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Resum

Aquesta tesi consta d’un primer capitol introductori, set capitols amb
diferents resultats i una bibliografia.

El primer capitol conté la definicié i els resultats previs necessaris per
abordar la resta de la memoria. El capitol 2 i 3 estan molt relacionats. En
el primer es descriu un metode alternatiu per al comput de les constants de
Poincaré-Liapunov. A diferencia de metodes anteriors, el metode presentat
no requereix el calcul d’integrals i déna de forma explicita les constants de
Poincaré-Liapunov. En el tercer capitol es descriu com s’ha implementat
aquest nou metode i els resultats que dona per a sistemes quadratics i sistemes
amb termes no lineals ciibics homogenis.

El quart capitol es centra en equacions d’Abel i la seva integrabilitat.
Es descriu la forma d’una integral primera que sigui algebraica en funcié
de les variables dependents i es donen multiples exemples d’equacions d’Abel
integrables en aquest sentit. En el cinque capitol també s’aborda el problema
de la integrabilitat pero per a equacions diferencials en el pla definides per
funcions analitiques. Es fa un reescalat de les variables dependents i de la
variable independent amb un parametre € que esta elevat a poténcies senceres
(blow-up parametric) de forma que el sistema resultant sigui analitic en €. Es
déna un metode que aprofita que una integral primera, si existeix, ha de ser
analitica en el parametre a fi de trobar condicions per a I'existencia d’aquesta
integral primera. D’aquesta manera es defineix el que s’anomenen variables
essencials del sistema.

Els darrers tres capitols versen sobre les equacions d’Abel i el problema del
centre. En general es consideren equacions d’Abel trigonometriques. En el
sise capitol es donen algunes condicions necessaries i suficients per a que una
equacio d’Abel trigonometrica definida per polinomis trigonometrics de grau
fins a 3 tingui un centre. Tots els exemples donats en aquest capitol tenen un
centre universal. En el capitol sete es dona un exemple d’una equacié d’Abel
trigonometrica definida per polinomis trigonometrics de grau 3 que té un
centre que no és universal. D’aquesta manera es resol un problema obert:
determinar el grau més petit pel qual un equacié d’Abel trigonometrica
amb centre no és de composicié. El darrer capitol tracta equacions d’Abel
trigonometriques i polinomials i déona un compendi dels darrers resultats
coneguts i conjectures sobre el problema del centre en aquestes equacions.
També es donen exemples nous d’equacions d’Abel amb centre.






Resumen

Esta tesis consta de un primer capitulo introductorio, siete capitulos con
diferentes resultados y una bibliografia.

El primer capitulo contiene la definicion y los resultados previos necesarios
para abordar el resto de la memoria. Los capitulos 2 y 3 estan muy relaciona-
dos. En el primero se describe un método alternativo para el computo de
las constantes de Poincaré-Liapunov. A diferencia de métodos anteriores, el
método presentado no requiere el calculo de integrales y da de forma explicita
las constantes de Poincaré—Liapunov. En el tercer capitulo se describe cémo
se ha implementado este nuevo método y los resultados que da para sistemas
cuadraticos y sistemas con términos no lineales ciibicos homogéneos.

El cuarto capitulo se centra en ecuaciones de Abel y su integrabilidad.
Se describe la forma de una integral primera que sea algebraica en funcion
de las variables dependientes y se dan multiples ejemplos de ecuaciones de
Abel integrables en este sentido. En el quinto capitulo también se aborda el
problema de la integrabilidad pero para ecuaciones diferenciales en el plano
definidas por funciones analiticas. Se hace un reescalado de las variables
dependientes y de la variable independiente con un parametro € que esta
elevado a poténcias enteras (blow-up paramétrico) de forma que el sistema
resultante sea analitico en . Se da un método que aprovecha que una integral
primera, si existe, debe ser analitica en el parametro con el fin de encontrar
condiciones para la existéncia de esta integral primera. De esta manera se
define lo que se llaman variables esenciales del sistema.

Los ultimos tres capitulos versan sobre las ecuaciones de Abel y el prob-
lema del centro. En general se consideran ecuaciones de Abel trigonométricas.
En el sexto capitulo se dan algunas condiciones necesarias y suficientes para
que una ecuacion de Abel definida por polinomios trigonométricos de grado
hasta 3 tenga un centro. Todos los ejemplos dados en este capitulo tienen un
centro universal. En la capitulo séptimo se da un ejemplo de una ecuaciéon de
Abel definida por polinomios trigonométricos de grado 3 que tiene un centro
que no es universal. De esta manera se resuelve un problema abierto: deter-
minar el grado mas pequeno por el que un ecuacién de Abel trigonométrica
con centro no es de composicion. El ultimo capitulo trata ecuaciones de
Abel trigonométricas y polinomiales y da un compendio de los ultimos resul-
tados conocidos y conjeturas sobre el problema del centro en estas ecuaciones.
También se dan ejemplos nuevos de ecuaciones de Abel con centro.






Summary

This thesis consists of a first introductory chapter, seven chapters with
different results and a bibliography.

The first chapter contains the definition and the previous results necessary
to address the rest of the memory. Chapters 2 and 3 are closely related.
In the first one, an alternative method is described for the computation of
the Poincaré-Liapunov constants. Unlike previous methods, the presented
method does not require the computation of primitives and gives an explicit
expression of the Poincaré—Liapunov constants. The third chapter describes
how this new method has been implemented and the results that it gives for
quadratic systems and systems with homogeneous, cubic, non-linear terms.

The fourth chapter focuses on Abel equations and their integrability. We
describe the form of a first integral that is algebraic in function of the depen-
dent variables and give more examples of equations of Abel integrable from
this point of view. The fifth chapter also discusses the integrability problem
but for differential equations in the plane defined by analytical functions. A
rescaling of the dependent and the independent variables with a parameter
which is elevated to integer powers (parametrical blow up) so that the result-
ing system is analytical in €. A method is given that takes advantage that a
first integral, if it exists, it must be analytical in the parameter in order to
find conditions for the existence of this first integral. In this way we define
what are called essential variables of the system.

The last three chapters deal with Abel equations and the center problem.
In general, we consider Abel trigonometric equations. In the sixth chap-
ter some necessary and sufficient conditions for an Abel equation defined by
trigonometric polynomials of degree up to 3 have a center are given. All
the examples given in this chapter have a universal center. In the seventh
chapter it is given an example of an Abel equation defined by trigonometric
polynomials of degree 3 with a center which is not universal. In this way an
open problem is solved: to determine the lowest degree such that a trigono-
metric Abel equation has a center which is not a composition center. The last
chapter deals with trigonometric and polynomial Abel equations and gives a
survey of the last known results and conjectures about the center problem for
these equations. Besides some new examples of Abel differential equations
with a center are given.
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Chapter 1

Introduction

This thesis deals with planar differential systems of the form

where P(z,y) and Q(z,y) are analytic functions defined in a neighborhood
of the origin. Usually, we will consider that P(z,y), Q(x,y) € Rz, y| are co-
prime polynomials, that is, there is no non-constant polynomial which divides
both P and ). The dot denotes derivation with respect to the independent
variable ¢ usually called time, that is " = %.

When P and @) are polynomials, we call d the maximum degree of P and
@ and we say that system (1.1) is of degree d. When d = 2, we say that
(1.1) is a quadratic system . If p is a point such that P(p) = Q(p) = 0, then

we say that p is a singular point of system (1.1).

A periodic orbit is an orbit I' = {¢(t) € R* : t € R} different from a
singular point such that ¢(¢) is a periodic solution of system (1.1), i.e., there
exists a positive time T' € R™ called the period and satisfying ¢(t+7T) = ¢(t)
for all . Hence, a periodic orbit I' is a closed invariant curve without singular
points. An isolated periodic orbit I' is called a limit cycle and always has a
neighborhood free of other periodic orbits. Any non-isolated periodic orbit
belongs always to a period annulus .

The center problem for a singular point p of an analytic differential sys-

tem on the plane (1.1) consists on determining if p is a focus or if it is a
center. We recall that p is a focus if there exists a neighborhood of it such

15
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that each trajectory spirals around p and we say that p is a center if there
exists a neighborhood of it such that each trajectory is closed surrounding p.

We may consider X' (z,y) = P(z,y)(0/0z)+Q(z,y)(0/0y) the vector field
associated to system (1.1) and let us denote by DX (p) the differential matrix
of X at p. It is well-known, see for instance [108], that if both eigenvalues
of DX (p) are nonzero complex conjugates « £+ i then the singular point p
is a center or a focus. In case a # 0, then p is a focus (stable if & < 0 and
unstable otherwise). If & = 0, then p may be a center or a focus. In this
case, we say that p is a weak focus for system (1.1). For example, it can be
proved that system @ = —y + xy + ay?, ¥ = z has a focus at the origin if
a # 0 (stable if @ < 0 and unstable if a > 0). If a = 0, this system has a
center at the origin.

The problem of distinguishing between a center and a focus in the case
of purely imaginary eigenvalues is the classical Poincaré-Liapunov center
problem.

1.1 Center problem and Poincaré’s method

Let us consider the Poincaré-Liapunov center problem. We can always make
an affine change of variables and a change of time to system (1.1) and assume,
without loss of generality, that p = (0,0) and the system is of the form:

where XY are analytic functions in a neighborhood of the origin of order
greater or equal than 2.

These systems have a linear center at the origin perturbed by analytic
functions of order greater or equal than 2. In the local study of these systems
we find three problems closely related to one another: the determination of
the origin’s stability, the existence and the number of local limit cycles around
the origin and the determination of first integrals when they exist.

H. Poincaré [109] developed an important technique for the general so-
lution of these problems: it consists on finding a formal power series of the
form

H(z,y) =Y Hu(z,y), (1.3)
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where Hy(z,y) = (22 + y?)/2 and H,(z,y) are homogeneous polynomials of
degree n, so that

where V5, k > 1, are real numbers called Poincaré—Liapunov constants . The
determination of these constants allows the solution of the three mentioned
problems. These constants are determined in a recursive way explained, for
instance, in [120].

The vanishing of all Liapunov constants is a necessary and sufficient con-
dition to have a center at the origin for system (1.2). If for some k we have
Vi=Vs=...= Voo =0 and Vo, # 0 then the origin of system (1.2) is a
focus (stable if Vo < 0 and unstable if Vo, > 0). We say that it is a focus
of order k. In case all Liapunov constants are zero, the series H(x,y) would
be a first integral of the system if it was convergent. Poincaré proved that,
if all Liapunov constants vanish, then it is always possible to find a power
series of the form (1.3) convergent in some neighborhood of the origin. Then,
this power series is an analytical first integral defined in some neighborhood
of the origin. However, it is not always possible to express this first inte-
gral (convergent in some neighborhood of the origin) by means of elementary
functions. This result is proved in [109].

Theorem 1.1 System (1.2) has a center at the origin if, and only if, there
exists a local analytical first integral of the form H(z,y) = 2% +y*> + F(x,vy)
defined in a neighborhood of the origin, where F(x,y) is an analytic function
of order greater than 2.

For a family of systems (1.2), Liapunov constants are polynomials whose
variables are the coefficients of the terms of the functions X (x,y) and Y (z, y).
Let us consider Z =< Vo >ken the ideal generated for these Liapunov con-
stants. If X (z,y) and Y (x,y) are polynomials of degree d, then the ideal Z
has a finite number of generators by Hilbert’s basis Theorem. Let M(d) be
the minimum number of generators. It was shown by Shi Songling [120] that,
under certain hypothesis about Liapunov generator constants, the number
of limit cycles around the origin is at least M (d).

Poincaré’s method solves the center problem only from a theoretical point
of view. If X(z,y) and Y (z,y) are analytic functions, we have, in general,
an infinite number of Liapunov constants to compute in order to deduce that
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the origin of system (1.2) is a center. If X (z,y) and Y (z,y) are polynomials,
we have that the number of Liapunov constants that must be null to ensure
that all of them are null is finite. Nevertheless, we do not know how many
Liapunov constants must be computed to prove that the origin of system
(1.3) is a center.

In Chapter 2, we consider an arbitrary analytic system which has a lin-
ear center at the origin of the form (1.2) and we compute recursively all its
Poincaré-Liapunov constants in function of the coefficients of the system. In
this way, we give an answer to the classical center problem. We also compute
the coefficients of the Poincaré series in function of the same coefficients. The
algorithm for these computations has an easy implementation. The method
does not need the computation of any definite or indefinite integral. The
algorithm is applied to some polynomial differential systems.

In the last years many papers have been published giving different meth-
ods to compute the Poincaré-Liapunov constants. In Chapter 2 it was given
a new method to compute recursively all the Poincaré-Liapunov constants.
In Chapter 3 we describe its implementation in two different ways, by means
of a Computer Algebra System and making a specific program algorithm in
any computer language. If this second alternative is used, later it is necessary
to translate the results so that they can be manipulated with a Computer
Algebra System. We describe also how the availability of symbolic manipu-
lation procedures has recently led a significant progress in the resolution of
the different problems related with the Poincaré-Liapunov constants as they
are the center problem and the small-amplitude limit cycles.

1.2 Reversibility in the center problem

An analytic involution R : U — R? is an analytic diffeomorphism different
from the identity such that R o R = Id, where Id is the identity map.

From the work of Montgomery and Zippin [101] we have that after a linear
change of coordinates, any analytic involution different from the identity
takes the form R(x,y) = (R, R2) = (v+7r1(z,y), —y+7ra(z,y)) with analytic
functions r; without constant nor linear terms. Moreover, the analytic near—
identity change of coordinates ¢(z,y) = (u,v) = (x + -,y +---) with u =
(x 4+ Ry1)/2, and v = (y — Ry)/2 linearizes the involution, that is, Ry(u,v) =
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poRod  (u,v) = (u,—v).

Definition 1.2 Let R be a diffeomorphism R : U — U which is an involution
such that R,X = —X o R, where X 1is the vector field associated to system
(1.1) then the system is called reversible.

The first examples of reversible systems were given by Poincaré, see [109].
Systems which are reversible for the involution Ry(x,y) = (x, —y) are called
time—reversible systems. Notice that system (1.1) is time-reversible if and

only if P(x,—y) = —P(x,y) and Q(z, —y) = Q(z,y).

We remark that the analytic near—identity change of coordinates ¢(z,y) =
(u,v) that linearizes the involution R(z,y) transforms the reversible system
(1.1) into a time-reversible system

i =vP(u,v?), ©=Q(u,1?). (1.4)

According to Poincaré, system (1.2) has a center at the origin if, and only
if, there exists a near—identity analytic change of coordinates

(u,0) = oz, y) = (x + o|(z, y)]), y + o(|(z,y)])) ,

transforming system (1.2) into the normal form
i =—v[l+u®+0?)], v =u[l +@*+v?)], (1.5)

with ¢ an analytic function near the origin such that ¢ (0) = 0. It is clear that
the transformed system (1.5) is time-reversible. Then, the original system
(1.2) is reversible by means of the involution R = ¢! o Ryo¢. Consequently,
it follows that all systems (1.2) having a center are reversible.

1.3 Integrability problem

A C’ function H : U — R such that it is constant on each trajectory of (1.1)
and it is not locally constant is called a first integral of system (1.1) of class
j defined on & C R2. The equation H(x,y) = c for a fixed ¢ € R gives a
set of trajectories of the system, but in an implicit way. When j > 1, these
conditions are equivalent to

P(:v,y)a—H +Q(7,y)

o _,
Ox oy
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and H not locally constant. The problem of finding such a first integral and
the functional class it must belong to is what we call the integrability problem

To find an integrating factor or an inverse integrating factor for system
(1.1) is closely related to finding a first integral for it. When considering the
integrability problem we are also addressed to study whether an (inverse)
integrating factor belongs to a certain given class of functions.

Given W an open set of R?, the function u : W — R of class C/(W),
j > 1, that satisfies the linear partial differential equation

) 9 oP 9
P(x,y)a—g +Q(a,y) 2L = (% + a—g) w(z,y) (1.6)

oy
is called an integrating factor of system (1.1) defined on W. The expression
9 + % is called the divergence of system (1.1) and we denote it by div(z, y).

An easier function to find which also gives additional properties for a
differential system (1.1) is the inverse of an integrating factor, that is, V =
1/p, which is called inverse integrating factor.

We note that {V = 0} is formed by orbits of system (1.1). If V is
defined on W, then the function pu = 1/V defines on W\ {V = 0} an
integrating factor of system (1.1), which allows the computation of a first
integral of the system on W\ {V = 0}. The first integral H associated
to the inverse integrating factor V can be computed through the integral
H(z,y) = [(Q(z,y)dx — P(x,y)dy)/V(x,y), and the condition (1.6) for
p = 1/V ensures that this line integral is well defined. On the other hand,
system (1.2) has a center at the origin if, and only if, there exists an an-
alytic inverse integrating factor V' well defined around the origin and with

V(0,0) # 0, see [111].

One of the simplest ordinary differential equation is a linear one, which

is of the form g
% = Ao(z) + Ai(2)y. (1.7)

where A;(z) # 0 and where A; are meromorphic functions of z. The inte-
grability of this kind of equations is straightforward. We integrate equation
(1.7) and we have that any solution is given by

y(a) = elo Mrlo)d (yo + / e Jo Al(”)d"Ao(S)dS) ,
0
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where 7y is a real constant. From this expression we can deduce a first inte-
gral of (1.7) by isolating the constant yo so that H(x,y) = yo.

The following order of difficulty ia a Riccati differential equation

dy

- = Ao(@) + As(2)y + Az(2)y?,

where Ay(z) # 0 and where A; are meromorphic functions of z. For such
equations it is not possible to find an explicit expression of a first integral.
However, if we assume that y = ¢(x) is a solution of this differential equation,
we are able to write a first integral. We define

Dy(x) = /0 " AL (0) + 20(0) Ao (0)do,

Dy(x) = /eDl(S)Ag(s)ds.
0

Any other solution of the Riccati differential equation is of the form
€D1 (z)
20 — fox €D1(S)A2(S>d87

y(x) = p(z) + (1.8)

where zg is a real constant. We get a first integral by isolating the constant
2o so that H(x,y) = 2.

The following equation to be considered is the celebrated Abel differential

equation , which is of the form

dy 2 3

= = Ao(@) + Ai()y + Az(2)y” + As(2)y”,
where Ajz(z) # 0 and where A; are meromorphic functions of x. There is
no explicit expression of a first integral of this kind of equations. Indeed, in
general, the knowledge of any finite number of solutions does not imply that
this equation can be explicitly integrated.

In Chapter 4 algebro-geometric conditions to have a certain first inte-
gral for an Abel differential equation are given. These conditions establish
a bridge with classical Galois theory because we transform the differential
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problem of finding a first integral for an Abel equation into an algebraic
problem.

The existence of a first integral for a planar differential system of the form
(1.1) in a neighborhood of a singular point gives much information about
the behavior of the orbits in this neighborhood. Chapter 5 is devoted to the
integrability problem of planar nonlinear differential equations. We introduce
a new method to detect local analytic integrability or to construct a singular
series expansion of the first integral around a singular point for planar vector
fields. The method allows to find new variables (essential variables) where
the integrability problem is more feasible. The new method can be used in
different context and is an alternative to all the methods developed up to
now for any particular case.

1.4 Darboux theory of integrability

An invariant algebraic curve of system (1.1) is an algebraic curve f(z,y) =0
with f € Cl[z,y], such that for some polynomial M € C[z,y] we have X f =
M f and M is called the cofactor of the invariant algebraic curve f = 0. Here,
Clz,y] is the ring of polynomials in the variables (z,y) with coefficients in
C. We remark that if the polynomial system (1.1) has degree m, then any
cofactor has at most m — 1 as degree. We say that the curve f = 0 with
f € Clz,y] is an algebraic solution of system (1.1) if and only if it is an
invariant algebraic curve and f is an irreducible polynomial over C[z, y].

An exponential factor of system (1.1) is a function of the form f = ef/¢

where E, C' € Clx,y] satisfying X'f = M f with M a polynomial of degree
at most m — 1. We term M the cofactor of f as before.

A first integral of system (1.1) of the form fl’\l....quq with \; € C and
fi € Clz,y] or f; an exponential factor is called a Darbouz first integral .

An integrating factor of system (1.1) of the form ffl....fq’\" with \; € C
and f; € Clz,y| or f; an exponential factor is called a Darboux integrating
factor.

We note that since polynomial system (1.1) is real, if f = 0 is a complex
invariant curve, then its conjugate f = 0 is also an invariant curve. Moreover
we have the following result.
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Proposition 1.3 Suppose that f € Clz,y| and let f = f",..., fI' be the
factorization of f in irreducible factors over Clx,y]. If Xf = MFf then
there exist M; polynomials such that X f; = M;f; for all i = 1,....,7 and
Z::l nZM, =M.

We note that if (x, 7o) is a singular point of system (1.1), then either
M (o, y0) = 0 or f(zo,y0) = 0.

We present now the Darboux method of integrability [47] for system of
the form (1.1).

Theorem 1.4 (Darboux) Suppose that a polynomial system (1.1) of degree
m admits q algebraic solutions f; = 0 with cofactors M; fori=1,...,q.

(a) If ¢ > m(m + 1)/2 + 1, then the function ffl....fq)‘q for appropriate
i € C not all zero is a first integral and Y 7 | A\;M; = 0.

(b) If g =m(m+ 1)/2, then the function fl’\l....quq for appropriate \; € C
not all zero is either a first integral and y ;_, \;M; =0, or o Qq 1S

an integrating factor and >} | N\ M; = — <% + %—2).
(c) If ¢ < m(m + 1)/2, and there exist \; € C not all zero such that
I NiM; =0, then N fM s a first integral.

(d) If ¢ < m(m + 1)/2, and there exist \; € C not all zero such that
I oNM; = — (% + %), then f....f29 is an integrating factor.

Jouanolou proved in [85] that if the number of algebraic solutions is ¢ >
m(m+1)/2+ 2 then the exponents J); in the statement of Darboux Theorem
may be chosen to be integers and hence we have a rational first integral in this
case. From the Darboux Theorem and Jouanolou result it follows easily that
for a polynomial system (1.1) of degree m one and only one of the following
statements holds:

(a) System (1.1) has a finite number ¢ < m(m + 1)/2 + 2 of algebraic
solutions.

(b) System (1.1) has an infinite number of algebraic solutions and admits

a rational first integral of the form fl’\l...quq with \; € Z.

Prelle and Singer proved in [110] that if system (1.1) has an elementary
first integral, then it has an integrating factor of the form fl)‘1 f,;\ ¢ with
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fi € Clz,y] and \; € Z. Moreover each f; = 0 is an algebraic solution.
Roughly speaking an elementary first integral is a first integral which is
composition of exponentials, logarithms and algebraic functions.

Singer [118] has extended the method to characterize the Liouville in-
tegrability. Recently several improvements of these theories of integrability
have been obtained, see for instance [72, 94].

1.5 The center problem for Abel differential
equations

Given a planar differential system of the form (1.2)

one can consider a change to polar coordinates, that is, x = rcosf, y =
rsin 6. In this way, one obtains an ordinary differential equation of the form

dr
@ = .F(’f’, 9),
where F(r,0) is an analytic function in a neighborhood of r = 0, and where
0 is a periodic variable of period 27.

There are several equations of the form (1.2), for instance quadratic sys-
tems, which after another change of variables, lead to an ordinary differential
equation of Abel type:

d
T~ a0 + azx(0)r, (1.9)
df

with a1(0) and as(6) trigonometric polynomials. We will denote an equation
of the former form Abel trigonometric differential equation.

The center problem for an Abel trigonometric differential equation asks
whether all the solutions in a neighborhood of the constant solution r = 0 are
periodic. That is, if r(0; 1) denotes the solution of the differential equation
(1.9) with initial condition r(0;79) = 70, we ask whether r(2m;79) = r¢ for
all |ro| sufficiently small.
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Chapter 6 deals with the center problem for Abel trigonometric differ-
ential equation (1.9). This problem is closely connected with the classical
Poincaré center problem for planar polynomial vector fields.

In Chapter 7 we study the particular case in which a;(#) and aq(f) are
cubic trigonometric polynomials in 6. A particular class of centers, the so-
called universal centers or composition centers, is taken into account. An
example of non-universal center and a characterization of all the universal
centers for such equation are provided.

Polynomial Abel differential equations are also considered in the literature
as a model problem. These equations are of the form

Z—y = p(2)y” + q(2)y’, (1.10)
x
where y is real, x is a real independent variable considered in a real interval
[a,b] and p(z) and ¢(x) are real polynomials in R[z]. The center problem for
a polynomial Abel equation (1.10) is to characterize when all the solutions in
a neighborhood of the solution y = 0 take the same value when z = a and
x =b,ie. y(a) =y(b). In this framework, given any real continuous function
c(z), we denote by é(z) := [ ¢(0)do and we will say that a real continuous
function w(x) is periodic in |a,b] if w(a) = w(b). In Chapter 8 a survey of
the most important results in this context is made and the state of the art of
several related conjectures is provided. Two new results on these conjectures
are also given.
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Chapter 2

On the Poincaré—Liapunov
constants and the Poincaré
series

2.1 Introduction

Many models of the nature use differential equation systems in the plane and
using the qualitative theory of differential equations, introduced by Poincaré,
it can be known the behavior of these systems in the majority of the cases.
One of the problems that persists to control the behavior of this type of
systems is to distinguish among a focus or a center (the center problem).
The resolution of this problem goes through compute the so called Poincaré—
Liapunov constants . Therefore to have a fast and easy method for the
computation of such constants is of great usefulness to study this type of
systems. Other very important problem is to determine systems that have
centers at some singular points due to the fact that perturbations of these
systems give rich bifurcations of limit cycles .

During the first half-part of this century the mathematicians were losing
interest by these problems due to the computational problems, but after the
facilities of using computers for the calculations these problems become of
maximal interest. In the last years many papers have been published giv-
ing different methods to compute the Poincaré-Liapunov constant. In this
work we compute recursively all the Poincaré-Liapunov constants in function

29
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of the coefficients of the system for an arbitrary analytic system which has
a linear center at the origin, giving in this way an answer to the classical
center problem. We also compute the coefficients of the Poincaré series in
function of the same coefficients. Our method does not need the computation
of any definite or indefinite integral as other methods require. The method
we present is the simplest and easy, as far as we know, to implement on a
computer.

Consider two-dimensional autonomous systems of differential equations
of the form
x:—y—i—X(x,y), yzx—l—Y(x,y), (21)

where the nonlinearities are
X(z,y) =Y X(z,y), and Y(z,y)=> Yi(z,y),
s=2 s=2

with X(z,y) = > i_p ajz¥y % and Yi(z,y) = > i_, bizy*F and af and b;
are arbitrary real coefficients.

For these systems Poincaré [109] developed an important technique that
consists in finding a formal power series of the form

H(w,y) =  Hu(z,y), (2.2)

where Hy(z,y) = (22 + y*)/2, and for each n, H,(z,y) = > p_, Crary"*
such that the derivative of H along the solutions of system (2.1) satisfies

=3Vl ) (23)

k=2

where V5, are called the Poincaré—Liapunov constants.

In order to solve the problem of the stability at the origin of system (2.1),
it is sufficient to consider the sign of the first Poincaré—Liapunov constant
different from zero. If it is positive we have asymptotic stability for negative
times, and if it is negative we have asymptotic stability for positive times.
If all Poincaré-Liapunov constants are zero, then the origin is stable for all
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times, but there is no asymptotic stability for any time, see for instance [9].
In this last case, we have a center at the origin, i.e. there is an open neighbor-
hood of the origin where all orbits are periodic, except of course the origin.
The origin is said to be a fine focus of order k if V5,5 is the first non-zero
Poincaré-Liapunov constant. In this case at most £ limit cycles can bifurcate
from this fine focus [16]; these limit cycles are called small-amplitude limit
cycles. Therefore to obtain the maximum number of limit cycles which can
bifurcate from the origin for a given system, one has to find the maximum
possible order of a fine focus. It is known that this maximum number is three
for quadratic system [12] and it has been shown recently that it is greater or
equal than eleven for cubic systems [126].

In this work we are going to see that we can always determine C}' and Va
from aj, and b3, but C} are not unique and consequence Vs, neither. There-
fore, the Poincaré’s formal series is not unique. Poincaré [109] proved, by
boundedness, that there exists one which is convergent for polynomial sys-
tems, and Liapunov [91] generalized Poincaré’s theorem to analytic systems.
In [31] Chazy demonstrated using the theorem of analytical dependence re-
spect to the initial parameters that there exists one which is convergent
choosing adequately the arbitrary parameters that appear in the construc-
tion of Poincaré’s series. For polynomial systems we have uniqueness for the
Vi in the sense of the following theorem due to Shi Songling [121].

Theorem 2.1 Let A be the ring of real polynomials whose variables are the
coefficients of the polynomial differential system. Given a set of Poincaré—
Liapunov constants Vi, Vo, ..., V;, let J_1 be the ideal of A generated by
Vi,Vo, ooy Vieer. If VI,V o V! is another set of Poincaré—Liapunov con-
stants, then Vi, = V! mod (Jx_1).

As it has said above the origin is a center if and only if all the V;’s are zero.
Let J = (V4, V4, ...) be the ideal of A generated by all the V;’s. For polyno-
mials systems, using the Hilbert’s basis theorem, J is finitely generated; i.e.
there exist By, By, ..., B, in J such that J = (By, Bs, ..., B,;). Such a set of
generators is called a basis of J.

Exist different algorithms to compute the Poincaré-Liapunov constants.
The technique used by Bautin [12] is based on computing the derivatives of
the return map from a nonlinear system of recursive differential equations.
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There is another algorithm which involves the solution of a system of linear
equations for the coefficients of H,, in terms of the coefficients of X, Y; and
Hy for k = 2,...,n — 1, see for instance [95] and [107]. Another method is
to construct a Poincaré’s formal power series in polar coordinates and the
Poincaré-Liapunov constants can be computed from recursive linear formu-
las as definite integrals of trigonometric polynomials (see for example, [4] and
[26, 29, 30]). In [54] the authors give a survey of different ways to compute
the Poincaré—Liapunov constants.

Modifying the standard techniques explained in [9] for obtaining the
Poincaré-Liapunov constants, it is given in [40] the first and the second
Poincaré—Liapunov constants for an arbitrary analytic system using the re-
turn function and some algebraic properties of these constants. In [65] taking
advantage of the complex structure that simplify their effective computation,
have been found by hand V5 and V5. A development of the method presented
in [65] is used in [64] to obtain V7 for an arbitrary analytic system. Using a
method based on the use of the Runge-Kutta-Fehlberg methods and the use
of Richardson’s extrapolation in [66] is given an analytic-numerical method
for the computation of the Poincaré-Liapunov constants. Another algorithm
to compute the Poincaré-Liapunov constants is developed in [56] and [55]
where the method is based in the calculation of the successive derivatives of
the first return map associated to the perturbations of some planar Hamil-
tonian systems. An important generalization of this last method is given in
[123].

The chapter is organized as follows. In the next section we present a
formula to compute the Poincaré-Liapunov constants (see Theorem 2.2) and
we describe the algorithm that we have developed. As a particular case
the formula is applied to quadratic systems. The last section is devoted to
study the center problem for some particular systems as an application of
the method.

2.2 The main result
We present a formula to compute the Poincaré—Liapunov constants and the

Poincaré series for the general system (2.1) as a recurrence form, following
the ideas of Shi Songling in [120] where he found the same expression for the
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Poincaré-Liapunov constants, but he did not found the recursive relation
with the Poincaré series to establish a method to compute at the same time
the Poincaré—Liapunov constants and the Poincaré series.

The advantages of this method are:
(a) In all the process the unique calculations are products and sums without
definite or indefinite integrals like the majority of the others methods.
(b) As a consequence of the first advantage (a) it is very easy and optimizable
its implementation on a computer.
(c) The method gives, as we have said, at the same time the Poincaré-
Liapunov constants and the Poincaré series. This fact allows us to find
systems with a polynomial first integral imposing that the Poincaré series
has a finite number of terms.

In the next chapter we planned to study if our method it is computation-
ally more effective than the others methods and if it allows us to obtain new
theoretical results.

Theorem 2.2 The Poincaré-Liapunov constants of system (2.1) are

v M (n— (204 1) (20 — 1) dn,

?:/S (n— 20+ 1)1 (20 — 1) ( n{2 )’

n=4,6,8,...

where dp = Y72 ﬁgl(la’;:ﬁljt(m%—l—l)b;‘j”) Cn>3,k=0,...,n,
with aj =b; =0 fork <0 ork >s, C2=C3%=1/2 and C} =0, and
W D2y — (20 + 1)1 (21 — 1) ( n ”{2 )vn)
B (n — k)l &Il ’
forn>3, k=1,3,5,... and

SR (= 2+ 20 2D dgyy + A,
B (n — k) KN ’

form >3, k=20,2,4,... where A\, are arbitrary constants and V,, and X\, are
zero for n odd.

Proof. From the evaluation of the derivate of H(x,y) along the solutions of

system (2.1) we have

. OH & 0H .
=5t %y
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(2%) (Z> (E5)(%7)-
S DD
(5 ().

n=2

n=3 m=1
then comparing with (2.3) we hav
H, = Hm Hy,
_y@ Z < OHpmi1 Yn—ma +1>
O = dy (2.4)
_ 0 if n is odd,
T Va(2® + 9?2 if nis even,

For the second term of expression (2.4) we have

m= 8y

1

n—2 ( n—m m+1
Z n—m,. k n m— k Zl0m+1 -1 m+1— l)) +
ay, Yy
m=1 k=0 =0
n—2 n—m m—+1
m=1 =0

n—2 m+ln—m
Zl n— mCm+1 k+1— lyn+1 -k
k=

[}

+ I ) L O e T
k=0

n—2 m+1 n—m-i—1

m+1 k, n—k
Z lag = O ay
k=l—1

-2 m+1 n—m+
Z Z Z m +1— bn:lrnclﬂ’b+1xkyn—k _
m =0
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Taking into account that aj = b} = 0 for £ < 0 or £k > s this last
expression takes the form

N

n—2m+1 n

+

(lay_f%y + (m+ 1= Do) Oty = =

11 k=0

3
Il

Il
o

3
T
[\
3
F
—

(lap % I+1 T (m+1-— l)bz:lm)ozmﬂxkynik-

k=0

If we define dp = Y02 S lap=m, + (m+ 1 — D= O, with k =

11

I
3
I

Il
o

m=1
0,...,n. We remark that in the computation of dj; contribute aj, b;, and Cj},
for s =2,3,...,n — 1. Therefore we obtain

n—2
H
( a m+1 lfnm m+1) ::nly

m=1

For the first term of expression (2.4) we have

aHn a-[{'n_ 0 . n .k, n—k 0 . n .k, n—k _
Yyt —yasckzzoc’kxy maykz:o%xy =

n

chn k—1 Y k+1 Z(n _ k)cg$k+1ynfk71 _

k=0
n—1 n
S (k+1)Cr by =Y (n— k+ 1)Cp by =
k=0 k=1

n—1

Cry"+ > ((k+1)Cpy — (n =k + 1)Cp ) by = Cn

1

On the other hand we have

i

n/2

n 2 n— 2 n—
Valw? 4 g2 =V S0 (2 ey = S (s Waaty
k=0 k=0

2| k
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Sustituting in expression (2.4) we obtain

n/2

(k+1)CPy — (n—k +1)C0_, + ( Zg Wi = db, k=1,....n—1,
n 2 n
L+ (3 Wa =y,
(2.5)
where the term ( Z;g )V, for k= 0,...,n, are different from zero only for n
and k even. We can rewrite expression (2.5) as follows
n n 2 n 2 n
O o= = (" Wa Ca = (1 Ve
or o= (a2 Wt (n—k+2)Cn k=2
E — & k—1 (k—1)/2/"'n n k2 | > =2,...,n,
n n 2 n
crno= ‘ﬁ%0%1‘<w?wa”@‘%+”cwﬁ’ k=0,...,n—2,
(2.6)
Expression (2.6) for n odd and k odd is
1
Cy = dg, C’,?:E(dz,l—l—(n—k—k2)6’£,2), k=3,5,...,n.

In this case we claim that

o S - @) 21— 1)y
’ (n— Rl &l :

for k=1,3,5...,n.

We are going to prove the claim by induction. It is easy to see that is true
for k = 1. Now, we suppose that it is true for k£ — 2, that is,

o _ SR - @i+ )t @ -1 g
. n—k+ 2 (k—2)! )

and then we have

1 PP (0 — (20 ) (20 — 1) dy
($:E(2A+m_k+%z“)<n 21+ D) (2= 1)t gy

(n—k+2)I (k—2)
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i, WA — 2+ 1)1 (21 — D!
k (n — k) kI

50" (n — (21 + D) (20— DN dyy
(n — k) kNl

Expression (2.6) for n odd and k even is

1

Ciy=—dy,  Cf=—— (~diy +(k+2)Cl,), k=0.24,....n-3

n—1
In this case we claim that

SR F = (20 + 2)1 (2D dy,,
(n— k) KN ’

Cp =— for £k=0,2,4,...,n— 1.

We are going to prove the claim by induction. It is easy to see that is true
for k =n — 1. Now, we suppose that it is true for k + 2, that is,

§:l“kg;gf/2< — 2+ 2) 20! dpy,,

Cicyr = (n—k—2) (k+2) ’

and then we have

R S I = el (= 2L+ 2)1 (2D
b= o | Tl (R 2) (n—k—2)1l (k+2)!

Qi Dl p(n— QU2 @O dgy,,

n—k (n— k) E!!

X @) 20N dg,
(n — k) KN '

Expression (2.6) for n even and k odd is

n mn 2 n 2
Cf =dy — ( " W, Cr1 = ( Z?g

0 )Vn_dz7

| =

( Z—l_( (k‘ﬁ/f)/Q )Vn+(n_k+2)cg_2), ]{7:3,5,...,71—]_.
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In this case we claim that

(D2 — (20 + 1)1 (20 — 1)1 (dgl _(? )vn)

€= (n — k) kIl )

for k =1,3,5,...,n — 1. We are going to prove the claim by induction. It
is easy to see that is true for £ = 1. Now, we suppose that is true for k — 2,
that is,

(020 — 20+ D) (20— 1) (d - m)
(n—k+2)I (k —2)! :

Cro=
and then we have
n 1 m 2 n
Cp = T (dkl — ( (k ﬁ/l)/Z W+ (n—k+ 2)0k2> _

n/2

dioy = (12 Wi
k:
(92— (21 + 1)) (20— 1) (dgl (2 )Vn)
! (= R &l =
SSED2( (21 4 1)) (20— 1)) (d% (2 m)
(n— k)l kNl :

From this last result we obtain that

(D2 (20 4+ I (20 — 1! (dgl —( n{2 )Vn)

C;,Lfl = (n_ 1)” 7

( n/2 )V, — d, then we have

but we know that C'_; n/2

(n—2)/2
Z (n— (204 1)1 (20 — )N (dSl — nl/2 )Vn)

=0



2.2 The main result 39

+(n— 1) <dz — (" )Vn> — 0,

which is equivalent to

n/2

S (- (20 4+ )N (20— 1! <d§l — (" )vn> — 0, (2.7)

=0

From expression (2.7) we obtain

M2 (n— 2L+ 1)) (20 — 1) dy

V, = 2 for n=14,6,8,...
Mo (n— 2+ 1)@= (M)
Finally, expression (2.6) for n even and k even is
n 1 n n
Ck:ﬁt%(—%ﬂ+%k+mOHg, for k=0,2,4,...,n—2
Now we have only the recurrence between C}!, C7_,, C'_,, ..., C}, C3, CF,
and one of them is arbitrary. If we chose C)' = —’\—,,, with \, arbltrary, then

we claim that

S (n— 2L+ 2)1 2Dy, + A
(n — k) KN ’

Cp =— for k=0,2,4,...,n

We are going to prove the claim by induction. It is easy to see that is true
for £k = n. Now, we suppose that is true for k + 2, that is,

Sty a(n = (2 + 21 (20, + A,
(n—k—2) (k+2)! ’

Ok+2 - =
and then we have

S e = an = L2 (2D dyy s + A,
P —k ol (n—k—2)!! (k+2)!

diy Silirnye(n = QU@ g, + A
n—k (n— k) K B
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X (n = (U 2N 20N gy + A
(n — k)l k! ’

which completes the proof of the theorem. -

The method works as follows. From the first terms of the Poincaré se-
ries (2.2), i.e. CZ = C3 = 1/2 and C} = 0 it is possible calculated dj
for k = 0,1,2,3 and from here C} for k = 0,1,2,3. Therefore the next
step is calculated d} for k = 0,1,2,3,4 and finally we obtain V; and C} for
k=0,1,2,3,4. The process continues in an analogous way. The method has
been implemented using the computer algebra system Mathematica.

A particular case: The quadratic systems

We are going to apply the above expressions for quadratic systems . In
this case all aj and b are zero except a2, a?, a3 and b2, b3, b3. Therefore in
the expression

n—2 m—+1

di = > (i i+ (m+ 1= DH) o,
m=1 =0
we have n — m = 2; i.e. m = n — 2, and the previous expression takes the

form
n—1

F= D (i + (n =1 Db ) G
1=0
where we can omit the upper index of aZ, a?, a3 and bZ, b3, b3 because always
is 2. Taking into account that the subindex of a;_;y; must be k—Il+1=0,1,2
and the subindex of b,_; must be k—1 =0,1,2, we have that | = k+1, [ = k,
l=k—1landl =k, [=k—1,1=Fk — 2 respectively with 0 <[ < n — 1.
Then dy, is

dp = (k+ 1)agCpt + (kai + (n — 1 — k)bo)Cp~ '+
(k—Day+ (n —k)b)CP + (n+1 = k)bC}~y,
and the restriction 0 <[ < n — 1 implies that C’l"_l = 0 if it is not satisfied.
Then the Poincaré-Liapunov constant for quadratic systems is
v M2 (n— 2+ D)) (20 — D)
LS - @) - (P

n=4,6,8,...
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where
5= (204 1)agCht + (2la; + (n — 1 — 20)b)Coy " + (21 — D)as+

(n—20)b))Ch— 1 4+ (n+ 1 — 20)byCy Y,

The application to more general systems is based in to find the expression dj}
and it is easy to see that the contributions to d}} of each homogeneous terms
of the system are independent.

2.3 Applications

When we apply our method to particular cases of system (2.1) we can arrive
further in the determination of the Poincaré-Liapunov constants. The system
of Proposition 2.3 it was studied in [40] and [64] with a4 = by = 0 and in
[123] with by = as. Here we present the following result.

Proposition 2.3 Consider the system

s 2 3 4
{ r = Y+ Qx” + azx® + aq4x”, (2.8)

g = x+by?+ bsy® + byt

where a; and b; are real numbers. Then, the origin is a center if and only if
one of the following conditions holds as —by = az+bs = ay—by =0, as+by =
a3+b3:a4+b4207 a2:a3:a4:?)320 andb2:b3:b4:a3:().

Proof. (a) Sufficiency. Every group of conditions give the necessary sym-
metries to show that system (2.8) is time-reversible and then the origin is a
center (the symmetry principle, see [102], page 135).

(b) Necessity. The first Poincaré-Liapunov constant is Vj = a3 + b3 so
taking b3 = —as we obtain that the second Poincaré-Liapunov constant
takes the form

‘/6 = 5@3&3 — 6a§b2 — 22&4()2 — 5@3[)3 + 6&2[)3 + 22&2()4,

If a5 is different from zero we can express b, in function of the rest of param-
eters. In this case the third Poincaré—Liapunov constant is

1
Vs = —(by + ag)(bs — a2)(—235a3a3 — 1254a3a4 + 84azby—
a2
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285a3by + 1100asasby + 357azazb; — 216a303),

the vanish of the first factor, that is, by = ay gives the first condition of Propo-
sition 2.3. If by = —ay corresponds to the second condition. From the last
factor of V5 we can isolate ay, if 57a3 — 50asb, is different from zero, and the
vanishing of the following Poincaré-Liapunov constants imply as = by = 0.
In case that 57ag — 50aqbs is zero, that is, ag = 50a2by /57 the last factor of Vg
takes the form asby(a3 + b3) which implies by = 0, and we obtain the fourth
condition of Proposition 2.3.

If ay is zero then the second Poincaré-Liapunov constant is Vi = by(22a4 +
5@3[)2). Let 22@4 + 5@3[)2 be zero with b2 §£ O, that iS, ay = —5a3b2/22 in this
case Vg = asby(235b3 + 1254by). The case az = 0 corresponds to the third
condition of Proposition 2.3. In the case by = —235b3/1254 the following
Poincaré-Liapunov constants imply az = by = 0. Finally, if by = 0 the next
Poincaré-Liapunov constant Vg is zero and Vg = as(as—by)(as+bs). The van-
ishing of the factors a4 — by and a4 + by correspond to particular cases of first
and second conditions respectively. When a3 = 0 with (aq — bs)(ag + by) # 0
we have Vi5 = 0 and Vi4 = asbs(ay —by)(ag+bs). The cases ay = 0 and by = 0
correspond to particular cases of third and fourth conditions respectively. g

Now we consider the following system

with f(z,y) = 2?21 fi(z,y) where f;(x,y) are homogeneous polynomials
of degree i. Any center at the origin of this type of systems is necessarily
isochronous (the closed orbits of the center have the same period), since, in
polar coordinates (r, ), the angle ¢ satisfies the equation ¢ = 1. This type
of isochronous centers are called uniformly isochronous centers, see [45]. If
fo = f3 = 0 the origin is automatically a center because the system has
R(z,y) = (1 — asr + ayy)™> as integrating factor. These class of systems
have been studied in [44] with f3 = 0. Here we present the center conditions
for f2 =0 and f3 7é 0.

Proposition 2.4 Consider the system

{ & = —y+a(ar+ ay + aex® + a7’y + asxy® + agy®), (2.9)

vy = x+y(mz+awy + agr® + arzty + agry® + agy®)
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where a; are real numbers. Then, the origin is a center if and only if
a1 (a7+3ag)—ay(as+3ag) = 0 and (3a,a3—3a3)ag+(3a1a5—a)ar—2a3azag = 0.

Proof. (a) Sufficiency. Suppose that the two conditions of Proposition 2.4
hold. If a; = as = 0 then the system has an integrating factor of the form

R(z,y) = (1 — (a7 + 2ag)x3 + 3agxy — 3agry® + (2a¢ + ag)y?’)’“r’/g,

which is defined at the origin and therefore the origin is a center. If a; = 0
with ay # 0 the first condition of Proposition 2.4 results ay(3as + ag) = 0,
which implies ag = —3ag. In this case the second condition is a3ag = 0 and
therefore ag = 0. System (2.9) with a; = ag = ag = 0 is invariant by the
change of variables (x,y,t) — (x,—y,—t) and this symmetry ensures that
the origin is a center. If ap = 0 with a; # 0 the first condition of Propo-
sition 2.4 results a;(3ag + a7) = 0, which implies a; = —3ag. In this case
the second condition is a3ag = 0 and therefore ag = 0. System (2.9) with
as = a; = ag = 0 is invariant by the change of variables (z,y,t) — (—x,y, —t)
and this symmetry ensures that the origin is a center also. Finally if ajay # 0
from the first condition of Proposition 2.4 we can isolate ag, and from the
second condition of Proposition 2.4 we obtain ag in function of the rest of
parameters. In this case making a rotation with tana = —as/a;, system
(2.9), in the new variables (X,Y), is invariant by the change of variables
(X,Y,t) —» (—X,Y, —t) and therefore has a center at the origin.

(b) Necessity. The first Poincaré—Liapunov constant V} is zero. The second
and the third Poincaré—Liapunov constants are the two conditions of Propo-
sition 2.4. -

To prove which is the maximum number of small-amplitude limit cycles
which can bifurcate from the origin, the method used is, like it is habitual, the
one of finding a fine focus of maximum order. From our calculations it is easy
tosee that if ao = by = a3 =b3=0weobtain V; =V =Vg=Vip = Vi =0
and Vi = a4bs(ay — by)(agq + by) which is different from zero if asby # 0 and
as # by and ag # —by and therefore we obtain a fine focus of order six for
system (2.8). In the same way if a; = 0 and ag = —3ag we have V; = V5 =0
and Vg = a3ag which is different from zero if a; and ag are different from
zero, and therefore we obtain a fine focus of order three for system (2.9).
Therefore we can conclude the following result
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Proposition 2.5 The mazximum number of small-amplitude limit cycles which

can bifurcate from the origin is at least six for system (2.8) and three for sys-
tem (2.9).

The Poincaré-Liapunov constants of systems (2.8) and (2.9) can be easily
computed from the algorithm given in the previous section.



Chapter 3

Implementation of a new
algorithm for the computation
of the Poincaré—Liapunov
constants

3.1 Introduction

In chapter 2 have given an easy algorithm for the computation of the Poincaré-
Liapunov constants and at the same time the Poincaré series in order to solve
theoretically the center problem. The knowledge of systems with a center is
very important because perturbations of these systems give rich bifurcations
of limit cycles. The knowledge of systems with limit cycles it is a part of the
second part of the 16th Hilbert problem.

The second part of the 16th Hilbert problem concerns on the qualitative
theory of differential systems of equations and it is the following. Consider
systems of the form

where P and () are polynomials and x and y are real unknown functions.
Systems of the form (3.1) are called polynomial systems. Among trajectories
of a polynomial system one can single out some which correspond to isolated
periodic solutions. These trajectories, as we have said in the introduction,

45
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are called limit cycles . Let w(P,Q) be the number of limit cycles of (3.1)
and define

H, = sup{n(P,Q); IP,0Q < n}.

The question of the second part of the 16th Hilbert problem is the maximal
possible number of limit cycles, estimates the value of H,, in terms of n, and
their location. The first part of the 16 Hilbert problem deals with an estima-
tion of number of ovals of an algebraic curve. Very important connections
exist among both parts as the limit cycles of a system with a polynomial in-
verse integrating factor V(z,y) correspond to ovals of the curve V(z,y) = 0,
see [68] . Therefore if we know an estimation for the number of limit cycles
of system (3.1) we can know an estimation for the number of ovals of the
algebraic curve V(z,y) = 0, if this algebraic curve exist, if we control the
degree of the polynomial inverse integrating factor V(x,y) in function of n.

In the present chapter we consider some questions, those that are related
with the Poincaré-Liapunov constants and with the second part of the 16th
Hilbert problem. In fact, there exists a whole area of the subject, it is rather
misleading to think of it as a single problem; its history and present status are
described in detail in [116]. Much of the recent progress has been achieved
by consideration of various kinds of bifurcation. One of them in which the
Poincaré-Liapunov constants intervene is the limit cycles which bifurcate out
of a critical point, as we said, the so-called small amplitude limit cycles.

Very briefly, the position is that remarkably little is known about the
value of H,, in terms of n. It has not even been established that there exist
and upper bound for such value. However it has been proved that a given
polynomial system cannot have infinitely many limit cycles by Ecalle [52] and
Ilyashenko [84]. The first major contribution was that of Bautin [12], who
proved that Hy > 3 and this work is classical in the theory of limit cycles
bifurcations and his ideas have been very influential in the development of
the subject. Afterwards, Landis and Petrovskii published two papers, in one
of which it was suggested that H, = 3 and in the other precise bounds were
given for H, with n > 3. However, the proofs of these results were soon
withdrawn, but nevertheless it appears to have been widely believed for sev-
eral years that H, = 3. It was until 1979 that the first examples of quadratic
systems with at least four limit cycles appeared given by Shi Songling [119]
and Cheng and Wang [33]. These developments stimulated renewed interest
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in 16th Hilbert’s problem. Only very recently some lower bounds were also
obtained in the case where P and () are polynomials of degree three, in what
follows cubic systems. It was showed by Zotadek that Hy > 11. Considerable
results in the direction to prove that H is finite were obtained by Dumortier,
Roussarie and Rousseau trying to investigate limit cycles which appear from
singular trajectories, mainly, from a center or focus type equilibrium point
or from a separatrix cycle.

In Section 3.2 we explain the computational problems that appear once
we know the Poincaré—Liapunov constants using the algorithmic procedure
given in Chapter 1. The implementation of this algorithm is described in
Section 3.3. In Section 3.4 we explain the basic idea of the bifurcation of
limit cycles out of critical point and see on that consists the center problem.
Finally, in Section 3.5 we have concentrate on the computational problems
that arise using a Computer Algebra System to solve the above problems
and in Section 3.6 some applications are commented.

3.2 Computation of the Poincaré—Liapunov
constants

In the previous chapter we have given a formula to compute the Poincaré—
Liapunov constants and the Poincaré series for the general systems (2.1) as
a recurrence form following the ideas of Shi Songling in [120] where he found
the same expression for the Poincaré-Liapunov constants, but he did not
found the recursive relation with the Poincaré series to establish a method
to compute them. The advantages of this method are that in all the process
the unique calculations are products and sums without indefinite/definite
integrals as most of the others methods. For instance the original Bautin’s
method is effectively costly in computer time because it involves computa-
tions of indefinite/definite integrals. Consequently this new algorithm it is
very easy and optimizable its implementation on a computer. Others meth-
ods display also this advantage, this is certainly the case of the successive
derivatives approach, see for instance [109] and [56]. But our method gives si-
multaneously the Poincaré-Liapunov constants and the Poincaré series. The
knowledge of the Poncaré series is very useful for applications, for example
the study of systems that have a polynomial first integral, which have a finite
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Poincaré series.

Although there exist different recursive methods for the determination
of the Poincaré—Liapunov constants, as we have see in the previous chapter,
and the development of the algebraic manipulators has allowed to approach
the computation of the first Poincaré—Liapunov constants, other important
computational problems appear as we will see in this section.

Consider system (2.1) and assume that is polynomial. Let A be the ring
of real polynomials whose variables are the coefficients of the polynomial dif-
ferential system (2.1). Let J = (V4, V4, ...) be the ideal of A generated by all
the Poincaré—Liapunov contants V;’s. For such polynomial systems, using the
Hilbert’s basis theorem, J is finitely generated; i.e. there exist By, Bs, ..., B,
in J such that J = (B, B, ..., B,) because A is Noetherian. Such a set of
generators is called a basis of J.

Notice that Hilbert’s basis theorem assures us the existence of a generators
basis, but it does not provide us a constructive method to find it. The existent
methods to solve this problem are based in the Buchberger’s algorithm to find
a Groebner basis , but it is only applicable for very simple cases. Therefore
it is a computational problem of algebraic nature due to the appearance,
already for simple systems, of massive Poincaré—Liapunov constants that
are polynomials with rational coefficients and efficient algorithms do not
exist that allow to determine simple groups of generators. One of the main
difficulties comes ultimately on the decomposition in prime numbers of a big
integer number. Therefore the resolution of the computational problem goes
to have efficient algorithms that work with big integers and in decomposition
in primes numbers of big numbers, a classical problem in computational
mathematics. The procedure is know as decomposition of the ideal J in
primary ideals and sometimes this is possible using modular arithmetic as
we will see along the next chapters.

Now we apply Theorem 2.2 to the most simple polynomial systems.
2.1 The quadratic and cubic homogeneous perturbations

We are going to apply the expressions of Theorem 2.2 to quadratic and
cubic homogeneous perturbations, i.e. systems with a linear center perturbed
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by quadratic polynomials , in what follows quadratic systems , and cubic
homogeneous polynomials respectively. For quadratic systems all aj, and bj

are zero except a2, a2, a3 and b3, b}, b3. Therefore in the expression

n—2 m+1

= > > (g + (m+ 1= Db Gt (3.2)

=1 1=0

we have n — m = 2; i.e. m = n — 2, and the previous expression takes the

form
n—1

dy, = Z(laim +(n—1-0bi_y) Cln_l-
1=0
Taking into account that the subindex of ag_;;; must be k — [ +1=10,1,2
and the subindex of b,_; must be k—1 = 0,1, 2, we have that | = k+1,1 =k,
=k—landl =k, Il =k—1,1=Fk— 2 respectively with 0 <[ <n — 1.
Then d} is

dp = (k+1)aqCpi + (kai+ (n—1—k)b)Cp
+ (k=124 (n—E))CrP=L + (n 41— k)b2er}

and the restriction 0 <[ < n — 1 implies that C’l"’1 = ( if it is not satisfied.

For cubic homogeneous perturbations all a and b are zero except aj, a3,

a3, a3 and b3, b%, b3, b3. Since n —m = 3, i.e. m = n — 3 therefore expression

(3.2) takes the form

n—2

dip = (la}_p +(n—2=1)b,) G2,

1=0
Taking into account that the subindex of a;_;y; must be k—1+1=0,1,2,3
and the subindex of by_; must be £k — [ = 0,1,2,3, we have that [ = k + 1,
l=kl=k—-—1,l=k—2andl =k l=k—-1,1l=k—2,1=k—3
respectively with 0 <! <mn — 2. Then d} is
dp = (k+1)aiCpt+ (kai + (n—2—k)b)Cp?
+ (k= 1)a3+ (n— k= H)CET
+ (k= 2)a3 + (n = B)B)CLZ5 + (n+ 1 — k)b3CL3,

and the restriction 0 <[ < n — 2 implies that CZ"_Q = (0 if it is not satisfied.
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The application to more general systems is based in to find the expression
d} and it is easy to see that the contributions to d} of each homogeneous
terms of system (2.1) are independent.

3.3 Implementation of the algorithm

The implementation of an algorithm can be approached in two different ways.
On one hand they can be used the commercial versions of the algebraic ma-
nipulators as Axiom (the comercial version of Scratchpad), Maple, Math-
ematica, Reduce, Macsyma and specialized programs as Macaulay, Cocoa,
Mas, Magma, Posso and Singular. However, these manipulators are not even
enough powerful for very extensive calculations or the programming of the
algorithms is not foreseen. On the other hand, these programs are of very
general character and written in language LISP generally. They require the
use of big computers or computers specially designed for their use that con-
sume a great quantity of memory and a lot of time of CPU, what hinders
their use considerably for certain problems. Another form of approaching
these problems is by means of the use of algebraic manipulators specially de-
signed for the resolution of concrete problems and not with a general purpose.
Implementing the algorithm using a programming language and building a
specific program for the resolution of the concrete problem.

When we first became involved in computations relating to the center
problem and small-amplitude limit cycles, we used the method that it con-
sists in to construct a Poincaré’s formal power series in polar coordinates
and the Poincaré-Liapunov constants that can be computed from recursive
linear formulas as definite integrals of trigonometric polynomials, see [29] and
[30]. The algorithm was written in C++ and was used to obtain results for
linear centers perturbed by quartic and quintic homogeneous polynomials.
The program’s operation is controlled by a PSP (Poincaré Series Proces-
sor) command file running under the LINUX operating system, and different
files identifier of LINUX are exploited to give the user a simple method of
distinguishing between the various files relating to a particular system of dif-
ferential equations. Initially, the user is required to provide information in
one file. In <filename> LYCONFIG the user enters the degree of the poly-
nomial system, the type of system, i.e. homogeneous or complete, the range
of k for which Vy; is computed together with the optional relations between
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the coefficients of the polynomial system that we want to introduce.

The program is organized so that in the kth “round”, the polynomial V5
is computed. When the nominated terminal value of %k is reached, different
files are produced and their contents we are going to describe. On the first,
the initial value of k is 2. The program runs as far as round the terminal
value of k£ and the Poincaré-Liapunov constants Vjy, Vg, ..., Vo, are stored in
different files <filemanes> PLCVk (Poincaré-Liapunov constant k) and if
there are restrictions introduced in the file LYCONFIG, the constants are
stored in <filenames> SPLCVk (Simplified Poincaré-Liapunov constant k).
The Poincaré series are stored in different files <filenames> TMPnCk (kth
homogeneous part of the Poincaré series for a polynomial system of degree
n). In this way, the calculations can be restarted at k = k + 1. In practice,
the program is first run from k£ = 2 to k = 2r — 1, then substitutions from
Vi, Vi, ..., Vo, are decided and the program is called again, but now the initial
value of k is 2r with these relations between coefficients in the LYCONFIG.
This is a valuable facility, for the appropriate substitutions cannot usually
be seen in advance of knowing the first Poincaré-Liapunov constants. It is
a matter of judgement how many Poincaré-Liapunov constants should be
calculated before entering further substitutions. As a rough guide one would
not normally compute more than two or three, and often only one. After
the Poincaré-Liapunov constants are computed, it is possible to do their
translation to Mathematica format by the program translation CONVERT,
which give the Poincaré-Liapunov constants in the general Mathematica for-
mat. The reduction procedure is heavily interactive. We have not sought
to automate it, for experience suggests that some of the information which
we require later would be lost if we did. Like many other computer im-
plementations, it has evolved with changes being made in response to user
requirements as well as the continuing efforts to improve its efficiency.

As it has been seen in the previous section our investigations developed
a more sophisticated algorithm (Theorem 2.2) which we have initially im-
plemented in Mathematica 3.0 on a Pentium III with 450 Mhz and 64 Mb.
RAM. Our current implementation of the algorithm, and that which we de-
scribe here, uses C++ on the same computer. The program’s operation is
also controlled by a PSP (Poincaré Series Processor) command file running
under the LINUX operating system. Initially, the user is required to provide
information. The program ask for if the user wants to stored the dj and C}
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in different files <filenames> Dk and Ck, respectively. After the user enters
the range of k for which V5 is computed and the degree of the polynomial
system. As the coefficients of the Poincaré-Liapunov constants are rational
numbers, the implementation uses a library for doing number theory. The
NTL library v. 3.6b, freely available for research and educational purposes.
The latest version of NTL is available at www.shoup.net. The output of the
algorithm, the V5, is directly in Mathematica format. The obtained timings
have been controlled by the function Timing of mathematica and by function
gettimeofday of C++. The implementations versions are available to anyone
who is interested.

We planned to study if our method it is computationally more effective
than others methods. The comparisons among these methods are very diffi-
cult because each method uses different coordinates system and therefore the
number of terms of the coefficients of the Poincaré series and the Poincaré—
Liapunov constants varies according to the used coordinates. Therefore we
present the following tables for quadratic and cubic homogeneous perturba-
tions giving the times of calculation, the width in bytes and the number of
terms for the methods developed in [123], [29], [30] and our algorithm. The
computations of the method developed in [123] have been implemented with
Maple VR4 on a Workstation (SUN Ultra E-450) with three processor Pen-
tium IT with 250 Mhz and 256 Mb. RAM, which makes not possible a direct
comparative.

’ Algorithm \ constants \ time \ width in bytes \ number of terms ‘
Method [123] | k=2 to k=4 | 1.17 57; 543; 2104 | 2; 14; 44
Maple V k=5 4.34 6075 110
Method [29] | k=2 to k=4 | 1.20 24; 204; 772 1;7; 24
C++ k=5 14.45 | 2240 58
Our Method | k=2 to k=4 | 51.25 | 87; 1329; 7092 | 6; 56; 220
mathematica | k=5 711.67 | 25413 628
Our Method | k=2 to k=4 | 2.24 87; 1329; 7092 | 6; 56; 220
C++ k=5 34.47 | 25413 628

Table 3.1: Quadratic perturbations
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’ Algorithm \ const. \ time \ width in bytes \ number of terms ‘
Method [123] | k=2..6 | 1.71 21; 60; 281; 1214; 2895 2; 2; 14; 30; 82
complex c. k= 3.92 7540 150
Maple V k=8 15.15 13555 302
Method [29] | k=2..6 | 1.09 10; 24; 163; 382; 1181 1; 1, 7; 14; 41
polar c. k=7 1.81 2427 74
C++ k=8 13.23 5306 151
Our Method | k=2..6 | 197.62 | 39; 285; 1456; 4650; 13880 | 4; 16; 60; 160; 396
cartesian c. k=7 1516.15 | 36321 848
Mathematica | k=8 10697.4 | 85432 1716
Our Method | k=2..6 | 2.64 39; 285; 1456; 4650; 13880 | 4; 16; 60; 160; 396
cartesian c. k=7 5.53 36321 848
CH++ k=8 36.47 85432 1716

Table 3.2: Cubic homogeneous perturbations

3.4 Small-amplitude limit cycles and the cen-
ter problem

In this case we consider systems in which the origin is a critical point of focus
type, and show how to bifurcate limit cycles out of it. Thus we investigate
systems of the form

t=Xt—y+ Xy, y=x+y+Y(x,y), (3.3)

where the nonlinearities are
n

and Y(z,y) = ZK;(%?J%

s=2

X(z,y) = X(z,y),

with X, and Y, are homogeneous polynomials of degree s. The linear part is
in canonical form, and the stability of the origin is determined by the sign
of \. If A =0, the origin is a center for the linearized system, and is said to
be a fine focus of the nonlinear system. In order to solve the problem of the
stability at the origin of system (3.3), it is sufficient to consider the sign of
the first Poincaré-Liapunov constant different from zero. The origin is a non-
linear center, i.e. there is an open neighborhood of the origin where all orbits
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are periodic except of course the origin, if and only if all Poincaré-Liapunov
constants are zero. The idea is to perturb the coefficients arising in the X
and Y so that limit cycles bifurcate out of the origin. Such limit cycles are
said to be of small amplitude. The origin is said to be a fine focus of order
k if V545 is the first non-zero Poincaré-Liapunov constant. In this case at
most k limit cycles can bifurcate from this fine focus, see for instance [16].
To maximize the number of limit cycles which can bifurcate, we start with
a fine focus which is as close to being a center for the nonlinear system as
possible. Therefore to obtain the maximum number of limit cycles which can
bifurcate from the origin for a given system, one has to find the maximum
possible order of a fine focus.

Suppose that the origin is a fine focus of order k. The first step is to per-
turb the coefficients in X and Y so that V5, # 0 with Vo = 0 for [ < 2k and
VaorVarao < 0; if this can be achieved, the stability of the origin is reversed,
and a limit cycle I'y bifurcates. Next, further perturbations are introduced
so that Vor_oVor < 0 with V5, = 0 for [ < 2k — 2. The stability of the origin
is again reversed, and another limit cycle I'y appears. Provided that V5, o
is small enough, I'; persists, and there are therefore two limit cycles. Pro-
ceeding in this way, k£ limit cycles bifurcate provided perturbations can be so
arranged that Vo Voo < 0 for 1 <1 < k, see [120].

Since it is the first non-zero Poincaré-Liapunov constant that is of signif-
icance, what we really need are the non-zero expressions obtained by calcu-
lating each V5, under the conditions Vo = - -+ = Voo = 0. It can happens
that a reduced Poincaré-Liapunov constant was zero, in which case it does
not contribute in the process of bifurcation of limit cycles. For a given class
of systems, the aim is to maximize the number of limit cycles which can
bifurcate from the origin. Thus, it is necessary to find k;, the maximum
possible order of a fine focus. This ky is characterized by the fact that the
origin is a center if Vo, = 0 for £ < 1 + k;, but not if any of these con-
stants is non-zero. In practice, one proceeds with the computation of the
Poincaré-Liapunov constants until appears that k; has been reached. Then
it is necessary to prove independently that the origin is a center. This is
often difficult, and developing criteria for the existence of a center is a sig-
nificant and substantive problem. The different techniques as reversibility of
the system, existence of a first integral or an integrating factors defined in
a neighborhood of the critical point and existence of analytical changes to
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simplified systems are those most used ones.

3.5 Summary of the computational problems

Assisting to the previous section there are four steps to the procedure each
one of them with concrete computational problems.

1. Calculation of the Poincaré-Liapunov constants. In the calculation of
this constants, very large expressions arise. It is here that Computer
Algebra System have proved so valuable. We have a recurrent formula
to compute the polynomials and the limitations that it imposes us the
RAM of the computer.

2. Reduction of the Poincaré-Liapunov constants. In the reduction of the
Vo 1t can be used the direct substitutions from the relations Vo, = - - =
Vor_2 = 0 which involve rational functions of the coefficients arising in
X and Y. This contrasts with the formal calculation of a basis for
the ideal generated by the Poincaré-Liapunov constants applying the
Buchberger’s Grobner basis method or variations of this one, where in
that case all substitutions are polynomial. These methods are based
on defining a division algorithm using some monomial ordering, see
[46]. The division algorithm it is used also to make the reduction of
the Poincaré-Liapunov constants. Calculations based on Buchberger’s
algorithm can be done only for sufficient simple polynomials with the
program packages of a Computer Algebra System. Unfortunately, we
deal with very massive polynomials that even if very powerful comput-
ers are used it is not possible to solve the ideal membership problem.
There are variations of the Buchberger’s algorithm taking into account
some special properties of the Poincaré-Liapunov constants, see [113].

3. Establishing the value of k; by proving that the origin is center if Vo, =
0 for k < 1+ ky. In this case different paths have to be analyzed and
also there is a computational cost.

4. Beginning with a fine focus of maximal order, finding a sequence of per-
turbations each of which reverses the stability of the origin. Numerical
values of the variables of the system must be fixed to get the result.



Implementation of a new algorithm for the computation of the
56 Poincaré-Liapunov constants

3.6 Some applications

We give a summary of some of the results which have been obtained using
the techniques described in these two first chapters. Let H denote the max-
imum number of limit cycles which can bifurcate out of a fine focus. It has
has long been known that H = 3 for quadratic systems; this was shown by
Bautin [12]. In [16], Blows and Lloyd proved that H = 5 for cubic systems
in which the quadratic terms are absent. For general cubic systems the last
result due to Zoladek [126] is H > 11.

Certain systems with quartic and quintic homogeneous nonlinearities have
been recently investigated using the described method, see [69]. For systems
of the form

i=-y, §=z+Qun(ry) (3.4)
where @, (z,y) is homogeneous polynomial of degree n, for n = 4 and n = 5,
it is proved that the maximum number of small-amplitude limit cycles which
can bifurcate from the origin is at least four for system (3.4) with n = 4 and
five for system (3.4) with n = 5.

Other type of systems which we have studied in detail are the so-called
“homogeneous systems”; these systems are of the form

T =—y+ Pu(z,y), §=2+Qu(r,y), (3.5)

where P,(x,y) and Q,(z,y) are homogeneous polynomial of degree n. These
type of systems have been studied using the method with polar coordinates
for n = 4 and n = 5. The discussion about the number of small-amplitude
limit cycles which can bifurcate from the origin for system (3.5) have given
which is greater or equal seven for n = 4 and greater or equal nine for n = 5,
see [29] and [30].

Much of activity has been concerned with systems of Liénard type. i.e.,
differential systems of the form

t=y—F(z), §=—g() (3.6)

where g(0) = 0 and ¢/(0) < 0. The value of H is obtained in a large number
of cases for such systems, see [16]. The BiLiénard systems are systems of the
form

t=y-F), §=-r-Gy), (3.7)
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The case with F(x) = axx? + azx® + agx* and G(y) = bay? + bsy® + byy? have
been studied in the previous chapter and the maximum number of small-
amplitude limit cycles which can bifurcate from the origin is at least six.

Other systems recently investigated using the techniques described in this
chapter are the systems of the form

t=y+af(z,y), 9=—-r+yf(zy). (3.8)

This type of systems are called uniformly isochronous centers because they
have an isochronous center at the origin and in polar coordinates (r,¢) the
angle ¢ satisfies the equation ¢ = 1. As we have seen in Chapter 1, for
system (3.8) the maximum number of small-amplitude limit cycles which can
bifurcate from the origin is at least three when f(x,y) = fi(x,y) + f3(x,y)
where f;(x,y) are homogeneous polynomials of degree i.
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Chapter 4

Abel differential equations
admitting a certain first
integral

4.1 Introduction

In this chapter we study the integrability of the Abel differential equations
i.e., differential equations of the form

Y~ o + by + )y + d(x), (1.1
with a(x) # 0 and where a, b, ¢ and d are meromorphic functions of z. Abel
equations appear in the reduction of order of many second and higher order
differential equations, and hence are frequently found in the modeling of real
problems in varied areas. There are only a few families of Abel equations
in which a complete classification of their solutions is known. For instance,
in [32] a classification of the integrable rational Abel differential equations
according to invariant theory, i.e., the integrable Abel equations where a, b, ¢
and d are rational functions was presented. As far as we know, this is the most
general method available at the moment to solve Abel equations, already
described by E. Kamke [86], page 26, as sub-method (g) due to M. Chini [36].
The importance of the Abel equations, as we have said, lies in that appear in
the reduction of order of other several differential equations, see [32, 86, 112].
For instance, in [112], Abel equations are analyzed from the point of view of

29
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the study of the superposition rules. These nonlinear superposition rules are
not derived from the classical Lie’s theorem, see also [60].

4.2 Abel differential equations of second kind

The Abel differential equations of second kind are differential equations of

the form ~ ~
dyj a(z)y® + b(x)y? + c(x)y + d(z)
dx p(x)y + ¢(x)

where ¢(z) #Z 0. Obviously, the case p(x) = 0 includes the Abel equations

(4.1) of first kind. Moreover, if p(z) # 0 we can transform any Abel equation

of second kind to the first kind through the change § = 1/y — ¢(z)/p(x),

where

7 (4.2)

ai@® b@P ag d 3ai2 20G ¢ (g 3ag b a

= = ~—2—t,b:— Tt == ,C:~—2——~,d:—j-

A L PP b \p PP p

4.3 Algebraic first integral in the dependent
variable

A first integral for a differential equation

dy

&L= fw) (13)

is a non-constant scalar—valued function h = h(x,y) such that -Lh(z,y(z)) =
0 whenever y = y(z) is a solution of (4.3). We say that such a first integral
h is algebraic first integral in the dependent variable y if it can be expressed

into the form .

h(z,y) = (] [ — g:))*)ho (=) (4.4)
i=1

where o; € C — {0} for i = 1,...,n, the functions x — g;(z) are particular
solutions of (4.3) for i = 1,...,n and the function hg(x) # 0. This type of
first integral was proposed by Painlevé in [103], see also [67]. and references
therein. Notice that, if the differential equation is real then there is a local
first integral which is also real. We can first work for a first integral in C and
find o, gi(z) and ho(x) complex, but at the end we can look for a real first
integral from the complex one.
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4.4 Algebraic first integral in the dependent
variable for an Abel equation

The following proposition gives the algebraic conditions that must be satisfied
by the particular solutions of an Abel equation (4.1) in order to have a first
integral of the form (4.4).

Proposition 4.1 The Abel equation (4.1) admits a first integral of the form
(4.4) if and only if there are n particular solutions {g;}i=1...» of (4.1), and n
non-zero complex numbers {c;}i=1.. n such that

-----

-----

Zn:ai =0, and Zn:ozigi = 0. (4.5)
i=1 =1

Moreover, when this is the case one has ho(x) = age™ S @Eigd)de ppere
apg € C— {0} is an arbitrary constant.

Proof. For f as in (4.3) we introduce the differential operator

0 0
D :=— —.
5 T @ y) o5
For any function h = h(z,y) and any solution y = y(x) of (4.3) the chain-rule
gives
d
(@ y(@)) = Dh(@, y)ly=y()-
From the definition of first integral h(z,y) is a first integral if A is constant on
each solution y = y(z) of (4.3),i.e. h(z,y(x)) = cte. Therefore Dh(z,y(x)) =
0 for all z. Consequently, we see that h is a first integral of (4.3) if and only
if Dh = 0. If g(x) is a particular solution of the Abel equation (4.1) then

D(y — g) = (ay® + by + ¢ + (ay + b)g + ag®)(y — g),

where D := 0/dz + (a(z)y® + b(x)y* + c(z)y + d(z))d/dy, see [60, 61].
If (4.4) is a first integral of (4.1) then we have

/

n h
Dh = h|) aiay’ +by+c+ (ay + b)g + ag}) + 7>
ho

L =1

n n n h/
= hl(a?+by+¢)) ai+(ay+b)Yy agi+ad ag+ -2
(ay® + by )ZZI (ay )ZZI g Zl 9%+ 7,

Il
e
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If we view the bracketed expression as a polynomial in y with coefficients as
a functions of x which must vanish, and this easily leads to conditions (4.5)
and the expression for ho(z). The converse is obvious. -

Consider the vector space of functions and the associated affine space
having the zero function as a distinguished point, i.e., we think any function
as a point in this affine space. The geometric interpretation of condition
(4.5) is that we must have n particular solutions g;() inside an hyperplane
of dimension n — 2. If we choose n arbitrary points in an affine space of suf-
ficiently high dimension they define a hyperplane of dimension n — 1. Only
when these points verify condition (4.5) they define a subspace of lower di-
mension. In this case we will say that these points are coplanar for dimension
n > 4 and are collinear for n = 3.

Obviously, we cannot talk about coplanarity for n = 1 or n = 2. More-
over, the case n = 1 reduce to a; = 0 and the case n = 2 implies a; = a5 = 0.
This fact does not mean it would be impossible to construct a first integral of
an Abel equation using one or two particular solution; only that such a first
integral cannot take the form (4.4). To achieve that form we need n > 3.

4.4.1 Computation of hy(x)

In this subsection we are going to see how to compute the factor ho(z) of
the first integral (4.4) for an Abel equation (4.1) when the independent term
d(x) is null.

Proposition 4.2 For an Abel equation with d(z) = 0 and with n not null
coplanar particular solutions y = g;(x) for i = 1,...,n we have ho(z) =

1/ H?:1 gzaz

Proof. From g;' = ag} + bg? + cg;, we get (Ing;) = ag? + bg; + ¢, an
taking into account (4.5), we obtain that > "  a;(Ing;) = (> " a;1Ing) =
(InJT, ¢) = ad_ | a;g?, and replacing in the original expression of hg
the claim follows. -

Proposition 4.3 For an Abel equation with d(x) = 0 and with n—1 not null
coplanar particular solutions y = g;(z) fori = 2,...,n and y = ¢1(x) = 0,
we have ho(x) = e~ fc(m)dz/ |

7
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Proof. In the same way as before we have (Ing;)’ = ag? + bg; + ¢, for i =
2,...,n, and therefore a Y1 , ig? +b> ¢ s augi+cd i i = (In][i, 95),
but for gy = 0, Y ', ;g; = —angr = 0, and Y1 , oy = —ay, from where
ad g =ad ;97 = (In]], ¢") + aqc, and replacing in the origi-
nal expression of hy the proposition is proved. -

Some seminal works had already been studied Abel integral equations
with a first integral of the form (4.4), without reaching the geometric inter-
pretation given in this chapter, see [35, 53]. In particular, the case d(z) = 0
studied in Proposition 4.2 and 4.3, which is equivalent the Abel equation of
second kind (4.2) with a(z) = 0, is studied in [53].

4.5 Admissible invariant change of variables
for Abel equations

Two Abel equations are defined to be equivalent if one can be obtained from
the other through the transformation

{z =t(X), y(x) = R(X)Y + S(X)}, (4.6)

where X and Y are respectively the new independent and dependent variables
and t, R and S are arbitrary meromorphic functions of X satisfying ¢ 2 0
and R # 0. These transformations form a non abelian group. We can break
down these transformation into two consecutive changes. The first one {x =
z, y(z) = r(x)Y+s(x)} which is a dilatation plus a translation and the second
one a scaling of the independent variable {x = ¢(X),Y = Y'}. Integration
strategies were discussed in [93, 10, 32|, around objects called invariant under
the transformation (4.6) which can be built with the coefficients {a, b, ¢, d}
of the Abel equation (4.1) and their derivatives. The transformation (4.6)
preserves the structure of the Abel equation (4.1) and also the coplanarity
condition (4.5) of any set of functions. Moreover, in the new variables the
coplanarity condition admits the same coefficients a; € C — {0}. These
coefficients are unique except a not null multiplicative constant factor as the
following proposition shows.

Proposition 4.4 If n is the minimum number of coplanar particular solu-
tions of an Abel equation then o; € C—{0} are unique except for a non-zero
constant multiplicative factor.
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Proof. Suppose that n is the minimum number of coplanar particular
solutions g;(z) and there exist oy € C — {0} and f; € C — {0}, such that
Yo =0,>" a9, =0, >0 8 =0,and Y !, fig; = 0. From these
relations we have > (/a1 — B;/B1) =0 and Y ,(a;/aq — B;/51)g; = 0.
If there are no null coefficients inside {«a; /oy — B;/ 51}, we will have a smaller
subset of coplanar particular solutions in contradiction with the hypothesis.
Hence, we have that all the coefficients «;/a; — f;//1 must be null, i.e.,
B; = Pra;/aq and the claim follows. -

4.6 An illustrative example

Consider the Abel equation of second kind

d;&_3g2—3gj—x
dr  8zj— 9z

which possesses the first integral

B, ) = 3 (42? + (89% — 367 + 27)x + 49* — 47°)
e (4% + 207 — 35) + §)° |

We can transform this Abel equation of second kind to the first kind
through the change y = 1/(87 — 9) and we get

dy 27\ 4 15, 3
A B B 4.
" (8 895) y y Y, (4.7)

which correspond to a case with d(x) = 0 and the transformed first integral
is

23y3((409622 — 34562 + 729)y* + (972 — 2304x)y3 + (1282 + 270)y> + 28y + 1)
((409622 — 17280z + 6561)y* + (2916 — 7682)y> + (1282 + 486)y% + 36y + 1)

h((E,y) =

This first integral is composed by 9 particular solutions, one solution is y =
g1(z) = 0, four particular solutions go(z), g3(x), ga(z), gs(x) coming from the
algebraic curve in the numerator and four particular solutions gg(x), g7(x),
9s(), go(x) coming from the algebraic curve in the denominator. Moreover,
we have a; = 8, ag = a3 = a4 = a5 = 1, ag = a7 = ag = ag = —3.
Obviously, the condition >  a; = 0 is satisfied. Hence, the Abel equation
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(8.1) is a case with n = 9. It is straightforward to see that Y.  a;g; = 0,
because using the Cardano—Vieta formulae we obtain that

23042 — 972
409622 — 3456z + 729’

9o+ 93+ 94+ 9gs =

768x — 2916
409622 — 17280z + 6561’

ge + 97+ 9s + go =

and therefore we have that 8g1 + g2 + g5 + 94 + 95 — 3(96 + 97 + gs +
go) = 0. The computation of hy(x), is through the expression ho(z) =
e~eaSe@de /T g% (x) because d(r) = 0 and g;(x) = 0 and we must apply
Proposition 4.3. Taking into account the Cardano—Vieta formulae, we know

that

1 1
109622 — 34567 + 7297 8979899 = 400622 — 172802 + 6561

9293 g4 g5 =

Hence, the computations give

o) e~orJe@dr 33409622 — 34562 + 729)
xXr) = = ,
’ [T, 9% () (409622 — 17280z + 6561)3

which is the correct ho(z) because the polynomials of fourth degree in the
first integral are not monic. Although the Abel equation (4.7) is an example
of n = 9, it can serve as an example for n < 9 if such a set of particular
solutions exist. From this example it is natural to consider whether there
exist examples of other values of n and what is more important, how to find
necessary and sufficient conditions to establish that an Abel equation admits
a first integral of the form (4.4) for a given n.

4.7 Reduced, Bernoulli and Resolvent Abel
equations

4.7.1 Reduced Abel equation

The reduced Abel equation is obtained through the change of dependent
variable y = Y — b(z)/(3a(x)) which is an admissible transformation accord-
ing to Section 4.5 and preserves the coplanarity condition (4.5) of any set of
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particular solutions. The Abel equation (4.1) becomes
av _
dx
where p(z) = ¢(x)/a(x) — b*(x)/(3a*(x)), and
a(@) = | (@)d(@) + Ha(@)b'(2)
—d/(2)b(z) — a(2)b(x)e(z)) + 227173(:[)].

a(z)(Y? + p(2)Y + q(2)), (4.8)

4.7.2 Bernoulli Abel equation

The reduced Abel equation with ¢(x) = 0 is a Bernoulli equation, and there-
fore it is integrable. We call this type of equations as Bernoulli Abel equations.
This case has an algebraic first integral and consequently has coplanar par-
ticular solutions. We are going to see that the value of n is always 3. Notice
that Bernoulli Abel equations always have the particular solution ¥ = 0,
and if Y = G(z) is a particular solution then Y = —G(z) is also a particular
solution. Hence, we have a set of three coplanar particular solution choosing
G1 =0, G5 = G(z), an arbitrary solution of the considered Bernoulli Abel
equation, and G3 = —Gy, with a; = —2 and ay = a3 = 1, and from here we
can build the algebraic first integral (4.4). In the following we consider the
case q(x) Z 0. We also remark that Bernoulli Abel equation is a particular
example of Lie system (see e.g. [25]) with associated Lie group isomorphic
to the affine group: the vector fields X; = yd/0y, X, = y30/0dy are such that
(X1, Xa] = 2X,. Therefore solvable by quadratures.

4.7.3 Resolvent Abel equation

In the case ¢(x) # 0, we can construct the resolvent Abel equation. It is
obtained through the change of dependent variable Y = ¢3(2)) which is
an admissible transformation according to Section 4.5 and also preserves the
coplanarity condition (4.5) of any set of particular solutions. The reduced
Abel equation (4.8) with ¢(x) # 0 becomes

dy

Y = J@OF - K@Y+ 1), (19)
with J(z) = a(x)g3 (v), and K(z) = ¢~3 () [¢'(x)/(3a(x)) — p(x)g(w)]. No-
tice, that in the resolvent Abel equation we only have two functions of x,
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but they are, in general, irrational functions. In the following, we will
work when convenient with the reduced Abel equation or with the resol-
vent Abel equation. For the reduced Abel equation we will use the fol-
lowing notation p;(x) := p;—1'(x)/a(x), where po(x) := p(z) and ¢;(z) =
gi—1'(z)/a(z), where qo(z) := g(z). For the resolvent Abel equation we also
define L(z) = K'(z)/J(z), M(z) = L'(z)/K'(x) = L'(x)/(J(x)L(z)) and
N(z) = M'(z)/J(x) when K'(x) # 0. Moreover, if y = g(x) is a particu-
lar solution in the original Abel equation (4.1), we define by ¥ = G(x) the
corresponding particular solution in the reduced Abel equation (4.8) and by
Y = G(z) the particular solution in the resolvent Abel equation (4.9) and
similarly for other built elements from the mentioned particular solutions.
Finally, depending on the context, if we are working with the original Abel
equation (4.1) we will understand D := 9/0z + (ay® + by? + cy + d)9/dy,
if we are working with the reduced Abel equation (4.8) we will understand
D :=09/0z + a(Y? + pY + ¢)/8Y and if we are working with the resolvent
Abel equation (4.9) we will understand D := 9/dz + J(Y* — KY + 1)0/9).

4.8 Abel equations with three collinear par-
ticular solutions

The next theorem characterizes when an Abel equation with ¢(z) # 0 (i.e.,
which is not a Bernoulli Abel equation) has three collinear particular solu-
tions and consequently has an algebraic first integral (4.4) with n = 3.

Theorem 4.5 An Abel equation with q(x) # 0 has three distinct collinear
particular solutions if and only if K(z) is a constant (K' = 0) and K3 #
27/4. Moreover, on the context of the resolvent Abel equation, these three
solutions are constants Y = Gi(x) = k1, Y = Go(x) = ko and Y = G3(x) = ks,
where ki, ko and k3, are the simple roots of the cubic algebraic equation
kK —Kk+1=0.

Proof. Sufficiency: If K’ = 0 and K? # 27/4, the three roots k;, ks and
ks of the equation k% — Kk +1 = 0 are constants and simple. Hence, are also
particular solutions of the resolvent Abel equation. They are also collinear,
because taking a; = ko — k3, ag = k3 — k; and a3 = k; — ks, then we have
o1 + ag + a3 = 0 and a1k + agks + asks = 0.
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Necessity: We consider that we have three particular solutions Y = G (z),
Y = Go(z) and Y = Gs(x) of the resolvent Abel equation (4.9) and there
exist aq, ag, a3 € C — {0}, such that

ag+as+as3=0 and o1G; + asGs + a3Gs = 0. (4.10)
The derivative of the last equality is a1G] + @2G) + a3G; = 0. Taking into
account that G/ = J(G? — KG; + 1) and the conditions (4.10) we get a1 G} +

2G5 + a3G3 = 0. Hence, we obtain the homogeneous system

o1+ oo+ a3 = 0,
101 + 0@y + a3Gs = 0,
a1GP + axGs + asGs = 0.

To have a non trivial solution it must happen that

1 1 1
G G G35 |=(G1 —G2)(G3—G1)(Ga—G3)(G1 + Go + G3) =0,
g G g3

which implies G; + G + G3 = 0. The derivative of this last equality is
Gy + G, + G4 = 0, and substituting each derivative G = J(G? — KG; + 1), we
get G3 4+ G5 + G5 4+ 3 = 0. Taking into account that G; + G + G3 = 0 we have
G? + G3 + G3 = 3G1G2G3, which implies G;G2G3 = —1. The derivative of this
last equality is G]G2G3+G1G5G3+G1G2G5 = 0, and substituting each derivative
G!, we obtain G3G2Gs+G3G1G3+G3G1Go — 3K G1G2G3+G1G2+G1G3+GaG3 = 0.
On the other hand G}GyGs + G3G1G3 + G5G1G2 = —2G1G2G3(G1G2 + G1G3 +
G2G3), due to G + Gy + G = 0. Hence, we have —2G,G>G3(G1G2 + G1G3 +
92g3) — 3KG1G2G3 + G1Go + GoGs + GoGs = 0, and from G1G,G3 = —1, we
arrive to Gi1Gs + G1G3 + G2Gs = — K.

Hence, the three solutions Gy, Gy, G3 are simple roots (because are differ-
ent by hypothesis) of the cubic algebraic equation Y — KY+1 = 0, but if we
recall that G/ = J(G? — KG; + 1), we get that G/ = 0. Therefore, the three G;
are not null constants due to G;GoG3 = —1. Moreover, since K = (G2 +1)/G;,
then K is also a constant. Moreover, the discriminant of the cubic algebraic
equation K? — 27/4 # 0, because Gy, Gy, G3 are the simple roots of it, which
completes the proof. -
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The condition K’(z) = 0 expressed in terms of the coefficients of the
reduced Abel equation is

Ip1q* — 6pgq + 5¢3 — 3qq2 = 0 (4.11)

This condition, if ¢ # 0 allows us to determine if we have or not a case with
n = 3. Obviously, we must also compute K to verify if K* # 27/4. Forn = 3
the collinear solutions of the reduced Abel equation are G;(z) = k; ¢3(z) and
for the original Abel equation are given by g;(z) = k; ¢3 (z) — b(z)/(3a(z)).
While G + Go + G3 = k1 + ko + k3 = 0 and G + G2 + G35 = 0, we will have
that g1 + g> + g3 = —b(z)/a(z).

Notice, that the conditions ¢(z) = 0 and K'(z) = 0 already appear in
the classical book of Kamke [86] page 26 as integrability conditions for an
Abel equation. The first case, ¢(x) = 0 corresponds to ®(x) = q(z)a®*(z) =0
and there exist a transformation into a Bernoulli equation. The second case
K'(z) = 0is K(x) = a, where « is an arbitrary constant, and in this case
there exist a transformation into a separated variables equation. Hence, we
have reobtained these cases, but in a new general framework where we have
reinterpreted these conditions in an algebro—geometric way which allow us to
generalize these conditions to obtain new cases of integrable Abel equations.

4.8.1 Algebraic first integral for the case n =3

From what we have seen in Section 4.4 and in Section 4.8, for K’ = 0 and
K # 27/4, the first integral of the resolvent Abel will be

H(x))}) — (y_kl)(’@—k:s)(y_k2)(k3—k1)(y_kg)(kl—kz)€(k2—k3)(k3—k1)(k1—k2)fJ(ﬂ?)dx’

where we have used that kf(ko — k3) + k3 (ks — k1) + k3(k1 — ko) = — (kg —
k3)(ks—k1) (k1 — ko). Recall that kq, ko and k3 are roots of the cubic algebraic
equation k% — Kk + 1 = 0. The first integral for the reduced Abel equation
is given by

H(z,Y) = (Y —kigd (2)) 525 (Y — koqs (2)) B )Y — kygs (z)) 1 —F2)

« elk2—ks)(ka—k1)(k1—k2) fa(x)q%(w)d:v.
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4.8.2 First integral for the case K? = 27/4

For K'(z) = 0, the resolvent Abel equation is of separable variables, and
therefore integrable. But, if K3 = 27/4, there are not three collinear par-
ticular solutions. Let wy = 1, wy = —% + %\/g, and w_; = —% — %\/3 be,
the three cubic roots of unity. The possible cubic algebraic equations in k
are k% — %\P/ﬁwjk +1 =0, for j = —1,0,1. For each one, the simple root
is k, = —\‘?’/Zw,j and the double root is k; = %‘Iw,j, being satisfied that
ks = —2k4. The first integral in this case is

(y - kd)e%gdegkgfj(x)dm

H(z, V) = Y+ 2ky

(4.12)

It is important to note that, in this degenerate case a Darboux exponen-
tial factor appears due to the appearance of a multiple algebraic curve,
see definitions in [27, 28]. For K® = 27/4, the resolvent Abel equation is
dY/dx = J(x)(Y — ks)(Y — kq)®>. We have three Darboux factors F; =
Y—Fky, Fo=Y — kg and F3 = 6_3’%’% with cofactors Ky = J(z)(Y — kq)?,
Ko = J(x)(Y — ks)(Y — kq) and K3 = J(x)() — ks). Keeping in mind that
—K1 + Ko — 3kaK3 + 9k2J (z) = 0 this prove that (4.12) is a first integral in
this case. Consequently, the first integral for the reduced Abel equation is

1
Bkqad (@) )
(Y — kagh (x))e—+ar’ @ 93 ] a(@)a? (@)de

H(x,Y)=
(=) Y + 2kqqs (2)

4.9 Abel equations with four coplanar partic-
ular solutions

4.9.1 Characterization of the Abel equations with four
coplanar particular solutions

Let us assume that ¢(z) # 0. Given four particular solutions not necessary
different between them, Y = G(z), Y = Go(z), YV = G3(x) and Y = Gy(x),
we can consider the associated elementary symmetric polynomials given by
S1 =01+ G+ G3+ Gy, S = G1Go + G1G3 + G1Gs + G2z + G2Gu + G304,
83 = G1G2G3 + G1G2G4 + G1G394 + G2G3G4 and Sy = G1G2G3G,. Next theorem,
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the most important result of this chapter, gives the characterization of the
Abel equations with four different coplanar particular solutions.

Theorem 4.6 An Abel equation with q(x) # 0 and K'(z) # 0, has four
different coplanar particular solutions Y = Gi(x), Y = Ga(x), Y = Gs(x)
and Y = Ga(x), if and only if, there exist one root of the quintic algebraic
equation

315)° — 35(10K + M)Y? + 63Y* +5(156K*> —7TL+5KM)Y +7TM — 11K = 0,

(4.13)
which is a particular solution of the resolvent Abel equation, and all the roots
of the quartic algebraic equation Y* — S V2 + S)V? — S3Y + Sy = 0 are
simple, where S = Gy + Ga + G3 + Gy is the particular solution of (4.13)
and S; = 3L/(358} — 25KS; —7) — 81, So = (581(81 + 84))/3 — K and
S3 = 8§18 — 1. The four different roots of the quartic algebraic equation are
the coplanar particular solutions, and therefore, the quartic algebraic equation
is an algebraic invariant curve of the resolvent Abel equation even if the four
roots are not different.

The condition that all the roots of the quartic algebraic equation are
simple is given by the discriminant A = S$S287—48385—483S5+1885, 85,85 —
2784 — 483838, +685 S84+ 18853 8,838,— 8085155838, — 657828, 4 1448,838, —
27TSIS? + 1448285,S? — 1288252 — 1925, S5S? + 25653 # 0. To verify if one
root of (4.13) is a particular solution of the resolvent Abel equation (4.9) can
be done by computing the algebraic resultant

res(V,DV, ), (4.14)

where V = 315)° — 35(10K + M)Y? + 63Y? + 5(15K* — 7L + 5KM)Y +
TM — 11K. We recall that the resultant of two polynomials P and () over a
field k is defined as the product

I'eS(P, Q7 y) - C(liegQCgegP H (yl - y2)7
(y1,92): P(y1)=0, Q(y2)=0

of the differences of their y-roots, where y; and y, take on values in the
algebraic closure of £ and ¢; and ¢, are the leading coefficients of P and @,
respectively. In fact the resultant is the determinant of the Sylvester matrix,
see for instance [125]. If resultant (4.14) is null we have found four distinct
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coplanar solutions. Subsequently, we must determine what root of (4.13) is
also solution of (4.9) and then to construct the quartic algebraic equation
to see if all its roots are simple. If all its roots are not simple, i.e., multiple
roots appear, then at most three roots will be solutions of (4.9). In this
degenerate case, we do not have a similar situation to the one described in
Section 4.8.2. A multiple root does not imply, in general, the existence of
a multiple Darboux factor of the form F =) — G(x), when Y = G(z) is a
solution of (4.9). If there is only one root of (4.13) which is solution of (4.9)
then the four simple roots of the quartic algebraic equation are the unique
coplanar particular solutions.

Proof. Necessity: Consider that the resolvent Abel equation (4.9) has
four different particular solutions Y = Gi(z), Y = Gao(z), Y = Gs(z) and
Y = G4(x), and there exist a1, as, a3, ay € C — {0}, such that

aj+ay+az+ay =0, and oG+ a2Gs + 3Gz + ayGy = 0.
Following the same reasonings as in the case n = 3 we have

a1+ g + a3+ ay
a1G1 + a0Gs + a3G3 + auGy =
a1G} + Gy + s3G5 + auGi =
a1(Gy + G7) + aa(G5 + G3) + as(G5 + G3) + au(Gh + G3)

To have a non trivial solution it must happen that

1 1 1 1
G1 Ga Gs G4
G gs Gs [
G +G G +G Gi+Gy Gi+G;
which implies, eliminating the 6 factors of the form G; — G;, that —1+G?Gy +
g1g22 + g%gs + 2G1G2G5 + 9593 + 91932, + 92g32 + g12g4 + 2G1G2G4 + g§g4 +
2G1G5G4+2G2G3G4+G3G4+G1Gi4+G2G7+G3G7 = 0. In terms of the elementary
symmetric polynomials defined previously, we get §;S2 — S5 — 1 = 0. The
derivative of this expression is §|Ss + §1S5) — S = 0. If we compute S, S,
S5 1 Sy we obtain

Si=J
Sh=1J
S=1J
Si=J

c o o o

= 0.

S — 38,8, +38; — KS; +4),

828, — 252 — 8,83 + 4Ss — 2K S5 + 3Sy),
8285 — 25585 — §184 — 3K S5 + 2S»),
S28; — 28,8, — AKS, + S3).

(4.15)

N N N N
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Using that S3 = §1S; — 1 the first two equations of (4.15) are

S =J(S— K8 +1),
Sh= J(4S; — 282 — 2K S, + 4S)).

Notice that the sum of the four coplanar solutions &1 = Gy + Go + G3 + G4
of the resolvent Abel equation is also a particular solution. This condition
is also true in the context of the reduced Abel equation, ie., Y = 5; =
G1+ Gy + G3 + Gy is also a particular solution of (4.8), and in the original
Abel equation the condition has the form y = g1 +¢2+93+94+b/a = s;+b/a,
which is also particular solution of (4.1). Another way to obtain (4.15) is
to think that if ) = G;(z), are particular solutions of (4.9) then the quartic
algebraic equation U = Y* — §; 2 + $,)? — S3Y + S, = 0 is an invariant
algebraic curve of (4.9). Consequently, the Euclidean division of DU and
U must have a null polynomial remainder. This polynomial remainder is a
polynomial whose coefficients are exactly the equations described in (4.15).

(4.16)

Substituting the derivatives S, S5, S and &) in §1S; + 5185 — S = 0,
eliminating the factor J which is not null because g(z) # 0, and using
S3 = 88, — 1, we get 587 — 38, + 58,8, — 3K = 0. The derivative of
this last expression is 105,S] — 385 + 5S84 + 5515y — 3K' = 0, dividing
by J, using the computed derivatives, the conditions S3 = §:S; — 1 and
82 = (581(81 +S4))/3 — K, we get (—7 — 25K81 + 353?)(51 +S4) —3L=0.
Taking into account that K’ # 0, which implies L # 0, we conclude that the
factor —7 — 25KS; + 358} # 0 and we can isolate Sy, which takes the form
Sy =3L/(—7—25KS; + 355}) — Si.

Derivating (—7—25K8; +358})(81+84) —3L = 0, we obtain (—25K'S; —
25K S| +1058%8))(S1+84) +(—=7—25K 81 +35853) (S +8}) —3L' = 0, and do-
ing the opportune substitutions we arrive to 315J LS} —35(10J KL+ L")S3 +
63JLS? + 5(15J K%L — 5K'L —2JL* + 5K L")S, + 7L — 11JK L = 0 which
dividing by J L is V = 0 or condition (4.13). This proves that S; is a root of
this quintic algebraic equation (4.13). Moreover, due to the construction of
the quartic algebraic equation with four different solutions, obviously it can-
not have multiple roots. This condition (4.13), in general cannot be solvable
by radicals, unless the Galois group is solvable. Hence, we have transformed
the differential problem of finding solutions for an Abel differential equation
into an algebraic problem.
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Sufficiency: Consider now that when we solve equation (4.13), we obtain a
root which is also a particular solution of (4.9), we construct the quartic
algebraic equation U = Y* — §; V3 + $)? — S3Y + Sy = 0, where S is the
root of (4.13), and where S; are the ones enunciated in the theorem. First, we
want to prove that this quartic algebraic equation is an invariant algebraic
curve. Hence, we compute DU, using that K/ = JL and L' = JLM, and
also that &) = J(S} — K8, + 1). If we compute the polynomial remainder of
the Euclidean division between DU and U with respect to ) we will obtain

JL(—581Y? + 582Y — 3)(3158) — 35(10K + M)S{ + 63S7 + 5(15K% — 7L + 5KM)S1 + 7TM — 11K)
(—7—25KS; + 3553)2

)

which is obviously null because S is a root of (4.13). Therefore the quartic
algebraic equation has four roots Y = Gi(z), YV = Go(z), YV = Gs(z) and
Y = G4(z) which are also solutions of the resolvent Abel equation (4.9). By
construction the elementary symmetric polynomials associated to the four
roots are Sy, Sy, S3 and Sy the coefficients of the quartic equation. If these
four roots are coplanar, there should exist a; € C — {0} such that

oy +oag +a3+oay = 0,

a1G1 + @Gy + a3Gs + Gy = 0,

a1G} + oGS + 04399? +a, G} = 0,

a1 (GY 4 GF) + a2(G5 + G3) + as(G5 + G3) + au(GE +G;) = 0.

Moreover, if this system has a non trivial solution then &8y — S35 —1 =10
which is verified by hypothesis. Notice also that the minor of the form

(4.17)

1 1 1
G G2 Gs |,
g G g3

is not null, because in the opposite case we will have G; + Gy + G3 = 0 and we
will remain into a case with n = 3 which implies K'(z) = 0 in contradiction
with the hypothesis. Taking into account that the determinant of the homo-
geneous system (4.17) is null, we can consider the last equation is a linear
combination of the rest. Hence, we must find a vector (g, as, as, ay) or-
thogonal to the vectors (1,1,1,1), (G1,G1,Gs,G4), (G3,G3,G3,G3). This vec-
tor must be of the form (o, g, ag, aq) = Mx)(A1(x), As(x), As(x), As(z)),
where A;(x), As(x), As(z), As(z) are these not null determinants

1 1 1 1 1 1

A1=1G Gs Gu|, A=—]1G G5 Gy |,
G Gi G G ¢ g
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1 1 1 1 1 1
As=1G1 Gy Gs |, As=—|G Go Gs
Gl o ol G o o

Since Ay +As+As+ Ay = 0and A1G; + AsGy+ A3Gs+ AyGy = 0, to guarantee
the coplanarity of the roots we only need to prove that A is not null and that
a; are constants. Taking into account that

d
%(gi - gj) = J(gi2 +G,G; + gj2 - K)(G; — gj),
we have that
A,
Cilx’ = J(3(8} - Sy) —4K)A;, for i=1,23 4.

Since o = A\A;, if we want to prove that da;/dz = 0, it should happen that
NA; + MA; = 0, but this fact is guaranteed taking

A\ = /\Oe—fJ(3(Sl2—Sg)—4K)d;r’
where Ay € C — {0} is an arbitrary constant, which completes the proof of
the sufficiency of the theorem. -

In this case it is possible that more than one root of (4.13) is a particular
solution of (4.9), and also to have more than one quartic algebraic equation
which is an invariant algebraic curve of (4.9). We recall that to see if a
root of (4.13) is a particular solution of (4.9) it is necessary and sufficient
that the algebraic resultant (4.14) to be null. If we define W = J~!DVY =
15757 —105(25K + M)Y® + 1701Y* + 5(225 K% — TTL + 26 KM — TN) Y3 —
21(56 K +5M)YV? + (126 — THK3 + 185K L — 25 K*M — 10LM + 25K N)Y +
T5K?*—46L+25K M +TN. If the algebraic resultant (4.14) is null this implies
that the polynomials V and W with respect to ) have common factors. The
first one is of fifth degree and the second of seventh degree. If we apply the
Euclidean division algorithm we obtain a remainder of degree at most 4. In
particular, the remainder is of degree 4 and the coefficient of Y* is 12474.
Hence, this remainder never vanishes and consequently the common divisor is
never (4.13). Therefore, (4.13) is never an invariant algebraic curve of (4.9),
which implies that 5 roots cannot be particular solutions of the resolvent
Abel equation (4.9).
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If we continue applying the Euclidean division the next remainder is of
third degree. It is straightforward to see, using algebraic resultants between
the coefficients, that the vanishing of this remainder implies K’ = 0 in con-
tradiction with the hypothesis of Theorem 4.6 (in fact, we would be in a
case with n = 3). Hence, the previous remainder of fourth degree cannot
be the common divisor and the common divisor will be this last remainder
of degree 3 or the following remainders of lower degree. The conclusion is
that condition (4.13) can have at most three roots which are also particular
solutions of (4.9). It is necessary to point out that S; will be also a root of
the mentioned remainder of degree at most 3 whose coefficients are algebraic
expressions in K, L, M and N. Hence, §; will be, in general, also algebraic
in K, L, M and N. Following the classical Galois theory, we can think with
the extension Q[K, L, M], which is the field of the coefficients of (4.13), where
Q is the field of rational numbers, and Q[K, L, M| is the field obtained from
Q by adjoining K, L and M. Moreover, the extension of the previous field
Q[K, L, M, N| contains the roots of (4.13) which are also solutions of (4.9)
if the common divisor is of first degree. If the common divisor is of degree 2
or 3 we should use an algebraic extension of Q[K, L, M, N].

Condition (4.13) expressed in terms of the coefficients of the reduced Abel
equation (4.8), doing the change Y = Yq 3 (), is

V = (2835p1¢® — 1890pqq; + 1575¢7 — 945qq2)Y® + (3150pp1¢* — 315p2q?

—2100p*qqy — 420p1qq1 + 1960pg; — 840pqqa — 245q1g2 + 105gqs)Y™?

+(567p1¢” — 378pq*qy + 315qq7 — 189¢°qa)Y? + (675p°p1g”° + 315piq?

—225ppag? — 450p°qqr — 420pp1gqr + T5paqqn + 465p*aE + 275p1¢3

—75p%qqe — 210p1qqe — 185pqiqs + 3562 + T5pqqs — 25¢1q3)Y + 99pp1¢°

+63p2¢® — 66p°¢*qy — 159p1¢° 1 + 175pqqi — 13565 — T5pgPee

+1309q1¢2 — 21¢%gs = 0

(4.18)

In the same way that for the resolvent Abel equation (4.9), computing the
resultant with respect to Y between this quintic polynomial V' and its deriva-
tive DV, we can check if there is a root of (4.18) which is also a particular
solution of (4.8). If this root ry exists we can construct the quartic equation
Y4 —5,Y3 4+ 85,2 - 8,Y +5, =0, where S; = rg and

S, — 105¢% 51 +25(3pg® —qq1) S —21¢%51+9p1q> —6pgq1 +5¢3 —3qq2
4= —105¢53+25(g1—3pq) S1+21g2 )
55184+5¢52+3pg—
82 — 104 qul Pq QI’ (419)

Sz = 5152 — ¢,




4.9 Abel equations with four coplanar particular solutions 77

where the denominators are different of zero because we are in the case
q # 0 and K’ # 0. We recall that S; = ¢3()S;. Once the quartic algebraic
equation is built, if it has not multiple roots, we know that its simple roots are
coplanar. Let G1, G2, G3 and (G4 be these roots, the coplanarity coefficients
are

s = (~1)iq ( I - Gk>> (51— G ot -Sahean—yin
1<j<k<A, jk#i

(4.20)
for i = 1,2,3,4. These 4 coefficients a; and the 4 particular solutions G;(x)
allow us to construct the first integral (4.4) taking into account what we have
seen in Subsection 4.4. Another way to compute the «; from the knowledge
of the G;(x) is by using the homogeneous linear system with respect to the
Q;

a1 + Qg + a3 + Qy :0,
GlOél + G2a2 -+ GgOé3 -+ G4Oé4 = 07 (421)
G?O&l + G%ag + GgOz3 + Gi(lq = 0,

where the G;(x) can be evaluated in an arbitrary value of z for which they
are simultaneously defined. When particularizing the value of x we must
look for a value such that the rank of the homogeneous linear system (4.21)
is 3, because in an opposite case we would be in the case K’ = 0.

Finally, if we know a quartic invariant algebraic curve of a reduced Abel
equation, we can consider the coefficient of the cubic term divided by the
coefficient of the quartic term and changed of sign. If this function (located,
in principle, in the resolvent or in the reduced Abel equation or adapted as it
has already been seen if we are in the original Abel equation) is a particular
solution of the Abel equation and is a root of the quintic algebraic condition
((4.13) if we are working in the resolvent Abel equation or (4.18) if we are
working in the reduced Abel equation) and the quartic algebraic curve has
not multiple roots, then we are in the case described by Theorem 4.6. In this
case we can construct the coplanar coefficients and the first integral.

For the illustrative example given the Subsection 4.6, none of the two
algebraic invariant curves satisfies these conditions and consequently this
example does not fall in this case.
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4.10 Abel equations with more than four copla-
nar particular solutions

It seems natural the extension of the method of the previous section to Abel
equations with more than four coplanar particular solutions, i.e. for n > 4.
First, we must construct the system linear in the coplanarity coefficients
(like system (4.17) for n = 4) that allows us to find the first integral by
successive derivation. Later, we must demand that this system has null
determinant. This condition is symmetric with respect to the candidates
coplanar particular solutions and therefore expressible in terms of elementary
symmetric polynomials of these coplanar particular solutions.

Derivating this condition, taking into account the derivatives of the el-
ementary symmetric polynomials, we arrive to n equations in function of
the elementary symmetric polynomials. Eliminating each symmetric poly-
nomial until arriving to a unique condition (as condition (4.13) for n = 4)
with a supplementary condition (in the case n = 3 that the first elementary
symmetric polynomial (S;) is null or in the case n = 4 that the first elemen-
tary symmetric polynomial (S;) is a particular solution of the resolvent Abel
equation). These two conditions allows us to establish when we have n dif-
ferent coplanar particular solutions. We recall here the illustrative example
given in Subsection 4.6 which is a case with n = 9. They will also appear
degenerate cases that correspond to the case that the equation of degree n

V'Y (1) Sy =0, (4.22)
=1

constructed from the elementary symmetric polynomials, which is an invari-
ant algebraic curve of the resolvent Abel equation, has multiple roots (as the
cubic equation for n = 3 and the quartic equation for n = 4). Obviously,
this technique to approach this differential problem has a great analogy with
the algebraic problems solved with the classical Galois theory. Hence, the
method developed in this work constitute a new approach different from the
non linear Galois differential theory recently developed by Malgrange, see
[96, 97].
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4.11 The Chini Equation

In [36], Chini studied the equations of the form

% =a(z)(Y" +p(x)Y + q(x)). (4.23)
For m = 3 we have the reduced Abel equation. Doing the change Y = ¢'/™Y,
we have d)/dx = J(Y™ — KY +1). If Y = G(x) is a particular solution of
equation (4.23) then D, (Y — G) = (a(z)(31, Y™ 17G + p(a)) (Y — G),
where D, := 0/0z + a(z)(Y™ + p(x)Y + ¢(z)). Imposing to have a first
integral of the form (4.4), we obtain m — 1 conditions

zn:ai =0, zn:ozigi =0, zn:aigf =0, ..., zn:aig;”_Q =0. (4.24)
i=1 i=1 i=1 i=1

For K’ = 0 (except for some values of K which correspond to res(Y™ — KY +
1,mY™ ! — K,)) = 0), we have that the equation Y™ — KY + 1 = 0 has
m constant roots, and therefore we will have m different particular solutions
which satisfy (4.24). This implies that the minimum number of coplanar
solutions must be m and perhaps it is also the maximum. For instance,
for m = 4, it is easy to see that it is not possible to have n = 5 solutions
satisfying (4.24) without implying that they contain a subset of four solutions
n = 4 satisfying (4.24). Therefore, a straightforward generalization of our
method for Abel equations can be done for the Chini equations.

4.12 Concluding remarks

We have reinterpreted the known cases of solvable Abel equations which ap-
peared in Kamke’s book and other works (see [32, 75, 86]) reducing all the
cases to a unique case from a geometric point of view. Using this new ap-
proach we obtain new cases of solvable Abel equations.

This unique case correspond for n = 3 to have three collinear solutions
in the affine space of solutions of the Abel equation which is characterized
in Theorem 4.5. We have also solved the degenerate case when two of these
three solutions coincide, see Subsection 4.8.2. We have characterize the case
n = 4 i.e., the case when we have four coplanar solutions in the affine space
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of solutions of the Abel equation, see Theorem 4.6. The degenerate case for
n = 4, which is the case when the quartic algebraic equation (4.22) has not
all its roots simple, is still open and may be an achievable objective for a
future investigation. Obviously, we can also consider the case when we have
more than four coplanar solutions, i.e. the case n > 4, which remains open
its full characterization. In characterizing the cases with n > 4 can receive
the same limitations as in the classical Galois theory. A possible continuation
of this line of research is to find similar characterizations for higher-degree
equations such as the Chini’s equations.

4.13 Examples

It is straightforward to construct examples in the context of Theorem 4.6
because given four different arbitrary functions y = ¢1(z), y = go(2), y =
g3(x) and y = g4(z), with the unique condition of being coplanar, we can
solve the following linear system with respect to functions a(z), b(x), c(x)

and d(x)

Ga+gib+giectd = g,
gha+gab+gc+d = g,
gia+gib+gse+d = gj,

gra+ g2b+gic+d = g

which has a unique solution. The associated Abel equation will be an exam-
ple of Theorem 4.6 except if ¢ = 0 or K’ = 0 and it can also happen that the
associated quartic has not simple roots. The examples are described working
with the reduced Abel equation to avoid fractional exponents.

Example 1. Consider the Abel equation

Z—Jyg = a(z)y® + b(z)y?, (4.25)
with (a/b) = b, and v € C — {0}, equivalent to have b(z) = B'(z) and
a(x) = vB(x)B'(x) with B(x) an non constant arbitrary function. This Abel
equation is studied in [86], page 26, as sub-method (f). Through the change
of dependent variable y = Y — b(z)/(3a(z)) =Y — 1/(3yB(zx)), we obtain
the reduced Abel equation (4.8) with p(z) = —1/(37v*B(z)?) and ¢(z) =
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(2 —9v)/(27y*B(x)3). For v = 2/9 is a Bernoulli equation, hence from now
on we consider v # 2/9. If we compute K we get K = (3(1—37))/(97 —2)3
which is a constant (K’ = 0) and we are in the conditions of Theorem 4.5 if
K3 # 27/4. For simplicity we consider the case v = 1/3 and B(z) = = which
has K = 0 and ¢ = —1/23. The resolution of the cubic algebraic equation
gives k1 = —wy = —1, ko = —w; and ks = —w_;, where w; are the cubic
roots the unity, see Section 4.8.2. From Section 4.8.1, a first integral for the
reduced Abel equation is

H(z,Y) x2(Y—%)(Y2— “o1) (Y__)fz

o (v
Vi

24 ly 4+ L) (v L
(Y —2)? Y+§—2Laj '

Going back to the original Abel equation through the inverse change ¥ =
y + 1/z, the first integral of the Abel equation (4.25) with v = 1/3 and
B(x) ==z is

o) = s ()
_ x2y2+l23xy+3 2\/§arctan(2 \QS)
y
The case K3 = 27/4, which implies in this case 7 = 1/4, is a degenerate case
studied in Section 4.8.2.

In [57], the Abel equation (4.25) where a(z) and b(z) are polynomials in =
is considered. For two given points a and b in C, the “Poincaré mapping” of
the above equation transforms the values of its solutions at a into their val-
ues at b. In [57], the global analytic properties of the Poincaré mapping are
studied, in particular, its analytic continuation, its singularities and its fixed
points (which correspond to the periodic solutions such that y(a) = y(b)).
In Section 5 and 6 of [57] the equation dy/dx = vyzy® + y?* is studied as a
local model of the previous Abel equation near a simple fixed singularity, and
for the discriminant value v = 1/4 it is proved the existence of an infinite
number of periodic solutions. This particular case is easier investigate than
that of generic ~.

Example 2. We construct an example using the introduction of this section.
We can take gi(z) = 2 — 2, g2(x) = 2, g3(x) = 1 and g4(x) = 0, which are
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coplanar particular solutions taking a; =1, ap = —1 a3 = 2 and ay = —2.
The Abel equation turns out to be
dy  (=2z+3)y® + (322 — 62 + 3)y® + (=322 + 8x — 6)y

i 2@ —2)(=—3) . (426)

and taking into account what we have seen in Subsection 4.4 and 4.4.1, a
first integral for the Abel equation (4.26) is

?(x—2)(y =1y —z+2)
(x =33z — Dy*(y —x)

Now we are going to check how our method works for the Abel equation
(4.26). Computing p(x), ¢(x) following Subsection 4.7.1 and also p;(x) for
i = 1,2 and ¢;(z) for ¢ = 1,2,3, and substituting in (4.18), eliminating a
common factor in z, we get the quintic equation V' = 0 with V = ((2z —
Y +1)((2x — 3)Y + 2% —dx +4)((2x — 3)Y + 2 — 2z + 1)((4x* — 242° +
5722 — 632 +27)Y 2 + (—42° + 30x* — 962° + 1622% — 1442 +-54)Y + 2% — 92° +
352% — 7523 +952% — 69x +23). The resultant with respect to Y between this
quintic polynomial V' and its derivative DV is null which implies that there is
a root of (4.18) which is also a particular solution of (4.26). The polynomial
remainder of the Euclidean division between DV and V with respect to Y
is the product of the first linear factors of V. In this case we have that the
maximum common divisor is the highest possible. Hence, we have 3 roots
of the quintic polynomial which are also particular solution of (4.26). These
roots are rg =Y = —1/(2z —3), r; =Y = —(2? — 4z + 4)/(2z — 3) and
ry =Y = —(2? — 2z + 1)/(2x — 3). For each particular solution we can
construct the quartic invariant algebraic Y4 — S,Y3 + S,Y?2 — S5V + S, = 0,
where S; is the root and Sy, S5 and S, are given in (4.19). Taking the first
root S; = g, the roots of this quartic polynomial are Gi(x) = (2% — 5z +
5)/(2z —3), Ga(x) = (2 —x —1)/(2x — 3), G3(z) = —(2* —4x +4)/(2x — 3)
and Gy(z) = —(2® — 2z + 1)/(2z — 3). Through the inverse change Y =
y — (22 — 22+ 1)/(2x + 3) (to pass from the reduced Abel equation to the
original Abel equation (4.26)) we obtain the four coplanar particular solutions
g1(z) =2 =2, go(x) = 2, g3(x) = 1 and g4(z) = 0. Moreover, r; = G3 and
ro = G4. Using ry or ry to construct the quartic invariant algebraic curve we
arrive to similar results. To determine the coplanar coefficients we can use
(4.20) or the homogeneous linear system (4.21) evaluating the G;(z) in an
arbitrary value of x for which they are defined simultaneously. In this case

h(z,y) =
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we get G1 — G + 2G5 — 2G4 = 0 and using the Subsection 4.4 and 4.4.1, we
obtain the first integral of the Abel equation (4.26).
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Chapter 5

Essential variables in the
integrability problem of planar
vector fields

5.1 Introduction

Differential equations appear naturally in the description of many phenomena
of nature. Once the local equations are formulated in a particular context,
the next problem is to solve these equations. The first attempt to solve
differential equations either explicitly or by series expansions goes back to
Euler, Newton and Leibniz and the subsequent works of Lagrange, Poisson,
Hamilton and Liouville. The notion of integrability was introduced to de-
scribe the property of equations for which all local and global information
can be obtained either from the solutions or implicitly from the constants of
motion. The local analysis of the differential equations, close to its complex
time singularities by Kovlevskaya and Painlevé and its phase space singulari-
ties by Poincaré allows us to find global properties of the differential systems
and the research has shifted its interest away from the theory of integrability.
In fact, the innovative idea of Painlevé was to generalize the notion of small
parameters in perturbation theory by introducing an artificial parameter « in
the equation in such away that, if the equation is single-valued for all a # 0,
then it is also single-valued for v = 0 (the Painlevé a-method). The main
difficulty is to choose a good parameter « such that the equation for a = 0
can be immediately integrated (find its solution). This can be achieved, for

85
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instance, by using a scaling symmetry. The exact solution of the equation for
a = 0 provides a starting point in a perturbative expansion of the solution
in powers of a.. This idea is applied in this chapter but in a different context
to find the perturbative expansion or the singular series expansion of the
first integral (not necessarily perturbative) of a planar differential system. In
[83] it was studied the connection between the existence of first integrals (in-
variants) and the Painlevé property in two-dimensional Lotka-Volterra and
quadratic systems. The conclusion was that the Painlevé property is a too
strong condition for the existence of the first integrals (invariants).

The success of dynamical systems theory was so overwhelming that ex-
acts methods of integration were considered for years useless and non-generic.
However last years, solitons, pattern formation and ordered structures are
the key features of systems with infinite degrees of freedom and have show
how crucial is the understanding of the phenomena of integrability and non-
integrability in dynamical systems. For dynamical systems a universal defi-
nition of integrability seems elusive. Integrability in dynamical systems has
different meanings for different contexts, see [79]. In this chapter we focus
our attention in the the integrability problem of planar nonlinear differential
equations and in this context the notion of integrability is based on knowl-
edge of a first integral which can be represented by the combination of known
functions or by its series expansion.

In [27] it was proved that every local flow on a two-dimensional manifold
M has continuous first integral on every canonical region. Moreover in [90]
it was improved this result establishing that every C" local flow on a two-
dimensional manifold M has a C” (respectively C*°, C") first integral for
r € N (respectively r = 0o, w) on every canonical region. Hence, around
every regular point of a planar analytic differential system there exists an
analytic first integral. This is not in general true for a singular point and the
objective of present chapter is to investigate when this happens or to obtain
information about the singular series expansion of the first integral.

5.2 The method

We consider two—dimensional autonomous systems of real differential equa-
tions of the form

i':P(xay)a y':Q(x,y), (51)
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where P(z,y) and Q(x,y) are analytic functions defined in a neighborhood of
the origin such that P(0,0) = Q(0,0) = 0 and there is no d(z,y), non—unit
element of the ring of analytic functions defined in a neighborhood of the
origin, which divides both P(z,y) and Q(z,y).

Definition 5.1 A point (xg,y0) € R? is a singular point for system (5.1) if
both P(zo,v0) = 0 and Q(xo,yo) = 0.

Without loss of generality, by translating to the origin any singular point,
we may assume (xg, o) = (0,0). It is clear that the origin is a singular point
for (5.1) and since P(x,y) and Q(z,y) are coprime elements of the ring of
analytic functions defined on a neighborhood of the origin, the set of singular
points for (5.1) is a discrete set in the domain of (5.1). Thus, we may always
assume that the neighborhood of the origin considered contains no singular
points except for the origin.

To implement the method we introduce a scaling of the variables and the
time given by (z,y,t) — (ePx, ey, e"t) where ¢ > 0 and p, ¢ and r € Z and
system (5.1) takes the form

i =c""P(ePx,ely), G =e1Q("w, ), (5.2)

We choose p, ¢, 7 in such away that system (5.2) will be analytic in . Hence,
by the classical theorem of the analytic dependence with respect to the pa-
rameters we have that system (5.2) admits a first integral which can be
developed in power series of € because it is analytic with respect to this
parameter. Hence we can propose the following development for the first
integral

H(z,y) =Y *hi(,y), (5.3)

where hy(x,y) are arbitrary functions. We notice that P(x,y) and Q(z,vy)
are analytic functions, none of them can be null and P(0,0) = Q(0,0) = 0,
so we can develop them, in a neighborhood of the origin, as convergent series
of z and y of the form

P(z,y) = pu(z,y)+ppi(z,y) +... +pj(z,y)+..., (5.4)
Qx,y) = gz, y) + tni1(z,y) + ... +qi(z,y) + ..., ’

with n = min{subdeg, o P(7,y), subdegnQ(z,y)} > 1. We recall that
given an analytic function f(z,y) defined in a neighborhood of a point
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(x0,%0), we define subdeguxwo)f(x,y) as the least positive integer j such
that some derivative (07 f/0z'0y?~")(xo, yo) is not zero. We notice that this
computation depends on the variables (z,y) which the function f(x,y) de-
pends on, so we will explicit the variables used in each computation of subdeg.
For instance, subdeg,,, .., f(%,y) = 0, if and only if, f(zo,y0) # 0. In (5.4),
pi(x,y) and ¢;(z,y) denote homogeneous polynomials of x and y of degree
j > n. It is possible that p,(x,y) or ¢,(z,y) is null but, by definition, not
both of them can be null.

As the simplest case we consider the case with p = ¢ = 1. To develop the
method we introduce the rescaling of the variables (z,y,t) — (ez,ey,e'™"t)
and system (5.4) takes the form

T = P(I,y) = pn(x7y) + €pn+1(907y) + -+ Ef"pj(%y) + - (55)
U=Q(r,y) = q(x,y)+ecqnii(z,y)+---+ gz, y) + - -

Now we propose a formal series in € as a first integral of the form (5.3) and
we obtain the following straightforward result:

Proposition 5.2 If system (5.5) has the formal series (5.3) as a formal first
integral in g, i.e., imposing the condition H= PH,+QH, =0 and developing
in power series expansion of €, we obtain that hy s the first integral of the
homogeneous system

& =pu(2,y), U= qu(z,y). (5.6)

and the functions hy(x,y) satisfy the following recursive differential equations

k

Pn aah mz <pn+m ahk “ + An+m 8}g€ym) = 0. (5'7)

In fact, the method works at the same form that if we impose that system
(5.4) has a first integral which can be expanded as a formal series of homoge-
neous parts, imposing H = 0 we arrive also to condition (5.7). The difference
is that now, using the parameter ¢, the functions need not be homogeneous
parts and we can construct also a singular series expansion in the variables
x and y. What it is also important is that we can use different scalings of
variables (x,y,t) — (ePz,e%,e"t) where ¢ > 0 and p, ¢ and r € Z. On the
other hand, the method depends strongly on hq the first integral of the homo-
geneous system (5.6) and as more simpler is hy more we can go beyond with
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the method. However, hy can be chosen using different scalings of variables
(z,y,t) — (ePx,e%,e"t) where ¢ > 0 and p, ¢ and r € Z, in such a way that
ho will be as simple as possible. The following straightforward result gives
the form of this hyg.

Proposition 5.3 The first integral hg of the homogeneous system (5.6) is of

the form
0 (Zé(u) — U ’ '

where ¢(u) = qn(1,u)/pp(l,u) and u = y/z.

Moreover, we will see through the examples that the form of hy suggests
the natural changes where the initial system (5.4) takes the simplest form.
We remark that not always we obtain, after the scaling of variables and time,
a homogeneous system for ¢ = 0. The method gives necessary conditions to
have analytic integrability or a singular series expansion around a singular
point and information about what we call the essential variables of a system.

Definition 5.4 The essential variables of system (5.4) at a singular point
translated to the origin, are the variables where hg takes its simplest form.

The more easy situation is that once the first term hg is computed, the
change of variables (z, z) = (x, ho(z,y)) reduces the system into a new one
for which the scaling method presented in this chapter is more effective. In
these essential variables, the system also takes its simplest form. In some
cases, when we write system (5.4) in its essential variables, the system re-
duces to a linear equation or to a Riccati equation . Therefore, the method
is also an alternative method to detect if a system reduces to some integrable
equation. The essential variables of a given system are not unique because
the choice of the values p, ¢ and r is neither unique nor automatic. Therefore,
when we apply the scaling method presented and we transform the system
into its essential variables, or the system reduces to an integrable equation
or we have recursive differential equations for the functions h; that give us
information about the series expansion that admits system (5.6) as a first
integral. See the examples presented in the following sections.

In a similar way that in the analysis of the Painlevé a-method, see for
instance [89], we have the following result respect to our method for the case
when ¢ is a small parameter and the series (5.3) is a perturbative expansion.
We omit the proof which is formally the same that in the Painlevé case.
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Theorem 5.5 Let X = F(X;¢) the transformed system of (5.1) via the
scaling of variables and time, which is analytic in a path connected domain
(X,e) € (Dx C R*,D. C R). For a given singular point and 6 € R
sufficiently small, the first integral (5.3) is single-valued for all € such that
le| < & if and only if each hi(z,y) of (5.3) is single-valued for all k.

However, for the method developed in this chapter the parameter £ needs
not be small. The parameter € may be relatively large (for instance ¢ — 1).
The convergence of series (5.3) must be analyzed in each particular case, and
the convergent rate depends upon the nonlinear terms of the system (5.4).

In the following sections we present how works the method to obtain the
essential variables where the original equation takes the most simplified form
and to obtain the necessary conditions of analytic integrability or how to
obtain a singular series expansion of the first integral.

In our analysis when we consider the above expansions from a formal per-
spective, we will ignore questions of convergence. As system (5.6) is analytic,
according with the result of Mattei and Moussu [98], once the existence of a
formal first integral has been established, we can ensure that there is also an
analytical first integral around the isolated singular point.

When the authors had a first version of the present work they received a
version of the paper [1]. In [1], it is considered the perturbations of quasi-
homogeneous planar Hamiltonian systems, where the Hamiltonian function
does not contain multiple factors. For such a kind of systems it is character-
ized the integrability problem, by connecting it with the normal form theory.
The authors of [1] remark that the most interesting cases (linear saddle, lin-
ear center, nilpotent case, etc) fall into the category studied in their work. In
[1] quasi-homogeneous systems are considered, but as they remark in their
work any vector field F can be expanded in quasi-homogeneous terms of
type t of successive degrees. The key idea is to introduce a parameter ¢ by
means of the the scaling x = E X, with X € R? and where E is the diagonal
matrix E = diag{e"",}. Then, they get the system x = E~'F(EX) and
expanding in ¢, it is possible to write the system into the form

X =F,(X)e" + F, 1 (X)e T + - .. (5.9)

where each term Fj € Pl is quasi-homogeneous of type t and degree k.
Finally, it is enough to put € = 1 to recover the original vector field F.
Hence, in some sense, the key idea is the same but here using directly the
scaling of variables and also a time rescaling and using the method not only
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to detect formal integrability but also to construct singular series expansion
of the first integral and the inverse integrating factor. The main result in [1]
is stated as follows:

Theorem 5.6 Assume that system (5.9) satisfies that the lowest degree term
F, in (5.9) is Hamiltonian, that is, ¥, = X, for certain h € ﬁﬂﬂ and the
decomposition of h has only simple factors (they are x, y and y"* — ax'
with a € C). Then (5.9) is formally integrable if and only if it is formally

conjugated to a Hamiltonian system.

This theorem shows the important results that can be found using the
scaling method presented in this chapter.

5.3 The abel equation

In [32] a classification of the Abel equations known as solvable in the lit-
erature was presented. In [75] it is showed that all the integrable rational
Abel differential equations that appear in [32] can be reduced to a Riccati
differential equation or to a first—order linear differential equation through
a change defined by a rational map. The change is given explicitly for each
class and it is found in a unified way from the knowledge of the explicitly
first integral. We will see in this section through an example how the method
presented in this chapter gives the rational map which reduces to a Riccati
differential equation or to a first—order linear differential equation. In [32],
it appears for instance the Class 2, given first by Liouville [92], which is the
Abel equation

—Z =3 — 219, 5.10
- Ty (5.10)

Equation (5.10) has the associated differential system
g =1y — 2wy, =1

Now, doing the rescaling of variables (z,y) — (ePz,e%) with p,q € Z we
have
g = e%y® — 2ePTgy?, T =P,

which has the associated Abel equation

@ — 8;D-‘v-qu3 . 252p+qu2‘

dx
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Taking ¢ = —2p and p = —1 we have

dy 3,3 2

. — 2zy°. 5.11

o=y 2ay (5.11)
Now we propose a formal series in ¢ as a first integral of the form (5.3)
where h is the first integral of the system y = —2zy?, # = 1. Imposing

the condition H = 0 and developing in power series expansion of €, the first
equation for €° is a partial differential equation for hy given by

% — 2xy2% =0,

ox dy
whose solution is ho(z,y) an arbitrary function of (z%y — 1)/y. Just taking
this value as a new variable z = (z?y — 1)/y we obtain that the original
equation (6.14) is transformed to the Riccati equation dz/dz = —2? — z.
Therefore the essential variables in this case are (z,2) = (z, (z%y — 1) /y).

Sometimes the process must be repeated because the essential variables

are not any of the original ones. Hence, the change is given by a rational
map in both variables.

5.4 Some examples of nonlinear differential
systems

Example 1. Consider the following system
& =—y, v=azx+by+y> (5.12)

First we are going to see what happens if we do the rescaling of variables
(z,y) — (ex,ey) which is equivalent to impose that system (5.12) has a first
integral which can be expanded as a formal series of homogeneous parts. The
system after the rescaling (x,y) — (ez,ey) takes the form

T =—y, ©=azx+by+ey’

We now propose a formal series in € as a first integral of the form (5.3) where

ho is the first integral of the homogeneous system y = —y, & = az + by.

Imposing the condition H = 0 and developing in power series expansion of

g, the first equation for €° is a partial differential equation for hy given by
Oho Ohg

—ya—x + (ax + by)a—y =0,
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whose solution is ho(x,y) an arbitrary function of

b+2y/x
b arctan [m}

1
— + =logla+by/x+y*/a?] +logx,
Nzree 5108 [a+by/z +y* /"] +log
and it is no possible go further. Therefore the homogeneous rescaling does
not give information about the integrability problem of system (5.12).
Now we apply the following rescaling of variables (z,y) — (ePx, %y) with
P, q € Z we have

y=ac”x +by+ ey T = —e PHiy,
which has the associated orbital equation

d a2y
ﬁ = —bheP 1 - — = Py,

Taking p = 0 and ¢ = —1 we have

dy b ag’x
— = —pDE —
dz

— . (5.13)

We propose a formal series in € as a first integral of the form (5.3) where hy
is the first integral of the system y = —y, £ = 1. Imposing the condition
H = 0 and developing in power series expansion of ¢, the first equation for
¥ is a partial differential equation for hg given by

Ohyg Ohyg
T Ty
Ox +y oy ’

whose solution is hg(x,y) an arbitrary function of e®y. Just taking this
value as a new variable z = e*y we obtain that the original system (5.12) is
transformed to

Z=—e"(ae"r+b2), =z (5.14)

In these new essential variables (z,z), the system becomes simpler. It is
straightforward to see that if a = 0 the orbital equation is of separate vari-
ables and a first integral is H(x,z) = z 4+ be®, and if b = 0 the orbital
equation is also of separate variables and a first integral is given H(z,z) =
2?/2 + ae*(2z — 1) /4. Hence in the following we consider the case ab # 0.
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Now, we apply the another rescaling of variables (z,z) — (M, ek22)
with ki, ko € Z and we obtain

. k _ k . _
5= —qe TRy _pety i =gk iy
which has the associated orbital equation

a e2ak1 @ o 2k1—2ks .

% _b€€k1x€k1fk2 _
dx z

Taking k; = 0 and ky = —1 we have

dz ce’(ace®x + bz)

— = . 5.15
dx z ( )

Now we propose a formal series in € as a first integral of the form
H(x,z) = ho(x,2) + ehy(z,2) + -+ hj(z,2) + -+, (5.16)

where hg is the first integral of the homogeneous system z = 0, z = 1, i.e.,

ho(z,y) = z. Imposing the condition H = 0 and developing in power series

expansion of €, we obtain the recursive partial differential equation given by
8hk ahk—z ahkz—l

=qe® +be’z

Z(?_x N 0z 0z

Hence, we have

1 0y ONg—2 » Ohp_q
hk—;/<ae 5z +be*z P )d:z:.

In fact, it is easy to see that hy has the form hy = ae** Py(x)/2*1 where Py
is a polynomial of degree < k. Therefore the first integral for system (5.14) is
H(z,z) =Y o, ae* Py(x)/z"! and taking into account that z = e”y system
(5.12) has a singular first integral of the form

Hioy) = y Pu(z).

k=0
Example 2. Consider the following differential system

b= —y22®+y*+ (2* + )7,
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System (5.17) appears in the book of Nemytskii and Stepanov in [102, p.122]
and it has a degenerate center at the origin because for this system we know
the C'*° first integral

H(z,y) = (22° + y*) exp(—1/(2* + %)), (5.18)

and this first integral determines a family of closed curves each of which
surrounds the origin. Notice that system (5.17) has the symmetry (x,y,t) —
(r,—y,—t). But this system is not analytically (nor formally) integrable
in a neighborhood of the origin because the equation H = 0 implies that
H = Hyy, + Hopyo + -+ -, where Ho,, = (22 + %)™ with m > 1, and this is in
contradiction with the terms of degree 2m + 4 of H = 0. On the other hand
system (5.17) has the simple inverse integrating factor V = (224y?)?(222+y?)
defined in the whole plane. We are going to see how the method developed
in this work gives the above first integral and the above inverse integrating
factor. System (5.17) after the rescaling (z,y) — (ex,ey) and the adequate
time rescaling takes the form

IE:—y [2$2+y2+52<$2+y2)2], y:$[2$2+y2+282<$2+y2)2} ]

We now propose a formal series in € as a first integral of the form (5.3)
where hy is the first integral of the homogeneous system y = —y(222 + y?),
i = x(22% +3?), ie. hy = 22 + y®. Imposing the condition H = 0 and
developing in power series expansion of €, the next equation for ! is a partial

differential equation for h; given by

8h1 8hl
—y(22* + y*)—— + 2(22* + y*) = =0,
y( y) 5, tal y) 3y
whose solution is h;(z,y) an arbitrary function of x? +y*. Taking hy(z,y) =
0, the next equation for 2 is a partial differential equation for hy given by

on,

gy T2+ =0,

Oh
—y(22% + ?f)a—; + z(22” + y?)

whose solution is given by ha(x,y) = (22 + y*)log(22* + y?) + fo(z?® + v?)
where fy is an arbitrary function. Taking all the arbitrary functions equal
zero, we obtain the following results for the recursive differential system

hoso1 =0,  hys = (2% +y?)* T (log(22” + 3?))*.



96 Essential variables in the integrability problem of planar vector fields

Hence we obtain the formal series
H(z,y) = (2> +¢? Zx + )% (log (22 + %)),
s=0

which for (z,y) near the origin gives

x2—|—y2 1

H
() = 1= (a2 +2)log(22? +y?) —log(22? +y2)

(5.19)

242 +y

From here we have that

H(r,y) = ———

T log(22* + ?),

is also a first integral and taking exponentiation we obtain the first integral
(5.18) given also in the book of Nemytskii and Stepanov for this case.

It is also possible, instead of use a development of the first integral (5.3),
a development of the inverse integrating factor of the form

where V; is the inverse integrating factor of the homogeneous system (5.6).
Imposing the condition PV, + QV, — (P, + @,)V = 0, and developing in
power series expansion of €, we obtain a recursive differential equations for
the Vi(z,y) in the same way that for a first integral.

Hence, system (5.17) after the rescaling (z,y) — (ex,ey) and the ade-
quate time rescaling takes the form given above. If we now propose a formal
series in € as an inverse integrating factor of the form (5.20) where Vj is
the inverse integrating factor of the homogeneous system 3 = —y(222 + y?),
T = x(22% + y?), i.e., Vo = 222 + y%. Now, imposing the condition PV, +
QV, — (P + Q,)V = 0 and developing in power series expansion of ¢, the
next equation for ! is a partial differential equation for V; given by

5, 0V}

ov;
22 +
—y( v n

Ox
whose solution is given by Vi(z,y) = (22 + y*)g1(2* + y*) where g; is an
arbitrary function of z? 4+ y2. Taking V;(z,y) = 0, the next equation for &
is a partial differential equation for V5 given by

v,
+ 2(22% 4+ y*) == = —2ayVs + day(2® + y*) (22% + y7),

oV,
2% +
—y( v = 9y

ox
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whose solution is given by Vi(z,y) = —2(z* + *) (222 + y?) log(22* + ¢?) +
(222 +y?) g2 (22 +y?) where g, is an arbitrary function. Taking go(x,y) = 0, the
next equation for €2 is a partial differential equation for V3 whose solution is
given by V3(z,y) = (22%+y?)gs(x*+y?) where g3 is an arbitrary function. We
take g3(x,y) = 0 and the next equation for ¢* is a partial differential equation
for V; whose solution is given by Vi(z,y) = (2 + v*)*(22? + y*)(log(22? +
y*)? + (222 + y?)ga(x* + y*) where g, is an arbitrary function. We also take
g4(x,y) = 0. Taking all the arbitrary functions equal zero, we obtain the
following results for the following recursive differential system V;(z,y) = 0
for 7+ > 5. Hence we obtain the formal series

V(z,y) = (22> + y?)(—1 + (¢ 4+ y*) log(22* + °))?,

which is indeed and inverse integrating factor of system (5.17). Finally, we
obtain a polynomial inverse integrating factor doing the computation

V=VH = (" +y°) (2" +y)
where H is given by (5.19).

Example 3. In [99] Moussu gives another example of a real polynomial
differential system having a degenerate center for which a local analytic first
integral does not exists. The example of Moussu is
222
p=y', g=-20+ 2y . (5.21)

The above system has a center at the origin because the origin is a mon-
odromy singular point and the system is invariant under the symmetry:
(x,y,t) — (z,—y, —t). However, system (5.21) is not analytically (nor for-
mally) integrable in a neighborhood of the origin. This conclusion is obtained
quickly if one tries to impose that system (5.21) has a first integral that will
be developed in power series. First, it is important to remark that the map
(z,y) — (z, 2?) transforms system (5.21) into the system

T =—z, =203+ 2%2

which has a nilpotent singular point at the origin of node type.
We now apply the method to system (5.21). Hence, doing the rescaling
of variables (z,y) — (ePz, %) with p, ¢ € Z we have

$2y2

2 Y

T = 53‘1_1’?/3’ j = —e3P=a,3 + g2pta
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which has the associated orbital equation

dy 4T o X2
2= gtrdel  p2q

dx Y3 2y

Taking p = 2¢/3 and ¢ = —3/4 we have

dy x> 2P
— =—c—+ —. 5.22
dx ¥ 2y (5:22)
We propose a formal series in ¢ as a first integral of the form (5.3) where hy
is the first integral of the system y = 2?2, @ = 2y. Imposing the condition
H = 0 and developing in power series expansion of €, the first equation for
e’ is a partial differential equation for hy given by
oh oh
S LALELID

Ox J oy =0,

whose solution is hg(x,y) an arbitrary function of 3y* — 2. Just taking this
value as a new variable z = 3y* —2® we obtain that the original system (5.21)
is transformed to

s = —18z7, i=2"+z (5.23)

In these new essential variables (x, z), the system becomes simpler. Now, we
apply the another rescaling of variables (z,2) — (eMx,e2) with ki, ko € Z
and we obtain

b= —18%k17hy3 G =eggd 4 hhiy
which has the associated orbital equation

dz —18e3k1—k243

dr kg3 4 gha—kiy’

Taking ky = ko = 1 we have

dz  —18&%x3
% = —82.%3 e (5.24)

Now we propose a formal series in € as a first integral of the form

H(x,z) = ho(x,2) +ehy(z,2) + -+ hj(z,2) + -+ -, (5.25)
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where hg is the first integral of the system z = 0, @ = z, i.e. ho(z,y) = 2.
Imposing the condition H = 0 and developing in power series expansion of
€, we obtain the recursive partial differential equation given by
Ohy, Ohy_1 3O0hy_4
—

ZF 187
6Z8m s 0z or '’

for k even because it is possible to choose hy = 0 for k odd. Hence, we have

1 3 Ohi_1 3O0hi_1
hk_ﬁ_z <18x 0z Y o >dx,

for k even. In fact, it is easy to see that hj has the form

2k 2k—1 3k/2+1
. Crx Craz Ck/Q 23k
k-1 k=2 k)2 ’

hy,

for k even and where C}, are fixed constants. Therefore the first integral for
system (5.23) is

e C, 2k O, 2k—1 C xSk/2+1
H(;U,z):Z( k-1 T + k2% _|_..._|_k/2—>.

k=1 k=2 k2
k=0

for k even. Taking into account that z = 3y* — 22 system (5.21) has the
singular first integral

oo O Q;Qk C,. ka—l C $3k/2+1
H(Z’, y) = Z ((3 2k_1x3>k1 + (3 ’; i 1-3)]6*2 + oo+ _(31922_ $3>k_/2) .
k=0 Y y Y

5.5 On the center problem

Consider a real quadratic system of ordinary differential equations on R?
with an isolated singular point at the origin, at which the linear part are
non-zero pure imaginary numbers. By analytic change of coordinates and a
constant time rescaling the system takes the form

U=V,  D=uA--- (5.26)

The classical Poincaré-Liapunov center theorem states that the origin is a
center if and only if the system admits an analytic first integral of the form
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d(u,v) = u? +v? + -+, see for instance [70, 76, 77, 78, 122] and references
therein. The method developed in this work can also be applied in this case,
where hg = u? + v? and we obtain a recursive differential equation for the hy,
of the form (5.7). Clearly the method described in this chapter can also be
used to detect nilpotent centers and also degenerate centers. In this way, in
[1], it is used to rediscover the Poincaré theorem for nondegenerate centers
and the Strozyna and Zoladek theorem for nilpotent centers with analytic
first integral.

5.6 On the resonant center problem

If system (5.26) is complexified in a natural way by setting z = u + v then
we have a differential equation of the form 2z = iz 4+ ---. In this case one
constructs, step-by-step, the formal first integral ® = 2z + - - - satisfying the
equation ® = vs|z|* 4 vs|2[° + - - -, where the coefficients v; called the focus
quantities are polynomials of the coefficients of the original system. The
theorem of Poincaré-Liapunov [91, 109] says that when all the v; = 0 then
the point z = 0 is a center. Existence of a first integral ¢ is equivalent to
existence of an analytic first integral for the complexified equation of the form
® = zz+- - -. Taking the complex conjugated equation there arises an analytic
system of ordinary differential equations on C? of the form 2 = iz + - - -,
w = —iw + - - -. Hence, after the complexification the system is transformed
into an analytic system with eigenvalues +i and —i. This is the [1 : —1]
resonant singular point and the numbers v; become the coefficients before
the resonant terms in its orbital normal form. This was the way chosen by
Dulac [51] to approach the center problem for quadratic systems, see also
[38, 117].

The next natural generalization of the above theory is to consider the case
of a polynomial vector field in C? with [p : —¢] resonant elementary singular
point

T=pr4+--, Y=—qy+---, (5.27)
where p, ¢ € Z. These facts motivate the generalization of the concept of real
center to certain classes of systems of ordinary differential equations on C2.

In this case we have the following definition of a resonant center or focus,
coming from Dulac [51] see also [127].

Definition 5.7 A [p: —q] resonant elementary singular point of an analytic
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system is a center if, an only if, there exists a local meromorphic first integral
® = hg+---, with hg = xPy?. This singular point is a resonant focus of order
k if, an only if, there is a formal power series ® = xPy?+- - - with the property
i):gkh§+1_|_...

The saddle-node case, i.e., the [1 : 0] resonance, and the node case, i.e.,
the case with ¢ < 0 < p, were studied in [127]. We focus our attention in the
resonant saddle case, i.e., 1 < p < g assuming (p,q) = 1. In this case we have
that p > 0, ¢ > 0. Hence, the linear part has analytic first integral hy = z9y?
and we can seek the conditions for the existence of an analytic first integral of
the form ® = ho+- - - such that ® = g h2+goh3+- - - and the [p : —¢| resonant
focus numbers g; are also polynomials of the coefficients of the system. The
resonant saddle case is also studied in [39, 59, 82, 115, 127]. The method
developed in this work can also applied in this case, where hy = 2% and we
also obtain a recursive differential equation for the next h;. The obstructions
to the analyticity of each hj are the necessary conditions to have an analytic
first integral.
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Chapter 6

Composition conditions in the
trigonometric Abel equation

6.1 Introduction and statement of the main
results

We consider the ordinary differential equation

D a0+ ar(0)” (6.1)
where p is a real variable and a;(f) are trigonometric polynomials in 6 for
i = 1,2. When a,(f) and ay(f) are identically zero, we say that (6.1) is a
trivial center. We shall denote the derivative of p with respect 6 by dp/df or
p’. We can solve equation (6.1) by the Picard iteration and find a solution
which is unique with the prescribed initial value p(0) = po. We say that
equation (6.1) determines a center if for any sufficiently small initial values
p(0) the solution of (6.1) satisfies p(0) = p(27). The center problem for
equation (6.1) is to find conditions on the coefficients a; under which this
equation determines a center.

The original center problem arises from the study of the planar analytic
differential systems first studied by Poincaré [109] and later by Liapunov [91]
and other authors, see [13, 51, 58, 87, 88]. In the case of a non-degenerate
singular point the system can be written into the form

x:—y—i—P(x,y), yzz—i—@(aj‘,y), (62)

103
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where P and () are analytic functions without constant and linear terms,
Le., P(z,y) = > .2y P(x,y) and Q(z,y) = > =, Qi(z,y), where P, and Q;
are homogeneous polynomials of degree i. Poincaré proved that the origin
of system (6.2) is a center if and only if the coefficients of P and @) satisfy a
certain infinite system of algebraic equations called the Poincaré-Liapunov
constants . We note that taking polar coordinates x = r cosf and y = rsinf
system (6.2) takes the form

= 2; (0, =1+ Z;gs(e)rs_l, (6.3)

where

fi(0) = cos OP;(cos 0,sin @) + sin 0Q;(cos b, sin ),
g:(0) = cos 0Q;(cos 0, sin f) — sin O P;(cos @, sin 9).
We remark that f; and g; are homogeneous polynomials of degree i+ 1 in the

variables cos# and sinf. In the region R = {(r,6) : 6 > 0} the differential
system (6.3) is equivalent to the differential equation

d?” Z sz( S +1
_ S= ’l '4
A0 1T+ 52, gu(0) ot ;“Z (64)

where, since P and () are analytic functions, we have expanded as an analytic
series in r to obtain equation (6.4) whose coefficients a;(6) are trigonometric
polynomials. This reduces the center problem for the planar differential
system (6.2) to the center problem for the class of equations (6.4).

In the particular case that P and () are homogeneous polynomials of
degree n then equation (6.4) takes the form

dr f(O)r"

W= T3 g0 (65)
using the Cherkas transformation (see [34])
1 ' ‘ pU/(n=1)
p = 5 1g00) whose inverse is r = 1= pg @)D" (6.6)
the differential equation (6.5) becomes the Abel differential equation
dp

25 = (n=1J(0)=¢0)p* = (n = 1)[(0)9(0)p" (6.7)
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which corresponds to equation (6.1) with a;(0) = ((n —1)f(0) — ¢'(f)) and
az(0) = —(n — 1)f(0)g(0). Notice that in this case a1(f) and ay(f) are
trigonometric polynomials of degree n + 1 and 2(n + 1) respectively. By
the regularity of the Cherkas transformation and its inverse at r = p = 0,
equation (6.5) has a center if and only if equation (6.7) has a center.

In [21, 23, 71] it is studied the center problem for the analytic ordinary

differential equation
[ee]

dp ,

- _ S(0) ! 6.8

= a0 (6.9
on the cylinder (p,6) € R x S* in a neighborhood of p = 0 and where a;(6)
are trigonometric polynomials in . An explicit expression for the first return
map of equation (6.8) is given in [21], see also [23]. The expression of the
first return map is given in terms of the following iterated integrals of order

k,
Toon(a) = / - / oy (51) - @, (51) dsg - dsn,
0<51 < <5, <27

where, by convention, for £ = 0 we assume that this equals 1. Actually,
iterated integrals appear historically in the study of Abel equations, see for
instance [3, 49, 48]. Let p(0; po;a), 6 € [0,27], be the solution of equation
(6.8) corresponding to a with initial value p(0; po; a) = po. Then P(a)(py) :=
p(27; po; a) is the first return map of this equation and in [21, 23] it is proved
the following result.

Theorem 6.1 For sufficiently small initial values poy the first return map

P(a) is an absolute convergent power series P(a)(po) = po + Z cn(a)pit?,
n=1

where

cnla) = Z Ciyindiy. (@), and

i1+ Fig=n

01177zk:(n—11+1)(n—21—22+1)(n—21—12—23—|—1)]_

By Theorem 6.1 the center set C of equation (6.8) is determined by the system
of polynomial equations ¢,(a) =0, forn =1,2,....

In [23] it is given the definition of universal center in terms of the mon-
odromy group associated to equation (6.8). In fact we have a universal center
when the monodromy group is trivial. Hence, the set U of universal centers
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is, in a sense, a stable part of the center set C. It is also well-known that, in
general, U # C, see for instance [71]. The following proposition establishes
the characterization of the universal centers in terms of iterated integrals and
it is also given in [23].

Proposition 6.2 FEquation (6.8) determines a universal center if and only if
for all positive integers iy, ..., 1, with k > 1 the iterated integral I;, . ; (a) =
0.

In [23] it is also considered the case when equation (6.8) has a finite
number of terms, i.e.

dv & p
i Z a;(0)v' (6.9)
i=1
It is proved that equation (6.9) with all a; trigonometric polynomials has
a universal center if and only if there are trigonometric polynomials ¢ and
polynomials py, ..., p, € C[z] such that

a; =p;oq, 1< <n, ELZ([E) = / (Ii(S)dS. (610)
0

Conditions (6.10) are called composition conditions. The vanishing of all
iterated integrals I;, ; (a) = 0 for all positive integers iy, ..., 4 with k > 1
is equivalent to composition conditions for equation (6.9), as it is proved in
[23]. This result is generalized to equation (6.8) in [71] where the following
theorem is established.

Theorem 6.3 Any center of the differential equation (6.8) is universal if
and only if equation (6.8) satisfies the composition condition.

The composition conditions have been studied in several papers in the
last years in different contexts, see for instance [8, 2, 5, 6, 7, 20, 37, 42] and
references therein.

Given an angle a € [0, 7), we say that the differential equation (6.8) is
a-symmetric if its flow is symmetric with respect to the straight line 6 = «.
Obviously, this is equivalent to that equation (6.8) is invariant under the
change of variables 6 — 2a — 6. Any differential equation (6.8) which is
a-symmetric has a center, due to the symmetry.
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We say that the differential equation (6.8) is of separable variables if the
function on the right-hand side of equation (6.8) splits as product of two
functions of one variable, one depending on p and the other on 6, that is,

dp
25 = ¢0)bp).

In such a case there is only one center condition which is fo% a(f)do = 0.

In [71] it is also proved the following result for equation (6.8).

Theorem 6.4 If the differential equation (6.8) has a center which is either
a-symmetric, or of separable variables, then it is universal.

This last result gives two big families of universal centers also for the Abel
equation (6.1).

6.2 Universal centers of the Abel equation
(6.1)

In this section we study the universal centers of equation (6.1). It is well-know
that not all the centers of equation (6.1) are universal due to the following
fact. Any quadratic system in the plane, i.e., system (6.2) with homogeneous
P and @ of degree at most 2, can be transformed to an Abel equation of the
form (6.7) where a1(0) and as(6) are trigonometric polynomials of degree 3
and 6 respectively. Moreover in [71] it is proved that there are centers of
the quadratic system (6.2) which are not universal (for instance the Dar-
boux component except its intersection with the symmetric one). In [71] it
is proved that these non-universal centers of the quadratic system (6.2) give
non-universal centers of the associated Abel equation (6.7). In [41] there
is another example of a center of an Abel equation which is not universal
and where a,(0) and ay(#) are trigonometric polynomials of degree 3 and 6
respectively. Hence, the following open problem can be established:

Open problem: To determine the lowest degree of the trigonometric poly-
nomials a;(6) and as(f) such that the Abel equation (6.1) has a center which
is not universal .
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Blinov in [14] proved the following result which shows that the lowest
possible degree such that an Abel equation can have a non-universal center
is at least 3.

Proposition 6.5 All the centers of equation (6.1) when aq(6) and ay(0) are
trigonometric polynomials of degree 1 and 2 are universal centers and, in
consequence, verify the composition condition.

For sake of completeness we give a short proof of Proposition 6.5 in the
appendix. The proof given in [14] and ours consist in solving the center
problem for equation (6.1) with a1(0) and as(0) of degree at most 2 and to
check that all the center cases are universal. However, this procedure is un-
approachable for higher degrees due to the cumbersome computations needed
to solve the center problem.

In this paper we study the centers of equation (6.1) when a;(#) and as(6)
are trigonometric polynomials of degree 3, i.e.,

a1(0) = boo + biocos @ + boy sin O + bog cos(26) + bys sin(26)
+b30 cos(36) + bos sin(36),

az(0) = coo + c10c08 6 + co1 8in O + cog cos(26) + coa sin(26)
+c30 cos(36) + cog sin(36),

(6.11)

where b;; and ¢;; are real constants. We remark that if a;(6) and a2(6) are
both identically null, then we have a trivial center. If a,(0) or ay(#) is iden-
tically null, then all the centers are of separable variables and, consequently,
all the centers are universal. Thus, we can assume that none a;(#) or as(6)
is identically null. Indeed, the first two center conditions ¢;(a) = 0 and
ca(a) = 0 imply that byg = coo = 0, see Theorem 6.1. In order to make a
systematic study of the problem for the Abel equation (6.1) with a(6) and
az(0) of the form (6.11), we assume that the subdegree of a;(0) is either 1,
2 or 3. In each case, we can make an affine change of the variable # and a
rescaling of p such that a;(#) takes one of the following forms:

Case . ay(f) = sinf + h.o.t.,
Case II.  a1(f) = sin(26) + h.o.t.,
Case III.  a,(0) = sin(36) + h.o.t.,
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where h.o.t. means higher order terms. We have not been able to completely
study Case I. Theorem 6.6 deals with Cases II and III.

The procedure is to compute a set of necessary conditions ¢, (a) = 0 for
n =3,...,M, with M large, which are the coefficients of the first return
map, see Theorem 6.1. In general, these necessary conditions are very long.
Therefore, it is computationally very difficult to determine the irreducible
components of the variety V' := V({c3,cy4,...,cp)). We are using the classi-
cal notation of computational algebra given for instance in the textbook [46].
If the center conditions are smaller, as for instance in the proof of Proposi-
tion 6.5 given in the appendix, one can use resultants between polynomials of
several variables to find the points of this variety. When this computations
cannot be overcome, we look for the irreducible decomposition of the variety
V. This is an extremely difficult computational problem. We have followed
the algorithm described in [114] which makes use of modular arithmetics.
The last step of this algorithm has not been verified. This step ensures that
all the points of the variety V' have been found. That is, we know that all the
encountered points belong to the decomposition of V' but we do not know
whether the given decomposition is complete. We remark that, nevertheless,
it is practically sure that the given list is complete, see for instance [11, 114].
Therefore, in the following we provide sufficient conditions to have a center,
which are practically necessary. We denote this situation by the expression
with probability close to 1.

Theorem 6.6 All the centers of equation (6.1) when ay(0) and ay(0) are
trigonometric polynomials of degree 3 of the form (6.11) with either

® byp = by = by =0 and byy = 1 (Case II), with probability close to 1, or;
® blO = b()l = b20 == bQQ = bgo =0 and bog =1 (C&SQ III)

are universal centers and, consequently, verify the composition condition.

Proof of Theorem 6.6. To proof this result we have computed eleven nec-
essary conditions ¢,(a) = 0 for n = 3,...,13. These necessary conditions
are very long, so we do not present them here. However, one can check our
computations with the help of any available computer algebra system. In
this case, in order to obtain the families of centers we look for the irreducible
decomposition of the variety V() of the ideal I = (c3, ¢y, ..., c13). We have
used the routine minAssGTZ of the computer algebra system Singular [81]
and we have found the irreducible decomposition of the variety of the ideal
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I over the field of rational numbers for (Case III) and over the finite field
Z/(p), with p = 32003, for (Case II).

The obtained decomposition for the case by = bgy = byg = 0 and bgy = 1
(Case II) consists of 3 components defined by the following ideals

1) (bos, co3, 20, Co1);
2) (bs0; €30, €20, C10);
3) (€20, Co1, 10, bozCo2 — Co3, Cozb3o — €30);

In the first case 1) we have ay(f) = sin(26) + bzgcos(30) and ay(f) =
10 €08 0 + coa sin(26) + 30 cos(30). Therefore equation (6.1) is invariant un-
der the change of variables 6 — m — 6 and the differential equation (6.1) is
a-symmetric with a = 7/2 and, thus, it is universal by Theorem 6.4.

In the second case 2) we have a;(f) = sin(20) + bozsin(36) and as(f) =
Co1 80 0 4 co2 sin(26) + cog sin(30). Therefore equation (6.1) is invariant under
the change of variables § +— —6 and the differential equation (6.1) is also
a-symmetric with a = 0.

The third case 3) corresponds to a particular case studied in Theorem 6.7
given by blO = b01 = C10 = Cp1 — 0.

Finally, we take the eleven necessary conditions c¢,(a) = 0 for n =
3,...,13 and we impose the case byg = byy = byg = bgs = b3y = 0 and
bos = 1 (Case III). Here we can obtain the irreducible decomposition of the
variety V' (I) over the field Q. To show that all the obtained families are
universal centers for equation (6.1) we refer to the case studied in Theorem
6.7 giVGIl by blO = b01 = bgo =0. Il

Moreover, although we cannot completely solve Case I, we present the
following result.

Theorem 6.7 All the centers (with probability close to 1) of equation (6.1)
when a1(0) and as(0) are trigonometric polynomials of degree 3 of the form
(6.11) with either

® big =bo1 = cio=co1 =0 or;
® byg = bpa = ca0 = co2 = 0 or;

° b102601 :bg():() or;
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® big="bp1 =bp3 =0

are universal centers and, consequently, verify the composition condition.

Proof of Theorem 6.7. To proof this result we have followed the same com-
putations than in the previous theorem to obtain eleven center conditions
cn(a) for n =3,...,13, and we have proceeded analogously.

The obtained decomposition for the case bijg = by = c190 = co1 = 0
consists of 3 components defined by the following ideals

1) (30, €03, b20, bo2, b30, bo3);
2) <bo3630 — bspCos, boacao — b20Co2, bo2cso — 530602>;

3) (bosczo — b3oCos, boacao — baoCoz, —3b2ab35bao + basb3g + 2b35bo3bs0
—6b02b03b§0630 + 3b32b20b§0 — b§0b§0>.

We now show that equation (6.1) has a universal center under these condi-
tions. In the first case 1) we have that a;(f) = 0 and ay(#) = co0sin(260) +
coz c0s(26). Therefore equation (6.1) is in this case of separable variables
and by Theorem 6.4 it has a universal center. In the second case we have
baoaz(0) = copa1(f). Hence we have composition condition and equation
(6.1) has a universal center. In the third case 3) we take by = rgsin g and
boe = 1o cos B and it is easy to see that equation (6.1) is invariant under the
change of variables § — 7 — 5 — 6. Hence the differential equation (6.1)
is a-symmetric with o = (7 — 3)/2 and by Theorem 6.4 it has a universal
center.

The obtained decomposition for the case bgy = by = o9 = cp2 = 0
consists of 4 components defined by the following ideals

1

boscso — bsocos, boicio — biocor, borcos — 503601>;
3 P 2 3\,
3) (boscso — bsoCos, bio, bo1, —bsocy; + 3boschicio + 3bsocorciy — bosciy);

)
2) (bo3cs0 — b3oCo3, borcio — bioCor, —3b3;bosbio + bosbi + b b0 — 3bo1b3obso);
) ¢
4) (

2 3 3 2 X
bo1¢10 — b1oco1, b3o, bos, —3b31b10cos + bigcos + by cs0 — 3bo1bioCs0);

We now show that equation (6.1) has a universal center under these condi-
tions. In the first case 1) we have that byaz(0) = cpra1(0). Hence we have
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composition condition and equation (6.1) has a universal center. In the sec-
ond case 2) and fourth case 4) we take bjg = 71 sin 31 and by = rq cos 51 and
it is easy to see that equation (6.1) is invariant under the change of variables
6 — —20; — 0. Hence the differential equation (6.1) is a-symmetric with
a = —f; and by Theorem 6.4 it has a universal center. In the third case 3),
if we take ci19 = rosin By and cg; = 19 cos fs, it is easy to see that equation
(6.1) is invariant under the change of variables § — —23; — 6. Therefore the
differential equation (6.1) is also a-symmetric with a = —f and by Theorem
6.4 it has a universal center.

The decomposition for the case big = by; = bzg = 0 consists of 4 compo-
nents defined by the following ideals

1) (bos, boz, b20);

2) (bos, boacao — b —3c2 + o3Chy + €130 — 3C01C30C30);
03, 002C20 20€02, Cp1€03C10 T C03C1p T Cp1C30 C01€19C30/ 5

3) <C30> Co1, €105 bo2c20 — bapcCoz, c20bo3 — 520603>§

4) (

)

In the first case 1) we have that a,(f) = 0. Therefore equation (6.1) is
of separable variables and by Theorem 6.4 it has a universal center. In the
second case 2) we take ¢19 = rysin fy and ¢y = 74 cos 54 and it is easy to see
that equation (6.1) is invariant under the change of variables 6§ — —23, — 6.
Hence the differential equation (6.1) is a-symmetric with o = —3; and by
Theorem 6.4 it has a universal center. The third case 3) correspond to case
2) of the decomposition studied in the case bjg = by = c10 = o1 = 0 (first
paragraph of this proof). In the last case 4) we have a;(f) = by sin(26) +
bos sin(36) and as(0) = coy sin 6 + cpo sin(260) + o3 sin(30). Therefore equation
(6.1) is invariant under the change of variables § — —6 and the differential
equation (6.1) is also a-symmetric with a = 0.

€30, €20, C10, bzo)-

The decomposition for the case bjg = bg1 = bps = 0 also consists of 4
components defined by the following ideals

1) (b3, boz, b2o);

2) (bso, boaa0 — baocoz, —3¢5, Coscio + Co3cly + ¢y Cs0 — 3co1¢TCs0);
3) (co3; co1, 10, bo2c20 — baoCo2, C20b03 — b2oCo3);
4) (

Co3, C20, Co1, bzo>-
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The first case 1) and the second case 2) are studied in the decomposition
of the case bjg = byy = b3y = 0 (previous paragraph of this proof). The
third case 3) corresponds to case 2) of the decomposition studied in the case
bio = bo1 = c10 = ¢co1 = 0 (first part of this proof). In the last case 4) we have
a1(0) = boa sin(20)+bsg cos(30) and as(0) = 19 cos 04 coz sin(26) 4 c30 cos(36).
Therefore equation (6.1) is invariant under the change of variables § — ——m
and the differential equation (6.1) is again a-symmetric with a« = —7/2. O

Appendix

Proof of Proposition 6.5. First we study the case when a,(0) and ay () are
trigonometric polynomials of degree 1, therefore we have

a1(0) = boo + bipcos + by sin b,

ax(0) = coo+ cr0co8 0 + oy sin b,

where b;; and c;; are real constants. We recall that the first two center
conditions imply that bgg = 0 and ¢y = 0. The next center condition is
03(a) = (0 with Cg(@) = b()lcl() — 610001. We take b10 = ]{3010 and Co1 = k’COl,
with £ € R, and some of the next center conditions are zero. In this case
equation (6.1) takes the form

7= r?(k +r)(ci9 cos 0 + cop sin 6). (6.12)

Equation (6.12) is of separable variables and by Theorem 6.4 has a universal
center.

Second, in the case where a;(f) and as(6) are trigonometric polynomials
of degree 2 we have

aq (9) = boo + blO cos 6 + b01 sin 6 + bgo COS(29) + b02 sin(?@),
as(0) = coo + €10 €080 + o1 sin b + cop cos(260) + coa sin(26),

where b;; and ¢;; are real constants. The first conditions to have a center are,
as before, that byy = 0 and cog = 0. Applying a rotation and a rescaling we
can divide the study in two separate cases:

(1) b10 =1 and 1901 =0 and (11) blO = b01 =0.
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We begin to study case (i). In this case the next center condition is c3(a) = 0
with c3(a) = —2co1 — bagco2 + bo2cep = 0. From this condition we isolate
co1 = (boac20 — bapco2)/2. The next center conditions take the form

ca(a)

cs(a)

boab20Co2 — 2bagCio + 2¢a0 — bigCa0,
—12b20C02 - 5b32b20002 + 3b§0002 — 4b20032 + 2[)30032 + 16b02b20€10
+8bg2b20co2c10 — 85200%0 — 4bpacap + 5682620 - 3502530020

2 2 9 9
+4bgacoacan — 4boabsycoacan + 8ci10C20 — 8byaCi0C20 + 2b55020C5 -

The resultant between these two polynomials with respect to ¢y gives the
following result

FGS(C4(G)7 c5(a), 010) = b20(520002 - b02020>0567

where 056 = — 12b20 + 3532620 + 3b%0 — 4b20602 + 2b(2)2b20602 + Qb%OCOQ + 4b02020 —
2b32C20 — 2b02b%0020.

a)

Case byy = 0. In this case the condition ¢s(a) = 0 with c4(a) = (b2, —
2)cgo. The cases byy = ++/2 do not satisfy the next center conditions,
so they do not give rise to centers. In the case ¢y = 0 equation (6.1)
takes the form

7 =12 cos0(1 4 c1o7 + 2(bga + coar) sin 6). (6.13)

System (6.13) has an a-symmetric center, with o = 7/2, because it has
the symmetry § — 7 — 6 and in virtue of Theorem 6.4 it is a universal
center.

Case bogcoa — boacag = 0 and byy # 0. In this case we take byy = co0k
and bgy = cook and the next center condition is ¢4(a) = 0 with ¢4(a) =
coo(c1ok — 1). The case cge = 0 implies byy = 0 which is out of our
assumptions in this case. Hence we must take ¢;o = 1/k. In this case
equation (6.1) has the form

7 = 12(k +7)(cos § + cak cos 20 + cook sin 20)

which is of separable variables and by Theorem 6.4 it has a universal
center.
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c) Case Css = 0 with bygcoa — boacag # 0 and by # 0. In this case we
compute the following resultants:

res(cy(a), 06((1)7 010) bao(—baoco2 + boac20)Csr,
res(cy(a), cr(a),cro) = bao(—baocoz + boac20)Css,
res(cy(a), cs(a),cio) = bao(—baocoz + boac20)Cso,
res(cy(a), co(a), cro) = bao(—baocoz + bo2c20)Cs1o,

where C57, Csg, Cs9 and Csyg are polynomials in the variables bsgg, b2,
c90 and cpe. The next step is to make the following resultants with
respect to cpa.

TGS(C5670577002) = by Cpr, FeS(C56,C58,Co2)=b§0068,

9 3
res(Cse, Csg, co2) = b3,Ce0, 1es(Cse, Cs10, Co2) = by Coio,

where Cg7, Cgg, Cgo and Cgig are polynomials in the variables byg, bos
and co9. Now we perform the following resultants with respect to bgs.

res(Cer, Cos, boz) = bygCrs,
res(Cer, Coo, boa) = b5y (b39 — 2)c20Ch0,
res(067, Cs10, 502) = bégcﬂoa

where Crg, Cr9 and C71g are polynomials in the variables byy and cap.
The cases b3y — 2 = 0 and ¢z = 0 give no common root. Hence, we
make the following resultants with respect to coq.

res(Crg, Cro, Co2) =  bag(bag + 2)*(bag — 2)*Cho,
res(Cyrs, Cri0, Co2) = bag(bao + 2)% (b2 — 2)*Cio,

where Cgg, and Cgig are polynomials uniquely in the variable byg. The
cases b3, — 4 = 0 give no common root. Therefore we make the last
resultant with respect to by which gives the result

res(Cgg, Cs10, bao) # 0.

Therefore, there is no common root and consequently there are no more
cases.
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Now we study the case (ii) bjg = bp; = 0. In this case the first center
condition has the form c3(a) = 0 with cz(a) = boacag — baocoz. We take
boo = ca0k and bps = coek and the next center conditions are ¢4(a) = 0 and
65((1) = ]{?<—2601002010 -+ 0(2)1020 — C%OCQ()).

a)

b)

Case k = 0. In this case ay(f) = 0 and (6.1) is of separable variables
and by Theorem 6.4 it has a universal center.

Case —2cy1CoaC10 + CaC0 — o0 = 0. We take cog = 2c¢1c10m and
co2 = (3, — ¢3y)m, with m € R, and equation (6.1) takes the form

# = () (r + 20 (O)m(k + 1)), (6.14)

where ¥(6) = cipsin€ + copcosf. In this case equation (6.14) has
an a-symmetric center, with o = —7, because it has the symmetry
0 — —27 — 6 where 7 = arctan(co;/c19). Hence, by Theorem 6.4 it is
also a universal center.



Chapter 7

Universal centers in the cubic
trigonometric Abel equation

7.1 Introduction and statement of the main
results

In this chapter we also consider the Abel trigonometric differential equation

dp

70 a1(0) p* + ax(0) p°, (7.1)

defined on the cylinder (p,0) € R x S* and where a;(f) and ay(6) are real
trigonometric polynomials in 6 of degree max{degay,degas} = d.

Equation (7.1) is a particular case of the analytic ordinary differential
equation

U Fp0) = Y o) 72)

i>1

defined on the cylinder (p, ) € R x 8! and where a;(0) are real trigonometric
polynomials in §. We denote by p = p(0; po) the general solution of (7.2) with
initial condition p(0; po) = po. We remark that p = 0 is a particular solution
and that, as a consequence, we have that p(6; py) is defined for all § € S* for
|po| small enough.

We recall that equation (7.2) has a center when p(27; po) = po for |pol
small enough, that is, when all the orbits in a neighborhood of the particular
solution p = 0 are 2mr-periodic. The center problem for equation (7.2) is to

117
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find conditions on the coefficients a;(6) under which this equation determines
a center. The original center problem arises from the study of the planar
analytic differential systems, see for instance [73] and references therein.

Classically, there exist two ways to characterize centers in equation (7.2).
The first one is to prove the existence of a first integral H (p, ) which is 27-
periodic in 6. A function H(p, ) defined in a neighborhood of p = 0, of class
C! and non locally constant, is a first integral of equation (7.2) if H(p(0; po),6)
does not depend on 6. Equivalently, (0H/dp) F(p,0) + 0H/00 = 0.

The second way is to consider the first return map P(a) associated to
equation (7.2) P(a)(po) := p(2m;po) and to verify that it is the identity
map for |po| small enough. In [21] (see also [23]), an explicit expression
for the first return map P(a)(po) was given. We remark that P(a)(pg) is
an absolute convergent power series for sufficiently small initial values |po
whose development takes the form

P(a)(po) = po+ »_ cala)pf ™. (7.3)

We recall here the expression of this first return map and the definition of
universal center.

Theorem 7.1 [23] For sufficiently small initial values |po| the first return
map P(a) is an absolute convergent power series (7.3), where

cnla) = Z Cir,ooizdir, i (@), and
11+ +ig=n

01177%:(77,—@1"‘1)(n—ll—Z2+1)(n—21—22—23—|—1)1,

and where 1;, ; (a) is the following iterated integral of order k

L i(a) = // @, (Sg) -+ ai, (s1) dsg - - - dsy.
0<s1< <5, <27

Of course, equation (7.2) has a center if and only if ¢,(a) =0, for all n. > 1.
From the form of the first return map P(a), the following definition, given
in [23], follows in a natural way.

Definition 7.2 [23] The differential equation (7.2) has a universal center if
for all positive integers iy, ..., i, with k > 1 the iterated integral I;, ; (a) =
0.



7.1 Introduction and statement of the main results 119

The expression of the coefficients of the first return map P(a)(po) := p(27; po)
for the Abel differential equation dp/df = ag(0)p + a1(0)p* + a2(0)p?, and
thus for equation (7.1), was given by [48, 49, 3].

We also recall that differential equation (7.2) satisfies the composition
conditions if there is a nonconstant trigonometric polynomial ¢ and there are
polynomials p; € R[z], for i > 1 such that

0
G=pog 121 where @)= [ a(s)ds
0

The first time that this definition appears was in the work Alwash and Lloyd
[7]. The composition conditions have been studied by several authors in
different contexts, see for instance [6, 7, 73] and references therein.

Universal centers of equation (7.2) were characterized in [71] through the
following result.

Theorem 7.3 [71] Any center of the differential equation (7.2) is universal
if and only if equation (7.2) satisfies the composition conditions.

In [23] the same result was proved when equation (7.2) has a finite number
of terms.

The aim of this chapter is to study universal and non-universal centers of
an Abel differential equation (7.1) in relation with the degree of the trigono-
metric polynomials a; () and as(#). From the results of the previous chapter
it appears to infer that if the degree is less or equal three all the centers are
universal centers. But we are going to see that this is not true.

Recall that equation (7.1) has a universal center when all the iterated in-
tegrals I;, ; (a) = 0, for all iy, ..., 4. Now, each of the indexes iy, ..., i can
only take the values 1 or 2. Besides the characterization of universal centers
as composition centers for the Abel trigonometric equation (7.1) proved in
[23, 71], in [43] another characterization is provided in terms of the vanishing
of a finite set of double moments. We assume that the minimal common
period of a; and ay is 27 /k, with k € N*,

Theorem 7.4 [43] Equation (7.1) has a universal center if and only if for
all i,j € N satisfying i + j < 4d/k — 3,

/027r it (s)ah(s)ag(s) ds = /027r ai(s)ds = 0.

These type of integrals are known as the double moments.
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It is well-known that not all the centers of equation (7.1), and thus of
equation (7.2), are universal, see [2]. Any quadratic system in the plane can
be transformed to an Abel equation of the form (7.1) where a;(6) and ay(0)
are trigonometric polynomials of degree 3 and 6 respectively. Moreover in
[71] it is proved that there are centers of a quadratic system which are not
universal (for instance the Darboux component except its intersection with
the symmetric one). Indeed, in [71] it is proved that these non-universal cen-
ters of some quadratic systems give non-universal centers of their associated
Abel equation. A previous and different example of a center of an Abel equa-
tion which is not universal and where a;(6) and a(€) are also trigonometric
polynomials of degree 3 and 6 respectively, is provided in [41]. Hence, the
following open problem is established in the previous chapter.

Open problem: To determine the lowest degree of the trigonometric poly-
nomials a;(6) and a2(6) such that the Abel equation (7.1) has a center which
is not universal.

In this paper we solve this open problem, see Theorem 7.6. We recall
that Blinov in [14] proved that the lowest possible degree such that an Abel
equation can have a non-universal center is at least 3.

Proposition 7.5 [14] All the centers of equation (7.1) when a1(0) and ax(0)
are trigonometric polynomials of degree 1 and 2 are universal centers and, in
consequence, verify the composition condition.

The proof given in [14] (see also the Appendix Chapter 6) consists in
solving the center problem for equation (7.2) with a;(6) and as(#) of degree
at most 2 and to check that all the center cases are universal. However, this
procedure is unapproachable for higher degrees due to the cumbersome com-
putations needed to solve the center problem. Indeed, Blinov’s result solves
the center and the universal center problem for Abel differential equations
(7.1) up to degree 2. The next equations to be studied are the cubic ones,
i.e., d = 3. This was made partially in the previous chapter.

The following result concludes that the lowest degree of a trigonometric
Abel equation (7.1) with a non-universal center is 3.

Theorem 7.6 The cubic (d = 3) trigonometric Abel differential equation

% = (cosf + 2cos20) p*> + (sinf — sin 20 + sin 30) p*, (7.4)

has a center which is not universal.
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The proof of this result is given in Section 8.2.

We recall that there are two big families of universal centers of equation
(7.2) as the following result establishes.

Theorem 7.7 [71] If the differential equation (7.2) has a center which is
either a-symmetric , or of separable variables, then it is universal.

For the case of the Abel trigonometric equation (7.1), we give the following
result about the universal centers which belong to the classes of a-symmetric
or of separable variables differential equations. To simplify notation, we
consider 1 as a prime number.

Proposition 7.8 If the degrees of a1(6) and as(6) are both prime numbers
or they are coprime and the Abel differential equation (7.1) has a universal
center then the differential equation is either a-symmetric or of separable
variables.

As a direct consequence of this result, we have that any universal center
of equation (7.1) with d = 3 is either a-symmetric or of separable variables.

The chapter is organized as follows. Section 7.2 contains the proofs of
the two main results, namely Theorem 7.6 and Proposition 7.8, together with
some preliminary results.

7.2 Preliminary results and proofs of the main
results

As we have stated in the previous section, a way to characterize that equation
(7.2) has a center is to prove the existence of a first integral H(p, ) which
is defined in a neighborhood of p = 0 and it is 27-periodic in 6. A function
which is closely related to a first integrals is the inverse integrating factor.
A function V(p,6) defined in a neighborhood of p = 0, of class C! and non
locally null, is an inverse integrating factor of equation (7.2) if

oV oV oF

and V' (p, 6) is 2m-periodic in #. Given an inverse integrating factor V(p, ) of
(7.2), one can construct a first integral H(p, #) of (7.2) through the following
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line integral:

00 dp — F(p,0)do

p—F(p,0)

H(p,0) = / V000
(p0,00) (p7 )

along any curve connecting an arbitrarily chosen point (pg,6p) (such that
V(po,6p) # 0) and the point (p,#). The following result reads for Corollary
5 in [62] written with our notation and our assumptions, see also [63].

Lemma 7.9 [62] Let V(p,0) be an inverse integrating factor of equation
(7.2) whose leading term in the development around p = 0:

Vip,0) = p"v(0) + o(p"),

where v(0) #Z 0, is such that either p = 0 or p > 1 and p is not a natural
number, then equation (7.2) has a center, that is p = 0 belongs to a continuum
of periodic orbits.

Now we are in conditions to prove our first result.

7.2.1 Proof of Theorem 7.6

For the particular Abel differential equation (7.4), we denote by a;(0) :=
cosf + 2 cos 260, ay(0) := sinf — sin 26 + sin 30 and

i (6) = /Oaal(s)ds, in(0) = /09a2<s)ds.

We have that the iterated integral
1221 (G) = / GQ(Sg) CLQ(SQ) a1<81) d83 dSQ d81
0<s51<82<83<2m

= _/02“ ay(s) az(s) ax(s) ds = g

Therefore and on account of Theorem 7.3, if equation (7.4) has a center, it
cannot be universal. Moreover, the function

_ g* — (cos@ +sinf —1)g +1 — cos @ ' e_4g+2arctan((0?29;?:::11)9)
9>+ (cosf +sinf —1)g+ 1 — cosd

H(p,0) :

Y
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with

1
g(p,0) = \/— — 8in 6 + sin 26
p

is a first integral of equation (7.4). This is because the function H(p, @), for
p > 0 small enough, is of class C'; is not constant; is periodic in 6 of period
27; and satisfies (0H/0p) F(p,0) + 0H/00 = 0. Therefore, equation (7.4)
has a center.
Another way to prove this statement is to note that the algebraic function
p*2 2 + 2sin(20)p + (2 — 3cos O + 2 cos(20) — cos(36)) p?]

Vip,0) = 24/1 — (sinf — sin(26)) p |

is an inverse integrating factor of equation (7.4). On account of Lemma 7.9
and since the leading term of the development of V(p,#) around p = 0 is
Vp,0) = p*? + o(p*?) (that is u = 3/2) we have that equation (7.4) has
a center. -

Our second result, Proposition 7.8, relies on the degrees of trigonometric
polynomials. The following result is Lemma 16 of [71] deals with the relation
between degrees of trigonometric polynomials.

Lemma 7.10 [71] Let A(0) and B(0) be two trigonometric polynomials of

degrees d and d, respectively. The following statements hold.
(a) The trigonometric polynomial A’(0) is of degree d.
(b) The trigonometric polynomial A(0)B(0) is of degree d + d.

(¢) Let N(z) be a polynomial in R[z] of degree k, then N(A(0)) is a trigono-
metric polynomial of degree kd.

7.2.2 Proof of Proposition 7.8

If the Abel differential equation (7.1) has a universal center then we have
that a,(0) and ad»(0) satisfy the composition conditions, i.e., there exist a
nonconstant trigonometric polynomial ¢(6) and two real polynomials p;, ps €
R[z] such that a1(8) = p1(¢(#)) and ax(0) = pa(q(0)). Let d; = dega; for
i =1,2. By Lemma 7.10(a), we have that d; = dega; for i = 1,2.

Assume first that d; and dy are both prime numbers. Then, by Lemma
7.10(c) we have that either degg = 1 or degp; = degps = 1. In the
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case that degq = 1 the differential equation (7.1) has a center which is a-
symmetric, see [71]. In the case that degp; = degp, = 1, we have a,(0) =
a1q(0) + 1 and az(0) = azq(0) + P2 with «; and f; real numbers, i = 1, 2.
As we can take without loss of generality that ¢(0) = 0, and since a,(0) =
as(0) = 0, we get that f; = §2 = 0. Hence in this case equation (7.1) takes

the form y
5= a'O)(a1 p* +az ),

which is an equation of separable variables.

Assume now that d; and dy are coprime. Again by Lemma 7.10(c), we
have that degq = 1 (or it would be a common divisor of d; and dy). Thus,
the differential equation (7.1) has a center which is a-symmetric, see [71]. g



Chapter 8

The composition condition for
Abel differential equations

8.1 Introduction

Consider a planar differential system

T = —y+P(x,y), y = ZIJ+Q(1’,’IJ), (81)

where the dot denotes derivation with respect to an independent real variable
t, x and y are real and where P and () are real analytic functions without
constant nor linear terms. We recall that a singular point is a center if
in a neighborhood of the singular point all the solutions are periodic. In
this chapter we only consider the singular point at the origin of coordinates
in system (8.1). The center problem consists in determining necessary and
sufficient conditions on P and ) such that system (8.1) has a center at the
origin.

In the particular case that P and () are homogeneous polynomials system
(8.1) can be transformed into an Abel trigonometric differential equation.
More specifically if P and () are homogeneous polynomials of degree n, with
n > 2, the process is to take polar coordinates (r, #) and system (8.1) becomes

Po= fO)r", 0 =1+g(0)r"",
where

f(0) = P(cosf,sinf)cosb + Q(cosb,sinb)sin b,
g(0) = Q(cosh,sinf)cosf — P(cosh,sinf)sinb.

125
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Now, as we have made in previous chapters, applying the Cherkas transfor-
mation [34] given by

=1 pl/(n—l)

= ————  whose inverse is r = )
P=1y g(@)rn—1 (1= pg(6))H/ =1

system (8.1) becomes the Abel trigonometric differential equation

L~ (=m0 +'O) 7 + (1= ) f(B)g(0)) "

By the regularity of the Cherkas transformation and its inverse at r = p = 0,
system (8.1) has a center at the origin if and only if the former ordinary dif-
ferential equation has a center. Hence we have transformed the center-focus
problem of system (8.1) into a center problem for an Abel differential equa-
tion. Other examples of systems of the form (8.1) which can be transformed
into an Abel differential equation can be found in [50].

In this context a trigonometric Abel differential equation is an ordinary
differential equation of the form

v _

g = @(0)p” +ax(0)p”, (8:2)

where p is real, 6 is a real and periodic independent variable with 6 € [0, 27],
and a1(0) and az(0) are real trigonometric polynomials. We recall that the
center problem for a trigonometric Abel differential equation (8.2) is to char-
acterize when all the solutions in a neighborhood of the solution p = 0 are
periodic of period 27.

Some authors also consider polynomial Abel differential equations as a
model to tackle the center problem for a trigonometric Abel differential equa-
tion, see [17, 18, 19]. We denote as a polynomial Abel differential equation
an ordinary differential equation of the form

dy _

i p(x)y® + q(z)y?, (8.3)

where y is real,  is a real independent variable considered in a real interval
[a,b] and p(z) and ¢(x) are real polynomials in R[z|. The center problem
for a polynomial Abel equation (8.3) is to characterize when all the solutions
in a neighborhood of the solution y = 0 take the same value when z = a
and z = b, i.e., y(a) = y(b). In this framework, given any real continuous
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function ¢(z), we denote by ¢(z) := [ c¢(0)do and we will say that a real
continuous function w(z) is periodic in [a,b] if w(a) = w(b).

Alwash and Lloyd in [7] provided a sufficient condition for an equation
(8.2) to have a center in [0, 27]. Inspired by this work, Briskin, Frangoise and
Yomdin in [17] provided the following sufficient condition for the polynomial
Abel equation (8.3).

Theorem 8.1 [17] If there exists a real differentiable function w periodic in
[a,b] and such that

px) = pr(w(z)) and ¢(z) = q(w(z))

for some real differentiable functions p; and qi, then the polynomial Abel
equation (8.3) has a center in [a,b].

In [43] it is shown that if the sufficient condition stated in Theorem 8.1 is
satisfied then there is a countable set of definite integrals which need to
vanish. In [43] it is also shown that this is equivalent to the existence of
a real polynomial w(z) with w(a) = w(b) and two real polynomials p;(z)
and ¢ (z) such that p(z) = p1(w(x)) and §(x) = ¢ (w(z)). This sufficient
condition is known as the composition condition.

To see that the composition condition implies that equation (8.3) has
a center in [a,b] one can consider the transformation y(z) = Y (w(z)) in
equation (8.3) in order to obtain the following Abel differential equation

L )Y+ ()Y (34)
w

Hence, there is a bijection between the solutions Y = Y (w) of equation (8.4)
and the solutions y = Y (w(z)) of equation (8.3). Since w is periodic in [a, b],
we get that equation (8.3) has a center in [a,b] because y(a) = Y(w(a)) =
Y(w(b)) = y(b).

It turns out that all the known polynomial Abel differential equations
which have a center in [a, b] satisfy the composition condition. The compo-
sition conjecture, see Conjecture 8.3, is that the sufficient condition given in
Theorem 8.1 is also necessary. That is, if a polynomial Abel equation (8.3)
has a center in [a, b], the conjecture states that the composition condition is
satisfied.

For a trigonometric Abel differential equation (8.2), Alwash in [2] showed
that this conjecture is not true, see also [6, 41]. The composition condition
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for a trigonometric Abel differential equation (8.2) is that there exist real
polynomials p;(z),ps(z) € Rlz] and a trigonometric polynomial w(f) such
that @;(0) = pi(w(P)), for i = 1,2. Recall that q;(0) = f00 a;(s)ds. The
fact that w(f) and p;1,py can be taken to be polynomials is proved in [43,
71]. There exist several counterexamples of the fact that the composition
conjecture is not satisfied in the trigonometric case. The authors of [2, 6, 41]
provide examples of trigonometric polynomials a;(6) and as(#) for which the
corresponding trigonometric Abel differential equation (8.2) has a center and
does not verify the composition condition.

The chapter is organized as follows. The following section contains a
summary of some conjectures related to the composition conjecture and the
corresponding results. Section 8.3 is devoted to the known results about the
composition conjecture together with two new statements, cf. Theorems 8.5
and 8.7. These statements are proved in sections 8.4 and 8.6, respectively.
The last section 8.7 contains an appendix with the code of two programs,
written in the language of Mathematica and used in these proofs.

8.2 Some other composition conjectures

In this section we consider the polynomial Abel differential equation

dy
- = p(@)y* +eq(a)y’, (8.5)
x
where y is real, z is a real variable considered on the real interval [a, ], ¢ € R
and p(z) and ¢(z) are real polynomials. We also assume that ff p(s)ds = 0.

One of the problems that can be tackled is to characterize when equation
(8.5) has a center in [a, b] for all € with |¢| small enough. This type of centers
are called infinitesimal centers or persistent centers , see [6, 41].

The following computations were first performed in [17]. We include
them for the sake of completeness. Given real values € and y,, we denote by
Y.(x;yo) the solution of equation (8.5) for the value of the parameter ¢ and
with initial condition yp, that is, the real function Y. (z;yo) satisfies

0

ox
We remark that, with this notation, a persistent center is when Y. (b; 40) = %o
for all € with |¢| small enough and for all yy with |yo| small enough.

Yo(z;y0) = p(a)Ye(;y0)? + eq(@)Ya(z;90)°,  Ye(a;v0) = yo.  (8.6)
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Recall that we denote p(x) = s)ds. We note that when ¢ = 0,
equation (8.5) has a center in [ ,b] be cause
Yo
Yo(x;y0) = = yop(z)’
and clearly for all |yo| < p1,, where
, 1
T e B

we have that Yy(z;y0) is continuous in [a,b] and Yy(a;v0) = Yo(b;40) = o
due to the assumption p(b) = fabp(s)ds = 0. Note that p, > 0 and therefore
all the solutions in a neighborhood of y = 0 are defined for all = € [a, b].
Equation (8.5) with € = 0 has a center in [a, b]. As we have said, this means
that there exists a family of periodic orbits in [a,b] for equation (8.5) with
e = 0 in a neighborhood of the solution y = 0. The underlying idea when
considering equation (8.5) is to determine which orbits in this family persist
for values of ¢ with |¢| small enough. Since the dependence of equation (8.5)
in ¢ is analytic (indeed linear), we have that the dependence of Y.(z;yo) in
¢ is analytic. Thus, we can develop this function in ¢ in a neighborhood of
e=0as
Ye(z;90) = Yo(z;90) + m(ziy0)e + ofe).

Since, from (8.6), Yz(a;y0) = yo and Yy(a;v0) = yo, we deduce that 7 (a; yo) =
0. Indeed, we can develop the first equation of (8.6) in powers of € and equat-
ing the coefficients of ¢! we deduce that

%Wl(l';yo) = 2p(x)Yo(z; yo)m1 (25 90) + q(2)Yo(w; o).

Integrating this linear ordinary differential equation for m (z;yo) we get that

oy Yo "4l
i) = ey [, e &0

Therefore, the necessary and sufficient condition for equation (8.5) to have a
center in [a, b] at first order in € is that m(b;yo) = 0. From (8.7), we deduce

that this is to say that
/ ' _alo) do = 0
a - yOﬁ(g) 7
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for all yo with |yo| close enough to 0. We can develop this integral in powers
of 1o in a neighborhood of yy = 0 and we get that this condition is equivalent
to

b
/ q(o)p™(o)do = 0, (8.8)

for all natural numbers n € N U {0}, see [6]. Conditions (8.8) are called
the moment conditions. The composition conjecture for moments is that the
moments conditions imply the composition condition. Moreover, in [20] it is
proved that “at infinity” the center conditions are reduced to the moment
conditions.

A counterexample to the composition conjecture for moments in the poly-
nomial case was given in [104]. We reproduce here this example, see also
[5, 6, 41].

In equation (8.5) we take p(x) = T§(z) and q(x) = Ty(x) + T4(z) where
Ti(z) denotes the i-th Chebyshev polynomial and T}(x) its derivative. We
have that Ty(z) = 222 — 1, Ts(x) = 42® — 3z and Ts(z) = (T3 o Ty)(z) =
(ThoTs)(x) = 3225 — 482441822 — 1. We take also a = —+/3/2 and b = v/3/2.
Under these conditions the moment conditions (8.8) are zero taking into
account that Th(v/3/2) — To(—V/3/2) = T3(v/3/2) — T3(—/3/2) = 0. We
note that if an equation (8.5) satisfies the composition condition then the
moment conditions are satisfied. Indeed, if an equation (8.5) satisfies the
composition condition then the following conditions

b
/ p(o)qg"(o)de = 0, (8.9)

are satisfied for all natural numbers n € NU{0}. This is due to the fact that
if p(x) and ¢(x) satisfy the composition condition then the integrands of the
integrals (8.8) and (8.9) are functions of w(¢) multiplied by w'(o) and since
w(o) is periodic in [a, b], we deduce that they all need to be zero. Now we
see that there are integrals in (8.9) for this example that are not zero. For
instance,

b V3/2
/ p(0)G*(0)do = / Ti(0)(Ty(o) + Ts(0))*do # 0.
a —V3/2

Hence, equation (8.5) with p(z) = T{(z) and ¢(x) = T4(x) + T4(x) does not
satisfy the composition condition.
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We even have a stronger result. If one considers the differential equa-
tion of this example with ¢ = 1, this equation does not have a center in
[—v/3/2,4/3/2]. Easy computations show that the sixth Poincaré-Liapunov
constant is vg = 432+/3 /385. We have used the method explained in sec-
tion 8.4 to compute the Poincaré-Liapunov constants vs, v3, v4, v5 and vg.
Therefore, this example shows that if the equation has a center at first order
of €, then it is not necessary that the equation has a center when ¢ = 1.

In the trigonometric case, that is, if one considers a trigonometric Abel
differential equation of the form

o _

i a1(0)p* + eas(6)p?, (8.10)

where p is real, 6 is a real and periodic independent variable with 6 € [0, 27|
and ¢ is a real value close to 0, one can define the composition conjecture
for moments analogously to the polynomial case. The moment conditions in
this case write as

/ . i (0)az(0)d0 = 0, (8.11)

with n € N U {0}. It is also possible to construct a counterexample of
the composition conjecture for moments as the following example shows.
We take in equation (8.10) a1(f) = sin36 and az(f) = cosf. In this case
ai(0) = (1—cos36)/3. It is easy to see that a}(#) will be a linear combination
of the trigonometric functions 1,cos 36, cos66, ... all of them orthogonal to
az(0) = cosd. Hence all the moment conditions (8.11) are satisfied. However
the integrals

/ " ar(0)az(0)do, (8.12)

with n € NU {0}, are in general not zero.

In [100], the characterization of all the pairs of real polynomials p(x) and
q(z) for which the moment conditions (8.8) are satisfied is given. We note
that this result characterizes all the Abel differential equations (8.5) with a
center at first order of e.

Theorem 8.2 [100] Given p(x) and q(z) € R[z] and a < b € R. The
moment conditions
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for all n € NU{0} are satisfied if and only if there exist wy(x), we(x), ...,
Wy (x) € Rlz] with m > 1 and w;(a) = w;(b) fori=1,2,...,m such that

m

Ba) = pi(wi(x) = - = p(wn(2)) and §(x) =Y a(wi(x)),

i=1
where p;(z) and ¢;(x) € Rlz| fori=1,2,...,m.

In [100] several examples are given for which the conditions stated in Theorem
8.2 are given and the composition condition is not satisfied.

However, in [41] it is shown that the natural translation of Theorem 8.2
to the trigonometric case does not hold. That is, it can be shown that there
are differential equations of the form (8.10) with a center at first order of ¢
which do not satisfy the thesis of Theorem 8.2. The characterization of the
trigonometric Abel differential equations (8.10) with a center at first order
of € is an open problem.

In [41] it is proved that the existence of a center in [a,b] for all ¢ small
enough of equation (8.5) (that is, a persistent center) implies the conditions
(8.8) and (8.9). In the trigonometric case, it is also shown that if equation
(8.10) has a persistent center then the conditions (8.11) and (8.12) need to
be verified.

Recently in [106] it is proved that if conditions (8.8) and (8.9) for a
polynomial Abel differential equation (8.5) are verified, then the composition
condition is satisfied.

In the trigonometric case, that is for equation (8.10), if all moments con-
ditions (8.11) and (8.12) are satisfied then equation (8.2) does not necessarily
satisfy the composition condition, see [41]. However, under these hypothe-
sis, it may happen that the equation (8.10) with € = 1 has a center as the
example of section 3 in [41] shows, see also [42].

The generalized moment conditions are

b b
/ﬁ"(a)cjm(a)q(a)da:() and /ﬁ"(a)qm(g)p(g)dazo

for all n,m € NU{0}. A proof that the generalized moment conditions imply
that the polynomial Abel equation satisfy the composition condition is given
in [24, 105, 41]. A proof of the translation of this fact for the trigonometric
Abel equation is given in [42].
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In [43] the authors provide an explicit bound of the number of generalized
moments (also called double moments) that have to vanish to ensure that
an Abel differential equation, either in the trigonometric form (8.2) or in
the polynomial form (8.3), satisfies the composition condition. This result
allows to recognize the centers which satisfy the composition condition or
simply composition centers for polynomial and trigonometric Abel differential
equation. This last result is used in the next section to computationally
approach the composition conjecture. In [22] the definition of universal center
was introduced, which coincides with the definition of composition center, see

23, 71].

8.3 Composition conjecture

Given a polynomial Abel differential equation (8.3), the center variety is
the set of polynomials p(z) and ¢(x) for which the equation has a center in
[a,b] and the composition center variety is the set of polynomials p(z) and
q(z) for which the equation has a universal or composition center (that is
the composition condition is verified) in [a,b]. After all that we have said
in the previous sections the statement of the composition conjecture is the
following.

Conjecture 8.3 For any polynomial Abel differential equation (8.3) the cen-
ter variety and the composition center variety coincide.

We recall that this conjecture is not true for trigonometric Abel differ-
ential equations, see [2, 6, 41, 71, 73, 74]. Moreover in [74] was proved that
the lowest degree of a trigonometric Abel differential equation (8.2) with a
non-composition center is 3. Conjecture 8.3 is satisfied under certain restric-
tions of the coefficients of the polynomial Abel differential equation, see for
instance Theorem 2 in [6] and Theorem 2 in [15].

However a systematic verification of Conjecture 8.3 has not been done.
The aim of this section is to verify if all the centers of the polynomial Abel
differential equation (8.3) for lower degrees of p and ¢ are composition centers.
We also analyze the case in which the number of monomials in p(x) and ¢(z)
is up to 2.

As we have said, in [42] another characterization of the composition cen-
ters is provided in terms of the vanishing of a finite set of generalized moments
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or double moments. As usual for a polynomial p(z) € R|z], ép denotes the
degree of p.

Theorem 8.4 [/3] Given p, q € Rlx] with max(dp,dq) = n, equation (8.3)
has a composition center if and only if for all i,j € NU{0} satisfyingi+j <

2n — 3,
b

/ ()@ (@)g(x) dr = / plz) dz = 0. (8.13)

a

This characterization of the composition centers allows to discriminate
the composition centers from other centers and approaches the conjecture
from a computational point of view. The main results of the paper are the
following.

Theorem 8.5 For any polynomial Abel differential equation with degree given
by max(dp, dq) < 3 the center variety and the composition center variety co-
incide.

The proof of Theorem 8.5 is given in section 8.4.

We have also dealt with the case in which max(dp,dq) = 4. In this case
we cannot end up with all the computations to ensure that the center variety
and the composition center variety coincide. In section 8.5, we will make use
of modular arithmetics and the algorithm described in [114] which provide
the center variety with a probability close to 1. All the pairs p(z) and ¢(x)
that we find using this algorithm give rise to composition centers. Therefore,
we can state the following conjecture.

Conjecture 8.6 For any polynomial Abel differential equation with degree
max(dp, 0q) = 4 the center variety and the composition center variety coin-
cide.

The computations motivating this conjecture are given in section 8.5.

Given a polynomial Abel differential equation (8.3) defined in the real
interval [a, b], with a < b, we can make the following change of the indepen-
dent variable z — (x —a)/(b—a). This leads to an Abel differential equation
defined on the real interval [0, 1].
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Theorem 8.7 Consider a polynomial Abel differential equation (8.3) defined
on the real interval [0,1]. Assume that p and q only have two monomials,
that s,

p(r) = a2’ +a;27  and q(x) = apr™ + a,7",

with a;, aj, y,, a, € R and i, j,m,n € NU{0}. Then the center variety and
the composition center variety coincide.

The proof of Theorem 8.7 is given in section 8.6.

8.4 Proof of Theorem 8.5

Given an ordinary differential equation of the form (8.3), there is a well known
general method to compute center conditions which was proved by Poincaré.
We will denote the center conditions as the Poincaré—Liapunov constants for
equation (8.3). In order to compute them we propose a formal first integral
of the form H(y,z) = y+ > pey hi(z)y*, where hy(z) are polynomials. We
recall that a first integral for an equation (8.3) satisfies that H = § 9H/dy +
i OH/0x = 0, where § = p(z)y® + ¢(2)y?, & = 1. By imposing that H = 0,
we obtain the following recursive system of linear differential equations

hi(x) + (k — Dp(x)hg—1(x) + (k — 2)q(x)hg_o(x) = 0, (8.14)

for k > 2 and with ho(x) = 0 and hy(x) = 1. From the recursive system (8.14)
we compute the polynomials hg(z) and we obtain the Poincaré-Liapunov
constant vy := hy(b) — hg(a). The equation has a center in [a,b] if vy = 0
for all £ > 2. We note that vy is a polynomial in the coefficients of p(z) and
q(z).

We denote the coefficients of p(z) and ¢g(z) in the following way p(z) =
2?:0 bia', q(x) = Z?:O ¢z,

In order to proof the result we have computed fifteen necessary conditions
v, = 0 for £ = 2,...,16. These necessary conditions are very long, so we
do not present them here. However, one can check our computations with
the help of any available computer algebra system. In this case, in order
to obtain the families of centers we look for the irreducible decomposition
of the variety V(I) of the ideal I = (vg,vs,...,v16). This is an extremely
difficult computational problem. We have used the routine minAssGTZ of
the computer algebra system Singular [81] and we have found the irreducible
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decomposition of the variety of the ideal I over the field of rational numbers
when max(dp, dq) < 3.

The obtained decomposition consists of 2 components defined by the fol-
lowing ideals

]_) <202 + 303, 400 + 261 — Cs3, ng -+ 3b3, 4b[) + 2b1 - b3>7

2) <b302 — bgCg, b361 - blcg, bgCl - blcg, 1260 + 661 + 402 + 303, 12b0 -+ 6b1 +
4b2 + 3b3>;

The generalized moment conditions u; are obtained computing the inte-
grals (8.13) and in this case we have found the irreducible decomposition of
the variety of the ideal J = (uy, ua, ..., u17) over the field of rational numbers.
To deduce if all the centers are composition centers we must only compare
both decompositions and in both cases they are the same.

8.5 On the Conjecture 8.6

As before, we denote the coefficients of p(x) and ¢(z) in the following way
p(x) = St b, q(v) = 31 cir’. We have computed fifteen necessary
conditions vy = 0 for k = 2,...,16, that we do not present here. In order
to obtain the families of centers we look for the irreducible decomposition of
the variety V' (I) as in the previous section. In this case, however, we cannot
find the irreducible decomposition of the variety of the ideal I over the field
of rational numbers due to the computational difficulty. We try to find this
irreducible decomposition over a finite field. We take the prime p = 32003
and we have found this decomposition over the finite field Z/(p). We have
chosen this prime because the algorithm turned out to be very efficient and
goes to a reasonable speed when using it.

We have followed the algorithm described in [114] which makes use of
modular arithmetics. The modular approach used to obtain center conditions
consists on the following five steps.

Step 1. Choose a prime number p and from the ideal I compute the minimal
associated primes I, ..., I; with coefficients in Z,,

Step 2. Using the rational reconstruction algorithm of Wang et al. [124], we
obtain the ideals I;, © = 1,..., s, with coefficients in Q,
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Step 3. For each 7, using the radical membership test, check whether the poly-
nomials vy for k = 2,...,16 are in the radicals of the ideals I;, that is,
whether the reduced Grobner basis of the ideal < 1 —wwvj, I; > is equal
to {1}, where w is a mute variable. If yes, then go to Step 4, otherwise
take another prime p and go to Step 1.

Step 4. Compute the intersection over the rational numbers Q) = N;_,I;,

Step 5. Check that v/Q = V/I, that is, that for any ¢; € Q, the reduced Grébner
basis of the ideal < 1 —wg;, I > is equal to {1} and for any v; € I, the
reduced Grobner basis of the ideal < 1—wwv;, @ > is equal to {1}. Recall
that I = (v, vs,...,v16). If this is the case, then V(I) = Ui,V ([;). If
not, then go to Step 1 and choose another prime p.

We note that whenever we compute the Grobner basis of an ideal, we must
to do it over the field of rational numbers.

The last step of this algorithm has not been verified into the field of
rational numbers. However, we have checked it over finite fields Z/(p), with
different prime numbers p. This last step ensures that all the points of the
variety V(1) have been found. That is, we know that all the encountered
points belong to the decomposition of V(I) but we do not know whether
the given decomposition is complete. We remark that, nevertheless, it is
practically sure that the given list is complete, see for instance [11, 80, 114].
Therefore, in the following we provide sufficient conditions to have a center,
which are practically necessary. We denote this situation by the expression
with probability close to 1.

The obtained decomposition for the case max(dp,dq) = 4 consists of 2
components defined by the following ideals

1) <C4, 262 + 303, 460 + 261 — C3, b4, 252 + 3b3, 4b0 + 2b1 — b3>;

2) (bacs—bsca, baca—bacy, bsca—bacs, byci —byicy, bsci —byics, baci —byca, 60co+
3061 + 2002 + ]_563 + 1264, 60b0 + 30b1 + 20b2 + 15()3 + 12b4>,

The generalized moment conditions u; are obtained computing the inte-
grals (8.13) and in this case we have found the irreducible decomposition of
the variety of the ideal J = (uy,us, ..., u17) over the field of rational numbers.
To deduce if all the centers are composition centers we must only compare
both decompositions and in both cases they are the same.
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For the case max(dp,dq) = 5 without loss of generality we can divide the
study in two cases: either b5 = 1 or b5 = 0 and ¢ = 1. We get these
cases by a rescaling of the form y = kY with k # 0. Even in the simple case
that b5 = 0 and ¢ = 41, and using modular arithmetics, we have not been
able to find the irreducible decomposition of the variety V ((vq, vs, ..., v16)).

8.6 Proof of Theorem 8.7

In equation (8.3) we write p(z) = a;z" + a;27 and ¢(z) = apz™ + a,z".
Using the method of construction of a formal first integral described at the
beginning of section 8.4, we obtain that the first Poincaré-Liapunov constant
is v = —(1+4j)a; — (14+1i)a;. All the Poincaré-Liapunov constants computed
in this section have been obtained by using the algorithm described in the
appendix. The vanish of vy gives us a; = (1 + i)a;/(1 + j). The second
Poincaré-Liapunov constant is v3 = —(1 + n)a, — (1 + m)a,. Vanishing
this constant we obtain a, = (1 4+ n)a,/(1 +m). We note that at this
moment we have that p(z) = [ p(o)do and G(z) = [ q(0)do satisfy that
50) = p(1) = 0 and §(0) = §(1) = 0.

The third Poincaré-Liapunov constant is given by vy = —a;a,, (1 —j)(m—
n)(i+j+1j —m —n—mn). We divide the study of the vanishing of v, in
three cases.

First case: aja, = 0. When a; = 0 we have that a; = 0 and then
p(z) = 0. This case gives a differential equation with separated variables
which forms a composition center (recall that g(0) = ¢(1) = 0). In the case
that a,, = 0 we get an analogous result.

Second case: (i—j)(m—n) = 0. If i = j then p(x) has a single monomial
p(z) = a;27 and then p(z) = a;277'/(j + 1). The condition p(1) = 0
implies that a; = 0 and, hence, p(x) = 0. We get again a differential
equation with separated variables which forms a composition center (recall
that ¢g(0) = (1) = 0). In the case that m = n we get an analogous result.

Third case: i +j+ij—m—n—mn=0. Wetakei = (—j+m+n+
mn)/(1+ j). The next Poincaré-Liapunov constant is

U5 = —2a§am(j —m)(j —n)(m —n)(2j + 7> —m —n —mn)*.

Excluding the previous cases, we get that either j = n or (2j + 52 —m —
n —mn) = 0. In the case that j = n we get that there exists a constant
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C' such that p(z) = Cq(z) which forms a composition center. In the latter
case (2j + j2 —m —mn —mn) = 0, we obtain that i = j and, thus, p(z) = 0.

8.7 Appendix

Program to compute the Poincaré-Liapunov constants for an equation (8.3)
defined in the interval [0, 1] and with p and ¢ polynomials up to degree 5.

p = b0 + blx + b2z + b3x3 + bda* + b5a?;

q = c0 + clx + 222 + 32> + cda* + cba®;

h = —Apply[Plus, Integrate[Cases|Expand[p],], x]];
Numerator[Factor[(h/.x— > 1) — (h/.x— > 0)]] >> v2.tat
hh = h; h = —Apply[Plus, Integrate[Cases[Expand|2 x p * hh + q|, ], x]];
Numerator[Factor|[(h/.x— > 1) — (h/.x— > 0)]] >> v3.txt
Forlk =4,k <16,k + +, hhh = hh; hh = h;

h = —Apply[Plus, Integrate[Cases[Expand|(k — 1) % p x hh
+(k - 2) *q* hhh],,],l']];

Put[Numerator[Factor[(h/.x— > 1) — (h/.x— > 0)]],
StringJoin[”v”, ToString[k],” .tzt”]]]

Program to compute the moment conditions for an equation (8.3) defined
on [0, 1].

p = b0 + blx + b222% + b3x3 + bda* + b5a?;

q = c0+ clx + 22% + 323 + cda + c5a®;

P = Integratelp/.x— > z,2,0,x];

Q = Integratelq/.x— > z,2,0,x];
Numerator[Factor[Integratelp, x,0,1]]] >> ul.txt;
Numerator[Factor[Integratelq, z, 0, 1]]] >> u2.tat;
Forli=1,i<8,i++ For[j=17j<i+1,j++
Put[Numerator[Factor[Apply[Plus, Integrate|Cases|
Eapand[Pi — 1)+ @ +p],,,0, 1],
StringJoin[’u”, ToString[2 + (i — 1)i/2 + j],” .tat”]]]]



140 The composition condition for Abel differential equations




Bibliography

1]

2]

3]

[4]

[5]

(6]

A. ALcaBA, E. GAMERO, C. GARCIA, The integrability problem for a
class of planar systems, Nonlinearity 22 (2009), no. 2, 395-420.

M.A.M. AtwasH, On a condition for a centre of cubic nonautonomous
equations, Proc. Roy. Soc. Edinburgh Sect. A 113 (1989), no. 3-4, 289—
291.

M.A.M. ALwasH, Word problems and the centers of Abel differential
equations, Ann. Differential Equations 11 (1995), no. 4, 392-396.

M.A.M. AtwasH, Computing the Poincaré-Liapunov constants, Differ-
ential Equations Dynam. Systems 6 (1998), no. 3, 349-361.

M.A.M. ALwASH, On the composition conjectures, Electron. J. Differ-
ential Equations 2003, No. 69, 4 pp. (electronic).

M.A.M. ALwASH, The composition conjecture for Abel equation, Expo.
Math. 27 (2009), no. 3, 241-250.

M.A.M. ALwAsH, N.G. LLOYD, Non-autonomous equations related to
polynomial two-dimensional systems, Proc. Roy. Soc. Edinburgh Sect. A

105 (1987), 129-152.

A. Awvarez, J.L. Bravo, C. CHRISTOPHER, On the trigonometric
moment problem, Ergodic Theory Dynam. Systems 34 (2014), no. 1,
1-20.

A.A. AxproNov, E.A. LeontovicH, I.I. GORDON AND A.G.
MAIER Theory of bifurcations of dynamic systems on a plane, John
Wiley and Sons, New York-Toronto, 1967.

141



142

BIBLIOGRAPHY

[10]

[11]

[12]

[18]

[19]

[20]

P. APPELL, Sur les invariants de quelques équations différentielles,
Journal de Mathématique 5 (1889), 361-423.

E.A. ARNOLD, Modular algorithms for computing Grébner bases, J.
Symbolic Comput. 35 (2003), no. 4, 403-419.

N.N. BAUTIN, On the number of limit cycles which appear with the
variation of coefficients from an equilibrium position of focus or center
type, Mat. Sb. 30 (72) (1952), 181-196; Amer. Math. Soc. Transl. 100
(1954) 397-413.

I. BENDIXON, Sur les courbes définie par des équations différentielles,
Acta Math. 24 (1901), 1-88.

M. BriNov, Center and composition conditions for Abel equation, the-
sis, Weizmann Institute of Science, 2002.

M. BLINOV, Y. YOMDIN, Generalized center conditions and multiplic-
ities for polinomial Abel equations of small degrees, Nonlinearity 12
(1999), 1013-1028.

T.R. BLows, N.G. LLOYD, The number of limit cycles of certain poly-
nomial differential equations, Proc. Roy. Soc. Edinburgh 98A (1984),
215-239.

M. BRISKIN, J.P. FRANCOISE, Y. YOMDIN, Center conditions, compo-

sitions of polynomials and moments on algebraic curves, Ergodic Theory
Dynam. Systems 19 (1999), 1201-1220.

M. BRISKIN, J.P. FRANCOISE, Y. YOMDIN, Center conditions. II.
Parametric and model center problems, Israel J. Math. 118 (2000), 61—
82.

M. BRISKIN, J.P. FRANCOISE, Y. YOMDIN, Center conditions. III.
Parametric and model center problems, Israel J. Math. 118 (2000), 83—
108.

M. BRISKIN, N. ROYTVARF, Y. YOMDIN, Center conditions at infinity
for Abel differential equations, Ann. of Math. (2) 172 (2010), no. 1, 437—
483.



BIBLIOGRAPHY 143

[21]

[22]

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

A. BRUDNYI, An explicit expression for the first return map in the center
problem, J. Differential Equations 206 (2004), no. 2, 306-314.

A. BRUDNYI, An algebraic model for the center problem, Bull. Sci. Math.
128 (2004), no. 10, 839-857.

A. BRUDNYI, On the center problem for ordinary differential equations,
Amer. J. Math. 128 (2006), 419-451.

A. BrRUDNYI, Y. YOMDIN, Tree composition condition and moments
vanishing, Nonlinearity 23 (2010) 1651-1673.

J.F. CARINENA, J. GRABOWSKI, G. MARMO, Superposition rules, Lie
theorem, and partial differential equations, Rep. Math. Phys. 60 (2007),
no. 2, 237-258.

J. CHAVARRIGA Integrable systems in the plan with a center type linear
part, Appl. Math. (Warsaw) 22 (1994), 285-309.

J. CHAVARRIGA, H. GiacoMmini, J. GINE, J. LLIBRE, On the inte-
grability of two-dimensional flows, J. Differential Equations 157 (1999),
163-182.

J. CHAVARRIGA, H. Giacomini, J. GINE, J. LLIBRE, Darboux inte-

grability and the inverse integrating factor, J. Differential Equations 194
(2003), no. 1, 116-139.

J. CHAVARRIGA, J. GINE, Integrability of a linear center perturbed by
fourth degree homogeneous polynomial, Publ. Mat. 40 (1996), no. 1, 21—
39.

J. CHAVARRIGA, J. GINE, Integrability of a linear center perturbed by
a fifth degree homogeneous polynomial, Publ. Mat. 41 (1997), no. 2,
335-356.

J. CHAZY, Sur la théorie des centres, C. R. Acad. Sci. Paris 221 (1947)
7-10.

E.S. CHEB-TERRAB, A.D. ROCHE, Abel ODE’s: Equivalence and in-
tegrable classes, Comput. Phys. Comm. 130 (2000), no. 1-2, 204-231.



144

BIBLIOGRAPHY

[33]

[34]

[36]

[37]

[38]

[39]

CHEN LANSUN, WANG MINGSHU, Relative position and number of limait
cycles of a quadratic differential system, Acta Math. Sinica 22 (1979)
751-758 (chinese).

L.A. CHERKAS, The number of limit cycles of a certain second order
autonumous system (Russian), Differencial'nye Uravnenija 12 (1976),
no. 5, 944-946. Differential Equations 12 (1976), no. 5, 666—668.

A. CHIELLINI Alcune ricerche sulla forma dell’integrale generale
dell’equazione differenziale del primo ordine y' = Coy® +3C1y? +3Chy +
(5, Rend. Sem. Fac. Sci. Univ. Cagliari 10 (1940), 16-28.

M. CHINI, Sullintegrazione di alcune equazioni dierenziali del primo
ordine, Rendiconti Instituto Lombardo 57 (1924), no. 2, 506-511.

C. CHRISTOPHER, Abel equations: composition conjectures and the
model problem, Bull. London Math. Soc. 32 (2000), no. 3, 332-338.

C. CHRISTOPHER, C. ROUSSEAU, Nondegenerate linearizable centres
of complex planar quadratic and symmetric cubic systems in C?, Publ.

Mat. 45 (2001), no. 1, 95-123.

C. CHRISTOPHER, P. MARDESIC, C. ROUSSEAU, Normalizable, inte-
grable and linearizable saddle points for complex quadratic systems in

C?, J. Dyn. Control Syst. 9 (2003) 311-363.

A. CimvA, A. GASULL, V. MANOsA, F. MANOsSAS Algebraic proper-

ties of the liapunov and period constants, Rocky Mountain J. Math. 27
(1997), 471-501.

A. CiMA, A. GAsUuLL, F. MANosAs, Centers for Trigonometric Abel
FEquations, Qual. Theory Dyn. Syst. 11 (2012), 19-37.

A. CimMA, A. GASULL, F. MANOSAS, A simple solution of some com-
position conjectures for Abel equations, J. Math. Anal. Appl. 308 (2013)
477-486.

A. CiMA, A. GASULL, F. MANOSAS, An explicit bound of the number of

vanishing double moments forcing composition, J. Differential Equations
255 (2013), no. 3, 339-350.



BIBLIOGRAPHY 145

[44]

[45]

[46]

[47]

[55]

C.B. CoLLINS, Conditions for a centre in a simple class of cubic sys-
tems, Differential and Integral Equations 10 (2) (1997), 333-356.

R. ConTI1, Uniformly isochronous centers of polynomials systems in R?,
Lecture Notes in Pure and Applied Math. 152 (1994), 21-31, Marcel
Dekker, New York.

D. Cox, J. LitTLE, D. O’SHEA, Ideals, Varieties and Algorithms, 2th.
Edition, Undergraduate Texts in Mathematics, Springer-Verlag, 1992.

G. DARBOUX, Mémoire sur les équations différentielles algébriques du
premier ordre et du premier degré (Mélanges), Bull. Sci. Math. (1878),
60-96; 123-144; 151-200.

J. DEVLIN, Word problems related to periodic solutions of a nonau-
tonomous system, Math. Proc. Cambridge Philos. Soc. 108 (1990), no.
1, 127-151.

J. DEVLIN, Word problems related to derivatives of the displacement
map, Math. Proc. Cambridge Philos. Soc. 110 (1991), no. 3, 569-579.

J. DEVLIN, N.G. LLovyD, J.M. PEARSON, Cubic systems and Abel
equations. J. Differential Equations 147 (1998), no. 2, 435-454.

H. DurAc, Détermination et intégration d’une certaine classe d’équa-
tions différentielles ayant pour point singulier un cente. Bull. Sci. Math.
Sér.(2) 32 (1908), 230-252.

J. ECALLE, Introduction auz fonctions analysables et preuve construc-
tive de la conjecture de Dulac, Actualités Mathématiques [Current
Mathematical Topics| Hermann, Paris, 1992.

Z. ELL1oT, Sur les invariants d’une classe d’équations du premier ordre,
C. R. Acad. Sci. Paris (1890) 110, 629-632.

W.W. FARR, C. L1, I.S. LABOURIAU, W.F. LANGFORD, Degenerate
Hopf-bifurcation formulas and Hilbert’s 16th problem, SIAM J. of Math.
Anal. 20 (1989), 13-29.

J.P. FRANCQOISE, Successive derivatives of a first return map, Ergodic
Theory Dynam. Systems 16 (1996), no. 1, 87-96.



146

BIBLIOGRAPHY

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

J.P. FRANCOISE, R. PoNs, Computer algebra methods and the stability
of differential systems, Random Comput. Dynam. 3 (1995), no. 4, 265-
287.

J.P. FRANCOISE, N. ROYTVARF, Y. YOMDIN, Analytic continuation

and fized points of the Poincare mapping for a polynomial Abel equation,
J. Eur. Math. Soc. 10 (2008), 543-570.

M. FROMMER, Uber das Auftreten von Wirbeln und Strudeln
(geschlossener und spiraliger Integralkurven) in der Umgebung ratio-
naler Unbestimmheitsstellen, Math. Ann. 109 (1934), 395-424.

A. FRONVILLE, A.P. SapovskI, H. ZOLADEK, Solution of the 1: —2
resonant center problem in the quadratic case, Fund. Math. 157 (1998),
191-207.

I.A. GaRrcia, H. GiacoMiNI, J. GINE, Generalized nonlinear super-

position principles for polynomial planar vector fields, J. Lie Theory 15
(2005), 89-104.

I.A. GARrcia, J. GINE, Generalized cofactors and nonlinear superposi-
tion principles, Appl. Math. Lett. 16 (2003), 1137-1141.

I.A. GARrcia, H. GiacoMINI, M. GRAU, The inverse integrating factor
and the Poincaré map, Trans. Amer. Math. Soc., 362 (2010), 3591-3612.

I.A. GARrcia, H. GiacoMmiNi, M. GRAU, Generalized Hopf Bifurcation
for planar vector fields via the inverse integrating factor, J. Dynam.
Differential Equations, 23 (2011), 251-281.

A. GasuLL, A. GUILLAMON, V. MANOSA, An explicit expression of

the first Liapunov and period constants with applications, J. Math. Anal.
Appl. 211 (1997), 190-202.

A. GAsuLL AND R. PROHENS, Effective computation of the

first Lyapunov quantities for a planar differential equation, Appl.
Math.(Warsaw) 24 (1997), 243-250.

A. GAsuLL, A. GUILLAMON, V. MANOSA, An analytic-numerical
method of computation of the liapunov and period constants derived from
their algebraic structure, SIAM J. Numer. Anal. 36 (1999), no. 4, 1030—
1043



BIBLIOGRAPHY 147

[67]

[68]

[69]

H. GiacoMINI, J. GINE, An algorithmic method to determine integra-
bility for polynomial planar vector fields, Furopean J. Appl. Math. 17
(2006), no. 2, 161-170.

H. Giacowmini, J. LLIBRE, M. VIANO, On the nonezistence, existence
and uniqueness of limit cycles. Nonlinearity 9 (1996), no. 2, 501-516.

J. GINE, Conditions for the existence of a center for the Kukles homo-
geneous systems, Comput. Math. Appl. 43 (2002) 1261-1269.

J. GINE, On the number of algebraically independent Poincaré-Liapunov
constants, Appl. Math. Comput., 188 (2007), no. 2, 1870-1877.

J. GINE, M. GRAU, J. LLIBRE, Universal centers and composition
conditions, Proc. Lond. Math. Soc. (3) 106 (2013), 481-507.

J. GINE, M. GRAU, J. LLIBRE, On the extensions of the Darboux
theory of integrability, Nonlinearity 26 (2013), no. 8, 2221-2229.

J. GINE, M. GRAU, X. SANTALLUSIA, Composition conditions in the
trigonometric Abel equation, J. Appl. Anal. Comput. 3 (2013), no. 2,
133-144.

J. GINE, M. GRrRAU, X. SANTALLUSIA, Universal centers in the cu-

bic trigonometric Abel equation, Electron. J. Qual. Theory Differ. Equ.
2014, No. 1, 1-7.

J. GINE, J. LLIBRE, On the integrable rational Abel differential equa-
tions, Z. Angew. Math. Phys. 61 (2010), no. 1, 33-39.

J. GINE, J. MALLOL, Minimum number of ideal generators for a lin-

ear center perturbed by homogeneous polynomials, Nonlinear Anal. 71
(2009), no. 12, Ser. A: Theory Methods, e132-e137.

J. GINE, X. SANTALLUSIA, On the Poincaré-Liapunov constants and
the Poincaré series, Appl. Math. (Warsaw) 28 (2001), no. 1, 17-30.

J. GINE, X. SANTALLUSIA, Implementation of a new algorithm of com-
putation of the Poincaré-Liapunov constants, J. Comput. Appl. Math.
166 (2004), no. 2, 465-476.



148

BIBLIOGRAPHY

[79]

[80]

[81]

[82]

[33]

[84]

[85]

[36]

[87]

3]

A. GORIELY, Integrability and nonintegrability of dynamical systems,
Advanced Series in Nonlinear Dynamics, 19. World Scientific Publishing
Co., Inc., River Edge, NJ, 2001.

H-C. GRAF VON BOTHMER, Fzxperimental results for the Poincaré cen-
ter problem, NoDEA Nonlinear Differential Equations Appl. 14 (2007),
no. 5-6, 671-698.

G.M. GREUEL, G. PFISTER, H. SCHONEMANN, SINGULAR 3.0
A computer algebra system for polynomial computations, Cen-
tre for Computer Algebra, University of Kaiserslautern, 2005.
http://www.singular.uni-kl.de

Z. Hu, V. G. RoMANOVSKI, D.S. SHAFER, 1 : —3 resonant centers
on C? with homogeneous cubic nonlinearities, Comput. Math. Appl. 56

(2008), no. 8, 1927-1940.

D.D. Hua, L. CAlrRO, M.R. FEIX, K.S. GOVINDER, P.G.L. LEACH,
Connection between the existence of first integrals and the Painlev prop-

erty in two-dimensional Lotka-Volterra and quadratic systems. Proc.
Roy. Soc. London Ser. A 452 (1996), no. 1947, 859-880.

YU.S. ILYASHENKO, Finiteness theorems for limit cycles, Russian Math.
Surveys 40 (1990), 143-200.

J.P. JouaANoLOU, FEquations de Pfaff algébriques, Lectures Notes in
Mathematics 708, Springer—Verlag, 1979.

E. KAMKE, Differentialgleichungen “losungsmethoden und losungen”,
Col. Mathematik und ihre anwendungen, 18, Akademische Verlagsge-
sellschaft Becker und Erler Kom-Ges., Leipzig, 1943.

W. KAPTEYN, On the midpoints of integral curves of differential equa-
tions of the first degree, Nederl. Akad. Wetensch. Verslag. Afd. Natuurk.
Konikl. Nederland 19 (1911), 1446-1457 (Dutch).

W. KAPTEYN, New investigations on the midpoints of integrals of dif-
ferential equations of the first degree, Nederl. Akad. Wetensch. Verslag
Afd. Natuurk. 20 (1912), 1354-1365; 21 (1912), 27-33 (Dutch).



BIBLIOGRAPHY 149

[89]

[90]

[94]

[95]

[96]

[98]

9]

M.D. KruskAL, P.A. CLARKSON, The Painlevé-Kowalevski and poly-
Painlevé tests for integrability, Stud. Appl. Math. 86 (1992), no. 2, 87—
165.

W. L1, J. LLIBRE, M. NICOLAU & X. ZHANG, On the differentiability
of first integrals of two-dimensional flows, Proc. Amer. Math. Soc. 130
(2002), no. 7, 2079-2088.

M.A. LiapUNOV, Probléme général de la stabilité du mouvement, Ann.
of Math. Stud. 17, Pricenton University Press, 1947.

R. LIOUVILLE, Sur une classe d’ équations différentielles du premier or-
dre et sur les formations invariantes qui s’y rapportent, Comptes Rendus
des Séances de I’Académie des Sciences 105 (1887), 460-463.

R. LIOUVILLE, Sur une équation différentielle du premier ordre, Acta
Mathematica 26 (1902), 55-78. See also R. Liouville, Comptes Rendus
103 (1886), 476-479 and R. Liouville, Comptes Rendus 105 (1887) 460
463.

J. LLIBRE, X. ZHANG, On the Darboux integrability of polynomial dif-
ferential systems, Qual. Theory Dyn. Syst. 11 (2012), no. 1, 129-144.

N.G. Lroyp, J.M. PEARSON, REDUCE and the bifurcation of limit
cycles, J. Symbolic. Comput. 9 (1990), 215-224.

B. MALGRANGE, Le groupode de Galois d’un feuilletage. (French) [The
Galois groupoid of a foliation|, Essays on geometry and related topics,
Vol. 1, 2, 465-501, Monogr. Enseign. Math., 38, Enseignement Math.,
Geneva, 2001.

B. MALGRANGE, On nonlinear differential Galois theory. Dedicated

to the memory of Jacques-Louis Lions. Chinese Ann. Math. Ser. B 23
(2002), no. 2, 219-226.

J.F. MATTEI, R. Moussu, Holonomie et intégrales premiéres. Ann.
Sci. Ecole Normale Superieure 13 (1980) 469-523.

R. Moussu, Une démonstration d’un théoréeme de Lyapunov-Poincaré,
Astérisque 98-99 (1982), 216-223.



150 BIBLIOGRAPHY

[100] M. MuzycHUK, F. PAKOVICH, Solution of the polynomial moment
problem, Proc. Lond. Math. Soc. (3) 99 (2009), 633-657.

[101] D. MONTGOMERY AND L. ZI1pPIN, Topological transformations
groups, Interscience, New York, 1995.

[102] V. V. NEmMYTSKII, V. V. STEPANOV, Qualitative Theory of Differ-
ential Equations, Dover Publ., New York, 1989.

[103] P.  PAINLEVE,  Mémoire sur les équations  différentielles
du  premier  ordre  dont  [l'intégrale est de la  forme

M) (y—g1(x) " (y—ga(x))*2 - (y—gn(2x)) = C. Amnn. Fac. Sc,
Univ., Toulouse (1896), 1-37; reprinted in (Euvres, tome 2, 546-582

[104] F. PAKOVICH, A counterezample to the composition conjecture, Proc.
Amer. Math. Soc, 130 (2002), 3747-3749.

[105] F. PAKOVICH, On the polynomial moment problem, Math. Res. Lett.
10 (2003) 401-410.

[106] F. PAKOVICH, Solution of the parametric center problem for the Abel
differential equation, J. Eur. Math. Soc., to appear.

[107] J.M. PEARSON, N.G. LLoyD AND C.J. CHRISTOPHER, Algorithmic
derivation of centre conditions, SIAM Review 38 (1996), 619-636.

[108] L. PERKO, Differential equations and dynamical systems. Third edi-
tion. Texts in Applied Mathematics, 7. Springer-Verlag, New York, 2001.

[109] H. POINCARE, Mémoire sur les courbes définies par les équations
différentielles, J. de Mathématiques Pures et Appliquées (3) 7 (1881),
375-422; 8 (1882), 251-296; Oeuvres de Henri Poincaré, vol. I, Gauthier-
Villars, Paris 1951, 3—-84.

[110] M.J. PRELLE AND M.F. SINGER, Elementary first integrals of differ-
ential equations. Trans. Amer. Math. Soc. 279 (1983), 215-229.

[111] G. REEB, Sur certaines propriétés topologiques des variétés feuilletées,
pp. 91-158 in “Sur les espaces fibrés et les variétés feuilletées.” by Wu,
W.-T.; REEB,G., Actualités Sci. Industr., 1183, Tome XI, Paris, Her-
mann et Cie, Editeurs, Paris, 1952.



BIBLIOGRAPHY 151

[112] J.L. REID, S.STROBEL, The nonlinear superposition theorem of Lie
and Abel’s differential equations, Lettere al Nuovo Cimento 38 (1983),
no. 13, 448-452.

[113] V.G. ROMANOVSKIIL, Grébner basis theory for monoidal rings and 16th
Hilbert problem, University of Maribor, Technical Report, Misc, 1996.

[114] V.G. RoMANOVSKI, M. PRESERN, An approach to solving systems

of polynomials via modular arithmetics with applications, J. Comput.
Appl. Math. 236 (2011), no. 2, 196-208.

[115] V.G. RoMANOVSKI, D.S. SHAFER, On the center problem for p: —q
resonant polynomial vector fields, Bull. Belg. Math. Soc. Simon Stevin
15 (2008), no. 5, Dynamics in perturbations, 871-887.

[116] R. ROUSSARIE, Bifurcation of planar vector fields and Hilbert’s siz-

teenth problem, Progress in Mathematics, 164. Birkhauser Verlag, Basel,
1998.

[117] A.P. SADOVSKIIL, Holomorphic integrals of a certain system of dif-
ferential equations, Differ. Uravn. 10 (1974) 558-560; Differ. Equ. 10
(1974) 425-427.

[118] M.F. SINGER, Liouvillian first integrals of differential equations,
Trans. Amer. Math. Soc. 333 (1992), 673-688.

[119] SHI SONGLING, A Concrete example of the existence of four limit cycles
for plane quadratic systems, Sci. Sinica 23 (1980) 153-158.

[120] SHI SONGLING, A method of constructing cycles without contact around
a weak focus, J. Differential Equations 41 (1981), 301-312.

[121] SHI SONGLING, On the structure of Poincaré-Lyapunov constants for

the weak focus of polynomaial vector fields, J. Differential Equations 52
(1984), 52-57.

[122] D. SCHLOMIUK, Algebraic and geometric aspects of the theory of poly-
nomial vector fields Bifurcations and periodic orbits of vector fields
(Montreal, PQ, 1992), 429-467, NATO Adv. Sci. Inst. Ser. C Math.
Phys. Sci., 408, Kluwer Acad. Publ., Dordrecht, 1993.



152 BIBLIOGRAPHY

[123] J. TORREGROSA, Punts singulars i orbites periodiques per a camps
vectorials, Ph.D. (in catalan), Universitat Autonoma de Barcelona,
1998.

[124] P.S. WaNG, M.J.T. Guy, J.H. DAVENPORT, P-adic reconstruction
of rational numbers SIGSAM Bull. 16(1982), no. 2, 2-3.

[125] E.W. WEISSTEIN, CRC concise encyclopedia of mathematics, Second
edition. Chapman & Hall / CRC, Boca Raton, FL, 2003.

[126] H. ZOLQDEK, Eleven small limit cycles in a cubic vector field, Nonlin-
earity 8 (1995), 843-860.

[127] H. ZOLADEK, The problem of center for resonant singular points of
polynomial vector fields, J. Differential Equations 137 (1997), no. 1,
94-118.



Index

Abel differential equation, 21, 59, 91 planar differential system, 15
polynomial, 25, 126 Poincaré-Liapunov constants, 17, 29,
rational, 64 45, 104, 135

trigonometric, 24, 103, 117, 126
quadratic system, 15, 40, 49, 99

center, 15, 17, 117

persistent, 128 reversible system, 19

universal, 105, 107, 119, 127 a-symmetric, 106, 121
center problem, 15, 24, 99, 125 time-reversible, 19
cubic system, 49 Riccati equation, 21, 89
divergence (div), 20 singular point, 15
first integral, 118 uniformly isochronous center, 57

algebraic, 60

Darboux, 22

definition, 19

determination, 16

integrability problem, 20, 22, 86
focus, 15

weak focus, 16, 17, 30, 53

Groebner basis, 48, 137

integrating factor, 20
inverse integrating factor, 20, 46, 96,
122

Liénard system, 56
limit cycle, 15, 29, 46

period annulus, 15
periodic orbit, 15

153



	portadaSantallusia.pdf
	Contribution to the center and integrability problems in planar vector fields
	Xavier Santallusia Esvert 


