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Chapter 1

Introduction

1.1 Hilbert’s sixteenth problem

The main aim of these notes is to introduce the reader with some
problems arising from the centennial Hilbert’s 16th problem, H16 for
short. It appears in the famous list of Hilbert’s problems which he
proposed in the International Congress of Mathematicians, 1901 in
Paris, see [45]. Our aim is not to collect all the developments and
theorems in direction of H16 (for this see for instance [55]), but to
present a way of breaking the problem in many pieces and observing
the fact that even such partial problems are extremely difficult to
treat. Our point of view is algebraic and we want to point out that
the both real and complex algebraic geometry would be indispensable
for a systematic approach to the H16. Here is Hilbert’s announcement
of the problem:

16. Problem of the topology of algebraic curves and surfaces

The maximum number of closed and separate branches which a plane
algebraic curve of the n-th order can have has been determined by
Harnack. There arises the further question as to the relative position
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of the branches in the plane. As to curves of the 6-th order, I have
satisfied myself-by a complicated process, it is true-that of the eleven
branches which they can have according to Harnack, by no means
all can lie external to one another, but that one branch must exist
in whose interior one branch and in whose exterior nine branches
lie, or inversely. A thorough investigation of the relative position of
the separate branches when their number is the maximum seems to
me to be of very great interest, and not less so the corresponding
investigation as to the number, form, and position of the sheets of
an algebraic surface in space. Till now, indeed, it is not even known
what is the maximum number of sheets which a surface of the 4-th
order in three dimensional space can really have.

In connection with this purely algebraic problem, I wish to bring
forward a question which, it seems to me, may be attacked by the
same method of continuous variation of coefficients, and whose answer
is of corresponding value for the topology of families of curves defined
by differential equations. This is the question as to the maximum
number and position of Poincaré boundary cycles (cycles limits) for
a differential equation of the first order and degree of the form

dy/dx =Y/X,

where X and Y are rational integral functions of the n-th degree in x
and y. Written homogeneously, this is

X(ydz/dt — zdy/dt) + Y (zdx/dt — xdz/dt) + Z (xdy/dt — ydx/dt) = 0

where X, Y, and Z are rational integral homogeneous functions of the
n-th degree in x, y, z, and the latter are to be determined as functions
of the parameter t. E|

In the modern literature, one usually finds the differential equa-

tion (z.9)
T = Py(x, Yy
. , 1.1
{ Y= Qn(z,y) 1)
where P, and @, are real polynomials in x,y with degrees < n. The
second half of the famous Hilbert’s 16th problem which is related to
the system (1.1]) can be stated as follows:

ITranslation taken from
http://alephO.clarku.edu/~djoyce/hilbert/problems.html
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Problem 1.1. What is the mazimum number, denoted by H(n), of
limit cycles for all possible P, and Qn, ? And how about the possible
relative positions of limit cycles of the system .

A limit cycles «y of the system is an isolated closed solution
in the set of all closed solutions, i.e. there exists a neighborhood V' of
v such that « is the only closed solution contained in V. The number
H(n) is commonly called the Hilbert number.

For instance, the differential equation

2
T =2y+ z
2 (1.2)

y =322 —3+09y

has a limit cycle which is depicted in Figure One of the goals
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Figure 1.1: A limit cycle crossing (z,y) ~ (—1.79,0)

of the present text is to explain the fact that Hilbert’s 16th problem
is a combination of many unsolved difficult problems. In many ap-
plications the number and positions of limit cycles are important to
understand the dynamical behavior of the system. We observe that
the problem is trivial for n = 1, because a linear system has not limit
cycles, so we assume that n > 2. The Hilbert’s 16th problem in the
case n = 2 is still open.
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1.2 Other variations of Hilbert’s 16th prob-
lem

The first main challenge in direction of Hilbert’s 16 problem is to
prove that H(n) is finite.

Problem 1.2. (Dulac problem) For a given integer n, the number
of limit cycles of the planar differential system given by is finite?

This problem is also known as the finiteness problem. As far as we
know the notion of limit cycles appeared in the works of Poincaré [05]
during the years 1891 and 1897. He proved that a polynomial differ-
ential system given by without saddle connections has finitely
many limit cycles. The finiteness problem was firstly studied by Du-
lac in 1923, see [I7], but later remarked that the proof is incomplete.
In 1985 Bamén ([7], [8]) proved this individual finiteness property for
quadratic case (n = 2). In ([51], [23]) Yu. Ilyashenko and J. Ecalle
around 80’s published independently, new proofs on the individual
finiteness theorem, filling up the gap in Dulac’s paper. The finiteness
problem is the most general fact established so far in connection with
the Hilbert’s 16th Problem. For more information with respect to the
Hilbert’s 16th problem and for other details the reader can consult
the survey article of Yu. Ilyashenko [55], the survey article of J. Li
[58] or the book of C. Christopher and C. Li [I5]. As S. Smale said
in [I02] on the problems of XXI century: “except for the Riemann
hypothesis, the second part of the Hilbert’s 16th problem seems to
be the most elusive of Hilbert’s problems”.

Bifurcation theory is related to Hilbert’s 16th Problem. Indeed,
the function of number of limit cycles of the equation has points of
discontinuity corresponding to equations whose perturbations gen-
erate limit cycles via bifurcations. Limit cycles may bifurcate from
polycycles. A polycycle is a connected finite union of singular points
and solution orbits of the system. In general, a polycycle form a kind
of polygon, see Figure and the cyclycity of the polycycle in a
family of differential equations is the maximal number of limit cycles
that may bifurcate from the polycycle in this family. The following
theorem is called non-accumulation theorem
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Figure 1.2: A polycycle of the system 1)

Theorem 1.1. (Ilyashenko-Ecalle [51],[23]) For an arbitrary an-
alytic vector field in a two dimensional real analytic surface, limit
cycles cannot accumulate on a polycycle.

The next step is to understand the uniform finiteness, i. e.
H(n) <oo, VneN.

Problem 1.3. (Existential Hilbert problem) Is it true that for
any n € N, the number of limit cycles of is bounded by a
constant that only depends on the degree n?

In 1988 R. Roussarie [I00] proposed a program to prove the uni-
form finiteness by reducing this problem, via compactification of
the system and of the parameter space, to the problem of proving
the finite cyclicity of limit periodic sets. Dumortier, Roussarie and
Rousseau in [I8] started this program for the quadratic case and listed
121 graphics as all limit periodic sets. First several cases were studied
in the same paper by applying standard tools of bifurcation theory
and others of such graphics have been studied by many authors in
different papers. The remaining graphics are more degenerates and
the study of them is more difficult.

Problem 1.4. (Constructive Hilbert problem) Is it possible to
find an explicit upper bound for the Hilbert number H(n)?
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A solution to each problem mentioned above imply a solution to
the precedent problems. Only the Dulac’s problem has been solved
completely. There exist analytical counterparts associated with Dulac
and existential problems, respectively. In this context, an analytic
(finite) family of vector fields is a family of vector fields that has
a finite number of parameters which depend analytically on these
parameters. More details for the analytic cases may be seen in [T01].
Other problems associated to the Hilbert’s 16th problem are:

Problem 1.5. Has a family of analytic vector fields in the two di-
mension sphere S? a finite number of limit cycles?

Problem 1.6. For a family of analytic vector field in the two dimen-
sional sphere S2, there exists o uniform bound of the number of limit
cycles that only depends on the parameters set.

Let (X))x be a C'— family of vector fields on a surface M and A
belong to a parameter space in R?.

Definition 1.1. A limit periodic set for (X)), is a compact non-
empty subset I' in M, such that there exists a sequence (Ag)ken,
A — Ag in the parameter space, and for each Mg, the vector field
X, has a limit cycle I'y, with the following property:

diStH(F, F)\k) — 0,

where k& — oo in the Hausdorff topology of the space C(M) of all
non-empty compact subset of M.

The structure of a limit periodic set admits a simple geometric
description in the sense that a limit periodic set is either a polycycle
(a union of connected singular points and regular curves) or contains
an arc of non-isolated singularities of the vector field Xy (see [24]).

A more precise definition of the number of limit cycles which
bifurcate from a limit periodic set is given by:

Definition 1.2. (Roussarie [101])Let I' be a limit periodic set of
C'—family X, defined at some value \g. Denote by disty the in-
duced Hausdorff distance and by d a distance defined in the parameter
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set. For each €,6 > 0 define
N(d,e) = Sup{number of limit cycles vy of Xj:
distg(v,T) <e; d(A o) < 6}
then the cyclicity of the germ (X, T) is define by
Cycl(Xx,T') = Infe sN(6,¢).

As indicated in the definition, this bound Cycl(X,,T') depends
only on the germ of X along the limit periodic set I'.

Problem 1.7. (Finite cyclicity) An arbitrary limit periodic set
of an analytic family of vector fields in the 2-sphere S? has a finite
cyclicity in this family.

The diagram below shows the relationship between different ver-
sions of the Hilbert’s 16th problem:

Polynomial vector field Analytic vector field
Problem = Problem
Problefrrn — ProbleTrTn
Problefrrn ProbleTrTn

1.3 Infinitesimal Hilbert’s 16th problem

In this section we give a weak version of the Hilbert’s 16th problem
which was proposed by V. I. Arnold (see [4]). For the relation of this
with limit cycles see Chapter [3] We consider a real polynomial H of
degree n + 1 in the plane R?. We denote by v(¢) a continuous family
of ovals defined in the level curves {(z,y) € R? : H(z,y) = t}, see for
instance Figure

Consider w = p(z, y)dy—q(z, y)dx with p, ¢ € R[z,y] a polynomial
1-form where the maximum degree of p and ¢ is m > 2 and the
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Figure 1.3: Ovals in the level curves of H = y? — 2% + 3z.

integral

1) = / e (1.3)

over the continuous family of ovals ().

Definition 1.3. A real (complete) Abelian integral associated to a
Hamiltonian H and to a polynomial 1-form w = p(x, y)dy — q(z, y)dx
with H,p, q € R[x,y] is a multivalued function I(¢) on the real vari-
able t defined by integration of w over a real oval v(t) of the algebraic
curve {(z,y) € R? : H(x,y) = t}.

Arnold proposed the following problem.

Problem 1.8. (Infinitesimal Hilbert’s 16th problem) For fized
integers n and m find the mazimum number Z(n,m) of isolated real
zeros of an Abelian integral defined as in .

In general, the Abelian integral is a multivalued function,
in the sense that there might exist several ovals lying on the same
level curve { H~1(¢)}. Note that the maximum number Z(n,m) must
be a uniform bound with respect to all possible Hamiltonian H with
all possible families of ovals v(t) and arbitrary polynomial 1-forms
w. The maximum bound must depend only on the degrees n and m.
The function I(t), given by the Abelian integral (1.3), is in general,
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the first approximation, with respect to small parameter e, of the
displacement function defined on a segment transversal to the families
of ovals (t) for the small perturbations of the Hamiltonian systems
associated to H.

Fix any two integer numbers n and m and consider all Hamil-
tonian systems of degree n and all polynomial 1-forms of degree m.
The existence of uniform upper bounds for the number of isolated
zeros of the Abelian integrals , was proved in 1984. This result
is the most general result related to the infinitesimal Hilbert’s 16th
problem.

Theorem 1.2. (Khovansky-Varchenko [57], [105]) For any in-
teger numbers n and m, the maximum number of isolated zeros of the
function I(t) defined by is bounded by a constant N = N(n,m)
uniformly over all Hamiltonian of degree n and all polynomial 1-forms
of degree m.

Theorem [I.2]is an existential statement, giving no information on
the number Z(n, m). The problem to find isolated zeros of Abelian in-
tegrals is usually called the weak (or tangential, infinitesimal) Hilbert’s
16th problem, and the number Z(n) = Z(n + 1,n) can be chosen as
a lower bound of the Hilbert number H(n). The connection between
zeros of Abelian integrals and limit cycles is given in Chapter
R

Theorem 1.3. (Binyamini, D. Novikov and S. Yakovenko,
[6]) We have

Z(n) < 22 Poly(n)

)

where Poly(n) = O(nP) stands for an explicit polynomially growing
term with the exponent p not exceeding 61.

This is the first explicit uniform bound for the number of isolated
zeros of Abelian integrals I(t) with m =n — 1. In order to prove this
result, the authors use the complexification of the Abelian integrals
and they reduce the weak Hilbert’s 16th problem to a question about
zeros of solutions to an integrable Pfaffian system subject to a con-
dition on its monodromy. They use the fact that Abelian integrals
of a given degree are horizontal sections of a regular flat meromor-
phic connection (the Gauss-Manin connection) with a quasiunipotent
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monodromy group. Based on the above result, the same authors also
made the following conjecture:

Conjecture 1.1.
Z(n,m) = g2Pely(n) | O(m); as m,m — oo.

In Chapter[3]we discuss the relation of zeros of an Abelian integral
I(t) defined by (1.3) with small polynomial perturbations of linear
Hamiltonian systems of type

dH + ew =0, (1.4)

where the Hamiltonian function H and the polynomial 1-form w are
defined as in the infinitesimal Hilbert’s 16th problem and € is a small
real parameter. The integral in is analytic on t, and its analytic
continuation is a multivalued function and branched in a finite set of
atypical values. We consider the analytic continuation of I(¢) in the
complex domain, this extension allows us to use tools from complex
algebraic geometry (vanishing ovals , monodromy, etc).



Chapter 2

Polynomial differential
equations in the plane

In this chapter we introduce the basic notions on the qualitative the-
ory of differential equations, and in particular, the limit cycles of
polynomial differential equations in R2.

2.1 Preliminary notions

What we want to study is the following ordinary differential equation:

&= P(x,y)
X . ’ , 2.1
{ J=Q(z,y) @1)
where P, (@Q are polynomials in x, y with coefficients in R of degrees
d
at most d and the derivatives & = d—f and y = ey We will assume

that P and @ do not have common factors. The variables x, y are
called the dependent variables and t is the independent variable of
the system (2.1), usually ¢ is also called the time. The system ([2.1))
is called autonomous, because it does not dependent on the variable
t.

We recall that solutions of the system ({2.1)) are differentiable maps

19
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¢ : I — R? such that

9200 = X (p(1)

for every t € I. These are the trajectories of the vector field:
0 0
X =P — —.
(@,y) = Plz,y) 5+ Qz,y) a9

We will also write the vector field as X = (P, Q).

X(z,y)

= (-Tt): 40)

Figure 2.1: An integral curve

Let us first recall the first basic theorem of ordinary differential
equations.

Theorem 2.1. For p € R? if X(p) # 0, there is a unique analytic
function
¢ (R,0) — R?

such that
©(0) =p, ¢ = X(p()).

Proof. Let us write formally
p(t) =D @it', o €R?, o(0) :=p
i=0

and substitute it in $(t) = X(p(¢)). It turns out that if X(p) # 0
then ¢; can be written in a unique way in terms of ¢;, j < . This
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guaranties the existence of a unique formal ¢. As an exercise, the
reader may recover the proof of convergence of ¢ from classical books
on ordinary differential equations. O

The trajectories of the following differential equations are depicted
in Figure 2.2}

@ {520 o527 e {2y

77N\, SN
N2 vl

(a) Center (b) Saddle (c) Node

Figure 2.2: Trajectories of some linear systems

The collection of all the images of solutions of the system
gives us an analytic singular foliation ¥ = F(X)r = F(X) = Fr
in R2. Therefore, when we are talking about a foliation we are not
interested in the parametrization of its leaves (trajectories). It is left
to the reader to verify that for a polynomial R € R[x, y] the foliation
associated to X and RX in R*\{R = 0} are the same.

From the beginning we assume that P and () have no common

factors. Being interested only on the foliation F(X), we may write
the system (2.1)) in the form

dy _ P(z,y)
dr  Q(z,y)’

or
w =0, where w = P(z,y)dy — Q(x,y)dx.

In the second case, we use the notation F = F(w)gr = F(w). In this
case the foliation F is characterized by the fact that the 1-form w
restricted to the leaves of F is identically zero.
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Definition 2.1. The singular set of the foliation F(P(z,y)dy —
Q(z,y)dx) is defined in the following way:

Sing(F) = Sing(F)r = {(z,y) € R? | P(z,y) = Q(z,y) = 0}.

The points p € Sing(F) (respectively p ¢ Sing(F)) are called the
singularities of F or singular points (respectively reqular points). By
our assumption Sing(F) is a finite set of points. The leaves of F near
a point p € Sing(F) may be complicated. By Bezout theorem we
have

#Sing(F) < deg(P) deg(Q).
The upper bound can be reached, for instance by the differential
equation F(Pdy — Qdz), where

P=@-1@-2)(r-d), Q=@F-Dy—-2)- @y -d)

2.2 Phase portraits of linear systems

Let p € Sing(F) be a singular point in the plane for the system
(2-1), without loss of generality, to be at the origin. The associated
linearized system at the origin is given by calculating the Jacobian
matrix Jg,g), where

orP 0P
ox Jy
Tey = | o 00
oxr Oy

Then

( Zj ) = J0,0 < :; > +0(2),

where O(2) represent terms of degree 2 or higher in z and y. The
singular point is said to be non-degenerate if the determinant of Jq )
is non-zero.

Definition 2.2. The system

(D)-G) e

where A = J(o,0) is called the linear planar system.
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Definition 2.3. A phase portraits of the vector field given by ([2.1)
is the set of all trajectories (solution or orbits) of the system.

The phase portraits of linear system with A = det(A) # 0
are well known. If A < 0 we have a saddle point; if A > 0 and
T = trace(A) = 0 we have a center, if A > 0 and T? — 4A < 0 we
have a focus; and if A > 0 and T? — 4A > 0 we have a node. The
eigenvalues of A are

T+VT? —4A
—

The trajectories of linear systems under the condition A = det(A) #

0 are depicted in Figure 2.3
Unslnblcg %‘%
unode

F]
T

)\13)\2 =

Figure 2.3: Phase portraits of linear systems

We recall that a singular point p is hyperbolic if the eigenvalues
of the linear part of the system at p have non-zero real part. By the
Hartman-Grobman theorem in a small neighborhood of the hyper-
bolic singular point, the system is topologically equivalent to
its linear part . That is, as long as the linear part do not give a
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center. An interesting problem is when a singular point whose linear
part gives a center, really is a center of system . This problem
is knows as center focus problem, see Chapter

Suppose that the polynomial system has a non-degenerate
singular point at the origin. If a singular point is either a center or
focus, then we can bring the vector field to the form

T =—y+ Ax+plz,y)
. , 2.3
{y_o:+/\y+q(:z:,y) (2.3)

by a linear transformation, where p and ¢ are polynomials without
constant or linear terms. The case when A = 0 corresponds to a weak
focus or a center.

The linear part of the system

i=—y+a3
. : 2.4
{i2un (2.0
at the origin gives a center point, but for nonlinear system we have
d
a(ﬁ +y?) =2(z* +y*) (2.5)

and so trajectories travel away from the origin, and the system has
therefore an unstable focus there.

2.3 Limit cycles

Definition 2.4. A limit cycle of a planar vector field given by
is an isolated periodic trajectory (isolated compact leaf of the corre-
sponding foliation).

In other words, a periodic trajectory of a vector field is a limit
cycles, if it has annular neighborhood free from other periodic trajec-
tories.

An example with one limit cycle is provided by the differential
equation:

Example 2.1. Consider the following Hamiltonian system

@ = —y+a(l-a2?-y?)
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It is easy to see that the annulus S bounded by the circles with
radii 1/2 and 2, respectively, contains no singular points of the sys-
tem. Moreover S is positively invariant. To prove this fact, we con-
sider the normal vector N(z,y) = (x,y) on dS and compute the
interior product of N and the vector field corresponding to the dif-
ferential equation. In fact, the interior product

?(1—2? - )+ (1 - 2% —y°) = (2" +°)(1 - 2* — o)

is positive on the circle with radius 1/2 and negative on the circle
with radius 2. Therefore, S is positively invariant and there is at
least one limit cycle in S.

Figure 2.4: One limit cycle at r =1

By changing to polar coordinates (7, 6), the system ({2.6)) is trans-
formed in the system

i=r(l-r%), f=1
and its flow is given by

i~ (

702 6215

1/2
1—T2+T282t) ’0+t>'
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Note that ¢:(1,60) = (1,0 + t) and, in particular, ¢2.(1,0) = (1,60 +
27). Thus, the unit circle in the plane is a periodic orbit with period
27, see Figure
O
The following example is a case, where there exists an infinite
number of limit cycles.

Example 2.2. In the C* context we consider the system

&=-y+uzf(zy)
{ y=z+yf(r,y) 27)
with
— g -1/(z*+y%)
f(z,y) =sin <x2—|—y2)e 1/(2*+y?)

The system (2.7) has an infinite number of limit cycles, 2% + y? =
1/nm, for n € Z, accumulating at the origin. If we use sin(z? + y?)

instead of sin( 5) in the definition of f we obtain a differential

x? +
equation which has an infinite number of limit cycles accumulating
at infinity.

For polynomial systems (or analytic systems), this situation does
not occur. A singular point whose linear part give a center is either
asymptotically stable, asymptotically unstable or it is a center. This
can be most easily seen by computing the return map at the origin,
which we will define in the next chapter.



Chapter 3

Differential equations
and Abelian integrals

The principal aim in this chapter is to establish the relation between a
planar polynomial differential system and Abelian integrals, in partic-
ular, we will explain the relation between the zeros of these integrals
and the number of limit cycles of the corresponding perturbed planar
Hamiltonian vector fields.

3.1 Hamiltonian deformation
Consider a perturbed planar Hamiltonian vector field

| @=Hy(z,y) +eP(z,y,¢)
Xe: { j = —H,(2,9) +eQ(z,y,6) * (3-1)

we suppose that H, P and ) are real polynomials in the variables
x,y moreover, P and @ depend analytically on a small real pa-
rameter €. Suppose that for ¢ = 0 the Hamiltonian system X, =

0
Hy(x,y) 5 — Hy(x,y) = has at least one center point. Some partic-

ox dy
ular perturbed Hamiltonian systems of (3.1]) were studied by Petrov
[91], Horozov and Iliev [46], Gavrilov and Iliev [29] , Mardesi¢, Pel-
letier and Jebrane [70, [71], Movasati [77], Uribe [103], Pontigo [96],

27
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L, 1, .
H(z,y) = 5¢* + - (" = 1)° H(o) = (2 =y = )z —)(o+3)

2T
(a) Petrov (b) Mardesi¢-Pelletier (c) Pontigo
\‘ Siler)
H(a,y) = ay(l —a —y)
(d) Gavrilov-Iliev (e) Movasati-Uribe

Figure 3.1: Some Hamiltonian functions with at least one center

etc. The corresponding graphics of some Hamiltonians H are de-
picted in Figure [3.1

Since dH vanishes on the level curves of H, in particular, a pe-
riodic orbit must be a compact oval of some level curve and hence
all nearby leaves must be also closed, so for € = 0 the Hamiltonian
system X cannot have limit cycles. Under the condition € # 0, usu-
ally, the periodic orbits of X are broken and knowledge of isolated
periodic orbits that persist (limit cycles) by perturbation is the aim
of study in this chapter. Here the problem is to ask for a maximum
number of limit cycles which bifurcate from the period annulus of the
center for the perturbed system . Suppose that there is a family
of ovals, v(t) C H~'(t), continuously depending on a parameter t
defined in a maximal open interval ¥ = (a,b) and we consider the
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Abelian integral
10)= [ Qw.p,0)ds - Pla,y. 0)dy (32)
(1)

It is clear that all v(¢) filling up an annulus for ¢ € X, are periodic
orbits of the Hamiltonian system Xj.

3.2 Poincaré first return map

Assume that for a certain open interval ¥ C R, the level sets given
by {H(z,y) =t, t € X} of the Hamiltonian H contain a continuous
family of ovals. An oval is a smooth simple closed curve which is free
of critical points of H. Such a family is called a period annulus of the
unperturbed system. In general, the end points of ¥ are critical levels
of the Hamiltonian function H that correspond to centers, saddle-
loops or infinity.

Definition 3.1. For ¥ C R, we define the Poincaré map Pe : ¥ — X
as the first return map of the solutions of on %, i.e. for each
point ¢t € 3 belonging to a specific solution, the Poincaré map gives us
the first point where the solution intersects ¥ in the positive direction
of flow, see Figure [3.2

Note that for ¢ = 0 the Poincaré map is the identity map on ¥
and for € # 0, in general, the periodic orbits of the system are
obtained in the fixed points of the Poincaré map, moreover if this fixed
points are isolated in the periodic orbits set then the periodic orbits
are limit cycles of the system . In general, given a Hamiltonian
system as in , it is not trivial to compute the Poincaré map.
Figure [3.3| shows graphics of Poincaré maps with 0, 1 and 2 limit
cycles. The corresponding difference is the displacement function
defined by A.(t) = P(t) — ¢, has a representation as a power series
in the variable e:

A(t) = eMy(t) + 2 Mo(t) + ... (3.3)

which is convergent for small e.
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Figure 3.2: The Poincaré first return map

Definition 3.2. The functions M,(¢), obtained in (3.3]) are called
the Poincaré-Pontryagin functions or Melnikov functions of order ¢
with £ = 1,2,3, ...

Note that Ag(t) = 0, so we assume that the function A.(t) is not
identically zero. Therefore, there exists a positive integer k such that
Mi(t) = Ma(t) = ... = Mp_1(t) = 0 and My (t) # 0. We will call
My (t) the principal Poincaré-Pontryagin function and say that k is
its order. Tt is also called the generating function in [29], Melnikov
function in [47] and variation function in [107].

The principal Poincaré-Pontryagin function of order one is always
an Abelian integral.

Proposition 3.1. (Poincaré-Pontryagin [94], [97]) We have

0

8o=0. o aw=-f , Py Q. (39

Proof. Firstly, note that the number of zeros of the displacement
function is independent of the choice of the transversal segment 3.
Let t be a regular value of the Hamiltonian function H on the transver-
sal section 3. The solution curve 7.(t) is an oriented segment of
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_I_

Pt}

Put)

0 Limit Cycle 1 Limit Cycle 2 Limit Cycles

Figure 3.3: The Poincaré maps with limit cycles

the leaf between the initial point ¢ € ¥ and the next intersection
P:(t) € X, see Figure As t is a value of H, the displacement
map A.(t) is the difference of the values H at the endpoints of v.(t),

hence
A(t) = / dH.
Ye (t)

The expression dH +e(P(z,y)dy—Q(x, y)dx) vanishes on . (¢), there-
fore the integral above is equal to the —e(P(x,y)dy — Q(z,y)dx)
along 7.(¢t) and since . (t) converges uniformly to the closed curve
v(t) =v0(t) C {H =t} as ¢ = 0, we conclude that

AL(t) = —5/(0 P(z,y)dy — Q(x,y)dz +o(g) ; € = 0
¥

with o(¢) uniform and analytic on ¢ and . This yields the formula
(3.4) for the derivative. O

The following example is taken from [I0I] and shows a simple
computation for Mj(t), the first non-zero term of the displacement
function A.(t).

Example 3.1. (Calculating M;(t)) We consider the one parameter
family X, defined by

oz = ytex
XE'{@) e (3.5)
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The dual form of the vector fields X, is:
we =dH 4 sw
where H(z,y) = 3y* + 32? 4+ 32 and w = —ydx + xzdy. Observe

that (0,0) and (—1,0) are the critical points of Xy and ~(t) are pe-
riodic orbits for ¢ €]0,1/6[, we have by Proposition that the first

Figure 3.4: Levels of the cubic Hamiltonian H

Poincaré-Pontryagin term M (t) of the displacement function is given
by

My (t) = —/ —ydzr + xdy = 2/ ydz.
v(t) v(t)

Note that M;(t) # 0 for t €]0,1/6[, due to / ydz is the area of
y(t)
interior region of the curve ().

Note that in the development (3.3), the first term of the displace-
ment map is obtained for £ = 1 and this function gives always an
Abelian integral, however for k > 1 the principal Poincaré-Pontryagin
function is not necessary an Abelian integrals. For the Hamiltonian
vector field in the case of quadratic systems the principal term
of the displacement map were calculated by many authors, see for

instance [47], [103], [I13], [79].
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To answer the question over a maximum bound of the number of
isolated period orbits for the perturbed system (3.1)) we consider the
following definition and result which can be also seen in [61].

Definition 3.3. If there exist t* € ¥ and €* such that the system
has a limit cycles y(¢,¢) for 0 < |e| < €* and 7(t,€) tends to
~(t*) as e — 0 then we will say that y(t, €) bifurcates from ~(t*). We
say that a limit cycle y(t, ) bifurcates from the annulus | J, .y, v(t).

m

|
s}

m
e
=

Figure 3.5: Bifurcation of a limit cycles

Theorem 3.1. We suppose that Mi(t) is not identically zero for
t € . The following statements hold.

1. If the system has a limit cycle bifurcating from y(t*), then
M (t*) = 0.

2. If there exists t* € X such that My(t*) = 0 and M{(t*) # 0,
then the system has a unique limit cycle bifurcating from
~v(t*), moreover, this limit cycle is hyperbolic.

3. If there exists t* € ¥ such that My(t*) = M{(t*) = ... =
Ml(kfl)(t*) =0 and Ml(k)(t*) # 0, then the system has at
most k limit cycles bifurcating from the same v(t*), taking into
account the multiplicities of the limit cycles.
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4. The total number (counting the multiplicities) of the limit cycles

of the system bifurcating from the annulus J,cs, v(t) is
bounded by the mazrimum number of isolated zeros (taking into

account their multiplicities) of the Abelian integral My (t) for
tel.

Proof. We will transcribe the proof of this theorem that may be found
in [15].

1. Suppose that a limit cycle y(¢,e) of X, bifurcates from ~(t*).

By Proposition [3.] there exists e* > 0 and t. — ¢* as ¢ — 0,
such that

Alte,e) = e(M(te) + eg(te,€)) =0, 0<le| <e™.

Dividing by € on both sides, and taking limit as ¢ — 0, we
obtain M (t*) = 0.

. Suppose that there exists a t* € 3 such that M;(¢t*) = 0 and

M (t*) # 0. Since we consider limit cycles for small ¢ > 0,
instead of the displacement function A(t,¢) we may study the
zeros of A(t,e) = A(t,e)/e. By Proposition we have

A(t,e) = My(t) + £¢(t,€)),

where ¢ is analytic and uniformly bounded in a compact re-
gion near (¢*,0). Since A(t*,0) = M (t*) = 0 and A (t*,0) =
M (t*) # 0, by the implicit function theorem, we find an ¢* > 0
and n* > 0 and a unique function ¢t = t(¢) defined in U* =
{(t,e) : |t —t*| < n*,|e] < e*}, such that ¢(0) = t* and
A(t(e),e) = 0 for (t,e) € U*. Hence , the unique t(¢) gives
a unique limit cycles v(t, €) of the system for each small
€.

. Assume that there exists a t* € ¥ such that M, (t*) = M{(t*) =

e = Ml(k_l)(t*) =0 and Ml(k)(t*) # 0. We need to show that
there exists § > 0 and 7 > 0 such that for any (t,&) € U =
{|t = t*| < m;|e| < I}, the displacement function A(t,e) has
at most k zeros in Y, taking into account their multiplicities.
Suppose the contrary, then for any integer j there exist €; > 0
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and 7; > 0, 5, =+ 0 and n — 0 as j — oo, such that for
any ¢; the function A(t,e;)/e; has the least (k + 1) zeros for
|t —t*| < n;. By using the Rolle Theorem we find a t; such that
|t; —t*] <n; and

(k) o
My (t5) + 53‘@(?(%8]‘) =0,

which implies Ml(k) (t*) = 0 by taking limit as j — oo, leading
to a contradiction.

4. For any small ¢ > 0, we consider the number of limit cycles
bifurcating from ¢t € ¥ = [a+0,b—o] for small e. As Z(n,m) <
00, we suppose that this number is the uniform bound. We take
the maximum of this number as ¢ — 0, then we get the cyclicity
of the period annulus.

O

The following example is classical and shows the existence of a
limit cycle that appear by a deformation of the harmonic oscillator

1
given by the Hamiltonian H(z,y) = 5(.1'2 + y?), see also [15],[26].

Example 3.2. Consider the Van der Pol equation

i+e(@®—1Di+2=0. (3.6)

The differential equation (3.6)) is equivalent to the system

AT =y
XC'{ gy = —x—e(l—a?)y. (3.7)

When ¢ = 0, the system (3.7) is a Hamiltonian vector field with a
family of periodic orbits defined by

v(t) ={(z,y) eR* 1 2> +y* = t, ¢t > O}

Using the polar coordinate, we have the principal Poincaré-Pontryagin
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N

Figure 3.6: Ovals of the quadratic Hamiltonian H

function of first order given by

M, (t)

2m
7/ (1 — 2%)ydz = / (1 — % cos® 0)t?(— sin® 0)dh
(1) 0
t2
= (5 -1).
™\
The value t = 0 corresponds to the singular point of the system
(3.7), moreover t = 2 is the only positive value such that M;(2) =0
and M{(2) = 47 . Applying Theorem we conclude that for a

small € the system (3.7)) has a unique limit cycle which is hyperbolic
bifurcating from the annulus periodic. a

—_

Example 3.3. Consider the Hamiltonian H(z,y) = = (2% +4?). In

()
—_

the complex coordinates z = x + iy, we have H(z,z) = 522. One can

easily verify that the polynomial 1-form w = A(z,z)dz + B(z,z)dz
has identically vanishing integral over the circles {H = t} if and only
if the differential dw = (—Az + B.)dz A dZ contains no monomial
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terms of the form (22)¥dz A dz. Any other monomial can obviously
be represented in the form ([3.9):

A2

ZZdz Ndz = dG NdH, with G =

i—7

Suppose firstly that w = A(z, 2)dz+ B(z, Z)dz with A, B polynomials
in z and Z. From Stokes theorem we have

/ w = / A(z,2z)dz + B(z,z)dz
{H=t} (=1}

/{HS} d(A(z, %)dz + B(z, z)dz)

A B
/ (a—,dmdw 6—dmdz)

/{Hﬁ} ( A+ Bz)dz Adz.

As A and B are polynomial functions, then the derivative function
— Az + B, is also polynomial, so we only need to calculate integrals of

the form 2#z'dz N dz, for every k, 1. If we consider the change
_J{HZt}
z = Re'?, then

\/ﬂ 27 )
/ HKEdz Ndz = / / (—2iR)RF+e!*=VOGR A df
{H<t} 0 0

\/ﬂ 27
- —9 / Rk+l+1dR/ ei(krfl)edO.
0 0

k+1
(2t) for k = 1.

Therefore, the first part of this example holds. The inverse is obtained
from a direct calculation and it is left to the reader. We observe that

The above integral is zero for k # [ and —27
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for k # [ the monomial terms satisfy
a2 Fdz Ndz = %d(z’czl(zdz + zdz))

_ %d(zkz‘:l@dH))

_ d(2 ka’“l z zkzl(dH))

— d(g(=,2)dH)

= dgNdH.
> 2 ksl
where g(z,z) = Tz O
Example 3.4. We take the ordinary differential equation

2

T=2y+e%
, 3.8
{y3x23+€sy (3.8)

which is a perturbation of the Hamiltonian in Figure If

22
/ (=dy — sydz) =0
10) 2

or equivalently

S s mdrAdy 5T(H)N(E)
[ Ia dzndy — TT(HT()

where Ay is the bounded open set in R? with the boundary ~(0), then
for € near to 0, the system has a limit cycle near v(0). Here, I'
is the classical Gamma function. For ¢ = 1 and s = 0.9 such a limit
cycle still exists and it is depicted in Figure For the discussion
of Abelian integrals which are computable in terms of the values of
the Gamma function see [85].

5
12

T ~ 0.9025,
12

3.3 Principal Poincaré-Pontryagin func-
tion
Let we = dH + ew be a one parameter family of polynomial 1-forms

in the plane R? and «(t) be a continuous family of ovals in the level
curves {H (z,y) = t}.



[SEC. 3.3: PRINCIPAL POINCARE-PONTRYAGIN FUNCTION 39

Definition 3.4. We will say that the Hamiltonian function H satisfy
the Francoise’s condition/star condition, if for all polynomial 1-form

w we have the following
/ w=0=
y(t)

w=G(z,y)dH + dF(z,y), for some G,F € Clzx,y] (3.9)
and hence dw = dG N dH.

Definition 3.5. A polynomial H € C|x,y] of degree n + 1 is called
ultra-Morse if the function H has n? non-degenerate critical points
with different critical values and the homogeneous part of H of higher
degree is a product of n + 1 linear distinct factors.

The assumption on critical points and critical values defines a class
special of Morse polynomials, this motivates the term. Ultra-Morse
polynomials form a Zariski open set in the space of all polynomials
of given degree.

Theorem 3.2. (Exactness Theorem, [52, 53|, 98, 31]). The
ultra-Morse polynomial satisfies the Francoise’s condition.

Note that for the Abelian integral given by with v(t) a family
of ovals of a real ultra-Morse polynomial H of degree (n+1) > 3 and
w a polynomial 1-form of degree no greater than n, if I(t) = 0 then
the form w is exact, i.e. w = df for some polynomial f.

In this section we will consider the problem of characterizing
the principal Poincaré-Pontryagin function of order & when M (t) =
Ms(t) =--- Mi_1(t) = 0 for ¢ € 3. We recall that the displacement
function has an expansion given by and as a direct consequence,
there exists a positive integer k such that the displacement function
is given by

Ac(t) = "My (t) + o(eFTY), (3.10)

where ¢ is small. The question is the following: if M;(¢t) = 0, then
how to compute the term of second order Mas(t) in and so
on? The computation of higher terms in the displacement function
is relatively simple, J. P. Francoise in [25] present an algorithm for
calculating the principal term My(t) associated to , see also
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[108]. This algorithm assumes the condition in Definition In
[27] the authors determine that any Poincaré-Pontryagin function of
higher term can be written as a sum of an iterated integral and of a
combination of all previous Poincaré-Pontryagin functions and their
derivatives, in this case the nullity condition of the previous terms is
not required.

Using the condition , the principal term of second order in
the displacement function can be expressed as an Abelian integral.
This expression is given in the following lemma:

Lemma 3.1. Let H be a polynomial function that the condition (@)
holds and w is a polynomial 1-form, assume that M7 (t) =0, then the
principal Poincaré-Pontryagin function of order two is given by the
Abelian integral

My(t) = /(t) Gu. (3.11)

Proof. Recall that in the development of the displacement map we
have
d2

Mo(t) = 75

A(t).

Suppose that M;(t) = 0, i.e. the integral / w = 0, by |i there
(1)
are two polynomials G, F' € R[z,y] such that w = GdH + dF, this
implies that
(1 —eG)(dH + ew) = d(H +eF) — 2Gw.

Integrating the last equality over (¢, ), we obtain that

As(t):/ dH:fs/ dF+52/ Guw.
v(t,e) v(t,e) v(t,e)

We note that / dF = O(g*) and using the condition that the
v(t,€)
first term M;(t) = 0, we obtain

AL(t) = 52/ Gw + 0(g%),
y(t)
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so, we have

Mg(t) = / Gw.
v(t)

This completes the proof. O

The following example is taken from [47] and the author gives a
small deformation of a Hamiltonian system associated with a Hamil-
tonian H of degree three in which Mj () = 0 and Ms(t) # 0.

Example 3.5. (Calculating M>(t)) Consider the family of vector
fields X, defined by

J i = y+e(y+ay—a?)
XE'{ y = —x—a%+ 2y (3.12)

The dual form associated to (3.12]) is:

we =dH + csw
where 1 1 1
_1to 1 o 13
H(z,y) =gy + 52" + 32
and

w = —2zydr + (y* + zy — z*)dy.

We observe that the first term of displacement function is

M(t) = - /(t) —2xydr + (y* + xy — 2°%)dy
8!

y3
= f/ d(yx2 +Z) +/ yxdy,
() 3 ~(t)

by symmetry conditions, we have
/ yrdy = / z(dH — (z + 2%)dx) = 0.
v(8) v(t)

It can be clearly seen that

yrdy = G(x,y)dH + dF(z,y),
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for some G and F' and hence M;(t) = 0. From Lemma (3.1, the
principal Poincaré-Pontryagin function is of second order and given
by:

Ms(t) = / Tw = / —22%ydx + x(y? + vy — 2¥)dy.  (3.13)
y(t) y(#)

By a direct calculation, we know that Mz (t) is not zero and can be
rewritten as a combination of integrals

2 20
Msy(t) = ——tlp(t — I (t
2(t) = —ggtho(t) + 17 11 (1),
where I;(t) = / hydr ; k=0,1. O
v(t)
We recall now how to compute the principal Poincaré-Pontryagin
function of higher order. Consider the perturbation of type

we = dH + ewy + ... + " gy +o(e" ). (3.14)

Therefore, the first term of displacement map is given by the expres-
sion My(t) = —/ w1, where (¢) is a family of periodic orbits of
~y(t

the unperturbed Hamiltonian system. The recurrence formula that
allows to obtain the higher order terms of the Poincaré-Pontryagin
function is given by J.P. Frangoise in [25], see also S. Yakovenko in
[108]. We consider a more general version obtained by J.C. Poggiale
in [93] for any 1-parameter family. The proof essentially follows from
R. Roussarie in [I01].

Theorem 3.3. (Higher order approximation) Assume that H
satisfies Frongoise’s condition, My (t) = ... = Mg (t) = 0 and My41(t) #
0, then

k
M1 (t) = /(t) (Zgiwkﬂﬂ‘ - wk+1)7 (3.15)
5

i=1
where g; with © = 1,...,k are polynomial functions and are defined

inductively by
i—1

wi — gidH =) gjwi—; + dR;

Jj=1
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Proof. The proof can be done by induction in k. Let X be the trans-
verse section to the periodic solutions of , see Figure The
case k = 1 is proved in Proposition The hypothesis of induction
is as follow: there exist polynomial functions g; with ¢ =1, ..., k such

that
M [y(t (Zgle i wj) = 0.

Using this relation for j = k and as H satisfy the Francoise condition,
we find the polynomials g, and Ry such that

k-1
- Z Giwk—i +wg = grdH + dRy,
i=1
and so
k-1
wi — grdH =) giw—i + dRy,
i=1

this proves that the functions g and R} are constructed by recur-
rence. Now, a direct expansion gives

( Zgz )ws—d( —iSiRi>+6k+l(wk+1—igiwk+1)+0(5k+2)~
i=1 i=1

Let 7.(t) be a path in the leaf of w. through ¢ which connects ¢ to
P.(t) (first return Poincaré) along the path ~(t). Integrating the
above equality over the path 7.(¢), we have

H(P:(t)) — H(t)

k \ Pe(t)
—&-(ZRiﬁl)t +€k+1/ (Zgzwk-l-l z+wk+1>+0( k+2) 0.
i=1 Ye(t)

We observe that / = / +0(e) and so by putting zero the
<(®) v(®)

k+1

coefficient of in the above formula we get the equality

M (t) = /(t) (Zgzwk—H i Wk+1)
Y
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In the linear case w. = dH + cw; the recurrence formula is done
by J.P. Frangoise in [25] and

M1 (t) = (—1)k/ IrW1

~(t)

where the g;’s are given inductively by:
gidH + dR; = —g;—1ws.

Theorem [3.3]says that if H satisfies the Frangoise’s condition then the
principal Poincaré-Pontryagin Function is always an Abelian integral.

There are cases where the Francoise’s condition is not satisfied,
however it is also possible to use a recursion formula, but the functions
g; and R; may not be polynomials. In these cases, the principal
Poincaré-Pontryagin function is not in general an Abelian integral,
see [47], [103], [104], [90], [98]. It turns out to be an iterated integral,
see [83][35] and the references therein. We will discuss this in Chapter

(6]

3.4 Estimate of the number of zeros of
Abelian integrals

In this section, the purpose is to exhibit a list of principal results
in estimation of the number of zeros of Abelian integrals. In the
first chapter of this notes we saw some important results over the
maximum bound for the number of limit cycles of polynomial vector
fields of order n. As we have already discussed this problem is known
as the finiteness Hilbert problem. Our interest is to consider the
infinitesimal Hilbert’s 16th problem, where the estimation of limit
cycles is given by the estimation of the number of zeros of Abelian
integrals, we recall that this problem was proposed by V. I. Arnold
in [4].

We consider the Hamiltonian function H in the variables x,y of
degree n + 1 > 2 and the continuous family of ovals v(¢) C {(z,y) :
H(z,y) = t} for t € . The transversal segment ¥ to v(t) is pa-
rameterized using the level value ¢t of H and finally we consider a
polynomial 1-form w = P(z,y)dy — Q(x,y)dx, where P and @ are
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polynomials in Rz, y] and max{deg(P),deg(Q))} = m, for m > 2.
Recall the principal problem presented as Problem in the first
chapter. For any fixed integers m and n, find the maximum number
Z(n,m) of isolated zeros of the Abelian integral

0= /wt)w'

The main interest is Z(n) := Z(n + 1,n).

For the case of quadratic systems with at least one center are al-
ways integrable, which can be classified into the following five classes:
Hamiltonian (Q%f), reversible (Q£), generalized Lotka-Volterra (Q%")
, codimension four (Q4) and the Hamiltonian triangle, see [I13]. The
same statement in the complex domain goes back to H. Dulac, see
7.

Definition 3.6. A quadratic integrable system is said to be generic
if it belongs to one of the first four classes and does not belong to
other integrable classes. Otherwise, it is called degenerate.

A more degenerate situation, in the quadratic systems, is the
Hamiltonian triangle. Quadratic perturbations of this Hamiltonian
type were studied in detail by Iliev, Gavrilov, Zoladec and Uribe (see
[48], [29], [113], [103]), for multi-parameter perturbations of Hamilto-
nian triangle see also [72]. Horozov and Iliev proved in [46] that any
cubic Hamiltonian, with at least one period annulus contained in its
level curves, can be transformed into the following normal form,

1 1 1
H(z,y) = 5(562 +y°) — gwg + azy® + gby3, (3.16)

where a, b are parameters lying in the region

Qz{(a,b)6R2:—%§a§1; 0<b<(1—a)y/1+2a)}.

If (a,b) € Q\ 09, then the vector field associated to Xy is called
generic and degenerate if (a,b) € 992. The Figure is taken of
[46] and show the phase portraits of Hamiltonian vector fields X g
for different values of a, b that belong the set 2. In the generic cases,
i.e. if H is a real cubic polynomial with four distinct critical values,
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Figure 3.7: Cubic Hamiltonian H

then all quadratic vector fields sufficiently close to the Hamiltonian
vector field, have at most two limit cycles. The proof of this state-
ment is a product of a long chain of efforts by Gavrilov [32], Horozov
and Iliev [46], Li and Zhang ([I10],[59]) Markov [74]. Li and Llibre
in [60] give a unified proof in quadratic perturbation of the generic
quadratic Hamiltonian using the real domain, combining geometric
and analytical methods, and using deformation arguments. The main
result in quadratic perturbation of cubic generic Hamiltonian is:

Theorem 3.4. Z(2) = 2.

As it was commented by S. Yakovenko on the paper of Gavrilov
32, T heorem concludes a long line of research and is a remarkable
achievement. The problem is reduced to an investigation of Abelian
integrals of quadratic 1-forms over the level curves of H. Such inte-
grals constitute a three-parameter linear family, and the question on
zeros occurring in this family reduces to a question on the geometry
of a planar (or rather projective) centroid curve relative to different
straight lines.

For degenerate cases, the first order term of the asymptotic de-
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velopment of the displacement function is not always an Abelian in-
tegral, hence it does not give information about the cyclicity of the
period annulus. Higher order approximations must be considered.
Iliev in [49] gives formulas (called second- or third-order Melnikov
function) to determine the cyclicity for some degenerate cases. The
cyclicity of the period annulus is 3 for the Hamiltonian triangle case
[48], and is 2 for all other seven cases (see [14], [28], [47], [T11], [T12]).
Consider the Hamiltonian

1
H(z,y) = 5y* + Pu(w) (3.17)
where P,, is a polynomial function in the variable z of degree m. For
m = 1 the level curves of H are rational curves and and have no oval.
For m = 2 we have

1
Theorem 3.5. For H(x,y) = 5(332 + %) and polynomial pertur-

bations of degree n, the function I(t) defined in has at most
[(n—1)/2] zeros except the trivial zero at t = 0, which corresponds to
the origin.

Definition 3.7. For m = 3,4 the Hamiltonian H is called elliptic.

Petrov in [91], [92] studied perturbation of the elliptic Hamilto-
nian. Mardesié¢ in [68] determined the lowest upper bound for the
number of limit cycles of small nonconservative polynomial deforma-
tions of degree n of the elliptic Hamiltonian cubic.

Theorem 3.6. (Mardesié [68]) Let H the elliptic Hamiltonian cu-
bic and w a polynomial 1-form of degree n, the number of zeros of the
function I(t) defined in is at most n — 1.

For the elliptic Hamiltonian of degree four there exit five type of
continuous families of ovals in level curves of H (the normal form H
in this case depends on three parameters), this families are called: the
truncated pendulum, the saddle loop, the global center, the cuspidal
loop and the figure eight loop. Petrov, Liu, Dumortier-Li, Iliev-Perko,
Li- Mardesié-Roussarie (see [66], [19], [20], [21], [22], [62]) have stud-
ied number of zeros associated to these Hamiltonians. One of the re-
cent results given by Gavrilov and Iliev in [30] for cubic perturbation
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of elliptic Hamiltonian vector fields of degree three establishes that
the period annuli of X, the associated principal Poincaré-Pontryagin
function can produce for sufficiently small e, at most 5, 7 or 8 zeros
in the interior eight loop case, the saddle loop case, and the exte-
rior eight loop case, respectively. In the interior eight loop case the
bound is exact, while in the saddle-loop case we provide examples of
Hamiltonian fields which produce 6 small amplitude limit cycles.

Definition 3.8. For m > 5 the Hamiltonian H is called hyperelliptic.
This is because the complex level curves are of genus > 2.

The function P, is called the potential and the system associated
to H is a Newtonian system of type
oP,
¥ — =" =0.

ox

The Abelian integral associated to this system is called hyperelliptic
integral. Finding an explicit upper bound of the number of zeros is
extremely hard. The only general result is:

Theorem 3.7. (Novikov-Yakovenko [89]) For any real polyno-
mial Py, (x) of degree m > 5 and any polynomial 1-form w of degree
n, the number of real ovals v C {(x,y) € R? : y* + P,(x) = t}

yielding an isolated zero of the integral 1(t) = /w, s bounded by a

.
primitive recursive function B(m,n) of two integer variables m and
n, provided that all critical values of P, are real.

Finally, another problem related to hyperelliptic Hamiltonian is

Theorem 3.8. (Moura [75]) Let H = y?> — 2"t — H(z) be a
hyperelliptic Hamiltonian with H a polynomial of degree n — 1 of
Morse type. Let w a polynomial 1-form such that degw < degH =
n+1. If I(t) = f“/(t) w# 0, then

-1
ordi—t, I(t) <n—1+ %,

where ty is a reqular value of H.

For upper bounds on the multiplicity of abelian integrals see [69],
81].
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3.5 Arnold-Hilbert problem in dimension
zero
Let f € C[z] be a polynomial of degree m and in one variable z, and

ni,Na, ..., Ny be integers satisfying ny + ny + ... + ny, = 0. Define a
zero cycle v(t) by the formula

v(#) =niz1 4+ . + N zm

where z1(t), ..., zm(t) denote the algebraic functions satisfying the
equation f(z(t)) =t.

Definition 3.9. For every polynomial g € Clz], define the integral
I(t) of dimension zero by the formula

10 - [ 9= G0+ (1)

In the following we will only consider the special case
V() =21 — 2

which we call it a simple cycle. The infinitesimal Hilbert’s 16th prob-
lem in dimension zero is then to study the number Z(m,n) of zeros
of the algebraic function I(t), where deg(g) < n. This problem has
been studied firstly by one of the authors. The following bound is
obtained.

Theorem 3.9. (Gavrilov-Movasati [34]) We have
(m—1)(n—-1)
R T—

The lower bound in this inequality is given by the dimension of
the vector space of integrals

n—1- [%} < Z(m,n) < (3.18)

Vi=A{[ g, degg<n},
v(t)
where f is a fixed general polynomial of degree m, while the upper
bound is a reformulation of Bezout’s theorem. When m = 3 we get
Z(m,m — 1) = 1. The space of integrals V,, is Chebyshev, possibly
with some accuracy.
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Definition 3.10. Recall that V,, is said to be Chebyshev with accu-
racy c if every I € V,, has at most dim V,, — 1 + ¢ zeros in the domain
D.

The exact description of the number Z(n+1, n) is not yet known.
If we do not put any restriction on z; and z5 the sharp upper bound
is n(n — 1)/2. For instance take f(z) = (z = 1)(z — 2)...(x —n — 1)
and ¢g(z) = (z — 1)(z — 2)...(z — n). In the image of f we can find
n intervals with mentioned property and the main problem is: How
many of those zeros can be grouped in one of such intervals. On the
other hand, Alvarez, Bravo and Mardesi¢ in [2] study the vanishing
integrals on zero dimensional cycles.

Theorem 3.10. Given f and g in C(z), the following conditions are
equivalent

(a) / g = 0 for every (simple) cycles ~(t).
y(t)

(b) There exists go € C(z) such that g =goo f.

For a proof see [34]. The tangent center problem asks one to
find all polynomials g such that the algebraic function I(t) vanishes
identically. This problem, first formulated and studied in [34} 3], has
finally been solved by Gavrilov and Pakovich in [36].



Chapter 4

Complexification of
Abelian integrals

In this chapter we will explain some fundamental properties of the
principal Poincaré-Pontryagin function. A natural context for the
study of this function is the complex plane. The main tool is Picard-
Lefschetz theory of Hamiltonian differential equations. For this we
mainly use [5] and [29]. The principal term in the asymptotic devel-
opment of the displacement map associated to small one parameter
polynomial deformation of polynomial Hamiltonian vector fields has
an analytic continuation and the real zeros of this principal term cor-
respond to limit cycles bifurcating from the periodic orbits of the
Hamiltonian flow.

4.1 Picard-Lefschetz theory

In this section we introduce basic concepts of Picard-Lefschetz the-
ory, such as fibration, vanishing cycles, monodromy and variation
operators, the Picard-Lefschetz formula, etc.

Let H : C2 — C be a polynomial function in the complex vari-
ables x and y. There exist a finite set C', called atypical values of H,

o1
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such that the map
H:C*\H'(C) — C\C, (4.1)

is a locally trivial fibration, see for instance [II]. This follows from
Ehresmann’s fibration theorem applied to a compactification and
desingularization of the indeterminacy singular points of H, see for
instance [85]. This fibration is generally called the Milnor Fibra-
tion. Moreover, a canonical connection is given in the the cohomol-
ogy group fibers which is called the Gauss-Manin connection. In [44]
it is proved that the set of atypical values is the union of the set Ay
of critical values of H and the set A, of infinitive values. These
are values for which the Euler Poincaré characteristic of the fiber is
different from the characteristic of the general fiber.

Definition 4.1. A polynomial H € C[z, y] with deg(H) = d is said to
be transversal to infinity, if its principal homogeneous part L(z,y) =
Dt j=d a; jx'y’ of maximal degree is a product of d linear different
factors.

An important property of a Hamiltonian function H transversal
to infinity is the fact that its atypical values are only the critical
values of H. The transversal to infinity condition can be equivalently
expressed as:

i) The principal homogeneous part has an isolated critical point
at the origin.

ii) The partial derivatives OL/0x and dL/Oy are mutually prime.

iii) H has exactly u = (deg(H)—1)? critical points in C? if counted
with multiplicities.

iv) Each level curve { H = t} intersects transversely the infinite line
(C]P’io C CP? after projective compactification.

Now for a regular value t the generic fiber Ly = H7(t) is a
Riemann surface of genus g, with removed points at infinity. The
first homology group Hy(L¢,Z) is of dimension p where

Clz, y]

w=dim———
(Hy.Hy)
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The first homology group H; (L, Z) is the abelization of the homo-
topy group w1 (Ly, b), with b € Ly, that is

Hy(Lt,Z) = w1(L¢, b) /[71(Lt, b), 71 (L, b)),

where [71(L¢,b), m1(Ly, b)] is the subgroup of 71 (L, b) generated by
the commutators aba=1b~1, a,b € 71 (L4, b).

4.2 Vanishing cycles

Vanishing cycles are mainly used in singularity theory and the topol-
ogy of algebraic varieties. Let us be given a polynomial H € Clz, ]
of degree d. We consider H as a function from C? to C.

Definition 4.2. Let v(t) be a cycle in Hy (L, Z) represented by the
sphere S. Tt is called a vanishing cycle (along the path u; in C) in
the critical value ¢; of H if it degenerates in a critical point of the
singular fiber.

The set
C - {017027 o 'Cs}

of critical values of H is finite and so each point in C is isolated
in C. Let D C C be a disc containing the critical values C' and b
be a regular value of H in the boundary of D. Consider a system
of s paths wuq,us,...,us starting from b and ending at ci,ca, ..., Cs
respectively and such that: each path u; has no self intersection
points, two distinct paths u; and u; meet only at their common ori-
gin u;(0) = u;(0) = b and {uy,ug,---us} near b is the anticlockwise
direction. This is called a distinguished set of paths, see Figure
The set of vanishing cycles along the paths u;, i = 1,2,--- , s is called
a distinguished basis of vanishing cycles related to the critical values
c1,C2, - ,cs. We denote them by 71 (b),v2(b), ..., vs(b) € Hi(Ly, Z).

Example 4.1. To carry an example in mind, take the polynomial
f =y? — 2% + 32 in two variables = and y, see Figure We have
C = {-2,2}. For t a real number between 2 and —2 the level surface
of f in the real plane R? has two connected pieces which one of them
is an oval and we can take it as ;. In this example as ¢ moves from
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Figure 4.1: A distinguished set of paths

—2 to 2, v is born from the critical point (—1,0) of f and end up in
the a-shaped piece of the fiber f~1(2) NR2. Another good example
is
(z* —1)?

4

The set of critical values of f is C' = {0, 3} and we can distinguish
three family of ovals.

2
_v
r=%+

4.3 Monodromy

Let A be a path in C\ C with the initial and end regular values in
bp = A(0) and by = A(1) of H. Consider the regular fibers Ly, =
H=1(by) and Ly, = H~1(by). The path A can be lifted to a C*° map
from Ly, to Ly, defining an isomorphism in the homology bundle, see
Figure [£.2] Let D C C be a disc containing the atypical values of H
and ¢t be a regular value of H in the boundary of D. Let u; be a path
in D\ C, in the complementary set of atypical values. It starts in ¢,
goes along u; until ¢;, turns around ¢; anticlockwise and returns back
to t along u;, we define the monodromy around c¢; as the monodromy
along u;, i.e.

m; : Hl(Lt,Z) — Hl(Lt,Z) (42)
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Figure 4.2: Monodromy along a path

The monodromy m,; around the critical value ¢; is given by the
Picard-Lefschetz formula:

S

m;(0) =0 —» (0008;)3;. (4.3)

j=1

In this formula one considers non-degenerated critical points, where
d; are vanishing cycles of Hi(L;,Z) at ¢; and the notation (o o ;)
represents the intersection number between the cycles o and d;, see

Figure [£.3]

Definition 4.3. The monodromy representation associated to the
function H is the group homomorphism

m(D\ C,t) — Aut(Hi(Ly, Z)).

This homomorphism associates to the loop ; the monodromy oper-
ator m;. The image of the fundamental group 71 (D \ C,t) under the
group homomorphism Aut(H; (L, Z)) is called the Monodromy group
of H.

The following example is taken from [85].
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Figure 4.3: Picard Lefschetz Formula

Example 4.2. Consider the group SL(2,7Z) defined by

SL(2,72) := a b a,b,c,d € Z,ad —bc=1,.
c d

This group appears as the monodromy group of families of elliptic
curves over C. Let

Et:y2—4x3+t2x+t3:0,

teT:=C?\{(ta,t3) €C: A =0},

where A := 27t2 —t3. The elliptic curve E; as a topological space is a
torus mines a point and hence Hy (E}, Z) is a free rank two Z—module.
We want to compute the monodromy representation

T (T,b) — Aut(Hy (Ey, 7)),

where b is a fixed point in 7. Fix the parameter t5 # 0 and let
ts varies. For 3 = j:\/;—% of t3, the curve E, is singular. In E,

we can take two cycles d; and d2 such that (§; o d2) = 1 and d;
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(resp. d2) vanishes along a straight line connecting bs to f3. The
corresponding anticlockwise monodromy around the critical value t3
can be computed using the Picard Lefschetz formula:

61— 61, 0o 00+ 51(1‘681).61 — 01, — g, 09— 52)

Therefore, the image of 71 (7', b) under the monodromy representation
contains the following matrices in SL(2,Z):

10 1 -1
w=(i) ()

These matrices generates SL(2,7Z).

Figure[f.4] facilitated by Professor S. Rebollo shows the movement
of cycles in the generic fiber under the action of monodromy.

Figure 4.4: Monodromy of Hamiltonian H

4.4 Properties of principal Poincaré-
Pontryagin function

Consider a polynomial deformation defined by

dH — £Q(z,y,¢)da + =, Pz, y,€)dy = 0 (4.4)
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where P, (@ are polynomials in z,y and analytic in e a sufficiently
small real parameter. Let C be the set of atypical values of H, tg ¢ C,
Po € H_l(to) and ¥ C C2 be a small complex disc centered at py and
transversal to H~1(t) € C2. We will also suppose that the fibers
H~Y(t) which intersect ¥ are regular. Let 6(t) C {(z,y) : H(x,y) =
t} be a continuous family of cycles. For a closed loop

lo:[0,1] = H ' (to); £o(0) = £o(1) = po

we define the Poincaré first return map (holonomy) in the complex
domain.
'on DI

There exists k € Ny such that
Peo () =t + " My (Co, 1) + ...

The function My (g, t) is called in [29] the generating function asso-
ciated to the deformation (4.4) and the loop £y.

Proposition 4.1. (Gavrilov and Iliev, [29]) The number k and
the generating function My (€o,t) do not depend on . They depend
on the deformation and on the free homotopy class of the loop
lo C H71(t). The generating function My ({y,t) has an analytic con-
tinuation on the universal covering of C\ C, where C is the set of
atypical points of H.

If £y and ¢, are two homotopic loops with the same initial point
po, then Py, = Py,. In general, we write My (4y,t) = My(t). In
[103, T04] the author uses principally the free homotopy condition to
obtain a classification of the generating function My (t) associated to
arbitrary polynomial perturbations of a Hamiltonian vector field H
formed by a product of real function, see alse [90].

Theorem 4.1. (Gavrilov and Iliev, [29]) The generating function
My (t) satisfies a linear differential equation

an(®)z™ + a1 ()2 "D + L+ ay ()2’ + ao(t)x =0,

where n < rankH{(H~1(t),Z)% and a;(t) are suitable function on
C\C.
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Here Hy(H~(t),Z)% C Hy(H~'(t),Z) is obtained by the action
of monodromy on ¢y. The proof of Theorem is obtained by the
following considerations: The monodromy representation of My(t)
and its moderate growth at singularities.

Definition 4.4. Let (™ 4 a;(t)z™ Y + ... + a,(t)z = 0 be a linear
differential equation with meromorphic coefficients in ¢t. We say that
the point ¢ = tg is singular if at least one of the coefficients a; has
no holomorphic continuation in t = ty. We say that the point ¢t = g
is regular singular if (t — #9)%a;(t) is holomorphic in ¢t = t5. We say
that the differential equation is Fuchsian, if each singular point is a
regular point.

Let 6(to) be a loop in the first homology group Hy(H'(to),Z).
We denote by §(¢) the monodromy 6(tg) to nearby fibers.

Definition 4.5. We define

Ps(ty = {/6( )w rw = p(r,y)dr +q(z,y)dy , p,q € C[Ly]}- (4.5)
t

P51y is a C[t]-module, with the multiplication

At w= A(H)w.
<>/W) [ aan

We called Pjs(;) the Petrov module.

Let H € Clz,y] be a polynomial function, §(¢) be a continuous
family of ovals on the non-singular fibers H~1(¢) and let w be a
polynomial 1-form in Clz,y]. The Abelian integral I(t) = fé(t)w
is a multivalued analytic function with a finite set of ramification
points which depend only on H. This follows from the monodromy
representation of H.

Theorem 4.2. (Gavrilov [31])Suppose that the representation of
monodromy group associated to H is completely reducible, that is

Hy(H™'(t),Q) = &:Vi(t),

and each invariant space V;(t) contains a vanishing cycle §;(¢). Then
the C[t]—module Ps, ;) is free and its rank is equal to the dimension
of V(S,i(t) .
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Example 4.3. Let H be the polynomial function defined by
1 1
H(z,y) = 5(2 +y*) = g2° + 2y’

The polynomial H has four critical points. One elliptical point, on
(0,0), three point of Morse type on (f%, :t@) and (1,0). The critical
values of H are 0 and 1/6. We observe that the generic fiber is a torus
minus three point at infinity and therefore

rankH, (H'(t),Z) = 4.

Let v(t), 61(t), d2(t) and d3(t) be the continuous families of vanishing
cycles defined in the interval |0, 1/6[ such that v(¢) vanishes at 0 and
the cycles 61(t), d2(t) and 03(t) vanish at 1/6. Moreover, we can
choose the orientation of the cycles such that (y(t) o §;(t)) =1 .

By Picard-Lefschetz formula, the vector space V) is generate by
y(t) and 61(t) + d2(t) + d3(t) and therefore the dimension of V) is
two. Moreover, we have

Hi(H™'(t),Q) = Vo) @ Vo,—s, ® Vs,—s,

where Vj, _s, is the one dimensional space generated by {61 — d2},
etc. Over each subspace the monodromy group is irreducible and
by Theorem the C[t]-module P, is two dimensional. Now, we
consider the polynomial one forms w1, ws, ws and w, such that w, =
ydz, wy = y2dx, ws = y3dr and wy = zydz, then we have

/ rydr = / y2dz = 0.
v(t) v(t)

Therefore, we can conclude that the C[t]—module P, ) is generated
by the Abelian integrals I1(¢) and I3(t), where

0= [ e b= [ e
() Y(t)

Definition 4.6. A polynomial H € C[z,y], degH = d is called quasi-
homogeneous of weighted degree wdeg(H) = d and of type w =
(wg, wy), where w, = poids(z) and w, = poids(y) are integers, if

H(z%=x, 2%vy) = 2H(x,y) ; Vz € C*. (4.6)

O
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A polynomial H € Clz, ], is called semi quasi-homogeneous of weighted
degree wdeg(H) = d and of type w if H can be written as

d

H(.’E,y) = ZHl(xuy)v

=0

where the polynomials H; are quasi-homogeneous of weighted degree
wdeg(H;) = i and of type w, and polynomials Hy(x,y) have an
isolated critical point at the origin.

In [85] semi quasi-homogeneous polynomials are called tame poly-
nomials, see also [84]. Let H € C[x,y] be a polynomial function, Q*
be the space of all polynomial one forms on C[z,y] and B the space
of all one forms of type w = gdH + dR, with g and R polynomials on
Clz,y]. We define the quotient space

Ql
?7
The space H,¢ is called the Brieskorn or Petrov module of H. It

is a module over the ring of polynomial function C[t] and under the
multiplication A(t) -w = A(H)w, A € C[t].

Hyel = (4.7

Theorem 4.3. (Gavrilov [31])

1. If H € Clz, y] is a semi quasi-homogeneous polynomial of weighted
degree wdeg(H) = d then the C[t]-module H,.; is free and
finitely generated by p one forms ws,...,w,, where p = (d —
wy)(d — wy) /wgwy. Bach one form w; satisfies the condition

dw; = g;dx N dy,

where the set {g1,...,g,} is a monomial basis of the quotient
Clz,y]/ < Hy, Hy >.

2. If w is a polynomial one form then there exists polynomials
Py (t) of degree at most (wdeg(w) — wdeg(w;))/wdeg(H) such
that in H,..; we have
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For further generalization of this theorem in more variables and
also algorithms for computing Py (t) see [85, 84]. The polynomial
H(x,y) = y?> + P(z), where P(z) is a polynomial of degree d > 2 is
semi quasi-homogeneous of weighted degree d and the type w, = 1,
wy = d/2, so the Milnor number of H is y = (d — 1) and therefore by
Theorem the set {zFydr : k=0,...,(d—2)} is a monomial basis
of Hrel~

For a polynomial one form w = A(x, y)dz+ B(z, y)dy, the weighted
degree wdeg(w) is

wdeg(w) = maz{wdeg(A) + wy, wdeg(B) + wy }.
As a consequence of Theorem we have the following corollary:

Corollary 4.1. The Abelian integrals space form a C[t]-module gen-
erated by the integral over one forms w;, i.e.

1
w = Pi t / Wi,
/6(t) Z ( ) o(t)

i=1

where P; € C[t] and degw; + degH - degP; < degw.

4.5 Hamiltonian triangle

We consider a small polynomial perturbation of the Hamiltonian vec-
tor field with the Hamiltonian

H(z,y) = aly* — (x — 3)?]

having a center bounded by a triangle, and denote by 6(¢) the family
of ovals defined by {(x,y) € R? : H(z,y) = t} with t € (—4,0). We
will denote by the same letters the corresponding continuous family
of free homotopy classes of loops defined on the universal covering
space of C\ {—4,0}.

The Hamiltonian triangle is the unique case belonging to the in-
tersection of three strata of quadratic centers Q4, Q%Y and QZI.
In [I12] Zoladek studied the displacement map for small quadratic
perturbations of the Hamiltonian triangle and proved that for small
quadratic perturbations, the number of limit cycles produced by the
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Figure 4.5: Cycles in the real and complex fiber

period annulus is equal to the number of zeros of a function J(t),
where J(t) is not an Abelian integral. This was also observed by
Iliev in [4§].

In [47], Tliev studies the quadratic perturbations of the Hamilto-
nian triangle. He determines a condition for the principal Poincaré-
Pontryagin function under the hypothesis M (t) = Ms(t) = 0. More
precisely, he shows that

tM3(t) = ()11 (t) + (B(t) + ty() Lo (t) + 0.(8) L (D),

where the constants a(t), 8(t), v(t) and d.(t) are polynomials in ¢.
Indeed, the integrals I1(t) and Iy(t) are Abelian integrals and

L(t) = / y(x — 1) Inzdx
5(6)

is not Abelian integral. The asymptotic development of I,(¢) at t = 0
contains a term in In*(¢). An important and more general result for
the Hamiltonian triangle is given in [103] and is describe as follows:

Theorem 4.4. (Uribe, [103]) The principal Poincaré-Pontryagin
function M (t) associated with the family of ovals 6(t) surrounding
the center and with any polynomial perturbation of the symmetric
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Hamiltonian triangle belongs to the C[t,1/t]-module generated by the
integrals

Io(t):/ ydzx, Ig(t):/ z?ydz,
o(t) o(t)

—2+3
I*(t):/ lnx-d(lnw).
5(t) y+x—3

The integrals Io(t) and I2(t) are Abelian integrals, whereas I*(¢)
is not an Abelian integral. Generally, in the space of polynomial per-
turbations of degree d, d > 5, of the symmetric Hamiltonian triangle
whose first Poincaré-Pontryagin function M (¢) vanishes, the prin-
cipal Poincaré-Pontryagin function M (t) is not an element of the
C[t, 1/t]-module generated by the integrals Iy(t) and I5(t). For the
discussion of an arbitrary perturbation of the Hamiltonian triangle
see [112], [72]). Finally, we would like to note that all the non-abelian
integrals which appear in this context can be written as iterated in-
tegrals, see Chapter [6]

4.6 Product of linear function

Let fi(x,y), i = 0,...,d be real linear functions in the variables z,y.
Consider the polynomial function H given by

H(z,y) = folz,y) fr(z,y) - fa(z,y). (4.8)

The zero level of the function H is formed by the union of the (d+1)
lines,

O = {(2,y) €eR? | fr(x,y) =0}, k=0,...4d. (4.9)

Suppose that the lines ¢, are in general position in R?. That is,
they are distinct, non-parallel and no three of them have a common
intersection point. Note that all the critical points of H lie on the real
plane and are of Morse type. The total number of critical points of

H is d?. From this we have a1 := d(dgl) critical points of center type
and ag := w critical points of saddle type. For a regular value ¢,

the generic fiber L, = H~1(t) is an a;-genus Riemann surface with
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(d+1) removed points at infinity. The first homology group Hi(L¢, Q)
is of dimension pu = a; + as.

Let Ay = {to,t1,t2, ..., tq, } be the set of critical values of H. The
first critical value ty = 0 corresponds to all the saddle points of H.
For a generic choice of lines we have ay distinct critical values t; # 0
corresponding to center points. We denote by d;(t), i = 1, ..., a1, the
continuous family of vanishing cycles at ¢; # 0 and ~;(t), with j =
1,..., as, the continuous family of vanishing cycles at the critical value
to = 0. The set {d1(t), ..., 0a, (t), 71 (%), -, Vap (t) } is & distinguish basis
of vanishing cycles of the first homology group Hy(L¢, Q). We choose
the orientation of the cycles 6;(t) and ~;(¢) so that the intersection
number verify (J;(¢) o v;(t)) = —1. In the following, we will give a
more convenient basis of Hy(L¢, Q). Consider a vanishing cycle §(t)
around a critical point of center type and the set

Vi = Orbm (3(1)), (4.10)

where Orbm, (0(t)) C Hi(L:,Q) is obtained by the action of mon-
odromy on §; . Define the space V., as follows

Voo ={0'(t) € Hi(L¢, Q) | (6'(t) 00" (t)) =0, V3"(t) € Hi(Ls, Q)}.

(4.11)
Observe that the elements of V, are invariant under the action of the
monodromy my, for ¢ = 0,1,...;a;. The elements of V,, are called
cycles at infinity. For a regular value ¢, we consider the compactifi-
cation L; of L,. The surface L, is of genus ¢ = a; and we have the
following result:

Theorem 4.5. (Movasati, [80]) The orbit of a vanishing cycle 6(t)
around a critical point of center type, by the action of the monodromy
generates the first homology group Hi(L:, Q).

As an immediate consequence of Theorem we have that
dimVe =2ay, Hy(L, Q) = Vo ® V.

Recall that each relatively compact component Uy, of R?\ H~1(0) has
one center point p,. The variation map is obtained by Vary, = m;, —
Id. Define 6%(t) the variation of the cycle &(¢) by the monodromy
my around the critical value ¢o. The cycle §%(t) is equal to Y1, 7;(t),



66 [CAP. 4: COMPLEXIFICATION OF ABELIAN INTEGRALS

) mu(-’i”l)

Figure 4.6: Closed loops in region Uy

where «;(¢) are vanishing in the vertices of Uy and n is the number
the vertices of Uy.

We denote by o,°, p = 0,...,d, the cycle that turns once around
the point at infinity p¢® corresponding to the line I;. The cycles ;(t)
vanishing at saddle points are generated by the cycles 6°(t) and the
cycles 07°, see [80] for more details. The set of cycles {4;,d",05°
1<i<a;; 1<p<d}isthe convenient basis of Hi (L, Q).

4.7 Relative cohomology for product of
lines

Definition 4.7. For the polynomial function H and fy,...,fq given

by (@3), let

o= HYE  E_0 4
Jr
and
(z,9) 1
or(z,y) = / —dfy=logfr; k=0,...d (4.12)
A fk
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where the points a;, and (z,y) are arbitrary points belonging to C?\
Ue_ oLk, and the lines ¢4 are defined as in (4.9).

The points a, are fixed, whereas the point (x,y) varies. Each
function ¢y is a multivalued function in C? \ ngoﬁk, univalued in
the universal covering of C?\ U¢_ ;. Let 6(¢) be a vanishing cycle
that turns around a singular point of center type. The value of the
function ¢y, does not change along the cycle d(t), because this cycle
does not turn around the lines ¢, k =0, ...,d. Hence

/ dor =0, k=0,...d (4.13)
5(t)

We conclude that the C-vector space generated by ny = Hdpy is
dual to V. Recall the definition of the Brieskorn module in
and Petrov module in . The C[t]-module Py is of rank p1 = 2a4
and it is generated by the Abelian integrals

IZ(t) = / Wi, 1= 1, ...72a1,
o(t)

where w;’s together with 7;’s form a basis of the Brieskorn module.

Definition 4.8. Let H be the ring defined by
H:(C[xay7H71/Hag017§027"'750d]' (414)

We say that a polynomial 1-form w is relatively exact in H, if it can
be written w = QdH + dR, with Q, R € H.

Let Q! be the space of all 1-forms with coefficients in H and B!
be the set of 1-forms of Q' that are relatively. The first relative
cohomology group with coefficients in H is

L Ot
ngl(Ql) = E

Proposition 4.2. Let w be a polynomial 1-form in Clx,y|. The form
w verifies condition fé(t) w =0, if and only if w is relatively exact in

H.
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For a proof see [104], 80]. Now, if M;(t) = 0, then we general-
ize Francoise’s algorithm to the space H in order to calculate the
Poincaré-Pontryagin function of order two. Consider the functions

¢k as defined in (4.12)) and denote by
ni;=wide; , i,j=1,...d, (4.15)

the 1-forms in the variables x,y. The integrals fé(t) n; g, with 1 <1 <
j < d, appear naturally in our calculations. For the functions ¢y,

given in (4.12)) let
Ii*,j(t) = /5(t) (pid@j , 1<i<gy<d. (416)

which are not Abelian integrals.

Proposition 4.3. (Poincaré-Pontryagin function of order two)
If Mi(t) = 0 then Ms(t) belongs to the C[t,1/t]—module generated
by the Abelian integrals {I1(t), ..., Iz, (t)} and the integrals I} ;(t),
1<i<j<d.

Proof. Let w be a polynomial 1-form with coefficients in C[z,y]. Un-
der the condition M;(t) = 0, w can be written as

d d
w:(Ql_ZPI;(H)SDk)dH"_d(Rl+Zpk(H)90k)' (4.17)
k=1 k=1
Q R

The Poincaré-Pontryagin function of order two is

My(t)= | QdR. (4.18)
8(t)

From (4.17), we have that

d

d
QdR = [Q1 — > P(H)@p)d[Ry + > Pr(H)px).
k=1 k=1
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In order to simplify the notations, we write ac ~ 3, for f(s(t) o= fé(t) B.
Now

QAR ~ QudR:+ Y 4_(Q1Pu(H) — RiP (H))dpy

~/

+ Zl<z<]<d(p (H)P;(H) — Pi(H)P;(H))pidp;.
It follows hence from ) that

d
A(t)Qlde kZ:j / (QuB(H) — Ry P(H))d,

i EORO - PORO) [ e,
(4.19)
As @Q1dR; and Hdpy are polynomial 1-forms in Clz,y], we have
that the integrals / Q1dR; and / (Q1Py(H) — Ry P, (H))dyy,
5(t) ~Jsw)
are Abelian. Finally, denoting by P;;(t) the polynomial
Pri(t) = P,(t)P;(t) — Pi(t)P; (1), (4.20)

? J

it follows that the coefficient of each I7 ;(¢) in D is }51*] (t). Hence,
we see that generically, this coefficient is non-zero and hence in (4.19))
the function Ms(t) can be written as

My(t) = {Abelian Integrals} + > Pr(0)I7;(t).  (4.21)
1<i<j<d

O

The general situation is given in the following result

Theorem 4.6. (Uribe, [104]) The higher Poincaré-Pontryagin func-
tion My (t) associated to a family of ovals §(t) surrounding a critical

point of center type and associated to a small polynomial perturbation

of the Hamiltonian formed by a product of (d+1) lines in general po-

sition, belongs to the C[t,1/t]—module generated by Abelian integrals

I;(t), with i = 1,...,2a1 and special transcendental integrals of type

Ii*,j(t) = /5( )cpidgoj, with 1 <1< j<d.

t
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Corollary 4.2. The principal Poincaré-Pontryagin function My/(t)
is an iterated integral of length two.

For the definition of an iterated integral see Chapter [6]



Chapter 5

Center problem

In this chapter we consider the space of differential equations in C?
which have at least one center singularity. It turns out that such a
space is algebraic. The classification of all irreducible components of
such an algebraic variety is known as the center condition. For further
discussion of this topic in the context of holomorphic foliations see
[65L [79].

5.1 Foliations with a center in C2

Let C[z,y]<q be the set of polynomials in two variables z,y with
coefficients in C and of degree at most d € Ny. The space of foliations

F=F(w),we (5.1)
where
Qg = {P(z,y)dy — Q(z,y)dx : P,Q € Clz,y]<a}
is the projectivization of the vector space Q}i and it is denoted by
F(d). The degree of F is the maximum of deg(P) and deg(Q). The

points in the set {(z,y) : P(z,y) = 0,Q(x,y) = 0} are called the
singularities of F.

71
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Figure 5.1: A cylinder in the complex plane

Definition 5.1. An isolated singularity p of F is called reduced if
(P;Qy — P,Q)(p) # 0. A reduced singularity p is called a center
singularity or simply a center, if there is a holomorphic coordinate
system (Z,¢) around p with Z(p) = g(p) = 0 and such that in this
coordinate system, we have

wAd(@*+7%) =0.

If 0 € C? is a center singularity of F, then there exists a germ of
holomorphic function f : (C2,0) — (C,0) which has non-degenerate
critical point at 0 € C?, and the leaves of F near 0 are given by
f = const.. The point 0 is also called a Morse singularity of f.
Morse lemma in the complex case implies that there exists a local
coordinate system (z,y) in (C2,0) with z(0) = 0, y(0) = 0 and

1
such that f(z,y) = §(x2 + 4?). Near the center the leaves of F

are homeomorphic to a cylinder, therefore each leaf has a nontrivial
closed cycle. Note that the two curves 22 +y? = 1 and 2y = 1 are
different in the real plane R? but isomorphic in the complex plane C2.
Which pictures in Figure [5.1]is a correct intuition of these curves?

Let M(d) be the closure of the subset of F(d) containing F(w)’s
with at least one center. The problem of identifying irreducible com-
ponents of M(d) is known as center condition. The complete classi-
fication of the irreducible components of M(2) is done by Dulac in
[17], see also [12]. In this case any foliation in M|(2) has a Liouvilian
first integral. Since this problem finds applications on the number
of limit cycles in the context of real differential equations, this clas-
sification problem is very important. In what follows we give some
examples of irreducible components of M(d).
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We have learned the statement and proof of the following propo-
sition from A. Lins Neto in [65]. This must go back to Poincaré and
Dulac.

Proposition 5.1. M(d) is an algebraic subset of F(d).

Proof. Let Mg(d) be the set of all foliations in M(d) with a center
at the origin (0,0) € C? and with a local first integral of the type
f=xy+fs+fas+ -+ fn+hot. (5.2)

in a neighborhood of (0,0). Let us prove that Mq(d) is an algebraic
subset of F(d). Let F(w) € Mo(d) and w = w1 +wa+wz+...+wgt1
be the homogeneous decomposition of w, then in a neighborhood
around (0,0) in C2?, we have

wAdf =0= (w1 +wetws+- - +war1) A(d(zy)+dfs+dfs+---) =0.

Putting the homogeneous parts of the above equation equal to zero,
we obtain

w1 Ad(zy) = 0= wy; = k-d(zy), k is constant,
w1 A dfs = —wa Ad(zy),

o (5.3)
w1 ANdfp, = —wo Adfn—1 — - — w1 Ad(zy).

Dividing the 1-form w by k, we can assume that £ = 1. Let P,, denote
the set of homogeneous polynomials of degree n. Define the operator

Sn : Pn — (Prdx A dy),
Sn(g) = w1 Ad(g).
We have
Siti(x'y’) = d(zy) Nd(a'y) = (zdy+yde) A (' y' ! (jady +iydr)),
= (j — i)'y dx A dy.

This implies that when n is odd S, is bijective and so in (5.3)), f, is
uniquely defined by the terms fp,,wn’s m < n, and when n is even

Im(Sy) = Apdz A dy,
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where A,, is the subspace generated by the monomials z'y?, i # j.
When n is even the existence of f, implies that the coefficient of
(zy)? in

—wo ANdfp—1 — -+ —wp_1 ANd(zy)

which is a polynomial, say P,,, with variables
coefficients of wy ... wn_1, fo,..., fn_1

is zero. The coefficients of f;,7 < n — 1 is recursively given as poly-
nomials in coefficients of w;,7 < n — 1 and so the algebraic set

consists of all foliations F in F(d) which have a formal first integral of
the type ([5.2) at (0,0). From a results of Mattei and Moussu in [73],
it follows that F has a holomorphic first integral of the type .
This implies that My(d) is algebraic. Note that by Hilbert null-
stellensatz theorem, a finite number of P;’s defines My(d). The set
M(d) is obtained by the action of the group of automorphisms of C?
on Mo(d). O

5.2 Components of holomorphic foliations
with a center

Let Pg.1 be the set of polynomials of maximum degree d + 1 in C?
and f € Pgy1. The leaves of the foliation F(df) are contained in the
level surfaces of f. Let Z(d) be the set of F(df) in F(d).

Theorem 5.1. (Ilyashenko [50]) Z(d), d > 2 is an irreducible
component of M(d).

We can restate the above result as follows: Let F € Z(d), p one
of the center singularities of F and F; a holomorphic deformation of
F in F(d) such that its unique singularity p; near p is still a center.

Theorem 5.2. In the above situation, there exists an open dense
subset U of Z(d), such that for all F(df) € U, there exists polynomial
ft € Pay1 such that Fy = F(dfy).
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This theorem also says that the persistence of one center implies
the persistence of all other centers. Let F be a foliation in C? given
by the polynomial 1-form

w(f’)\):w(f17.”7fr’)\17“'7>\r):fl"'f'r‘ZAide%
i=1 4

(5.4)
where the f;’s are irreducible polynomials in C? and d; = deg(f;). F
is called a logarithmic foliation and it has the multi-valued first inte-
gral f = fi .- f} in U = C2\(U_,{f; = 0}). We can prove that
generically, the degree of Fisd =Y., d; — 1. Let L(d1,da,...,d,)
be the set of all logarithmic foliations of the above type.

Theorem 5.3. (Movasati [78]) The set L(dy,ds,...,d,) is an ir-
reducible component of M(d), where d =Y ;_, d; — 1.

The main tool in the proof of the above theorems is Picard-
Lefschetz theory. For some other results for foliations in P? see [78].
The pull-back foliations have also center singularities and they form
an irreducible component of M(d). This has been worked out by Y.
Zare in his Ph.D. thesis, see [109].






Chapter 6

Iterated integrals

In this chapter we study iterated integrals and how they appear in
differential equations. We define the corresponding Petrov/Brieskorn
type modules, give a formula for the Gauss-Manin connection of iter-
ated integrals and calculate the Melnikov functions for certain topo-
logical cycles in terms of iterated integrals. We collect the necessary
machinery for dealing with iterated integrals. Our approach to it-
erated integrals is the homology type Z-modules Hi ,(U,Z), r =
1,2,... (see and the construction of their duals in terms of dif-
ferential forms (see . This approach, which is more convenient in
holomorphic foliations, is not the classical approach in the literature
and this is the main reason why we have reproduced some well-known
materials in this section. This chapter was originally written as an
appendix of the article [83]. However, due to its expository nature it
was removed from there.

6.1 Definition

Let U be compact Riemann surface, U be the complement of a finite
non-empty set of points of U and p; € U, i =0, 1. Let 2, be the set
of meromorphic differential forms in U with poles in U\U and

Qi =C+Qy+QuQy +---+QpQy - Qp
N—————
r times

i
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For simplicity, in the above definition 4+ denotes the direct sum and
Q€27 denotes 0, ®c Qfy. An element of Q'U’T is called to be of
length< r. By definition QIU’T C Q" contains only differential 1-
forms and in each homogeneous piece of an element of Q?jr c Qy”
there exists exactly one differential O-form. We have the differential
map

d=dy: Q3 —Qy°

which is C-linear and is given by the rules

d(g) = dg — g(p1) + g(po) (6.1)

d(gwiws - - wy) = (dg)wiws - - - Wy — (gw1)ws « - Wy + g(Po)wrws * -+ - Wy
d(wr - wigwiy1 - wy) =
wi - wi(dg)wit1 ++ wp—w1 Wi (git1) wWrtwr - (Wig) Wit - Wy
d(wiws - - wrg) = wiws - - wr(dg) — g(p1)wiws -+ - Wy + wrws - - - (Wrg),
where 1 <7 <r —1. Let
_ oy
aay*

(6.2)

and
C=BycBiCBy,cBsC---CB,C---CB

be the filtration given by the length:

1,<r
_ %
T a0
dQd;
The map € : B — C associates to each w its constant term in By = C.
Take a basis wy,ws, ..., w,, of the C-vector space
Qy

1 ~ g7l _
H'(U,0) = Hin(U) = go-
Note that U\U is not empty. The C-vector space B is freely generated
by wiywiy - wiy, 1 < d1,49,...0, < m, k € Ng. The fact that these
elements generate B follows from the definition of the differential d
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and various applications of the fact that every w € 2}, can be written
as a C-linear combination of w;’s plus some dg, g € ;. We obtain an
isomorphism between B and the abstract associative ring generated
by w;’s. In this way B turns to be an associative, but noncommuta-
tive, C-Algebra. Note that the C-algebra structure of B does depend
on the choice of the basis and pg, p1. However, the isomorphism of
C-vector spaces obtained in the quotient B,./B,_1, r =1,2,... does
not depend on the base pg, p1.

Let § : [0,1] — U be a path which connects py to p; and w; €
Q, i=1,2,...,r. The iterated integral is defined by induction and
according to the rule:

/wm)z"'wr:/wl(/ w2"'w7")a
5 5 I

where for 6(t1) = = we have 0, := d|j0+,]. By C-linearity one extends
the definition to Q%]" and it is easy to verify that an iterated integral of
the elements in dQ%’ is zero ([42] Proposition 1.3) and hence fé w,w €
B is well-defined. It is homotopy functorial. This can be checked by
induction on r. We will frequently use the equality

/wlwz---wr:/wy--wi(/ Wil wp)y, =12 .,r—1.
5 s .

@

6.2 Homotopy groups
From now on we take p := pg = p; and let
G :=m1(U,p), m = number of generators of G.

We denote by 1 the identity element of G. For d1,d, € G we denote
by (01,02) = 51525f15;1 the commutator of §; and d, and for two
sets A, B C G by (A, B) we mean the group generated by (a,b), a €
A,be B. Let

Gr = (Grth)v r= 17233a"'a Gl =G.

Each quotient
Hl,r(U7 Z) = GT/GT—‘,-l
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is a free Z-module of rank

M, (r) == % > u(dyma,
d

where p(d) is the mobius function: p(1) = 1, p(pipa---ps) = (—1)°
for distinct primes p;’s, and p(n) = 0 otherwise. Note that for r
prime we have M,,(r) = ’”TTJ A basis of Hy,(U,Z) is given by
basic commutators of weight r (see [41] Chapter 11).

There is another way to study G by finite rank Z-modules mainly
used in Hodge theory, see [42]. Let Z[G] be the integral group ring of
G, J be the kernel of Z|G] — Z, Zle a; o > Zle a;, a; € L,o; €
G. We have the canonical filtration of Z[G] by subideals:

.o PPt =T Czal.

Each quotient Z[G]/J" is a freely generate Z-module of finite rank.

6.3 The properties of iterated integrals

In this section we list properties of iterated integrals in the context
of the present text. The following four statements can be considered
as the axioms of iterated integrals.

I 1. By definition the iterated integral is C-linear (resp. Z-linear)
with respect to the elements of B (resp. Z[G]) and

/w::e(w),weB, /1:1, a €.

1 «

We use the convention wiws -+ -w, = 1 for r = 0.

I 2. For o, € G and wy,ws,...w, € QY

”
/ wl...wT:E /wlwl/wl+l'wT
apf i=0 /@ B

([2], Proposition 2.9).



[SEC. 6.3: THE PROPERTIES OF ITERATED INTEGRALS 81

I3. For a € G and wy,ws, ...w, GQ%]

/ w1w2~--wr:(—1)T/wr--~w1.
a1t o

([42], Proposition 2.12).

I4. Fora e Gandwi,ws,...wrps € Qb we have the shuffle relations

/ T 'wr/ Wr4l - Wrps = Z/ Wo(1)Wo(2) * " Wo(r+s)s (63)

where o runs through all shuffles of type (r,s)([42], Lemma 2.11).
Recall that a permutation o of {1,2,3,...,r 4 s} is a shuffle of type
(r,s) if

and
o,*l(rJr << 0-71(7*4»2) < 0'71(7‘+5).

Note that and I3] imply that every iterated integral can
be written as a polynomial in || sWiwz ++ - w,, where 0 Tuns through
a set which generated G freely and w; runs through a fixed basis of
Hiz (U). However by this way of writing is not unique. By various
applications of 14] we can get shuffle type formulas for the products
of s > 2 integrals. All the well-known properties of iterated integrals
in the literature can be deduced form and 4

I 5. For a, € J and wy,wa,...w, € Qfy, 7 >1

r—1
/ Wl .. .w,r, fr— E / wl .. .w’L / wl-‘rl .. .wr.
ap i=1 v B

In particular, fa w1 = 0. This statement follows from 11| and

I 6. We have
/ B, =0, for0<r <s.

This follows by induction on r from If]
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I7. For aj,az, - ,a, € G and wy,wa,...,w, € Q

W1 Wy = /wi.
[al—l)(ag—l)-~~(aT—1) g a;

This follows by induction on r from If] 1] and

We conclude that [ w, w € B./B,_1, a € J"/J"t! is well-
defined. Now we list some properties related to G,.’s.

I8. Forr < sand wy,ws,...,w, € Q%] we have
/ wiwy - we =0, Bs = (a1, 9, ,a) or its inverse,
where (a1, q9,...,0,) = ((--- (a1, @2),a3) -+ ), ).

It is enough to prove the statement for B,. For B! it follows
from applied on B,8;1 = 1. The proof for By = (Bs_1, ) is
by induction on s. For s = 1 it is trivially true. Suppose that the
statement is true for s and let us prove it for s + 1. After various
applications of 12| and the induction hypothesis we have

/ wle---w,ﬂ:/ OJ1LU2"'OJ7-+/ WiWg * * - Wy
Bs+1 Bs Bt

s

Now we apply 12 for 8,8, = 1 and we conclude that the right hand
side of the above equality is zero.

I 9. For wi,ws,...,w, € Q} we have

/w1w2~-~wT=0, a€ Gy r<s,
«

/ wl---wr:/w1~-~wr+/w1"'wr, a,f € Gy,
af o B8

/ w1~--w,.=—/w1"'wr7(XGGm

a~1 e}

/(wlwg cewe (D) wp e rwr) =0, a € G



[SEC. 6.3: THE PROPERTIES OF ITERATED INTEGRALS 83

]@implies that faw, a € G./Gry1, w € B, /B,_1 is well-defined.
I110. For a € G, and 8 € G,

/ WiWg *** Wpgg = /wl...wr/wr+1...wr+s
(a,) a 8
7/w1...ws/ws+l...wr+‘g
B «

/ wiwg = det (f 1 fﬂ wl) ,o,B8 € G, w,ws € QlU (6.4)
(@,8)

w2 f w2

In particular

The above statement follows by several application of I2}19] see also
[33] Lemma 3.

I 11. For ay, 1,2, B2,+ ,ap, Br € G and wy,ws € QF
S
w w
/ Wiy = Zdet (fo‘l ! fﬁi 1) .
=1 (@i,Bi) i=1 faz “2 fﬁi “2

The above statement follows by induction on s. The remarks after
and ]@ suggest that there might be a relation between G, /G, 11
and J"/J 1. In fact the maps G,/G,r1 — J"/J"T1 induced by
x — x — 1 are well-defined and gives us a morphism of Lie algebras
over Z:

052, Gy Gyt — @27 )T

For further information see [99].

Proposition 6.1. Let a and 8 be differential forms of length r and
s, anda € J", be J°. We have

/abab’:/aa/bﬁ. (6.5)

In particular if r = s then

Jofrn=ee(ha 15)
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Proof. Since the equality is Z-linear in «, 3,a and b, we can
assume that @« = wy - w, and B = wry1 - wrps and a = (a1 —
1) (ar — 1), b= (bpg1 — 1)(bpys — 1), b; € F. Now the first part
of the proposition follows from the fact that: For ay, a9, - ,a, € G
and wi,wa,...,w, € )

wl e wr = / Wi»
\/(0411)(0121)---(0(,,.1) Z:H1 Qg

This follows by induction on 7 from I5] 16] and I} The second part
is an immediate consequence of the first part. O

6.4 The dual of H,,(U,C)

Using the properties of iterated integrals it is easy to see that

/w,é (S Hl’r(U,Z), w € BT/BT,1
§

is well-defined (see Section . Knowing the fact that
dimg(B,/By—1) = m" > rankz(G,/Gr_1) = Mp(r)

we expect that

V,:={we€ B,/B,_1| w =0}

H, - (UZ)
has non-zero dimension. In fact by shuffle formula (see Section ,
we know that in general V. # 0. It has been recently proved in
[35] that V. is generated by the shuffle relations. By the extension
of Atiyah-Hodge-Grothendieck theorem to iterated integrals, see [43]
commentary after Theorem 13.5 and Corollary 7.3, we know that for
every 6 € Hy,(U,Z) there is a w € B,/B,_; such that féw # 0.
Therefore,

HY(U) = B,/(Br—1 + V;) = Hy (U, C),

where “means dual and H,,(U,C) = H; ,(U,Z) ®z C. One may be
interested to find a basis of H, dll’{(U ) similar to basic commutators,



[SEC. 6.5:  GAUSS-MANIN CONNECTION OF ITERATED INTEGRALS 85

see [41]. For instance one can construct M, (r) elements of H, épf (U)
in the following way: In the construction of basic commutators we
replace the set which generates G freely with a basis of H} (U) and
(+,+) with [-,]. By definition [u,v] = wv — vu for u,v € B. The
basic commutators of weight r obtained in this way form a basis of
Hclli{(U). This is easy to see for r = 1,2 and the complete proof is
given in [35].

Remark 6.1. The authors of [87] have used another construction
of HY'"(U,Z) by means of iterated integrals over Feynman diagrams.
Such a construction is associated to a basis of the freely generated
group G and has the advantage that it does not require to perform a
tensor product of the Z-module H>" (U, Z) with C.

6.5 Gauss-Manin connection of iterated
integrals

In this section we consider a two dimensional complex manifold M,
a one dimensional submanifold D of M (possibly not connected) and
a regular proper holomorphic map f : M — V such that f |p is
also regular, where V' is some small open disk in C. By Ehresmann’s
theorem f : (M,D) — V is topologically trivial over V. We are
going to work with iterated integrals in U := f~1(¢t)\D, t € V. In
other words, the Riemann surface of the previous section depends on
the parameter t. Instead of two points pg, p1 we use two transversal
section g, £ to the fibers of f at points pg, p1 € Uy, for some ¢y € V.
We assume that ¥;,¢2 = 0,1 are parameterized by the the imaget € V
of f 2, = V.

Let U := M\D, QI be the set of of meromorphic differential
1-forms in M with poles along D, i, be the set of holomorphic
differential 1-forms in V' and Qllj o= % be the set of relative
differentials. The set Qf v is a O(V)-module in a canonical way,
where O(V) is the C-algebra of holomorphic functions in V. We
redefine the set B in using

Oy = O(V)+Qpy + Qv Qv+ + Qv Qv Q-

r times
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The differential d = dy/y is O(V')-linear and is defined by the equal-
ities in . Here by f(p;), ¢ = 0,1 we mean f |y, as a function in
t (one has to verify that d is well-defined).

Let 0 be a path in Uy, which connects py to p;. We denote by
(M, 6) a small neighborhood of § in M which can be homotopically
contracted to §. By a holomorphic object (function, differential form
etc.) along 6 we mean a holomorphic object defined in a universal
covering of (M,§). Therefore it can be viewed as a holomorphic
object in a neighborhood of § in M which may be multi-valued in the
self intersection points of 4.

Let w be a holomorphic 1-form defined along the path §. Let x¢ €
Yo and &, 4, be a path which connects zg to z € M in f~(f(z0))
along the path §. For simplicity, we use ffo w= [ 52 @ and consider

it as a holomorphic function along §. The Gelfand-Leray form (ZT}J
restricted to U;’s is well-defined. For w € Q%]/V, the map w — i—‘}’ is

also called the Gauss-Manin connection with respect to the parameter
t. The reader is referred to [5] [79] for more details.

We denote by & (resp. @) the pullback of w |5, by the the holon-
omy map (M,d) — X; with ¢ = 0 (resp. ¢ = 1). The form @ is of the
form a(f)df, az € O(V) and so we define
Z—} =a € O(V).

If there is no confusion we will also use %} to denote a(f). In a similar
way we define %.

Proposition 6.2. We have

d(/y:w)z(/g:ﬁ}’)dﬁw—@. (6.6)

This is [33] Lemma 1. For the convenience of the reader we prove
it here.

Proof. First, we remark that if the equality is true for w then it
is also true for w+ gdf, where g is a holomorphic function along §. By
analytic continuation argument, it is enough to prove the proposition
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in a small neighborhood of py. We take coordinates (z1, 22) : Vp, —
(C2,0) around po such that

Po = (0,0),£B = (21722)» Lo = (0,22), f=2, 3o = {0} X ((C,O).

Based on the first remark we can assume that w = a(z1, 22)dz1, a €
O(c2,0)- We have

d(/a,: w) = d(/oz1 a(z1,22)dz1)

a1, 22) .
= a(z1,22)dz + (/ %dzl)dzg

0
T dw
= w—w+ (| —)df
o Af
Here fozl is the integration on the straight line which connects 0 to
Z1. O

Let w;, i =1,2,...t be holomorphic differential 1-forms along ¢,
x
P = fxo wy and w = wsy - - - wy. We have

/mlwd(wpl):/mw 7W2/\w17ﬂw +w@+@w
v df v df e I
(6.7)

because

/“’1 wd(wzpl) o /QE1 w(d,m A wa +P1dw2)
%o df %o df

/xlw( wg/\wl (:)lw
= - - w2
2o daf daf

Idwl d(JJQ r
+W2(/IO df)—Fdf(/IOOJI)>

which is the left hand side of (6.7)). Now we define the Gauss-Manin
connection:

Qbe Qb s W

u/iv U/vs

By definition it is a C-linear map, it is zero on erj,o and for w € Q}J/V

we have:
,  dw

w—#+%—% (6.8)
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1
For r > 2 and wy,wo, -+ ,w, € QU/V

(wiwg - wy) = (6.9)

T
dwi w; N\ Wi+1

r—1
E wiwz -+ ’wi—lﬁwi+l CrrWr— E Wy - 'wi—lTwiH Cwrt
i=1 i=1

@1 a)r
7(&12"'0)7- _wl...wr—lﬁ'

df

(For 7 =1 this is (6.8))). We have to show that this definition is well-
defined and does not depend on the choice of w; in its class in QlU v
Since is linear in w;, it is enough to prove that (wy---w,) =0
if for some i we have w; € f*Q1,. This can be easily checked using
the facts dd“jj =0, %fw] = ‘;l’—;wj.

Note that the definition does depend on the choice of the
transversal sections. The idea behind the definition lies in the
proof of the following proposition:

Proposition 6.3. For continuous family of paths §; connecting xg €
Yo toxs €31 inUs, t €V, we have

0 1,e
8t/étw:/(stw’,wEQU’ (6.10)

Proof. Let w = wiws - w,.. For r = 0 the equality (6.10) is true by
definition. For r» =1 it follows from Proposition Let us assume
that r > 2. Define

x x
pi(z) :=/ Wi Wy =/ WiPit1, ¢ =1,2,-- 7, pry1 =1
€T x

0 0

Let P;, i =1,2,...,r be the restriction of p; to ;. We consider P;
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as a function in t. We have:

oh €9 /w1 dwip2)\ | @bz Wip2
ot L df i df

_ “d(wip2) w1
B (Lo i )ta”
(%] /”’1 _wihw o Gl
e df
d(waps) | dwy
w1 af + af

1

!/

= / w'.
Zo

In the (i — 1)-th line, 2 < ¢ < r, we have used the fact that p; |x,= 0
and so w;_1p; = 0.

Zo

O

Similar to the previous section we define

V., ={we€ B,/B,_1 | w=0,VteV}
Hi,r(Us,Z)

Hyp(U/V) = B,/(Br 1+ V)
for the case ¥y = ¥1. The Gauss-Manin connection does not neces-
sarily maps ng;;wr > 2 to itself (for instance check it for r = 2)

and so it may not induce a well-defined operator from B to itself.
However, we have:

Proposition 6.4. If Xy = X, then the Gauss-Manin connection
induces a well-defined map

dwi
e
(6.11)

which is independent of the choice of the transversal section ¥g.

C Wy

H;i{‘(U/V) - Héi{(U/V)v WiWwg « + Wy —> Zwlwz e Wi—1
i=1
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Proof. First note that the Gauss-Manin connection induces a well-
defined map in B,./B,_1 = (H}z(U/V))" even if it is not well-defined
in B,.. By Proposition[6.3]it maps V. to itself and so it induces a well-
defined map in Hél’{(U/V). In the formula the terms after the

first sum have length less that r and so they are zero in Halu’{(U/V).
O

6.6 Melnikov functions as iterated inte-
grals

Recall the notations of the previous section. Let
Feiwe=df +ew) +Ewy+--=0, w; € e€ (C,0)  (6.12)

be a holomorphic deformation of F = Fy. Let he(t) : ¥o — X1 be
the holonomy of F, along the path 6. We write

, O'h,
he(t)—t = Ml(t)6+M2(t)€2+- . -—I—Mi(t)éz-i-- SRR Z'Ml(t) = W ‘620 .
M; is called the i-th Melnikov function of the deformation along the
path §. Let My = My = --- = My_1 =0 and My # 0. It is a well

known fact that the multiplicity of M} at t = 0 is the number of fixed
points of the holonomy h, (as a function in ¢).

Proposition 6.5. If My = My =---= My =0 then

k
Mk+1(t) = _/5 (Zwk—i-l—ipi)a

t =0
where p; and g; are holomorphic functions along § defined recursively
by

i—1
pidf—l—dgi:—Zwi_jpj, 1=1,2...,k, po=1. (613)
=0

Moreover, the restriction of p; (resp. g;) to Yo and X1 coincide (as
functions in t).
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This is just the reformulation of Theorem in the context of
holomorphic foliation in complex surfaces, see [I01] Proposition 6 p.
73 or [79] Theorem 7.1. Now we want to write M1 as an iterated
integral. This has been done in [33] Theorem 2, for the linear de-
formation of df. The idea of the proof is based on various usages

of
v g =l
pi = / Fwm) (6.14)
xo ]:O

and the equality . Note that by Proposition

—_—~—

xT d2
dpi / dfz sz JpJ df+ df Zwl JpJ df sz Jpj

Since d%(z;;lo wi—;p;) is defined modulo relatively zero differential

1-forms, the term 5}22 (Z;féwl ;p;)) is not uniquely defined even

modulo relatively zero 1-forms. Note that we can add any holomor-
phic differential form n with f5t =0to Zj _oWi—;pj in the definition
of p; and so p; and g;’s are not uniquely defined.

For simplicity we define w* = %}J and define (wjws -+ w,)* =
Z:Zl Wi+ Wi— Wi Wwit1 -+ - wp. The first Melnikov functions are given
by:

Ml(t) = —/ wi.
Oy
Ma(t) = —/ wz +wipr = —/ Wy + wiwy.
6/5 61,
We have
[y = [ 8080

= wy +w = wy — — W) — + wiw] + wiwy
D2 ” 2 1P1 ” 2 df 1 af 1W1 1wy
and so

Ms(t) = - [5,ws+wopt +wips
= =[5, ws +wawl +wi(ws — A — w0 G+ wie] +wiwi”)

_ * * w1 Aw] *, ok *ok
= — [5, ws +wawi +wi(ws — 7= T wiwi +wiwi®).
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In the last equality we have used [ 5, Wiw1 = 0. In a similar way one
calculates M;’s as iterated integrals.

Remark 6.2. In the process of writing My (t) as an iterated integral,
we do not use the fact that M;(t) = 0,7 < k. However, we have used
them in the proof of Proposition They may simplify the formula
for Mj,(t) as we have seen in M3(t).

Proposition 6.6. If ¥y = X1 and 6 € Gy then M;(t) = My(t) =
coo=Mp_1(t) =0 and

Ma(t) = /5 (@i (- (wr(wn) )Y (6.15)
' k—1 times (

Proof. For k = 1,2 we have already checked the equalities. In general
the proof is as follows: For an arbitrary path § connecting pg to p1
we claim that My (t) can be written as the iterated integral in
plus integrals, call it I_1, of differential forms of length strictly less
than k. It is enough to prove that p;, ¢« < k — 1 is given by

bi :/gc (Wi (wi(w)™ - ))" + L
2o N ——r

0
i times (

because if this claim is true then
M (t) = —/ Wipk—1 + I-1 = / wi (Wi (wi(wi) =) + I
—_———

3t 3t N
k—1 times (

Our claim on p;’s follows by various applications of (6.7)) in the for-
mula of (6.14]). Note that if in (6.7)) w; is an arbitrary homogeneous
element in Q;° of length k then we have

T 1
/ wlwapr)® = / w(waw1)™ + Iy yr—2.
T xT

0 0
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