RESSALVA

Atendendo solicitacao do
autor, o texto completo
desta dissertacao sera
disponibilizado somente a

partir de 28/06/2023.



A
AvAvAY  UNIVERSIDADE ESTADUAL PAULISTA

AV
u nesp W 4ULIO DE MESQUITA FILHO”

Céampus de Sao José do Rio Preto

Paulo Henrique Reis Santana

Planar reversible vector fields, averaging theory and
polycycles in non-smooth vector fields

Sao José do Rio Preto
2021






Paulo Henrique Reis Santana

Planar reversible vector fields, averaging theory and
polycycles in non-smooth vector fields

Dissertacdo apresentada como parte dos
requisitos para obtencao do titulo de Mestre
em Matematica, junto ao Programa de Pés-
Graduacdao em Matematica, do Instituto de
Biociéncias, Letras e Ciéncias Exatas da
Universidade Estadual Paulista “Julio de
Mesquita Filho”, Campus de Sao José do
Rio Preto.

Orientador: Prof. Dr. Claudio Aguinaldo
Buzzi
Co-orientador: Prof. Dr. Jaume Llibre

Financiadoras: FAPESP - 2018/23194-9 e
2019/21446-3; CAPES

Sao José do Rio Preto
2021



Santana, Paulo Henrigue Reis
S232p Planar reversible vector fields, averaging theory and polycycles in
non-smooth vector fields / Paulo Henrique Reis Santana. -- S&o José do Rio
Preto, 2021

128 p.

Dissertacéo (mestrado) - Universidade Estadual Paulista (Unesp), Instituto
de Biociéncias Letras e Ciéncias Exatas, S&o José do Rio Preto
Orientador: Claudio Aguinaldo Buzzi

Coorientador: Jaume Llibre

1. Sistemas dinamicos. 2. Retratos e fase. 3. Reversibilidade. 4. Teoria da

média. 5. Policiclos. I. Titulo.

Sistema de geragéo automatica de fichas catalograficas da Unesp. Biblioteca do Instituto de Biociéncias Letras e
Ciéncias Exatas, S&o José do Rio Preto. Dados fornecidos pelo autor(a).

Essa ficha ndo pode ser modificada.



Paulo Henrique Reis Santana

Planar reversible vector fields, averaging theory and
polycycles in non-smooth vector fields

Dissertacdo apresentada como parte dos
requisitos para obtencao do titulo de Mestre
em Matematica, junto ao Programa de Péds-
Graduagdo em Matematica, do Instituto de
Biociéncias, Letras e Ciéncias Exatas da
Universidade Estadual Paulista “Julio de
Mesquita Filho”, Campus de Sao José do
Rio Preto.

Financiadora: FAPESP - 2018/23194-9 e
2019/21446-3; CAPES

Comissao Examinadora

Prof. Dr. Claudio Aguinaldo Buzzi
UNESP - Campus de Sao José do Rio Preto
Orientador

Profa. Dra. Luci Any Francisco Roberto
UNESP - Campus de Séao José do Rio Preto

Prof. Dr. Jodo Carlos da Rocha Medrado
UFG - Universidade Federal de Goias

Sao José do Rio Preto
28 de Junho de 2021






AGRADECIMENTOS

Sozinho eu jamais conseguiria fazer um milésimo do que foi feito aqui. Agradeco ao
meu pai Ubaldo por todo 0 apoio que ele deu e continua dando a seus filhos, matando
um ledo por dia por nés, sempre provendo para sua familia. Agrade¢co a minha mae
Roseli por todo o apoio que ela deu e continua dando a seus filhos, também matando
um ledo por dia por nds, sempre cuidando de sua familia. E gragas ao ambiente
amoroso e alegre fornecido pelos dois que eu e minha irma temos o enorme privilégio
de focarmos cem porcento do nosso tempo na corrida pelos nossos sonhos. Agradeco
a minha irma por todo o apoio dado a mim nas horas dificeis. Ter alguém passando
pelas mesmas dificuldades académicas que eu, e que portanto também as entende,
ajuda muito.

Devo também os mais ternos agradecimentos a minha amada noiva Raquel, mu-
lher de fibra que ocorre atras de seus sonhos e que me apoia incondicionalmente.
Com sua paciéncia infinita sempre me perdoando pelos incontaveis finais de semanas
e feriados que eu tive que passar em meu quarto, estudando, em vez de dar com-
panhia a ela. Por seu amor incontestavel ao sempre me apoiar na busca pelo meu
sonho.

Sonho este que jamais se realizaria sem o apoio do meu grande orientador Claudio
Buzzi, homem de extrema humildade, paciéncia, competéncia e generosidade. Sem-
pre abrindo portas para seus alunos, sempre fazendo tudo que esta ao alcance dele,
e além. Sempre se desdobrando em mil para dar atencao a cada um de nés. Tudo
isto sem perder a altissima qualidade de suas aulas. Agradego também ao professor
Jaume Llibre, um dos maiores pesquisadores da area de sistemas dinamicos e ainda
sim um homem de extrema humildade, paciéncia, competéncia e generosidade. Sem-
pre de portas abertas para alunos que nao possuem nada além de um sonho. Estes
dois grandes professores sao um exemplo a ser seguido por todos os alunos ao redor.

Agradecgo ao meus Avos Guilherme e Cida, Gerénimo e Wilsa, por sempre terem

os sonhos de seus netos como seus proprios sonhos.



Agradeco também ao meus amigos Matheus, Jodo e Fazoli, por todas as risadas
e todos os delirios matematicos que temos juntos no famigerado, e as vezes mal
compreendido, grupo “café com CR”. Ter alguém tdo desesperado quanto eu com as
listas de exercicios era um alivio.

Agradecimentos também ao meu querido amigo Amilton Machado por compartilhar
sua sabedoria de vida, obtida a duras penas, para um “bando de muleque” que nao
sabem nada sobre a vida. Tenho certeza que vocé olha por n6s do céu.

Agradeco também a Fundacdo de Amparo a Pesquisa do Estado de Sao Paulo
(FAPESP) por me dar a oportunidade Unica de passar seis meses no exterior, em
nome do meu aperfeicoamento profissional. Fiz e continuarei fazendo o possivel e o
impossivel para honrar o dinheiro publico confiado a mim.

O presente trabalho foi realizado com apoio da Fundagdo de Amparo a Pesquisa
do Estado de Sao Paulo (FAPESP), processos 2018/23194-9 e 2019/21446-3, a qual
agradeco.

O presente trabalho foi realizado com apoio da Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES) - Codigo de Financiamento 001, a qual

agradeco.



RESUMO

Neste trabalho veremos os retratos de fase, no disco de Poincaré, das formas normais
locais das singularidades simétricas dos campos reversiveis do tipo (2;0) e (2;1) de
baixa codimensao; uma aplicagdo da Teoria da Média no campo da Astrofisica, com
0 objetivo de estudar as orbitas peridédicas de um modelo do universo de Friedmann-
Robertson-Walker; e algumas generalizacdes de resultados conhecidos sobre policic-
los em campos de vetores suaves para o caso nao suave, focando um melhor entendi-

mento de sua estabilidade e da bifurcacéo de ciclos limite.

Palavras-chave: Sistemas Dinamicos, Retratos de fase, Reversibilidade, Teoria da Mé-
dia, Policiclos.






ABSTRACT

In this work one will see the phase portraits, in the Poincaré disk, of the local normal
forms of symmetrical singularities of reversible vector fields of type (2;0) and (2;1);
an application of the Averaging Theory at the field of Astrophysics, aiming the study
of the periodic orbits in a model of the Friedmann-Robertson-Walker universe; and
some generalizations of well established results about the polycycles in smooth vector
fields to the non-smooth cases, aiming a better understanding of its stability and the

bifurcation of limit cycles.

Keywords: Dynamical Systems, Phase portraits, Reversibility, Averaging Theory, Poly-
cycles.
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1 INTRODUCTION

Let P, Q: R? = R be two C*, k > 1, functions. A planar C* differential system is a
system of the form

where the dot in system (1.1) denote the derivative with respect to the independent
variable t. The map X = (P,Q) is called a vector field. If P and @ are polynomials
such that the maximum of the degrees of P and @ is n, then system (1.1) is a planar
polynomial differential system of degree n, or just a polynomial system. If n = 1, then
system (1.1) is a planar linear differential system. This last class of system is already
completely understood, see for instance the books [19, 25, 50]. However, if n > 2, then
we know very few things. The class of planar polynomial systems with degree n > 2, i.e.
the planar nonlinear polynomial differential systems, is too wide and thus it is common
to study more specific subclasses and to classify them by their topological behavior.
With this in mind, we point out the subclass of the reversible vector fields. Given a
C* planar vector field X and a C* diffeomorphism ¢: R? — R? such that o = ¢! (ie. ¢
is an involution) we say that X is a p-reversible vector field of type (2;7), r € {0,1,2}, if

Dop(a,y) X (2,y) = =X(p(2,y)), (1.2)

for all (z,y) € R? and Fiz(p) = {(z,y) € R*: ¢(z,y) = (z,y)} is a r-dimensional
manifold. We observe that Dy(z,y) denotes the Jacobian matriz of ¢ applied at the
point (z,y). In a simple way, X is ¢-reversible if after applying the change of coordinates
(u,v) = p(z,y) one obtains —X.

Knowing that any planar polynomial vector field X can be extended analytically to
the sphere S? = {(z,y, z) € R3: 22 + y* + 2% = 1} through the Poincaré compactification
(see Section 2.2), great advances in the topological classification of the planar nonlinear
polynomial differential systems were made by Peixoto [44] and furthermore extended by
Sotomayor [54]. From these works we point out the notion of generic families. Given a
set X we say that £ € X is generic if £ is an element of a collection ¥ C X such that:

(a) X is large with respect to X;
(b) its elements are amenable to simple description.

In a more mathematical way, if X is endowed with some interesting topology, then condi-
tion (a) can be replaced by

(a;) X is open and dense in X.

In [56] Teixeira applied the notion of generic families in the set of one and two-
parameters families of germs of reversible vector fields of type (2;1). Moreover, Buzzi
[9] also applied this notion in the set of one-parameter families of germs of reversible
vector fields of type (2;0) with a singularity at the origin. Knowing that the unique germ
of reversible vector field of type (2;2) is X = 0 we conclude that the works of Teixeira
and Buzzi together provide a topological classification of all the symmetrical singularities
of germs of planar reversible vector fields of low codimension. In other words, given a

17



18 INTRODUCTION

symmetrical singularity of a planar reversible vector field we know all the low condimen-
sion bifurcations that can occur on it. Furthermore, Medrado and Teixeira [35, 36] also
gave a classification of the symmetrical singularities of the reversible vector fields of type
(3;2) of codimension zero, one and two. For more works about reversibility see Buzzi,
Roberto and Teixeira [14], for a time-reversible system, and Pereira and Pessoa [46, 47],
for reversible vector fields over the sphere.

Therefore, based in the works of Buzzi [9] and Teixeira [56], Chapters 3 and 4 of
this dissertation concerns with the global phase portrait, in the Poincaré disk, of all the
topological normal forms given by [56] and [9]. Since such normal forms are local, we
observe that their global phase portraits does not represent the global phase portrait
of all reversible vector fields of type (2;0) and (2;1) of low codimension. However, for
a classification of all the quadratic reversible vector fields of type (2;1), see Llibre and
Medrado [30]. Furthermore, see Theorem 3.7 for the phase portraits of the normal forms
obtained by Buzzi and Theorem 4.3 for the phase portraits of the normal forms obtained
by Teixeira. Given a vector field X, our approach works as follows.

(a) First we workout what we call the local behavior of the vector field X, i.e. we

1) study all the possible finite singularities;

2) use the Grobman-Hartman Theorem, The Stable Manifold Theorem and the
Blow Up technique to obtain the local phase portrait of X at each of the finite
singularities;

3) look for singularity bifurcations as the saddle-node, the center-focus and the
Hopf bifurcation;

4) use tools as the Poincaré-Hopf Theorem and the Bendixson Criterion to un-
derstand when and where a limit cycle can appear;

5) study the equator of the compactification p(X) of X;

(b) Then we look for topological informations which involves more than one singularity
as heteroclinic connections and the formation of graphs;

(c) Finally we look for convenient curves in which the flow of X crosses it in a convenient
way to shrink the possibilities for the o and w-limit of the separatrices.

We observe that the work contained in both chapters is a co-work with professors
Claudio Buzzi and Jaume Llibre, with the work [13] of Chapter 3 already published and
the work [11] of Chapter 4 submitted for publication.

Chapter 5 consist in a application of the Averaging Theory in the field of Astrophysics,
i.e. the application of the Averaging Theory in the four-dimensional Hamiltonian

H= ; <y2 —z? +p§ — pi) + le (ax4 + 2bx%y? + cy4) —w (Tpy — YD) , (1.3)
which models in a simplified way what is called the Friedmann-Robertson- Walker universe.
We observe that this is a co-work with professors Claudio Buzzi and Jaume Llibre and it
was already published. See [12]. Our goal in this work is the description, in an analytical
way, of the periodic orbits around the origin of the four-dimensional vector field derived
from the Hamiltonian (1.3). See Theorem 5.1. Furthermore, our approach works as
follows.
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(a)

(f)

First we applied the change of coordinates (x,y, ps, py) = vVe(X,Y, px, py), obtain-
ing a four-dimensional vector field which is topologically equivalent to the original
system, derived from the Hamiltonian (1.3). We observe that this new system has
the necessary e-parameter;

Then we applied a linear change of coordinates (X,Y,px,py) = (4, v, py, py) such
that in these new coordinate the system is in its Jordan coordinates, i.e. its linear
part is equal its Jordan Normal form;

Then we applied the polar change of coordinates

(w, v, pu, pu) = (rcos,rsin b, pcos( + ), psin(6 + ¢)),
obtained a never-vanishing 6;

Since @ never vanishes, we can take 6 as the independent variable of the polar system
and then shrink the dimension of the vector field from four to three;

In this three-dimensional nonautonomous vector field which has 6 as its independent
variable, we write the variable p as a function of (6,7, ¢, h), where h is the fixed-
value of the first integral obtained from (1.3) in these new coordinate system. Thus,
we obtain a two-dimension vector field which depends on the parameter h;

Hence, we apply the Averaging Theory in this planar nonautonomous vector field
obtaining information about its periodic orbits, which translates in to informations
about the periodic orbits of the original system.

Chapter 6 concerns with the polycycles of a non smooth vector field (also known as
piecewise vector fields). More precisely, if I is a polycycle of a non-smooth vector field,
composed by tangential singularities, hyperbolic saddles and semi-hyperbolic saddles, then
in Chapter 6 we prove the following.

(a)

(b)

()

()

The stability of I" depends on the stability of its singularities. See Theorem 6.4 and
Corollary 6.5;

If all the singularities of I' compress the flow (resp. all the singularities repels the
flow) around it, then I' is stable (resp. unstable). Furthermore, if small enough
perturbation of I" has a limit cycle, then it is unique, hyperbolic and stable (resp.
unstable). See Theorem 6.7;

If I" has n singularities satisfying some conditions, then there exists a perturbation
of I" such that at least n limit cycles bifurcate from it. See Theorem 6.8;

If T is composed by a hyperbolic saddle and a quadratic-regular tangential singu-
larity, then the bifurcation diagrams of I" was completely described in the generic
cases. See Theorem 6.9.

Our approach in Chapter 6 relies in the extension of previous results that are already
well established in the smooth case, i.e. in polycycles of vector fields of class C* (see
[17, 20, 23, 38, 49]), together with the characterization of the flow of non-smooth vector
fields near tangential singularities, obtained by Andrade, Gomide and Novaes [2]. We also
observe that this work is a undergoing collaboration with professors Claudio Buzzi and
Douglas Novaes.



20 INTRODUCTION

For the sake of self-containedness, Chapter 2 concerns with some preliminaries neces-
sary for Chapters 3, 4, 5 and 6. Finally, at the end we have a conclusion pointing out the
highlights of each chapter.



7 CONCLUSION

We would like to point out that we are very impressed on how the systematic chasing
for convenient curves such that the flow crosses it in a convenient way proved to be a very
fruitful tool in the classification of the phase portraits of the planar reversible vector fields.
We also point out the qualitative simplification done in the Friedmann-Robertson-Walker
system, shrinking the dimensional from four to two and hence recovering all the theory of
planar vector fields. Finally, we point out the fact that polycycles in non-smooth vector
fields, at least when generic, behaves in a very similar way from its siblings in the smooth
realm.
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