the existence and number of limit cycles. This chapter also lays the ground-
work for understanding the first- and second-order averaging theory by presenting
and discussing original examples illustrating how limit cycles appear in differential
systems.

e Chapter 3 is devoted to a detailed re-study and analysis of a research article fo-
cusing on a specific type of planar polynomial differential systems [1]. This chapter
centers on systems exhibiting a center at the origin and explores the application
of first- and second-order averaging theories to these systems. Two families of per-
turbed systems will be studied

{ &=y —¢(gu(r)+ ful®)y),
y=—x—c(gn(x)+ falx)y).

and

=y —e(gu(@)+ fi(x)y) —e® (g12(x) + fra(2)y),
y=—x—¢(g92n(x) + fa(2)y) — € (go2(x) + for(2)y).

where € > 0 is a small parameter and the functions f;;, ¢;; are polynomials.

The chapter explains the theoretical conditions required for applying the averag-
ing method, outlines the computational approach, and discusses the main results
regarding the number and distribution of limit cycles for these systems. Original ex-
amples constructed for this work illustrate the theoretical concepts and demonstrate
the practical application of averaging theory in analyzing limit cycles.

11



1 Preliminary concepts

1.1 Introduction

This chapter is devoted to introducing some preliminary concepts essential for the qual-
itative study of planar differential systems. We begin by discussing the general form of
polynomial differential equations in the plane, and then we define fundamental notions
such as vector fields, solutions (including periodic ones), and phase portraits, which visu-
ally represent the behavior of the system. We also give attention to equilibrium points.
At the end of the chapter, we discuss the concept of invariant curves and present some
approaches to studying the integrability of differential systems, such as first integrals and
integrating factors. These concepts will be frequently used and further developed in the
following chapters.

1.2 Planar polynomial differential systems

Definition 1.1. [21] A planar polynomial differential system is defined by two differential
equations of the form

r = P(x(t t

= Pla(0).y(1) )
where P(z(t),y(t)) and Q(z(t),y(t)) are polynomial functions of the variables z and y.
The system (1.1) is of degree n where n = max(deg(P),deg(Q)).
As usual the dot denotes derivative with respect to the independent variable ¢.

Definition 1.2. [22] A differential system is given by
dx
_— = t
dt f( 7x>7

where x € R” and f : R**! — R”. if the function f does not depend explicitly on the time
variable t (that is f(t,x) = f(x)), the system is called autonomous and can be written as

&= f(x).
otherwise, if f depends on both ¢ and z, the system is referred to as non-autonomous.

Definition 1.3. [2] A polynomial differential system in the plane is called homogeneous

12



of degree n if it can be written in the form

( i+j=n

i = Pla(t).y(t) = Y ayaiy',

i+j=0

i+j=n

§=Q(x(t),y(t) = Y Bya'y™.

1.2.1 Vector field

Drawing the vector field before beginning a deep analysis of a differential system is
quite practical and can give us important information about the many types of potential
solutions. It is the vector that corresponds to each point in the space shown graphically.
This vector will really be tangent to the differential system’s trajectory as it passes through
that location. As a result, we may get a reasonably accurate sense of the potential
solutions and their asymptotic behavior from the vector field.

Definition 1.4. [23] A vector field X is a region of the plane in which there exists at
every point A € A C R? a vector V (A,t), i.e an application:

X:ACR? — RZ?

Alx,y) 7(14) = <gg’z;> .

where P and @ are of class C' on A C R?. The vector field associated with system (1.1)
can be represented by the following differential operator

0 0
x=-prPL 02
8x+Q8y’

Then for the following we consider the vector field X associated with the planar polynomial
differential system (1.1)

dx
A — = P(x(t), y(t))
dA ; )
— = t t)).
& — Q) y()
Remark 1.1. 1. In this mémoire, we assume that the functions P and @) are of class

C'. This assumption ensures that the Cauchy-Lipschitz conditions are satisfied for
the system (1.1), so that for every initial condition (xg,¥o) , there exists a unique
solution.

2. The plane formed by the variables  and y is called the phase plane.

3. On the curve P(z,y) = 0, known as the vertical isocline, the vector field is parallel
to the y-axis; whereas on the curve Q(z,y) = 0, called the horizontal isocline, the
vector field is parallel to the z-axis.

13



Example 1.1. Consider the system

':lQ _1
Pyt 12)
Yy=x" —y.

The vector field associated with system (1.2) is shown in Figure (1.1).

NN
NS
i

|

Y
e Wi
—

ey

NI

Figure 1.1: Vector Field for the system (1.2).

1.2.2 Solution and periodic solution

This section provides clear definitions of the basic terms solution and periodic solution
in differential systems : solution refers to any function that, for specified initial conditions,
satisfies the system’s equations, whereas periodic solution refers to a function that repeats
its values after a predetermined amount of time.

Definition 1.5. [2] A mapping ¢ : I C R — R? given by ¢(t) = (x(t),y(t)) is called a
solution of system (1.1) if
pt) = X(p(t), Vtel,

where X = (P,Q) is the associated vector field. if ¢1(t) = (x1(¢),y1(t)) and @o(t) =
(x2(t),y2(t)) are two solutions on I; and I respectively, we say that oo(t) is an extension
of o1(t) if Iy C I and ¢1(t) = po(t) for all t € ;. A solution is called maximal if it has
no further extension.

Definition 1.6. [2| A solution ¢(t) = (z(t),y(t)) of system (1.1) is called a periodic
solution if there exists a real number T" > 0 such that

e(t+T)=¢p(t), VteR.

The smallest such T is called the period of the solution.

14



1.3 Phase portrait

For example, the solutions of a vector field X’ are represented as trajectories or orbits,
showing how the system changes over time; the phase portrait, which is the collection
of these trajectories, offers important information about the qualitative behavior of the
system, revealing important features like equilibrium points, stability properties, etc. The
R? plane is also referred to as the phase plane, where the behavior of dynamical systems
is visually represented.

Definition 1.7. [23] Let p € A be a point in the domain of the vector field X' : A — R2.
The orbit of X through p, denoted by ~,, is defined as the image of the maximal solution
¢, : I, = A that passes through p. In other words,

Yo = {pp(t) [t € I}

Definition 1.8. [23] The phase portrait of a vector field X" is the complete set of orbits
that represent the solutions of the system in the (z,y)-plane. It provides a global view of
the system’s dynamics by displaying all trajectories (orbits) and equilibrium points.

Example 1.2. The phase portrait associated with system (1.2) is shown in Figure (1.2)

Phase Portrait

Figure 1.2: Phase Portrait for the system (1.2).

1.4 Equilibrium points

When analyzing dynamical systems, equilibrium points are essential. When describing a
dynamical system with multiple variables, Henri Poincaré (1854—1912) demonstrated that
it is sufficient to characterize the system without computing exact solutions. Determining
the equilibrium points and evaluating their stability significantly simplifies the study of
nonlinear systems near these points.

15



Definition 1.9. |2] A point (z¢,yo) is called an equilibrium point (or a singular point)
of the system (1.1) if

P(z0,10) =0,
Q(wo,10) = 0.

Remark 1.2. [23] In the context of planar systems, the terms equilibrium point and sin-
gular point are often used interchangeably. However, the term singular point emphasizes
the local behavior of the vector field, whereas the term equilibrium point highlights the
system’s stationary solutions or trajectories.

Proposition 1.1. /23] Every periodic solution inherently contains at least one equilibrium

point.

1.4.1 The Jacobian Matrix and Linearization

In order to analyze the behavior of trajectories near equilibrium points, it is common
practice to consider the linearization of system (1.1) and then relate the trajectories of
the nonlinear system to those of its linear counterpart.

Definition 1.10. [2| Let J(zo,y0) be the Jacobian matrix of the vector field near an
equilibrium point (xg, ), which is defined as

T(20, yo) = ?9—5(5507%) %—5(370;3/0)
0, Yo —Q(x ) @(x )
oz \L0,Yo) 3, (Lo, Yo

Then, the linearized form of system (1.1) near the equilibrium point (zg,yo) is given

in matrix form by
T T
.| = J(xo, . 1.3
(y) (z0,Y0) (y> (1.3)

Definition 1.11. [2] A equilibrium point (xg, yo) is defined as hyperbolic if the Jacobian
matrix J(zg,yo) has eigenvalues with non-zero real parts. Conversely, if at least one
eigenvalue has a zero real part, the point is classified as non-hyperbolic.

Example 1.3. Consider the following nonlinear system:

{jj:“hry’ (1.4)

y=uxy+ 1.

To find the equilibrium points, we solve the system

?*+y=0 = —z?
) N Yy x-,
ry+1=0 —*+1=0.
Hence, the system has a unique equilibrium point at (zo,yo) = (1, —1).
We now compute the Jacobian matrix

P 9P

53 B 2 1

J(x,y>=[3_5 3_]=[ |
ox oy



Evaluating the Jacobian at the equilibrium point (z¢,yo) = (1, —1), we obtain
2 1
=3 1]

Therefore, the linearization of system (1.4) at the point (1, —1) is
T =2r+vy,
y=—x+y.
1.4.2 Topological Equivalence

Definition 1.12. [24] A function h : R*? — R? is called a homeomorphism if it is a
continuous bijection with a continuous inverse.

Definition 1.13. [25] Two autonomous systems in the plane

($1): { & = Pi(x(t), y(1)), (2): { i = Py(x(t), y(1)),
y:Ql(x(t)ay(t)>a y:Q2($(t),y(t)).

defined on two open sets V' and W respectively, are said to be topologically equivalent if
there exists a homeomorphism h : V' — W such that h maps the orbits of (S1) onto the
orbits of (S2) and preserves the direction of motion.

Remark 1.3. [26] Topological equivalence via a homeomorphism allows for a classification
primarily based on the stability or instability of the equilibrium. Two linear systems are
topologically equivalent if they have the same number of eigenvalues, with real parts of
the same signs.

Remark 1.4. Consider the differential system (1.1), and let J(zo,y9) be the Jacobian
matrix associated with this system at the equilibrium point (xg, o). Let A\; and A2 be the
eigenvalues of this matrix.

1. A equilibrium point is said to be elementary if at least one eigenvalue of J(zo, yo)
is nonzero. If both eigenvalues vanish (A; = Ay = 0), the point is called non-
elementary. In this case:

e The equilibrium point is referred to as degenerate if the linear part is identically
zero (J(xg,yo) = 0).

e If the linear part is nonzero, the equilibrium point is called nilpotent (see |23],
Theorem 3.5).

2. A equilibrium point is said to be semi-hyperbolic if exactly one of its eigenvalues is
zero while the other is nonzero. The phase portraits of such points are well known
(see [23], Theorem 2.19).

3. A equilibrium point (zg,yo) is called a center if there exists a neighborhood V'
around it such that for every point p € V (with P?(p) + Q*(p) # 0), the orbits
passing through p are closed and surround (xg, %), indicating closed orbits and
periodic dynamics.

17



1.4.3 Hartman-Grobman Theorem

This theorem states that a dynamical system (1.1) near a hyperbolic equilibrium point
can be reduced to the study of a topologically equivalent linear system (1.3) near the
origin. This theorem is a powerful tool in the analysis of dynamical systems, as it allows
for the simplification of complex dynamics by examining a simpler linear model. It is
particularly useful for understanding the local behavior of dynamical systems defined on
an open subset of the plane.

Theorem 1.1. [20] Suppose that the Jacobian matriz at the equilibrium point (o, yo)
has two eigenvalues such that Re(A1) # 0 and Re(A\y) # 0. Then, the solutions of the
nonlinear system (1.1) can be approzimated by the solutions of the linearized system (1.3)
i a neighborhood of the equilibrium point.

In other words, the phase portrait of the linearized system (1.3) provides a good ap-
proximation of that of the nonlinear system (1.1) near this equilibrium point through a
continuous transformation.

Remark 1.5. [2| In the case where Re(A;) = 0 and Re()\2) = 0, the linearization method
does not provide sufficient information about the behavior of the nonlinear system. Specif-
ically, if the equilibrium point (zg, yo) is a center for the linearized system (1.3), determin-
ing whether it remains a center or becomes a focus in the nonlinear system (1.1) requires
further investigation. This is known as the center problem.

1.4.4 Stability of the equilibrium

There may be more than one equilibrium point in a nonlinear system, and these points
may be unstable or stable. Ensuring the stability of an equilibrium point is crucial in
various situations. The following is a definition of stability

Let (xg,yo) be an equilibrium point of system (1.1).

We denote X (t) = (P(x,y), Q(x,y)) end Xo = (P (%0, ¥0), Q(70, %0))
Definition 1.14. [26] We say that

1. (xo,y0) is stable if and only if

Ve > 0,3n > 0 such that ||(z,y) — (zo,%0)| <n=Vt>0,[|X(t) — Xo|| <e.

2. (wo, o) is asymptotically stable if and only if it is stable and

lim || X (t) — X,|| = 0.
t—o0
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Figure 1.4: [27] Asymptotic stability of an equilibrium point .

1.4.5 Classification of equilibrium points

Definition 1.15. [2] Consider the differential system (1.1) and let J(zg,yo) be the Ja-
cobian matrix associated with it at the equilibrium point (zg,y0). Let A; and Ay be
the eigenvalues of this matrix. The classification of equilibrium points is based on the
following cases:

e Node : If Ay and )\, are real and have the same sign

o If \; < Ay <0, the origin is a stable node.
o If \; > Xy > 0, the origin is an unstable node.

e Saddle :

If A1 and A are real, nonzero, and of opposite signs, the origin is a saddle. A saddle
is always unstable.

e Focus : If A\; and A, are complex conjugates with Re(A12) # 0

e If Re(A12) < 0, the origin is a stable focus.
e If Re(A;2) > 0, the origin is an unstable focus.

e Center : If A\; and Ay are purely imaginary, the origin is a center. A center is stable
but not asymptotically stable.

Example 1.4. |2] Consider the following nonlinear differential system
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b=+ 2y + 2% — 9>,
y = 3z + 4y — 2xy.
We define the Jacobian matrix of the system (1.5) as

(1422 2-2
J<x’y)_(3—2y 4—2x)'

At the equilibrium point (g, yo) = (0,0), the Jacobian takes the form

7(0,0) = (:1)) i) |

By solving det(J(0,0) — AI) = 0, we obtain the characteristic equation
N —5Xx—2=0.
Thus, the eigenvalues are

5433 _5—4/33
-2 2

Since the eigenvalues are real and of opposite signs, the origin is classified as a saddle
point, which is always unstable.

)\1 3 )\2
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Figure 1.5: Phase portrait of the system (1.5).

Example 1.5. [2] Consider the following nonlinear differential system

&= —y+ zy’,
v =z + 1.

20



To find the equilibrium points, we solve

— 20 —y — P =
y+ay N y’ =0
r+y* =0 r = -3
Thus, the only equilibrium point is (xg, yo) = (0, 0).
The Jacobian matrix associated with the system (1.6) is

2 142

Evaluating at the equilibrium point (0,0), we obtain

0 —1
J(0,0) = (1 0 ) .
To classify the equilibrium point, we compute the eigenvalues of the Jacobian by
solving the characteristic equation

-\ -1

det(J(0,0) — AI) :‘ R

‘:)\2+1:0:>)\1,2::|:i.

Since the eigenvalues are purely imaginary and complex conjugates, the origin is clas-
sified as a center. Therefore, the system exhibits closed orbits around the equilibrium
point, and the origin is stable but not asymptotically stable.

Figure 1.6: Phase portrait of a system (1.6).

Example 1.6. 2] Consider the following nonlinear differential system

{i:x_% (1.7)

y=x+y.
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To find the equilibrium points, we solve

r—y= 07
r+y=0.
Thus, the only equilibrium point is (zg,yo) = (0, 0).
The Jacobian matrix associated with the system (1.7) is

J(z,y) = G _11> .

Since the Jacobian is constant, it remains the same at the equilibrium point (0, 0).
To classify the equilibrium point, we compute the eigenvalues of the Jacobian by
solving the characteristic equation

1-x -1

det(J(0,0)—)\I):‘ L

‘:0:>)\2—2/\+2:O:>)\:1:|:z'.

Since the eigenvalues have a nonzero real part (A = 1 £ i), the origin is classified as
an unstable focus. Therefore, the system exhibits spiral trajectories that move away from
the equilibrium point, and the origin is unstable.

Figure 1.7: Phase portrait of a system (1.7).

Example 1.7. Consider the following nonlinear differential system

{j::a:~|—a;y, (1.8)

=2y+y.
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To find the equilibrium points, we solve
z(l+y)=0 and y(2+y)=0.

which yields the unique solution (z,yo) = (0, 0).
The Jacobian matrix associated with the system (1.8) is

1+ x
ﬂxﬂ):( 0 2+m)'

Evaluating at the equilibrium point (0,0), we have

J«LO)zz(é g).

The eigenvalues of this matrix are
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Figure 1.8: Phase portrait of a system (1.8).

1.5 Invariant curves
Invariant algebraic curves are a fundamental tool in studying the integrability of planar

polynomial differential systems, as they are used to identify the existence of periodic
solutions and limit cycles.
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Definition 1.16. [23] We call an invariant curve of the system (1.1) any curve defined by
the equation U(x,y) = 0 in the phase plane for which there exists a function K = K(z,y),
called the cofactor of the invariant curve U = 0, such that:

oU (z,y) oU (z,y)

H%w—3;—+Q@w%7ﬂ—fﬂﬂ%wW%w- (1.9)

Equality (1.9) shows that on the invariant curve, the gradient (g—U, %—U) of U is or-
z ) dy

thogonal to the vector field X = (P, Q). This means that at every point on the invariant
curve, the vector field is tangent to the curve, and consequently, the curve is formed by
the solutions (or trajectories) of the vector field X

Example 1.8. Consider the nonlinear system

&= a(r —y)
y=ylx—m)
Assume that U(x,y) = xy is an invariant curve for the system.

=ayl(r —y) + (x — )]
= zy(z —y)

= U(x,y)K(z,y).

Thus, the curve xy = 0 is an invariant curve of the system, and its associated cofactor is
given by K(z,y) =z —y.

Definition 1.17. [28] An invariant curve U(x,y) = 0 is called algebraic of degree m if
U(z,y) is a polynomial of degree m. Otherwise, it is called non-algebraic.

Definition 1.18. [28] An algebraic curve U(x,y) = 0 is said to be irreducible if U(z, y) is
a polynomial that cannot be factored into polynomials of lower degrees in the ring R[z, y].

Remark 1.6. [23] When the cofactor k(z,y) is a polynomial, the invariant curve defined
by U(x,y) = 0 is said to have a polynomial cofactor. This allows us to apply algebraic
techniques specific to polynomials in its analysis.

Theorem 1.2. [29] Consider the system (1.1) and let I'(t) be a periodic orbit with period
T > 0. Suppose that U : A C R?> — R is an invariant curve such that:

['(t) ={(z,y) € A U(x,y) =0},

and let K(x,y) € C* be the cofactor associated with the invariant curve U(z,y) = 0 as
given in equation (1.9) . If there exists a point p € A such that U(p) = 0 and VU (p) # 0,
then the following holds:

/ ' div(D(t))dt = / : K(D(t))dt.

Remark 1.7. The condition VU (p) # 0 ensures that the invariant curve U(z,y) = 0 does
not contain singular points, meaning that the periodic orbit does not pass through critical
points of the system.
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1.6 Integrability of polynomial differential systems

In the qualitative analysis of polynomial differential systems, the concept of integra-
bility plays a fundamental role. A polynomial differential system is said to be integrable
if it admits a first integral, as defined below. However, determining a first integral for a
given differential system is often a challenging task. The significance of the existence of
a first integral lies in the fact that it completely characterizes the phase portrait of the
system, providing a comprehensive understanding of its global dynamics.

1.6.1 First integral

Definition 1.19. [23] Let H : A — R be a C"! function that is not locally constant. We
say that H is a first integral of the differential system (1.1) in A if it remains constant
along every trajectory of the system that is contained in A. In other words, H is a first

integral if
dH (z,y) OH (z,y) OH (z,y)
7 Q@) By

The general solution of this equation is given by H(x,y) = k, where k is an arbitrary
constant. Therefore, the system (1.1) is said to be integrable in A if it possesses a first
integral H in A.

0.

= P(z,y)

1.6.2 Darboux integrability

Definition 1.20. [30] A Darboux function is a function of the form

f(x,y) = fl(]?,y))\lfg(l’,y))\Q s fp<x7y))\p exp (Z((i7 3) ’

where fi(z,y) for i = 1,...,p, g(x,y), and h(x,y) are polynomials in C[z,y] and the ),
for i = 1,...,p are complex numbers.

Definition 1.21. System (1.1) is called Darboux integrable if it has a first integral which
is a Darboux function.

Definition 1.22. [31] A function that can be represented by quadratures of elementary
functions is known as a Liouvillian function.

Determining whether a given class of functions has an integrating factor or an inverse
integrating factor is another aspect of studying the integrability problem.
1.6.3 Integrating factors

Definition 1.23. [2| On the open subset A C R?, the function R(z,y) is an integrating
factor of differential system (1.1).

. OR OR _
div(RP,RQ) =0 or P% + Qa_y = —Rdiv(P,Q)

if Re CY(U), R# 0 on U and
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O(RP)  O(RQ)

ox dy

As is customary,

P
div(X) = div(P, Q) = ?37: + %

defines the divergence of the vector field X.
It is evident that the function H that satisfies

0OH OH
or = gy =

is a first integral, then the first integral H associated to the integrating factor R is
given by

~RP,

H@wz—/R@wH%w@+Mﬂ
H@w%i/M%WQ@wM$+Mw

Inverse integrating factor

Definition 1.24. [13] If a nonzero function V' : A — R of class C''(A) satisfies the
following linear partial differential equation and is not locally null:

oV oV orP 0Q
L apl vy =
Q8y+ Ox (8x+8y>’
then V is called an inverse integrating factor of system (1.1).
It is simple to confirm that an integrating factor in A\ {V' = 0} of the system is

defined by the function:

1
R=—.
Vv
One of the instruments used to investigate whether limit cycles exist or not is the
inverse integrating factor. An important relationship between a limit cycle and an inverse

integrating factor is provided by the following theorem.

Theorem 1.3. [19] Let V : A — R be one of the inverse integrating factors of system
(1.1). If T is a limit cycle of (1.1), then

I'c{(zx,y) € A:V(z,y) =0}.
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2 Limit cycles of differential systems

2.1 Introduction

Limit cycles are dynamic phenomena that appear in nonlinear planar differential sys-
tems, representing regularly repeating patterns within the system’s phase space. The
concept was first extensively studied by Henri Poincaré in the late 19th century, notably
in his seminal memoir "On curves defined by a differential equation” see[7]. These phe-
nomena play a central role in explaining recurring behaviors observed in natural and
engineering contexts, such as self-sustained oscillations in chemical reactions, biological
rhythms, and electrical circuits. This chapter aims to review the fundamental mathe-
matical principles regarding the existence of limit cycles, their stability properties, and
essential characteristics, supported by practical examples illustrating their application in
various systems.

2.2 Limit cycles

Definition 2.1. [28] A limit cycle is an isolated periodic solution of a planar differential
system (1.1). It represents a closed trajectory in the phase space such that neighboring
trajectories either approach or diverge from it, depending on its stability

Remark 2.1. The limit cycle is stable if every neighboring trajectory approaches it; if not,
it is unstable.

Definition 2.2. [28]| A periodic solution of system (1.1) is called an algebraic limit cycle if
it is a limit cycle and contained within an irreducible algebraic invariant curve U(z,y) = 0
of system (1.1); otherwise, it is referred to as a non-algebraic limit cycle.

Example 2.1. In [3] Chapter VII of his foundational work, Henri Poincaré presented
the first known example of a limit cycle. The studied system is a planar polynomial
differential system of degree three:

{x':x(x2+y2—1)—y(fC2+y2+1)v (2.1)

y=y@®+y>—1)+a(z®+y>+1).

This system has a unique singular point at the origin, which is a focus. There are no
singular points on the circle 22 + y? = 1, which acts as a characteristic trajectory and
therefore constitutes an isolated limit cycle. Hence, the unit circle:

$2+y2=1

is the only limit cycle in the system, as observed by Poincaré.
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Figure 2.1: The Algebraic Limit Cycle in Poincaré’s Example for System (2.1).

2.3 Existence and non existence of limit cycles in the
plane

We provide some conclusions in this section that allow us to demonstrate the existence
or non-existence of limit cycles for a polynomial differential system (1.1).

Remark 2.2. Limit cycles appear only in nonlinear differential systems.

Theorem 2.1. [72] Let (P,Q) be a C' vector field defined in the open subset A C RZ,
(u(t),v(t)) a periodic solution of period T of the system (1.1), and R: A — R a C* map
such that

T
| rat.om)ar 2o,
0
and let U = U(xz,y) be a C solution of the linear partial differential equation (1.9).
Then the closed trajectory
v ={(u®),v(t) € A:t€0,T]}

18 contained in the set

Y={(z,y) € A:U(z,y) =0},

and 7y is not contained in a periodic annulus of the vector field (P, Q). Moreover, if
the vector field (P, Q) and the functions R and U is analytic, then v is a limit cycle.

Theorem 2.2. [77] Let C and C' be two simple closed curves in the plane, with C' entirely
enclosed by C. If the vector field (P, Q) along every point of C' points strictly outward and
along every point of C" points strictly inward, then there is at least one limit cycle lying
in the region between C' and C.
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Figure 2.2: Existence of a limit cycle located between C' and C’

Theorem 2.3. [7/] (Bendizson Criterion) Let A be a simply connected domain in R
If the quantity g—i + % is not identically zero and has a constant sign throughout A, then
the vector field X = (P, Q) does not admit any limit cycle entirely contained in A.

Theorem 2.4. [75] If the system (1.1) has no singular point, then it has no limit cycles

2.4 Stability of limit cycles

Let 7 represent the trajectory associated with the limit cycle of the system (1.1). The
neighboring trajectories, although not closed, should resemble 7. Depending on whether
these nearby trajectories spiral towards or away from -, the behavior of v as a limit
cycle can be categorized as stable, semi-stable, or unstable. This classification depends
on whether the surrounding trajectories approach v, diverge from it, or exhibit both
behaviors.

Theorem 2.5. [779] Consider a closed trajectory y representing a limit cycle in a nonlinear
dynamical system. The stability characteristics of v can be described as follows:

a. Stable (attractive): If all trajectories in the vicinity of v, both inside and outside,
spiral towards v as t — 400.

b. Unstable (repulsive): If all neighboring trajectories spiral towards v as t — —oo.

c. Semi-Stable: If trajectories inside v approach it as t — +oo while those outside
approach it as t — —oo, or vice versa.

Figure 2.3: Stable limit cycle. Figure 2.4: Unstable limit cycle.
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Figure 2.5: Semi-stable limit cycle.

2.5 Poincaré map

The Poincaré map,introduced by Henri Poincaré in 1881 [7], is one of the fundamental
tools used to study the stability of periodic orbits in dynamical systems, particularly when
analyzing the stability of isolated periodic trajectories. The basic idea behind this map
is as follows: Suppose we have a periodic orbit of system (1.1) that passes through the
point Xy = (xg, yo), and let X be a section (a local surface) transverse to the orbit at the
point Xy. Then, the surface ¥ intersects the orbit at that point.

Now, if we take any point X = (z,y) € ¥ sufficiently close to Xy, the solution of system
(1.1) starting from X at ¢t = 0 will evolve and intersect the surface ¥ again at a new point
II(X) located near the original point X,. This transformation X — I1(X) (Figure 2.6)
is known as the Poincaré first return map.

The following theorem establishes the existence and continuity of this map, and it also
guarantees the continuity of its first derivative near Xy. In other words, the theorem
ensures not only that the map is well-defined, but also that it behaves smoothly in a
neighborhood of the periodic orbit.

Figure 2.6: |2] The Poincaré map .

Theorem 2.6. [2] Let A be an open subset of R™ and Let the vector field of system (1.1)
. Suppose that v,(Xy) is a periodic solution of (1.1) of period T, and that the cycle

T={XeR" | X =¢(Xp),0<t<T}
1s contained in A .Let 3 be the hyperplane orthogonal to v at Xy, i.e., let
E={X eR"| (X - Xp) (P(Xo),Q(Xo)) = 0}.
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Then there exists § > 0 and a unique function 7(X), defined and continuously differen-
tiable for X € Ng(Xo), such that

T(Xo) =T and ¢(X)eX forall X € Ns(Xo).
Definition 2.3. [2| Let 7, 3, 6 and 7(X) be defined as in Theorem (2.6). Then for
X € Ns(Xp) N%, the function
(X)) = ¢rx)(X)
is called the Poincaré map for v at Xj.
Theorem 2.7. [2] Let y(t) be a periodic solution of (1.1) of period T'. Then the derivative

of the Poincaré map I1(s) along a straight line ¥ normal to v = {X € R? | X =
v(t) —=~v(0) 0<t<T} at X =(0,0) is given by

I7(0,0) = exp / div - (P(4(t), Q(y(1))dt.

Corollary 2.1. [?] Under the hypotheses of Theorem (2.7), the periodic solution ~y(t) is
a stable limit cycle if

/0 div - (P(+(t), Q((1)) dt < 0,

and it is an unstable limit cycle if

/0 div - (P(+(t), Q((t)) dt > 0.

It may be a stable, unstable, or semi-stable limit cycle, or it may belong to a continuous
band of cycles if this quantity is zero.

2.6 Averaging Theory

Determining limit cycles remains one of the most fundamental open problems in the
qualitative theory of differential systems [36]. Various analytical techniques have been
developed to investigate the number of limit cycles that can bifurcate from the periodic
orbits of a center. Among these, the averaging method stands out as one of the most
powerful perturbation techniques used in the study of nonlinear dynamical systems. Other
notable methods include the Poincaré map, Melnikov’s method, and bifurcation theory.

The averaging method simplifies the analysis of periodic solutions by transforming a
non-autonomous, time-periodic system into an associated autonomous averaged system.
Consider the perturbed differential equation

T =cf(x,te),
where t € R, x € R, ¢ is a small parameter, and the function f is T-periodic in t. The
corresponding first-order averaged system is given by

i =cf’x), where fox)= %/Tf(x,t,O) dt.
0

The zeros of the averaged function fY(x) correspond to approximate periodic solutions
of the original system, which may give rise to limit cycles.

This technique provides an effective framework for identifying and analyzing limit
cycles in complex polynomial differential systems. For this reason, averaging theory is
central to the approach adopted in this work.
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2.6.1 Perturbation of Differential Systems

Definition 2.4. [16] A widely used strategy for studying limit cycles in planar polynomial
differential systems is to start from an integrable system with a center-type singularity.
This system is then perturbed by adding small polynomial terms of a prescribed degree.
The perturbed system takes the form:

&= P(r,y) +ef(v,y),
v =Q(z,y) +eg(r,y),

where ¢ is a small parameter, and f(z,y), g(x,y) are polynomial perturbations. The aim
is to destroy the continuum of periodic orbits of the integrable system in such a way that
some isolated closed orbits persist, corresponding to limit cycles.

2.6.2 First-Order Averaging Method
Theorem 2.8. [77] Consider the differential equation
@(t) = eF(t,x) + *R(t, 1, ¢),

where F1 : D — R and R : D(—¢y,e5) = R are continuous functions that are T-periodic
mt, and D C R is an open set.
Assume that

e Fi(t,-) € CY(D) for allt € R,

e [\ and R are locally Lipschitz continuous with respect to x, and R is differentiable
with respect to €.

Define the averaged function

A
Fio(z) = T/ Fi(s,z)ds.
0

Suppose that there exists an open bounded set V- C D and a family of points a. € V
such that for each € € (—ef,e4) \ {0}, we have:

Fm(as) =0 and dB(Flo, V, aa) 7é O,

where dg denotes the Brouwer degree.
Then, for sufficiently small ||, the system admits a T-periodic solution x(t,e) such
that
z(0,e) > a. as €—0.
2.6.3 Second-Order Averaging Method
Theorem 2.9. [77] Consider the differential equation
i(t) = eF\(t,z) + 2 Fy(t,x) + e R(t, x, €),

where Fy,Fy : D — R and R : D(—¢f,e5) — R are continuous, T-periodic in t, and
D C R is an open domain.
Assume
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o Fl(t, ) S CQ(D), and FQ(t, ) S CI(D),
o [\, F5, R are locally Lipschitz with respect to x, and R is twice differentiable in €.

Define the first and second-order averaged functions

1 [T 1 [T TOF (s,
Ful@) = 7 | Filsa)ds. Fule) = 7 [ {#yms,mw(s,x) ds,

where

yi(s,r) = /08 Fi(t,x)dt.

Suppose there exists an open bounded set V C D and a family of points a. € V' such
that for each € € (—ef,e¢) \ {0}

Fm((lg) + €F20(CLE) = O, and dB(F10 + €F20, V, Cbg) 7é 0.

Then, for sufficiently small ||, the system admits a T-periodic solution z(t,e) satis-

fying
z(0,e) > a. as e —0.

Here, dg(Fio + €Fy, V, a.) denotes the Brouwer degree of the function Fig + eFy at
the point a. relative to the open set V. The condition dg # 0 guarantees, in a topolog-
ical sense, the existence of a zero of the function inside V. In other words, this ensures
that the averaged function vanishes at some point in V| which implies the existence of a
periodic solution of the original system.

The reader may refer to the following references for a more in-depth treatment

(L0117 3511391
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3 Estimating the Maximum Number of
Limit Cycles in Polynomial Liénard
Systems

In this chapter, we primarily rely on the study presented in the article “On the number
of limit cycles of a class of polynomial differential systems” by Jaume Llibre and Claudia
Valls [1]. We conducted a detailed analysis of the methodology and main steps outlined in
their work. Rather than merely restating their results, we supplemented the study with
illustrative examples of our own creation. The construction of these examples proved to
be challenging due to the precision and depth of analysis required to capture the system’s
properties accurately. These additions aim to enrich the discussion and clarify practi-
cal applications of the employed methodology, thereby providing a more comprehensive
perspective.

3.1 Introduction

The analysis of limit cycles in polynomial differential systems is one of the fundamental
challenges in nonlinear dynamics. This topic is closely related to the celebrated 16
Hilbert problem [15],[10], which seeks to determine the maximum number of limit cycles
that can occur in polynomial vector fields of a given degree. In this context, Liénard
systems represent an important class that has attracted significant interest, beginning

with the classical work of [11], who established sufficient conditions for the existence and
uniqueness of a limit cycle.
In [1], we consider a generalized Liénard-type system given by

J= - go(a) — fal2)y, (3.1)

{ﬂ"f’ =y —gi1(z) — fi(2)y,

where g1, fi1, g2, and f> are polynomial functions of specified degrees. When ¢, (z) =
fi(x) = 0, the system reduces to the classical Liénard equation

T =y,
{y T 32)

In this work, [12] proposed that the maximum number of limit cycles is given by [%] ,
where f(z) is a polynomial of degree n. This bound has been confirmed for n = 1,2,3
[13],[11], but counterexamples were found for n > 5 [15].

This work focuses on analyzing the linear center system
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r=Y, Yy=-—,
which possesses an infinite number of periodic orbits surrounding the origin. The goal is
to study the effect of polynomial perturbations on this system using the Averaging Theory
of first and second order [17],[10].
We begin by analyzing the first-order perturbed system

&=y —e(gu@)+ ful@y),
y=—x—¢(gan(x)+ falr)y),
where ¢11, fi1, go1, fo1 are polynomials of degrees k, [, m,n, respectively, and ¢ is a small

parameter.
We then extend the analysis to a second-order perturbed system

(3.3)

g =—x—e(ga(x) + far(2)y) — € (go2(x) + fao(2)y), (34)
where the functions g1, g12 are of degree k, fi1, f12 are of degree I, go1, goo are of degree
m, and fo1, foo are of degree n. Introducing second-order perturbations in € increases
the system’s nonlinearity and allows for a more detailed study of the bifurcating periodic
behavior.

The objective of this work is to apply the tools of Averaging Theory to provide a
detailed analysis of these two perturbed systems and to estimate the number of limit
cycles that bifurcate from the periodic orbits of the unperturbed linear system.

{x' =y —e(gn(x) + fu(z)y) — & (gr2z) + fra(2)y) ,

3.2 First-Order Averaging Analysis of Perturbed Sys-
tems

Theorem 3.1. [1] For |e| sufficiently small, the mazimum number of limit cycles of
the generalized Liénard polynomial differential system (3.3) bifurcating from the periodic
orbits of the linear centre & =y, y = —x using the averaging theory of first order is

vems{ L[5 o0

Proof. We shall need the first-order averaging theory to prove Theorem 3.1. We write
system (3.3) in polar coordinates (r,0) where x = rcosf and y = rsinf, r > 0.
Time Derivatives of x and y

At or dt 00 dt ar T T MYy
G oy dr oy do . )d d 0
y_oy ar dy av W_ . LW
at or dt o0 a g~ Sl gy rreost-

From this, we obtain the simplified form
i =7rcosf —rfsinb,
§ = rsinf + 10 cos 6.
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After transforming to polar coordinates, the system (3.3) takes the following form

i-cos 6 — rf sin f=rsin @ — & (g1, (r cos 0) 4+ fi1(rcosf) - rsinf)

7sin @ + 70 cos § = —r cos 0 — £ (go1 (1 cos 0) + for(rcos @) - rsin ) .

Start with polar definitions r? = z? + y* and 6 = tan™!(y/x).Thus, differentiating with
respect to time gives the following result

rr=xi+yy and 120 =1y —yi

Upon substitution, we find

7= E [r cos@[r sinf — 8(g11(r cos ) + fi1(rcosO)r sin&)]

r

+ rsinﬁ[ — rcos — e(gai (rcosf) + fgl(rcosﬁ)rsinﬁ)}]

=—¢ <911 (rcosf) cosf + fi1(rcosf)rsinb cos + goy (rcos0) sin@ + for (r cos §)r sin® 8)

. 1
0 = 3 [rcos@[— rcosf — 5(g21(r0056’) + fgl(TCOSQ)TSine)}

—rsind [r sinf — e(g11(r cos0) + fi1(r cos#)rsin 9)}]

1
- [ — 7(cos® @ + sin® 0) — £(gai1 (r cos 0) cos 6 + fa; (r cos O)r sin 6§ cos 6)
r

+ &(g11(rcos @) sinf + fi1(r cos 0)rsin® 9)]

— 1 <g21 (rcosf) cos  + for (r cos@)rsinf cosd) — gi1(rcos0)sind — fi1(r cos 6)r sin® 9)
r

Thus, system (3.3) can be written in the standard form suitable for applying the averaging
theory. If we define the following polynomials

n

f11 Zazﬂ f21 ) Zamxi, 911 szlx and 921 mex

=0 (31)
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then, system (3.3) becomes

n m
F=—¢ ( E ai72r1+1 cos' Osin’ 0 + g b; 27" cos' O sin 0
i=0 i=0

! k
+ E a;i1r'tt cos™ ! fsin 6 + E biar' cos ! 9> ,
i—0

=0 (3.6)

T -
=0

n m
. € . . ) ) )
0=—-1-—-= ( E a;or' ™ cos' ™ Osin 6 + g biar' cos' 0
=0

! k
1 i ) 2 i)
- E a; 17" cos' fsin” 0 — E b; 17" cos QsmH).
\ =0 i=0

We now denote the expression appearing in 7 by A(r,0), and the expression inside the
perturbation term in 6 (excluding the factor —1) by B(r, ), that is:

n m l k
A(r,0) = a;or T cost Osin2 0+ b ortcostOsin 0+  a; 1 cos™ Osin 0+ b 17t costt O
) 3 9 ) k] )
i—0

=0 =0 i=0

and

n m l k
B(r,0) = a;or T cos™ Osin 0+  borfcostt 0= a; T costOsin?0—Y  b; 11t cos' O sin b.
) s s 3 3
i—0

i=0 i=0 i=0
Hence, system (3.6) becomes:

dr 1 —eA(r,0)

dd 9 —1-=:B(r0)
Since ¢ is small, we apply a first-order approximation and expand the denominator as

follows:
1

—1—<B(r,0)

T

— 1+ §B(r, 0) + O(c2).

Multiplying this expansion by —zA(r, #), we obtain:

dr

i eA(r,0) + O(e%).

Finally, defining
Fl(ra 0) = A(Ta 0),

we write the differential equation in the simplified form:

dr n . — m ) —
i € E ai72r1+1 cos' 0sin’ 0 + g b; 27" cos' O sin 0
i=0 i=0

! k
+ Z a; r'tt cos™ ! Osin § + Z bir' cos' ™! 9) + O(&?).
i—0

1=0
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Let us take

Fi(r,0) = a;or'tt cos' O sin? 0 + Z bwri cos' 0 sin 0 (3.7)

=0 i=0
k
+ Z ai '™ cos™ Osin 6 + Z biar' cos™ 6.
= i=0
We compute Fio(r) by applying its definition as the average of Fj(r, @) over one period
1 2
Fio(r) = %/ Fi(r,0)de.
Thus

1 2 n A ‘ m . A
Fio(r) = o / ( Z ai,27"1+1 cos' fsin? 6 + Z b; 27" cos' O sin 0
T J0 1=0 i=0
! k
+ Z a;r' ™t cos™ ! Osin 6 + Z bir' cos' ! 6) dé
i=0

i=0
1

n 2w m 21
= Z amriﬂ / cos' 0sin? 0dh + Z bi727"i / cos' O sin 6d6
2 i=0 0 i—0 0
! 27 k 27
+ Z air'tt /o cos' ! O sin OdO + Z biar' /0 cos' ! 6d9> .
i=0 i=0

In order to simplify the expression and eliminate the integrals that involve odd powers of
sinf or cosf, which vanish when integrated over the interval [0, 27], the sums are split
according to whether the index 7 € N is even or odd.

(5] o (23] o
Fio(r) = — [Z Qg;pr ! / cos? 0 sin? 0d6 + Z Agiy1,0m2 / cos? ™t 9 sin® 0do
- 0 0

=0

m 2m l 27
+ Z bior' / cos' O sin 0df + Z a;r't! / cos' ™! 0 sin 6dh
i=0 0 i=0 0
[551]

[g] 2T 2 2
+ Z bzi’lrm/o cos® 1t 0dp + Z b2t / cog?t? 9d€] )
=0 i=0

0

Now, using the expressions for the integrals given in Appendix A 54, and noting that
a;11 = (2i + 1)y, we obtain the following

[n/2] T [(k—1)/2] e 1
2@+1 _ oy 2i41_ 2RTHAL
F10 ZCL 24,2 Z b27,+1 1r 2“‘1(2—'— 1)
/2 -~ 2y
_ 7, i 2 241, i+ 21
T; 21 (i + 1) T ; 21 ( + 1)
[n/2] [(k—1)/2] .
A2i 204 o boit1,1(2i + 1)y o
— : ) — . 38
T; 2@+1(Z'_|_1)!T tr iz:; 201+ 1)! " (3:8)
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Thus, the polynomial Fijo(r) has at most A\; positive roots. By appropriately choosing
the coefficients ag; 2 and b 411, we can ensure that Fio(r) has exactly A\, simple positive

roots, where
=)
Al =max< [=|,|—| ¢
2 2

Hence, Theorem 3.1 is proved.

[
3.2.1 Application example
By choosing the polynomial functions The degrees k =3, [ =2, m=1, n=4as
31 ;
gu(z) = 57 + bz (degree 3),
fu(z) = 2? (degree 2),
ga(x) =x+1 (degree 1),
6
for(x) = = +22% — 2% (degree 4),
the system (3.3) becomes
31
T=1y—¢ <—€x+5x3+x2y> ,
(3.9)

6
y:—x—s(x+1+(g+2x2—x4)y>.

To apply the Averaging Theory, we first convert the system into polar coordinates using
the transformation x = rcosf, y = rsinf. This yields the following system in terms of r
and 0

4
6
7= —c (gr sin? 6 + 213 cos®? O sin® @ — r° cos* O sin? 0

31
+rcos@sinf + sinf + 3 cos* O sin 6 — Er cos® +5r3 cos? 0) ,

6
=—-1-— E(y’cos@sin@+27“3<30s3981119—7“5cos5esim€
r

31
—rcos 0+ cosh — 13 cos?sin? 6 + ?T cos? 0 — 512 cos? 9) )
\

Next, we derive the first-order differential equation % by dividing 7 by 6, and expand the
expression to first order in . we obtain

d
d_g =c (gr sin? 0 + 212 cos? 6sin® @ — r® cos* Hsin? 6 + r cos H sin 6 + sin #

31
+ 7% cos? fsin ) — =7 cos® +57° cos* 9) +0(£?).
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We then compute the first-order averaged function Fjo(r) using the formula

1 2
Fiolr) = 5~ / Fi(r, 0) do.
0

/e

Substituting in the expression, we get

1 [ [6
Fio(r) = P / (gr sin? 0 + 2% cos? @ sin?  — r° cos* fsin? § 4 r cos fsin § + sin §
T Jo

. 31
+ 73 cos* Osinf — ET cos? +5r3 cog? 9) df
1 4 2
= —r (—7" + 34r° — 40) .

16

This equation has two positive roots approximately 7 ~ 1 and ry =~ 6. According to
the theory (3.1), system admits the maximum possible number of small-amplitude limit
cycles emerging from the origin, which corresponds to the number of positive nonzero
roots of the averaged function. Therefore, the system (3.9)admits two limit cycles.

3.3 Second-Order Averaging Analysis of Perturbed Sys-
tems

Theorem 3.2. [I] For |e| sufficiently small, the mazimum number of limit cycles of

the generalized Liénard polynomial differential systems (3.4) bifurcating from the periodic

orbits of the linear centre & = y, y = —x using the averaging theory of second order is
A3 = max{ i, Ao}, where

oo (2 [ 5 1)
] B2 13 ] 1)
with 1 = min {[n/2], [(k — 1)/2]}.

Proof. We shall need the second-order averaging theory to prove Theorem 3.2. We write
system (3.4) in polar coordinates (r,0) where x = rcos and y = rsinf, r > 0.
After transforming system (3.4), we obtain

(3.10)

icosf —rfsin = rsinf — e (911(r cosB) + fi1(r cos)r sin6)
—&2(g12(r cos ) + fia(rcosf)rsin),

7-sin 6 4 76 cos § = —r cos § — £(g21(r cos0) + for (r cos §)rsin6)
—&2(gaa(r cos ) + foo(r cosf)rsin).
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Thus, the system (3.4) can be written in polar coordinates in the following form

1
7= . [r cos 6 [r sinf — e(g11(rcos0) + fi1(rcosO)rsin ) — e (gi2(r cosd) + fia(r cosf)rsin 9)}

+rsind [ —rcost — e(ga1(rcos ) + for(rcosO)rsing) — e (gaa(rcosf) + fao(rcosf)rsin 9)}]

= —¢ (911 (1 cos @) cos ) + fi1(r cos )rsin 6 cos O + gay (1 cos @) sin @ + fo, (1 cos )r sin? 0)

— g2 (912(7‘ cos ) cos @ + fia(r cos §)r sin 0 cos Ogas(r cos B) sin 6 + foo(r cos )r sin? 9)

. 1
0= 3 [7" cos 6 [ —rcosf — 5(921 (rcosf) + far(r cos@)rsin 0) —g? (922(7" cos ) + faa(r cosO)rsin 9)}

—rsinf [7“ sinf — ¢ (gll(r cosf) + fi1(r cosf)rsin «9) — &2 (912(7“ cosf) + fia(r cosO)rsin 9)} ] )

=1 ; (ggl(r cos ) cos 0 + fa (1 cos 0)r cos Osin @ — gi1(r cos ) sin @ — f11(r cos 6)r sin? 9)

82

- <g22(r cos ) cos O + fao (1 cos)r cos Bsin@ — gio(r cos ) sin @ — fio(r cos 6)r sin? 6) :

We write fi1, fo1,911 and go; as in (3.1), and

l n

k m
fra(x) = Zcz‘,ﬂi? for() = chxi, gi2(w) = Zdi,lxi and  goo(z) = dexi-
i=0 i=0

1=0 1=0
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The system becomes

\

i=0 =0

( n m
F=—c E ai72r1+1 cos' Osin’ 0 + g b; 27" cos' O sin 0

! k
+ E a;1r' ™t cos™ ! fsin ) + g biar' cos™! 9)
i—0

=0

n m
—¢? ( E ci727“’+1 cos' @ sin® 6 + E d; 27" cos' Osin 0

i=0 =0

k
+ g ciar't cos™ Osin 6 + E d; ' cos'™ 9) ,
1=0 i=0

(3.11)
f=—1-°% (Z a;or'tt cos™ ! fsin ) + Z biar' cos't 0
‘ =0

k
i1 i) i i )
- E a; 17" cos' @sin” 0 — E b; 17" cos QsmH)

=0 i=0

n m
€ . ) ) ) .
- — ( E cior'™ cos™ Osin 0 + E dior' cos'™ 0
i=0

=0

1=0

! k
i1 ) i i)
- ciar'" cos' 0sin” 0 — d; 7" cos' Osinf |.
i=0

Taking 6 as the new independent variable, system (3.11) becomes

where

and

where

= eR(0,1) + 2B(0,7) + O,

n m
Fi(0,r) = g ai,gr”“l cos' fsin? 6 + g b; 21" cos' 6 sin 6
=0 =0

! k
+ Z a; r' ™t cos™ ! Osin 6§ + Z b’ cos™ 0 (3.12)
i—0

1=0

Fy(0,r) =Z(r,0) +rZZ(r,0),

Z(r,0)= Z cior't cos' @ sin® 0 + Z d; o' cos' fsin 6 (3.13)
i—0 =0
l k
+ Z ciar' cos™ Osin 6 + Z diqr' cos'™ 0

i=0 =0
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and

II(r,0) = — (Z a;or' cos' Osin § + Z bior ! cos' O sin (3.14)
=0 i=0
! k
- Z a; 7' cos™ @sin 6 + Z biar' cos't! 9)
=0 i=0
(Z a¢,2ri cost! Osin 6 + Z bi’ﬂ,i—l cositl g (3.15>
=0 i=0

1 k
— E a; 17" cos' 0 sin?6 — E bmr’_l cos' 8 sin 9) )
1=0 i=0

In order to compute Fyy(r),weneedthat Fiy be identically zero.Then from(3.8),
all coefficients of r?*! must vanish. This gives.

a2; 204 boit1,1(20 + 1)y

: : —0
21 (i + 1) 21 (i + 1)

By simplifying the expression, we get
22+ boip11(2i +1) =0

Therefore, we choose

2,2 .
——  fori=0,1,...,pu,
21 +1 (3.16)

b27;+1,1 :a2i72:0, fOFi:[L+1,...,)\1.

boit1,1 = —

Let us define the following indices ¢ = min([%], [551]), A1 = max([%], [5])

We compute Fy(r) by applying its definition as the average

Fao(r) = % /0% (%(9,7“) (/00 Fi(w, ) (w) + FQ(Q,T)) do.

We split the computation of the function F5g into three parts, i.e., we define
27TF20 = T(Pl(’f’2) -+ PQ(TZ) + P3(7"2))-
where
2w 2w d
rP(r?) = / ITZ(r,0)dl = / —F1(0,7r)y1(0,r)de,
0 o dr
21 2
Py(r?) + P3(r?) = / Z(r,0) do + / TI(r,0)do
0 0

where

(% 27 27
yl(Q,r):/o Fi(y,r)dy and /0 I(T,@)—i—II(T,@)dH:/O F5(6,r)df.

We now compute the partial derivative of Fj(6,r) as given in equation (3.12). Differenti-
ating with respect to r, we obtain
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OF n S m . .
—Lo,r) = Z(z + 1)a; 7" cos’ @ sin® 6 + Z ibi o7 cos’ fsin

or i—0 =0
I k
+ Z(z + 1)a; 17" cos™ G sin @ + Z ib; 1" cos' 0. (3.17)
i—0 i—0

For ¢ € N, where 7 is odd or even, we find

[n/2] [(n—1)/2]
— 2(22 + 1) ag; 27 cos™ Osin® § + Z (20 + 2)agi 11,27 cos® ! fsin? 0
=0 =0

m l
+ Z ib; 1" cos’ fsin ) + Z(z + 1)a;r" cos"™ fsin @
=0

= =0
/2 . | ((k=1)/2] -
+ Z 2Z.b2i’17’21_1 COS2Z+1 0 + Z (2Z + 1>b2i+1’17”21 COS2H_2 0
i=0 =0

From the condition (3.16) for Fyp = 0, it follows that

w
= 2(22 + 1)ag; 27 cos® Osin® § — (2i + 1) 92172 2 cos2 T2 §
i=0 20+ 1
[(n—1)/2] . |
+ Z (20 + 2)agi 1,27 cos® ™ fsin? 0
i=0

m l
+ Z ib; 7" cos’ fsin ) + Z(z + 1)a; " cos" fsin f
i=0 i=0
(k/2]
+ Z Qibgi’ﬂ”%_l COS2H_1 0
i=0

I
— Z ag; 27 cos® O ((2z + 1) sin* @ — cos® 9)
=0
[(n=1)/2] | |
+ Z (20 + 2)agi 11,27 cos® ! fsin® 0
i=0
m l
+ Z ib; 1" cos’ fsin ) + Z(z + 1)a; 7" cos"™ fsin f
i=0 =0
/2 -
+ Z 2ibg; 7% cos® T g
=0

We now compute the integral y;(0,7) = f09 Fy(y,r)dy by rewriting Fi(0,r) (3.12) in a
suitable form
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Using the trigonometric identity sin?# = 1 — cos? 8, we obtain the following expression.

[n/2]
Fi(0,r)= Z(Zz + 1) ag; 27* cos® (1 — cos® f)

i=0

((n-1)/2 -
+ Z (2 4+ 2)a2i+1,2r2’+1 cos? 1 O(1 — cos? 0)

i=0

m l
+ Z ib 7" cos’ fsin 6 + Z(z + 1)a; 7" cos™ fsin @

' i=0

- I o
+ Z 2ibs;. 2 cog? g + Z (2 4+ 1)()2”1717"2Z cos?t2 0

i=0

After applying the condition Fijy = 0, the expression simplifies to

[(n—1)/2] [(n—1)/2]
21+2 21+1 2142 2143
E A2i+1,27 E Aip1,2r™" " cos™ 0
[n/2} [n/2]
+ E CLQZ‘727"2Z+1 COSZZ 60— E a2i727”22+1 COSQH_2 0
=0 =0

m l
+ E bi o7 cos' O sin 6 + E a;1r' ™t cos™ ! Osin 6

(tk-1)/2 A
+ Z bais117° T cos® 2 0 + Z boi 17 cos® 1 0
=0 i=0

Finally, we obtain the final form after applying the condition (3.16)

[(n=1)/2] | | [(n=1)/2 ‘ |
F1 (0, ’I“) = Z A2i41, 2T21+2 21+1 0 — Z a2i+172r2”2 COSQH—3 0
1=0

22 + 2 ,
+ § o 2T21+1 COSQZ 8 § ) 21+1 COS21+2 0

+ Z biar' cos' Osin + Z a; vt cos™ ! fsin 6
— —
[k/2]

+ E b2i71T21COS21+1 0.

1=0
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The integral can now be computed using Appendix A (54)

[(n—1)/2] . 0 ' [(n—1)/2] | 0 |
Y1 (6, 7’) = Z a2i+1,27’21+2/ COS21+1 w dw - Z a2i+1’2r21+2/ COS21+3 w dw
=0 0 i—0 0

H 0 o
' 21+ 2 , ,
+ g g ! / cos® ¢ dip — E ST 1a2i72r2z+1 / cos?*2 o) dif
=0 i=0 0

m 0 0
+ Z biar’ / cos’ ¢ sin ) dip + Z air't! / cos ™ i sinp dyp
=0 0 i=0 0

[k/2]

0
+ Z b2i717“2i/ cos® ) dip.
i=0 0
Using the above, we obtain

[(n—=1)/2] [(n—1)/2] i+1

Z a2i+1, Hr2it? Z% ! Sln 2l +1)0 Z A2i41, o 2it2 Z Yit1i sln 2l + )9)
+ Z ag;, 27~2H—1 ( )0 + Z B sin(210)
214+ 2 1 2% + 2 i+1
2z+1 ' .
- Z 2i+1 %2 qriv2 ( i1 )9 + Z Bit1,8in(210)

+Zbi’2rzi+1(1 os'tle —|—Za21r (1 —cos™0)

Therefore
[(n—1)/2] il
Z A2i+1,2 22 Z Vi, sin ((21 + 1)0)
41
+ Zamz?“%r Zﬁzlsm (216)
S biz ositl g @i z+1 i+2
+ZZ’+1T(1 +Zl—|—2 — cos'*? 6)
[k/2]
+ Z bia 7 Z%,l sin (21 +1)6)
1=0
where
Birt =200+ 1)Bit1y . .
A = Vit — Yit1g, 0 <1<, G- %1 , if0<1 <,
o —Yit1i+1, ifl=1+1. H —2(i + 1) Bit1,i11 il

)

21 +1
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We now turn to the computation of the following integral

27 27
/ TT7(r.0)d0 — / R0, (0,7 d8 = rPy(r?).
0 o ar

2w
/ ITI(r,0)do =
0 0

[(n—1)/2]
+ Z (20 + 2)ag; 1127 cos
=0

=0

! [k/2]

+ Z(z + 1)a;, ricos™ Osin 6 + Z 20bg; 1 P2
i=0 i=0
[(n—1)/2] i+1
( Z 24127 2i+2 Z%lsm( (2l +1
i=0 1=0
b l a;,
020 (] — cogt! z+1
+ Z 1" (1 0) + ;
[k/Q]
+Zb2117’ Z%J sin ((2l+1)9)> d@,
1=0

m
2l gsin? 0 + E ibigr' !

=0

1 COS2Z+1 9)

—|— Z a2; 2 r2itd Z B sin(210)

I
(Z az;2 7 cos™ 6 ((2i + 1) sin® 0 — cos® 6)

cos’ fsin 0

i+1

— cos't? «9)

After simplification, and by eliminating the terms whose integrals vanish due to the or-
thogonality of sine and cosine functions over the interval [0, 27|, we obtain the expression

o p [(m=1)/2] wo (1/2]
JRE==COLED DD DIV LS 99 SY- NI iR:
0 =0 j=0 i=0 j=0
[(n—1)/2] [(I-1)/2] [k/2] [m/2]
+ Z ng z+]+1_|_z Z Ez]
=0 j= =0 5=0

[m/2] [(n— 1)/2] (m-1)/2] p

22 Gyl Z 2 i
=0 7=0
[(1-=1)/2] [(n—1)/2] [l/2] p
X AT Y ) Ku(?)
=0 7=0 =0 7=0

47

[(n—1)/2] [m/2]

z+
> Cug(r)™
=0 7=0

[k/2] [(1-1)/2]
H—] 1 H—j
+2 2 B
j 0
’L+j Z+] 1
+ Iz]
=0 5=0
[(1-1)/2] [k/2]
SR D WNEE
=0 7=0
(3.18)



with

A — 7TCL2¢,2b2j+1,2042‘+j+1 B . — TA2;,2025 1004541
Bl QL (4 j 4 2! B QI 4 5+ 2)1
C _7T(2i + 2)a2i11,2b2j,200 441 D — _77(% + 2)A2i11,202j41,1 0+ j4+2
" (27 + 1)20HH+1 (4 4 j 4 2)1 " (2 + 3)20H+2(i 4 j 4+ 3)! 7
5o T21b2;102j.200 4511 ro_ T20b2; 102,541,104 j42
(25 4+ )20 (i + 5+ 1)V Y (25 4 3)2iH (G + § + 2)!
Jj+1 J+1 .
Gij=m Z 2ib2i 202j+41,27j,sCis H;; = WZ(Qi + 1)boiy 12025285 Ki s,
= s=1
jo Jj+1
Lij=m Z 2ib9; 9b2;17;,sCi s Jij = WZ(% + 2)a2i+1,102j41,27j,sCi s
j+(1) ~ jo
Kij=m 2(21 + 1)ag;1a2;,28;,s Ki s, Li; = WZ(% + 2)a2i+1,162j,175,5Cis-
s=1 s=0

Then, Py(r?) is a polynomial in the variable r? of degree Ao,

o[22 g 152 2]
5 [ 5 ) 5

We now turn to the computation of fo% Fy(0,7)d0 = [7"Z(r,0)d0 + f% IZ(r,0)de
We begin with the first part of the integral used in (3. 13) and we have that

NIS

/27r Z(r,0)d = rPy(r?).

Thus, we obtain the following

[n/2]

27 27 [((n—1)/2] o
/ Z(r,0)do = Z 02i72r2i+1 / cos? O sin? 0 do + Z CQHLQT%H / cos® 1 @ sin? 0 do
0 i=0 0 i=0 0

m 27 l 2
+ Z dior' / cos' 0 sin 0 df + Z ciar'tt / cos' ™ @ sin O do
j i=0 0

[k/2 [(k=1)/2]

2 21
+ Z dy;, Y / 0s2 19 do + Z d2i+1717"2i+1 / cos2+2 0 do
i=0 0

z ((k=1)/2 _—

- Z Caippr® ! / cos™ fsin® 0df + Y dyir 0™ / cos**? 0 df
=0 0
/2 (k—1)/2 .
- [nz] a2ty 7rr[ | d2i41106(20 +1)
i 21(2' + 1)' P 2Z(i + 1)!

=rPy(r)

(3.19)
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where P, is a polynomial in the variable 72 of degree ;.

We now turn to the second part of the integral used in (3.14),we have that

27
/ II(r,0)dd = rPs(r?).
0

we have
27 n 27 m 27
/ IZ(r,0) = — < a;or' / cos' fsin? 0 d + Z bior' ™ / cos' fsin 6 df
0 i=0 0 =0 0
l 2 k 21
+ Z ai,lri / cos'™ Osin 0 db + Z bmri_l / costt o d@)
i=0 0 i—0 0
n 2 m 2
( a;or’ / cos’ 1 O sinH dh + Z bjor? ™! / cos’ 1 0 db
j=0 0 =0 0
l 2 k 2
— aj,lrj / cos’ Osin? 0 df — Z bjlrj’l / cos’ 0'sin 0 d0> )
=0 0 =0 0

After simplification, all terms whose integrals vanish due to the orthogonality properties
of sine and cosine functions on the interval [0, 27| have been excluded,we find

2 n m 2
/ IZ(r,0)df =—2) > a;sbjor™ ! / cos ™t 9 sin? 0 do
0 0

i=0 j=0
n l o
- Z Z ;a7 / cos'7 @ sint 0 db
i=0 j=0 0
m k o
- Z Z biobjr 2 / cost™ @ sin® 0 db
i=0 j=0 0
l n o
— Z Z aiylamgriﬂ / COSH_J.—F2 0 sin2 0 do
i=0 §=0 0
l k o
+2) 0 aabart T / cos' 71 0sin? 0 df
i=0 §=0 0
k- m 2
— Z bi71bj’27”i+j_2 / COSi—H’—i_2 0deo.
: 0

We split the double sums according to the even and odd indices of both ¢ and j, which
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allows us to apply the condition Fjp =0

[n/2] [(m=1)/2]

27
/ IZ(r,0)df =—2 Z Z i 2b2jt107 2i+2j / 082 21+2 9 sin” 0 d6
0
oty g o
-2 Z Z iy 120221 T / cos? 22 9sin 0 dp
0

e o

+ Z Z Qi 00517 / cos?*% g sin* 0 db
i=0 j=0 0

[(n—1)/2] [(1-1)/2] o
+ Z Z 241202541, 17“2”2]“/ cos? 22 ggint 6 de

[m/ 2] [kf/ 2]

+ Z Z b2i2ba;, A2 / cos®*% fsin” 0 df

=0 7=0
[(m—1)/2] [(k—1)/2]

X X3

2T
bgl P22 / cos? 22 9gin% 0 d
0

[1/2] [n/2} o
- Z Z (i1 Qj o T / cos®T2+2 0 gin 0 dp
i=0 j=0 0
[(1-1)/2] [(n—1)/2] om
— Z Z a2i+171a2j+172r2i+2j+2 / COSQH—QJ‘—F4 0 SiIl2 0 do
i=0 =0 0
/2] [k/2)
+ 2 Z Z a2; 162],17“214-2] ! / COS2H_2j+1 0 SiIl2 0 do
=0 5=0 0

[(1=1)/2] [(k=1)/2] s o
4+ 9 (g _ 2% p2it25+1 / cos2t2+2 9 in2 0 do
>3 i (-5 0

[m/2

[k/2]
. Z Z b2z 1b23 2r21+2j 2/ co SQi+2j+2 0 do
0

=0 35=0
[(k—1)/2] [(m—1)/2]

2w
a9 2 o o
i S Z, b2j+1’2,r,21+2j C082z+2j+39d0
21+ 1 0

i=0 §=0
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Using relation (3.16) , we get

p o [(m—1)/2]
/ II T 9 =-2 Z Z a9, 2b2j+1 oT 242 / COS2i+2jJr2 0 SiIl2 0 do
0 0
ety o
-2 Z Z giy1.2b9j0r™ / cos? 22 9gin% 0 do
0
14 l/2 27 ] )
— Z Z agi 902517 / cos? ¥ f sin? 0 cos(26) db
=0 5=0 0

[(n=1)/2] [(=1)/2 o
Z Z (gi1,2025 411722 / 0% 2712 g gin? ) cos(26) db

[m/ 2] [k/2]

— Z Zbgngzj,lrerzj 2/ cos* % § cos(26) df
i=0 j=0 0
[(m—1)/2] [(k—1)/2] o -
Z b2i+1,2b2j+1,lr21+2]/ COS2H_2J+26COS(26) df
i=0 j=0 0
(/2] p o pom o
-2 Zagil—_zﬂ r2’+2]/ cos?t22 g sin% 6 dp
— < "2 +1 0
=0 7=0
[(1=1)/2] [k/2] g2 o
+ 2 Z Za2i+1’1b2j717“21+2]/ COS21+2]+26S1H29d6.
i=0  j=0 0
we have
o p_Lm=1)/2]  le=y)/2) [my2)
/ IZ(r0)do =Y > A+ Y Y B
0 i=0  §=0 i=0 =0
p L2 ln=1)/2] [(=1)/2]
+ C; r2)iti + D; ; p2)ititl
2,2 Gl 2, 2, Dult?) (3.20
=0 7=0 =0 7=0
Lm/2] [k/2] L(-1)/2] [k/2]
I SLVEET S SLFER
i=0 j=0
= TPg (7’2).
where
A Tagi2byji1 00yt (_1 4+ z'—l—j—i—l) R magip1,2bajo0it i
LI 20 (145 4-2)! 2i+1 2Y 2043 (i+j5+2)!
o T02;,2025,1%4) _ 2(i+j)+1 A m(i+g)agiy1 20041101
i = T2t (Z +J =1+ 750 ) Dij = PR pwn
o m(itg)baigbajiaiy g F o magit11b2j1 it
ij — 2= 1(i4j+1)! JT 20 (i +2)!
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Then , P; is a polynomial in the variable r? of degree o,
Then
27TF20 =T (Pl('f’2) -+ PQ(T’2) + P3(T2>) .

To find the real positive roots of Fhy, we must find the zeros of a polynomial in 7% of
degree 3.

This implies that F5y has at most A3 real positive roots. Moreover, we can choose the
coefficients a; 1, a;2,0;1,bi2,¢i1,¢i2,di1,d;2 in such a way that Fy, has exactly A3 real
positive roots.

where

)\3 = max{)\l, )\2}
Hence , the theorem (3.2) is proved. O

3.3.1 Application example

By choosing the polynomial functions the degrees n =1 =3 and k =m =1 as

7
gu(z) = ~ +z, (degree 1)
1 11
fu(z) = 0 + Tk (degree 1)
Gia(w) = %33, (degree 1)
fra(x) =1+ 2%, (degree 3)
7 7
gn(z) = 10 0% (degree 1)

1 4 4 1

for(z) = £ EY + ng + §x3, (degree 3)

g22(z) = x, (degree 1)
11

for(x) = T gxz, (degree 2),

the system (3.4) becomes

. 7 1 11 o (7 3
r=y—¢c|——-+r+—=y+—=xy|—¢|=r+txyt+yl,

5 10Y " 10 10
, GRS W S S oy 9
=—T—¢e|l—-————x+-y—-axy+ =x —x — T+ —y— =z :
y 10 100 "5y FYTETYTRTY 57 57 Y

(3.21)
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Transforming the system into polar coordinates x = rcos#, y = rsinf, we obtain

( 1 4 4 1 7
7= —c (—r sin?6 — 37“2 cosfsin® 6 + 37’3 cos? fsin® 0 + 57“4 cos® @sin? 6 — 0 sin 0

6 11 7
— 1—Orcosesin9~|— 1—07“20082951109 - 50059+7‘60529)

11 9 7
— (Er sin? g — 57“3 cos? @ sin® 6 + 2r cos @sin 0 + r* cos? A sin 6 + o cos? 0) ,

. 1 4 4 1
=—-1-— £ (57’ cosfsinf — grg cos® fsin b + 57’3 cos® 0sin 6 + 57“4 cos? f sin O
r

7 7 1 11 7
— 1—00089— ECOS29— 1—Orsin20 — 1—07’26059511129+ gsine —rcos@sin@)

82

1 9
- — (—r cos@sinf — 57"3 cos® O sin 6 + r cos® —r* cos® f sin? 6

— rcosfsin®6 — %reos@sin@).

\

Next, we derive the first-order differential equation % by dividing 7 by 9, and expand the
expression keeping only terms of first order in €. We obtain

d
=5 = Ri(0,1) + 2 B(0,7) + O(),
where the functions are given by
1 4 4 1
Fi(0,7) = —rsin®0 — 57“2 cos 0 sin? 6 + 57"3 cos? 0 sin? 0 + §r4 cos® 0 sin? @
! sin ¢ cos@s'n9+1lr2008298'n9 7(:089—1-7’(:0329
— —sinf — —r i — inf — —
10 10 ) ’
and
Fy(0,r) =Z(r,0) +rZZ(r,0),
where

11 9 7
Z6,r)= 57 sin @ — 57”3 cos? fsin? @ + 2r cos O sin O + r* cos* @ sin O + o cos? 0,

and

1 4 4 1
IZ(0,r) = — <g sin? § — 57 cos 0 sin? 0 + 57“2 cos? fsin? 6 + 57“3 cos® fsin 6

7 —1 . 7 . 7 —1 2
- 1Or sin 6 — 10 cosfsinf — 107“ cos 6 + cos 0)

1 4 4 1
(— cosfsinf — —rcos® O sinh + 57“2 cos® 6 sin 6 + 57“3 cos? fsin 6
10 10 10 10

7 7 1 11 7
— —r tcosh — —cos’H — —sin?0 — —rcosfsin®h + g?“’l sin 6 — cos@sin@).
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Since Fio(r) = 0, we can proceed to compute Fyy(r).

Then, the second-order averaged function Fyy(r) is computed and given by

F(r) = % /0% (%(e,m (/00 Fiw, ) dw) + Fg(ﬁ,r)> o

r 1008 176 136955 144 9

=_—— (384 — —270r% + —1? ‘- b ).
960( 5T TS o0 T T s T

This equation has exactly three positive roots, 1 ~ 1, ry &= 2, r3 =~ 4. According

to theorem 3.2, the system (3.21) has three distinct limit cycles, whose existence can be

n—1

proved using the second-order averaging theory. we have that A3 = [ 5 ] + [1—71} +1=3
Therefore, the system attains the maximum possible number of limit cycles.

As a result

FQ()(T‘)

Roots: {1.02011, 2.10095, 3.98267}

F {20}(r)
1 2 3 4 5
_20,
—_40+
—B0+

Figure 3.1: Graph of the second-order averaged function Fyy(r).

3.4 Appendix A

During the computation of the averaged functions Fiy and Fyy, several trigonometric
integrals involving powers of sin # and cos 6 arise. These integrals can be evaluated directly

or by using classical references such as [16]. Below, we summarize the main integrals with
their exact values and validity conditions.
2m ] T 2m )
o / cos? 0sin®0df = ————, o / cos®t 0sin?0do =0
0 2'(i + 1)! 0
2 ) 2 )
o / cos' fsin 6 df = 0, o / cos"™ fsinfdf =0
0 0
2m 2m
. ‘ 2ra
° / cos*t 0 do =0, ° / cos®t20dh = &
0 0 21 (4 4 1)!
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where o; =1-3-5---(2i — 1) and a;41 = (2i + 1)a; and i > 0
During the computation of second-order terms in the averaging expansions, expressions
containing cos? § naturally appear. Using the double-angle identity

1 20
cos? s ) 0(2)8( ),

integrals modulated by cos(26) arise and play an essential role in simplifying the expan-
sions

7T1:Oéi

2m
2 =
o [ eotocostman = i

2m :
2 ) gin2 _om(i—Da .
° /0 cos™ 0sin” 0 cos(20) df = S+ 2)1" i>1

For integration with respect to a general angle 6, we use the following useful identities for
indefinite integrals.

9 7
‘ , 1
. / cos® apdip = "y sin (21 + 1)6), where 7, = ﬁ(ij)ﬁ
0 1=0

9 . %
, 1 /2 )

o /0 cos® i dip = ﬁ(i)e—i‘;ﬁi,l sin(210),

o 1 (2i+2 i

2142 .

. /0 cos” " wdw:m<i+1>9+lzlﬂi,lsm(2m)

o 1 4
. /0 cos' P sin dip = ) (1 —cos™6)

o 1 .
. / cos' ™ sine) dyp = P (1 —cos™?6)

0

1+

1 (2 2142 1 21+ 2
221(2') 2i+ 1 222+2<z’+1>

27
o / cos' 0sin @ sin((21 + 1)) df
0

e Identity

I
o
=~
v
=

2m
o / cos' @ sin 0 sin(200)df =0, >0
0

2
o / cos' 0 sin? @sin((21 + 1)) db
0

Il
=
o~
%
o

21
° / cos' f sin? Osin(200)dd =0, 1>0
0

2
o / cos® sin Osin((20 + 1)0) df = 7C;y, 1> 0
0
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2m
. / cos® ! fsin O sin(200) df = 7Ky, 1> 1
0

Remark 3.1. All integrals of odd functions over the interval [0, 27], such as those involving
cos?**1 0 or cos® fsin @, vanish due to symmetry. That is,

2
f(0)do =0, if f(0) is an odd function.
0
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Conclusion

In this thesis of master, we conducted a general study of limit cycles in planar poly-

nomial differential systems, recognizing their significance in understanding the periodic
behavior of dynamical systems. We began by presenting the fundamental concepts re-
lated to limit cycles, including their definitions and properties, and provided a historical
overview of the main challenges, particularly the second part of Hilbert’s 16" problem.
We then focused on a specific class of polynomial differential systems inspired by gen-
eralized Liénard systems, analyzing the bifurcation of limit cycles resulting from small
polynomial perturbations applied to a linear center. Our approach relied on the first- and
second-order averaging theory to establish accurate upper bounds for the number of limit
cycles based on the degrees of the perturbations.
The main contribution of this research lies in the construction of an original applied
example that attains the computed theoretical upper bound, thereby emphasizing the
effectiveness of the analytical method used. Furthermore, our results align with prior
studies, particularly those by Llibre and Valls, thus reinforcing the validity and reliability
of the theoretical framework adopted in this study.
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