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1 Introduction

This work consists of studying the complex first order differential equation

dz
z2=— = f(2), z e C,teR, (1.1)

dt
where f is an analytic function of C except, possibly, at isolated singularities. This is a rather general
family of complex functions that includes polynomial, rational, holomorphic and entire functions, and

functions with isolated essential singularities.

My previous knowledge was the qualitative theory of planar differential equations (see [1]), that is the
theory of a simple differential systems in two real variables

{ i = P(z,y)
y = Q($7y)a

where P and Q are C" functions defined on an open subset U of R?, with r=1,2,...,00.

It is clear that if we write z = x+1iy (1.1) can be written as a system of planar (R) differential equations

{ & = P(z,y)
y = Q($7y)a

where z,y € R, that is z={real part of z} and y ={image part of z}. We denote by R(.) = Re(.) and
$(.) = Im(.). Then
{ P(z,y) = R(f(2)) = R(f(z + iy))
Q) = S(f()) = S(f (& + iy)).

Hilbert’s 16th problem was posed by David Hilbert at the Paris conference of the International
Congress of Mathematicians in 1900, as part of his list of 23 problems in mathematics.

The original problem was posed as the Problem of the topology of algebraic curves and surfaces.
Actually the problem consists of two similar problems in different branches of mathematics:

* An investigation of the relative positions of the branches of real algebraic curves of degree n (and
similarly for algebraic surfaces).

* The determination of the upper bound for the number of limit cycles in two-dimensional polynomial
vector fields of degree n and their possible relative positions.

Associated with this equation we have a local flow defined near the origin and having the origin as a
fixed point.

Our main result on local conformal conjugation is Theorem 3.5. In case of f being rational it is also
considered the behavior of the vector field near infinity by means of the Poincaré Compactification. We
also consider the stereographic projection of a sphere onto a plane in which case the infinity corresponds
to the equator, and similarly we consider the Poincaré disk, if we project the Poincaré sphere to a disc,



representing the infinity is its boundary.

As usual, after studying the local phase portrait near a regular or singular point, the next step is to
determine the topology of the orbits in a neighborhood of a periodic orbit.

We get the non-existence of limit cycles and able to extend this preserving area phenomenon to a neigh-
borhood of any monodromic graph. We are summarize these implications in Theorem 5.4.

We give a topological classification of the phase portrait of the family of rational functions of the form
P(z)
Q(2)’

where P and @) are polynomials in the z variable such that degP <2 and deg() <2 without common
factors.

=[f(z) =

Finally we study non holomorphic perturbations for the special case f(z) = iz + 22 and we study the
Poincaré map near the separatrix between the two centers of the non perturbed system. We use some
results in [10] we give an integral expression whose zeros control the limit cycles that bifurcate form the
periodic orbits of the period annulus of p. The result is applied to control the simultaneous bifurcation
of limit cycles from the two period annuli of 2 = iz + 22, after a polynomial perturbation.

The paper is organized as follows. In Section 2 there are some preliminaries. In Section 3 and Section
4, we put and prove our main theorems, we also discus the phase portrait around a singular point and
at infinity. In Section 5 we show the Hamiltonian structure of equation (1.1) and prove Theorem 5.4. In
Section 6 we give a topological classification of the phase portraits of the family of rational functions of
the form Z = P(2)/Q(z) such that degP <2 and deg( <2 without common factors. Finally, in Section
7 we study non holomorphic perturbations for the special case f(z) = iz + 22.



2 Preliminaries

2.1 Locally structure of singular points

We consider differential systems in two real variables

{ & = P(z,y)
y = Q(J?,y),

where P and Q are C" functions defined on an open subset U of R?, with r=1,2,...,00 or r = w. And we
frequently associate with the equation the vector field

0 0

on Ue R2.

Let p be a singular point of a planar C” vectors field X=(P,Q). In general the study of the local behavior
of the flow near p requires the consideration of several cases. Already the linear systems show different
classes, even for local topological equivalence. We say that

is the linear part of vector field X at the singular point p.
The singular point p is called non — degenerate if 0 is not an eigenvalue of DX (p).
The singular point p is called hyperbolic if both eigenvalues of DX(p) have real part different from 0.

The singular point p is called semi — hyperbolic if exactly one eigenvalues of DX(p) is equal to 0. Hy-
perbolic and semi-hyperbolic singularities are also called elementary singular points.

The singular point p is called linearly nilpotent if both eigenvalues of DX(p) are equal to 0 but DX(p)
is not equal to 0.

The singular point p is called linearly zero if DX(p)=0.

The singular point p is called a center if there is an open neighborhood of it consisting, besides the
singularity, of periodic orbits. The singularity is said to be linearly a center if the eigenvalues of DX(p)
are purely imaginary without being zero.

It is obvious that if p = (x,yo) is a singular point of the differential system

{ i = P(z,y)
y = Q(m,y),



then the point (0,0) is a singular point of the system

T = P(z,79)
y=Q(,7),
where x = T + xg and y = § + yo, and now the functions P(Z,y) and Q(Z,y) start with terms of order

1in Z and 3. In other words, we can always move a singular point to the origin of coordinates in which
case system

becomes (dropping the bars over z and y)

T =azr+by+ F(z,y)
y=cx+dy+ G(z,y),

where F and G together with their first partial derivatives at (0,0) vanish. We also write X <§> =

A <'Zj> + H.O.T by a linear change of coordinates the linearization A=DX(0,0)

can be transformed to real Jordan canonical form.
If the singularity is hyperbolic, the Jordan form is either

)\1 0 or )\1 1 or [0 ,8

0 X 0 X\ -6 o)’
with AjA2 # 0, # 0 and 8 > 0.

In the semi-hyperbolic case

(o) o (%)

with A # 0 and 8 > 0, while we obtain

(o) = (o)

in the zero-nilpotent case or the linear zero case, respectively.



2.2 Infinite Singular Points

In order to study the behavior of the trajectories of a planar differential system near infinity it is possible
to use a compactification of the plane. One of the possible constructions relies on the stereographic
projection of the sphere onto the plane, in which case a single point at infinity is adjoined to the plane.
A better approach for studying the behavior of trajectories near infinity is to use the so called Poincaré
sphere.

It has the advantage that the singular points at infinity are spread out along the equator of the sphere
and are therefore of a simpler nature than the singular points of the Bendixson sphere. However, some
of the singular points at infinity on the Poincaré sphere may still be very complicated.

In order to draw the phase portrait of a vector field, we would have to work over the complete real plane
R?, which is not practical. If the functions defining the vector field are polynomials, we can apply the
Poincaré Compactification, which will help us to draw it in a finite region. Even more, it controls the
orbits which tend or come from infinity.

Let X = Pa% + Qa% be a polynomial vector field (the functions P and Q are polynomials of arbitrary
degree in the variables = and y), or in other words :

{ & = P(z,y)
y = Q(x,y),

We say that the degree of X is d if d is the maximum of the degrees of P and Q.
Poincaré Compactification works as follows.

First we consider R? as the plane in R? defined by (y1,y2,y3) = (z1,22,1). We consider the sphere
S'={yeR’:yi +y5 +y3 =1},

which we will call here Poincaré sphere. Note that it is tangent to R? at the point (0,0,1). We may
divide this sphere into

the northern hemisphere
H, ={yeS?:y3 >0},

the southern hemisphere
H_={yecS?:y; <0},

and the equator
St ={yeS?:y3 =0}

Now we consider the projection of the vector field X from R? onto S? given by the central projections
fr:R?2 > S?and f~:R? = §?




—X1 —X9 -1

P =56y a0 5w

A(z) = (/23 + 23 + 23.

We notice that the points at infinity of R? are in bijective correspondence with the points of the equator
S!. Let X be the transported vector field to S?\S!. Now we would like to extend the induced vector
field X from S%\S! to S%.. The extended vector field on S? is called the Poincaré Compactification of
the vector field X on R?, and it is denoted by p(X).

where

For S? we use the six local charts given by
U ={y € R* 1 yp > 0},
Vi = {y € R? : g <0},

for k = 1,2,3. The corresponding local maps ¢ : U, — R? and ¢ : V; — R? are defined as
or(y) = —v(y) = (42, 242) for m < n and m,n # k. We denote by z = (u,v) the value of ¢x(y)
or Yy (y) for any k, so that (u,v) will play different roles depending on the local chart we are consid-
ering. Geometrically the coordinates (u,v) can be seen in Figure 1.1. The points of S' in any chart
correspond to v = 0. The singular points at S' will be called infinite singular points.

In what follows we make a detailed calculation of the expression of p(X) only in the local chart U;. We

have X = (P(z,y), Q(z,y)). We obtain a vector field on S? which is C“-equivalent to X on each of the
hemispheres H, H_

The expression for p(X) in the local chart (Uy, ¢1) is given by

d u 1
u=v [_UP(;a ;) +Q(777)]7
_driyu 1
)
and the one in (Us, ¢3) is
= P(u,v),
= Q(u,v)

The expression for p(X) in the charts (Vj,4y) is the same as for (U, ¢3) but multiplied by (—1)¢—1,
for k=1,2,3.



Figure 2.1: The local charts (U, ¢y) for k=1,2,3 of the Poincaré sphere.

We want to study the local phase portrait at infinite singular points. For this we choose an infinite
singular point (u,0) and start by looking at the expression of the linear part of the vector field p(X).
We denote by P; and @; the homogeneous polynomials of degree ¢ for « = 0,1,...,d such that P =
Py+ P+ ..+ Pyand Q = Qo+ Q1 + ... + Qq. Then (u,0) € StN (U UV;) is an infinite singular point
of p(X) if and only if

F(u) = Qa(l,u) —uPy(1,u) = 0.

Similarly (u,0) € S' N (U U V3) is an infinite singular point of p(X) if and only if

G(u) = Pi(u,1) —uQq(u,1) = 0.

Also we have that the Jacobian of the vector field p(X) at the point (u,0) after being reparmeterized is

(F/(U) Qa-1(1,u) — UPd—l(L”))
0 —Pd(l,u)

or

<G/(u) Py q(u,1) —uQq—1(u, 1))
0 —Qd(u, 1) )

If (u,0) belongs to U; U Vi or Uy U Va, respectively.



2.3 Limit cycle

We consider the system of differential equations

. dx
0=

dy

- _p )= 2 = 2.1
o =Py, = =0(xy), (2.1)
where z,y, and t are real variables, and P and @ are C! functions of  and y. Then the existence and
uniqueness of its maximal solutions is guaranteed.

If a solution = = z(t), y = y(t) of system (1.2) is a nonconstant periodic function of ¢, then

y={(z,y) z=2z(),y =y(t)},

is called a periodic orbit of system (1.2)

If for some neighborhood of the periodic orbit v there does not exist other periodic orbits, then - is
called a limit cycle.

We are going to assume that A is an open subset of R? and X is a vector field on A of class C” with
r > 1. Also, in A, *yp+ denotes a positive semi-orbit passing through the point p.

Given a real dynamical system with flow ¢, a point x and an orbit + through x, we say that a point y
is an w — limit point of ~ if there exists a sequence (ty)nen in R so that

lim ¢, = oo,
n—oo

Jim o(tn, ) = y.

Theorem 2.1. (Poincaré-Bendizson theorem)

Let ®(t) = ®(t,p) be an integral curve of X defined for all >0, such that v, is contained in a compact
set KC A. Assume that the vector field X has at most a finite number of singularities in K. Then one
of the following statements holds.

(i) If w(p) contains only regular points, then w(p) is a periodic orbit.

(ii) If w(p) contains both regular and singular points, then w(p) is formed by a set of orbits, every one
of which tends to one of the singular points in w(p) as t — oo

(iii) If w(p) does not contain reqular points, then w(p) is a unique singular point.

Analytic vector fields have a finite sectorial decomposition property at their singularities, and, under

mild conditions, C* vector fields also have it (see [1]). The Poincaré-Bendixson theorem also holds for
vector fields on the two-dimensional sphere S?.

10



Figure 2.2: Limit cycle.

2.4 Hamiltonian systems

A Hamiltonian system is a dynamical system governed by Hamilton’s equations. Informally, a Hamil-
tonian system is a mathematical formalism developed by Hamilton to describe the evolution equations
of certain conservative physical systems. The advantage of this description is that it gives important
insight into the dynamics, even if the initial value problem cannot be solved analytically.

Formally, a Hamiltonian system is a dynamical system completely determined by a scalar function
H(z,y) called Hamiltonian. The state of the system, r, is described by the generalized coordinates
‘'momentum’ x and ’position’ y, where both z and y are vectors of the same dimension N. So, the
system is completely described by the 2N dimensional vector

r=(z,y),

and the evolution equation is given by the so-called Hamilton’s equations:

dx OH
P = = 2.2
. dy OH
y dt ox (2:3)

A trajectory r(t) is a solution of the initial value problem defined by the Hamilton’s equations and the
initial condition 7(0) = ry € R2V,

The Hamiltonian function is a first integral of the system. Indeed,

d _OH . OH _ OH dx OH dy OH OH OH OH _

a0yt =5t g =g w Yoy @ o oy oy o

11



3 Local normal forms

3.1 Local Theorem
We start by presenting and discussing our main results at the local level. Assume f is a holomorphic

function in a punctured neighborhood of z = 0, i.e. z = 0 is either a regular point, a singular point, a
pole, or an essential singularity.

We start with the notation of the conformal conjugacy (see [4]).

For a given z close to 0, we denote by ¢(t, z) the solution of equation (1.1) passing through z at t = 0.

Definition 3.1. If f(0) = ¢g(0) = 0 we say that Z = f(z) and 2 = g(z) are conformally conjugated
near the origin if there exists a conformal function ® : U — V| where U and V are two open neighborhood
of the origin, such that ®(0) = 0 and

(I)<90f(t7 Z)) = Sog(t7(b(z)>v zeU

and for all t for which the above expressions are well defined and the corresponding point are in U and
V.

Remark 3.2. The notion of conformal conjugacy is a stronger notion than topological conjugacy. In
particular, under conformal conjugacies the angles in the tangent space are preserved.

Now let us see some properties of conformal conjugacy :

First we give a useful characterization and establish two necessary conditions for equation z = f(z) and
2 = g(z) to be conformally conjugated near the origin.

Lemma 3.3. The equations Z = f(z) and 2 = g(z) are conformally conjugated near the origin if and
only if there exists a conformal function ® : U — V| where U and V are two open neighborhoods of the
origin, such that ®(0) = 0 and

'(2)f(2) = 9(®(z)), =2€U.

Proof. Suppose ®(pf(t, 2)) = pq4(t, ®(2)) holds. Then differentiating and using that ¢, and ¢, satisfy
the corresponding differential equations we obtain

(s (t, 2)) f (01 (t, 2)) = glipg(t, (2))) = g(D(5 (¢, 2)))-

Taking ¢t = 0 we obtain the conclusion.
Conversely, let us assume ®'(z) f(z) = g(®(z)). Then

(%)(‘P(w(t, 2))) = @' (es(t, 2))) f (9 (t, 2)) = g(2(p5(t, 2))).

Therefore ®(pf(t,2)) and @4(t, P(2)) satisfy the same initial value problem, so that ®(¢¢(t,2)) =
©q(t, ®(z)) follows from uniqueness.
O

12



Lemma 3.4. Let f(z) and g(z) be two analytic functions in some punctured neighborhood of the origin.
If the corresponding equations Z = f(z) and Z = g(z) are conformally conjugated near the origin, then
(a) Res(%,O) = Res(%,()),

(b) the order of vanishing of f and g at the origin coincide, if one of them is finite.

Proof. (a) There exists ® : U — V such that ®(pf(t,2)) = @4(t, P(2)) and by the lemma, ®'(z)f(z) =
g(®(z)) holds.

To prove (a), we choose € > 0 and define v a small circle around the origin contained in U
v(t) = ee, 0<t<2r.

Then, if € is sufficiently small, we have

1 1 d 1 ' (2)d
e L [
v

g 2mi 5 g(w) 2w

since w = ®(z) = dw = P’(z)dz and this is equal to
1 dz
omi |, 70
since f, g are conformally conjugated, and this is also equal to

Res(}, 0).

This proves (a).

(b) To see the equalality of the order of vanishing at the origin we just check the orders in the expression
D' (2)f(2) = g(®(2)). If ® exists and is conformal, we have ®(z) = O(z) and ®’(z) = O(1). Thus, the
orders of vanishing of f and g, if next finite, must be equal. O

We will use next theorem to study a holomorphic function in a punctured neighborhood of z = 0:

Theorem 3.5. Let f(z) be an analytic function in a punctured neighborhood of p (p = 0). By shrinking
this neighborhood of, if necessary, the corresponding equation z' = f(z) is conformally conjugated, near
z=0, to

(a) 2 =1, if £(0) #0.

(b) 2= f'(0)z, if z =0 is a zero of f of order 1.

(c) 2 = 2" — ez, where ¢ = Res(%,O), if z=0 is a zero of f of order n > 1.

(d) 2/ = Z%, if z =0 is a pole of order n.

Before proving this theorem we need another lemma.

13



Lemma 3.6. Let u and v be two analytic functions in a punctured neighborhood of the origin such
that v(z) = o(u(z)) . Assume that

h(z,s) = (u(z) + sv(z)) /OZ (11(5)1—}1—(&:9)1)(9)2(157 (3.1)

defines, for all s€[0,1], a holomorphic function in a whole neighborhood of the origin (including z = 0)
and that h(0,s) = 0. Then the equations z = u(z) and 2 = u(z) + v(z) are conformally conjugated near
the origin.

We will first introduce some properties of the Lie brackets we will use to prove Lemma 2.6.

Let

and

be two systems of complex differential equation in C2. Denote by o(t; 20, o) and ¢(7; 20, So) the solutions
of systems X and Y satisfing ¢(0; 20, s0) = (20, s0) and é(t; 20, s0) = (20, So), respectively.

Definition 3.7. We say that systems X and Y commute if

(73 ¢t 20, 50)) = (t: $(7: 20, 50)) |

To obtain a useful tool for deciding whether the systems commute, the Lie bracket [X,Y] is introduced
as follows

[X,Y] = (DX)Y — (DY)X],

where D denotes the differential matrix. Specifically, it can be shown that two systems commute if and
only if their corresponding Lie bracket vanishes (see [6]).

Proof of Lemma 2.6. In the assumptions of the lemma we consider the equations Z = u(z) and 2 =
u(z) +v(z). We want to prove that 2 = u(z) and 2 = u(z) + v(z) are conformally conjugated near the
origin. We also build the system X as

where s € [0, 1], and system Y as

)

Y:{ Z2=H(zs)

s=1
where H is to be determined later on. The idea of the proof is to use the following diagram

If X and Y commute <+ o(150(t; 20, 80)) = @(t; 0(T; 20, S0))

0 0

(X, Y]=0 z=u(z), %z = u(z) + v(z) are conf. conj.

14



The holomorphic map (® in the definition) that conjugates both equations is given by the holomorphic
solutions of system Y at ’time’ 7 = s = 1.

We now show that under that condition that (3.1) is holomorphic there exists a holomorphic function
H defined in the whole neighborhood of the origin such that [X,Y] = 0. We have that

_fur+sv, v\ (H B H, H, U+ sv
[X’Y]_( 0 0>(1> (0 0 0o )
We see that [X, Y] = 0 equivalent to the first order linear equation (u, + sv,)H + v — H,(u + sv) = 0.
Clearly, one of its solutions is H(z,s) = h(z,s), where h is the holomorphic function given in the

statement of the lemma. The fact that h(0,s) = 0 implies that the solution z = 0 of system Y in a
neighborhood of the initial condition z = 0 is well defined for 7 = 1. O

Now we can prove Theorem 3.5

Proof of Theorem 3.5. We consider each case separately. Independent proofs of this result can be found
in [4] and [5].

Proof of (b) If we write u(z) = f/(0)z and v(z) = f(2) — f/(0)z = O(2?), statement (b) is equivalent
to showing that equation Z = u(z) is conformally conjugate to equation Z = u(z) + v(z) (near z=0).

Applying Taylor Theorem, we can write f(z) as

REAURIFUR

f(z) = £(0) + £'(0)= + ...

In this case z = 0 is a zero of order 1, this means f(0) = 0, so we can write
f(2) = £(0)z + O(=%).

In this case we can use Lemma 3.6. We easily check that u and v are two analytic functions in a
punctured neighborhood of the origin such that v(z) = o(u(z)) and

h(z,s) := (u(z) + sv(2)) /z %dﬁ = (f'(0)z + s0(2?)) /Z - O’ 55 dE,
o (u(&) +sv()) o (f'(0)§+350(¢%))
defines a holomorphic map around z = 0 for all s € [0, 1] and A(0, s) = 0.
Proof of (c) This case follows in three steps
First we notice that the equations
3= f(2) =az"+a12™ + 0", a#0 (3.2)
W =w" + bw™ 4+ O(w™) (3.3)

15



are conformally conjugated where by = a; "’{/amTl via the linear change of variable z = ”*{/gw.
Indeed, by Lemma 3.3 we check that ®(w)

ey %w satisfies ®

' (w)g(z) = f(@(w)).

(3.4)
We write f(2) = az” + a12™ 4+ O(2™*1) and g(w) = w™ + byw™ + O(w™*1)
n—1 1 n n—1 1 m m+1
RHS of (3.4)=f(®(w))=a( Ew) +ai( aw) +0(z"")
— oY) 4 a (D) 4 0z
a a
1 1. m
= ()" 4 (2) T 0",
a a
and
! n—1 1 n m m—+1 m+1
LHS of (3.4)=3®"(w)g(z)= a(w +b1w™ + O™ )+ O(z"T).
Using that by = a1 "7y aml,l , then
no1fl1 n n—1 1 m m+1 . n 1| m_ m m+1
= \/;(w +aq \/amilw +O(w )):(a)n—lw —}—al(a)n—lw +0(="").
and we see that RHS of (3.4)=LHS of (3.4).
We rename the variable of the second equation as z. We claim that equations
5 =2" 4+ a, 2"+ 0>z (3.5)

W= w" 4 cw?™ 1 + O(w™)

(3.6)
n < m < 2n — 1, are conformally conjugated where ¢ is Res(1/f,0). To see the claim, we consecutively
apply the change of variable z = w(1 + aw™ "), where o = 5=~ to erase the mth degree monomial
up tom =2n — 2:

z=w(l+aw™ ") = 2=+ oaw™ ")+ w((m+n)aw™ ")
5 = (1 + 0™ 4 (m + n)aw™")
z=w(l+w" "a(l+m+n)). (3.7)
We substitute this into equation (3.5) and we have

s =w"(1+aw™ ™" + apm(w(l + aw™ ™)™ + O(w(1 + aw™ ™)™ ).
From (3.7) we get ‘
z
(14+wmma(l+m+n))

w =

16



And using equation (3.8), then

w1+ aw™ ™))" + ap(w(l 4+ qw™ ™))™
(1+wmma(l+m+n))

w =

1 n m—n\n m—n m
= Ao ra(tmny W 0 aw™ )+ am(w{l+ aw™ )T,

We know that h%a ~ 1 — 1z + 22 so we can write the above equation, using x = w™ "a(1+m +n)), in
the form
=1—-w""a(l+m+n))(w'(1l+aw™ ™) + ap(w(l + aw™™))™).

We use the binomial Newton’s formula (a + b)" = (g) a™ + <T1L> a" b+ ...

= (1—w™ " a(1+m+n))(w(1+now™ "+ 8w’ ™™ + ) +anw™ (1 +maw™ " +5aw? ™ 4 ).
As2m —n>m+1 and 3m —n > m+ 1 we can cut this higher order part, so we have

= (1 —w™ "l 4+m+n))(w" + now™ + apw™) = w" +w"(na + am + a(l +m—n)) + O(w™H).
From the condition that the coefficient of w™ is zero, we can get the value of «

—Om
l+m-n)=0—sa=_—"m _
no + am + a(l +m —n) =g —

The monomial w?”~! cannot be erased since it is a resonant term. Moreover, using Lemma 3.4 it is

easy to prove that the coefficient of this monomial coincides with c¢. Hence, again renaming as z the
variable of the equation, we assume that the initial equation becomes 2 = 2" — cz?"~1 + O(22").

We have arrived to equation z = g¢(z) with g(z) = 2" — a2,-12°""! + O(2*") and we know that
Res(é,O) = —Qop_p SO C = —A9p_n.

Finally, we show that equations

="+ 4 0> (3.9)
b=2" 4! (3.10)

are conformally conjugated. To do so, we apply Lemma 3.6, with u(z) = 22 —cz?"~! and v(2) = O(2*").

We have
£"(1+0(E™)

L=t 1+ 50(e)?
_ 22 _ CZn_l s Zn ? 627172(1 + O(§n+1))
== +s0( ))/0 (1 =& 1+ s0(e)

which defines a holomorphic function, for all s € [0, 1], in a neighborhood of the origin. Again h(0,s) = 0
and (c) follows.

h(z,s) = 2%(1 — c2" 1 4+ s0(z")) /0 = de

Sde,
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Proof of (a) and (d)
To unify the regular case and the case when f has a pole we consider n € NU {0}. As in the previous
case, it is easy to see that equations

t=f(z) =az " +0(z'7") (3.11)
F=2"+ 0> (3.12)

are conformally conjugated via a linear change of variable.

We look for ® such that ®'(w)f(z) = g(®(w)) with f(z) = az™™ and g(z) = z~™. We have

1
P'(2)az™" = (®(2)) " = " (2)®'(2) = 2"
a
We integrate both sides
1
/@”(2)@'(2) = / =2",
a
and we have the formula of the function ®(z) = "*{/gz
Now we claim that equations
F=2"4+ 0N (3.13
z2=2z" (3.14)

are conformally conjugated. To prove this claim, we use Lemma 3.6, with u(z) = z=™ and v(z) =
O(z'7™). Precisely, equation (3.1) reads now

o™
"+ s0(E)

h(z,8) := (27" +s0(z'™™)) /OZ G 5d€ = (7" + sO(z'™)) /OZ o(&"tde,

which implies that h(z, s) = O(z?) is holomorphic in a sufficiently small neighborhood of the origin and
h(0,s) = 0.

The particular case n = 0 proves (a). O

3.2 Local classification of singular points

In this subsection we use Theorem 3.5 to obtain the phase portraits of 2 = f(z) in a punctured
neighborhood of a singular point (f(0) = 0) or a singularity given by a pole.

Corollary 3.8. Let f(z) be an analytic function in a punctured neighborhood of p

(a) If f'(p) # 0, according to R(f'(p)) < 0, R(f'(p)) > 0 or R(f'(p)) = 0, the phase portrait of equation
2 = f(z) in a neighborhood of p is a stable focus, an unstable focus or an isochronous center, respectively.
In all cases, the index of p is 1.

(b) If p is a zero of f of order n > 1, then the phase portrait of equation Z = f(z) in a neighborhood of
p is the union of 2(n — 1) elliptic sectors, and so the index of p is n.

(c) If p is a pole of f of order n > 1, then the phase portrait of equation Z = f(z) in a neighborhood of
p is the union of 2(n + 1) hyperbolic sectors, and so the index of p is —n.
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Proof. Statement (a) follows from Theorem 3.5(b), since equation (1.1) near p is conformally conjugated
to its linear part, 2 = f/(p)z

if R(f'(p)=0, 2=iBz,BER,
if R(f'(p) <0, 2=(a+if)z,a,BER,
if R(f'(p) >0, 2= (a+if)z,a,BeR.

Moreover, if R(f'(p)) =0, 2 =iBz,8 € R and z = e
z=7ve"? = 2 = 3" + veif = iBve? = 4e? + veif = 4 + i = iBy.
Then the equation reads, in polar coordinates
4=0, 6=04.

Then the topological phase portrait in a neighborhood of the origin is given by Figure 3.1.

It R () £ 0, 2= (a+i8)z 0,8 € R
2=~ = 5 =4 4 7e?if = 4 + vif = (o + iB8)ve?,
then .
;Y = a7, 0= /8
Then the topological phase portraits in a neighborhood of the origin are given by Figure 3.1.

Center Stable Focus Unstable Focus

4 Y ¥

Figure 3.1: a center (o = 0,8 < 0), a stable focus (o < 0,5 > 0)and an unstable focus (o > 0,5 < 0).

Statements (b) and (c) follow by performing the polar blow —up z = vye? and a recalling of time (see [1]).

We use a basic tool for studying not elementary singularities of a differential system in the plane. This
tool is based on changes of variables called blow — ups. Blow — ups are used to show that at isolated
singularities an analytic system has a finite sectorial decomposition.
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(b) We limit ourselves to the simple case n = 2, # = z2. The polar blow-up z = ve® = 3 = ¢ +~e?if
and

22 = 72620 = 56t 4 ~eif = 42 (cos() + isin(h)).

Comparing real and imaginary parts

{ 'y =2 cos(f)
0 = ~sin(0).

Then neighborhood of p is the union of 2(n — 1) = 2(2 — 1) = 2 elliptic sectors, and so the index of p is
2.

Then the topological phase portrait in a neighborhood of the origin is given by Figure 3.2.

(c) If pis a pole of f of order n > 1 = 2 = f(z) is conformally conjugated to z = zin

We limit ourselves to the simple case n = 2, 2z = Z% The polar blow-up z = e = 3 = 4e¥ + veieié
and

1
22 4220

: -2
. . = —30
s "')/619 —|—’)’€Z€’L'9 _ { Y Y COS( )

y2e2if 0 =~ 3sin(—30).

Then neighborhood of p is the union of 2(n + 1) = 2(2 + 1) = 6 hyperbolic sectors, and so the index of
pis —2.

Then the topological phase portraits in a neighborhood of the origin are given by Figure 3.2.

LY 2Y

—
P 7 7% S / z (%
\ N\
- /

Figure 3.2: elliptic sectors and hyperbolic sectors

/
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4 The dynamics at infinity

4.1 Global Theorem

Using mainly Theorem 3.5, we also prove the following result for the conformally conjugacy classes in
C\D(0,R), R > 1, i.e. in a sufficiently small neighborhood of infinity. We study the phase portrait at
infinity at the topological level.

To better understand the global phase portrait of equation Z = f(z) we need to study the behavior of
the orbits in a neighborhood of infinity i.e. we need to know how the orbits escape to infinity, if indeed
they do.

The main result is summarized in Theorem 4.1.

Theorem 4.1. Let f(z) be a rational function, i.e., f(z) = 58, where P(z) = apz" + ... + ag and

Q(2) = bpz™ + ... + by are polynomials in z of degree n and m, respectively. Let c¢ be the residue of
1

g9(z) = —ng(,gi). Then, there exists R > 0 such that the corresponding equation 2’ = f(z) is conformally

conjugated, in C\ID(0, R), to

(a) 2 = (1 4 (124 i <1,
(b) 2=—(32)z, ifn=m+1,

(c) 2=22,ifn=m+2,

(d) 2=2""""ifn>m+ 2.

In the context of planar (real) vector fields, there are two natural compactification that allow us to
extend the flow to infinity under certain hypotheses (see [7]).

1 Riemann Compactification: infinity is represented by the north pole of the Riemann sphere.

2 Poincaré Compactification: infinity is represented by the equator of the Poincaré sphere, which is
invariant by the extension of the flow projected on the sphere.

In this second case, we have two copies of the flow, one on each hemisphere. By direct projection,
the vector field defined in the north hemisphere of the Poincaré sphere can be drawn in the so-called
Poincaré disc (as we explain in the introduction), where infinity now is given by the boundary S! of the
Poincaré disc, which corresponds to the blow-up of the north pole of Riemann sphere.

Here, we can consider a similar approach but taking into account the complex structure of equation
Z = f(z). It is easy to see that infinity can be formally interpreted by z = oo (the north pole of the
Riemann sphere), so it can be directly studied by considering the change of variables w = % Thus
z = oo for equation Z = f(z) becomes w = 0 in the new variable. To study the dynamics (and normal
forms) around w = 0, we use Theorem 3.5. Finally, using the inverse change of variables z = L

> we will
find the normal form of the original equation Z = f(z) in a neighborhood of infinity.
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Proof. We consider equation Z = f(z) and we assume that f is a rational function, i.e.

. P(z) ap2"+---+ao
_ _ " 41
T00) bt by m7 (41)

After doing the change of variables w = 2 = 2 = (1) = —ﬁu’), we obtain 1 = —w?z. Then, we have
1 1
W= —w2p<?) = 2 a"(?)n a0 emen Ot AOWT ) ahmen B0 o)),
Q) b (3)™ 4+ +bo bin 4+ -+ bow™ b
(4.2)

Clearly, the dynamics of equation (4.2) in a neighborhood of w = 0 represents the dynamics of equation
(4.1) in the neighborhood of z = co. From Theorem 3.5 we know that, in some open neighborhood, say
D(0,e0) = {w € C, |w| < €p} of w = 0, the normal form for equation (4.2) is given, respectively, by

W= w2tm—n Cw2(2+mfn)’ ifn<m+1,

W= (32w, ifn=m+1,
w=1ifn=m+42,

d) W =w "2 i >m+ 2,

where c¢ is the residue at the origin of the origin of function g(w) = —%. We know that there is

a conformal conjugacy ® between (4.2) and its corresponding normal form.

We now go back to the origin of the z-variable by applying the inverse change of variable

_ 1
I=—=w=
w

1; ~92

=>w=— 2z:>§:—zu'1

| =
IS

to the above normal forms. Consequently, in a suitable neighborhood of infinity (precisely, C\ D(0, R),
with R = 1/¢g), the normal form of equation (4.2) becomes

(a) 2 — 72211-} — 722(w2+m—n + Cw2(2+m—n)) — 722(%2+m7n + 6%2(2+m7n)) — _zn—m _ 0(2)2(n_m)_1, i
n<m+1,
(b) 2= =22 = =22 (f2)w = =22 (f2) L = —(§2)%, if n =m + 1,
(¢)2=—3%w=-32-1=-3ifn=m+2,

P32 320 —n4mA42y _ _ z2/1ntmt2y oy
(d) z=—-2w=—-2*%(w ) =—2(3 )=—=2z2""" ifn>m+2.
Furthermore, the linear change of variable z = Az (with A = (=1)Y/(m=+D X\ = 1 X = —1, and

A = (=1)/(=m+n) depending on the cases (a), (b), (¢) and (d)) gives the normal forms stated in the
theorem. Indeed

2=XN=4=MX and =

> w
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£y — (_1)1/(m_n+1) o\ = (_1)1/(m—n+1)(_2n—m_c(2)—2(1+m—n)) = (—1)1/(m—n+1)(_§nfm_
) = T (T i S mt

z

D) IEA=1=2=X=—(f2)2=(—§2)z ifn=m+1,

(IfA=—-1=:=X =2 =22ifn=m+2,
(d) TE X = ()Y =mtn) o 5 = A2 = (—1)V/A=mtn)gnom — on=m if g > 42,

Finally, we observe that the above normal forms and the original equation (3.2) are conformally conju-

gated on C\D(0, R) by the conjugacy under the map H(z) = A/®(1/z). O

To end this section we particularize the above result for a concrete family of rational systems for which
we will study, their global phase portrait.

4.2 Classification of singular points at infinity

Corollary 4.2. Consider equation (4.1), where P(z) and Q(z) are polynomials of one complex variable
with deg(P)< 2 and deg(Q)< 1. Its phase portrait in a neighborhood of infinity is conformally conju-
gated to the phase portrait in a neighborhood of infinity of one of the following normal forms

(a) 2=11if deg(P) = 0 and deg(Q) = 0. (see Figure 4.1)

(b) 2 = kz if deg(P) = 1 and deg(Q) = 0, or, deg(P) = 2 and deg(Q) = 1, depending on whether k = «
(see Figure 4.2(bl)), k = i3 (see Figure 4.2 (b2)) or k = a+ i (see Figure 4.2 (b3))

(c) 2 = 22 if deg(P) = 2 and deg(Q) = 0.(see Figure 4.3)

(d) 2=1+ ¢ if deg(P) = 1 and deg(Q) = 1.(see Figure 4.1)

(e) =1+ c;’ if deg(P) = 0 and deg(Q) = 1.(see Figure 4.4)

Proof. We use the Poincaré Compactification :

(a) 2=1= &+ 1y = 1 and we can write that

{ t=1= P(zx,y)

§=0=Q(z,y)
We recall that the degree of X is d if d is the maximum of the degrees of P and Q), so we have that d = 0.

We compute the singular points in the chart U;.

F(u) = Qq(1l,u) —uPy(l,u) = 0—u-1 = —u = u = 0. It means that there is a singular point at infinity
on Ul.
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Then we compute singular points in the chart Us.

G(u) = Pj(u,1) —uQq(u,1) =1 —u-0=1%#0 its means that there are not singular points at infinity
on Us.

We study the character of u =0 in Uy:

Fl(u) = -1
Qdi—1(1,u) —uPg_1(1,u) =0
_Pd(Lu) = _17
() ) - 2)

Clear this is only one eigenvalue is -1 (double). Hence the point is stable node. Since d = 0 is even
there is another point which is an unstable node.

Then the topological phase portrait in a neighborhood of infinity is given by Figure 4.1.

Figure 4.1: case (a) : 2=1

(b) 2 = kz we have 3 types depending on the value of k € C.

(bl) if S(k) =0 =k = € R and then Z = & + iy = a(x + iy) and we can write that

{ t=a -x=P(x,y)
y:a-y:Q(:C,y) ‘

In this case we have d=1.

o
£
I

F(u) = Qq(l,u) —uPij(l,u) =a-u—u-a=0
Py(u,1) —uQq(u,l) =a-u—u-a=0
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Then all of points at infinity are singular points.
Then the topological phase portrait in a neighborhood of the infinity is given by Figure 4.2 when o < 0.
When « positive we have the same phase portrait with the signs of the arrows changed.

(b2) if R(k) =0=k=if and B € R and 8 # 0 then 2 = & + iy = i8(x + iy) = iz — By and we can
write that

{ i=—fy=Plzy)
j=8-z=Q(zy)

In this case we have d=1 and we compute:

F(u) = Qa(l,u) — uPy(l,u) = B+ u-Bu= (1 +u?) #0
G(u)EPd< u, )_qu( u, )z—ﬁ—uﬁu:—ﬁ(l—FU)#O

Then we do not have singular points in U; and Us at infinity. Then infinity is a cycle.
Then the topological phase portrait in a neighborhood of infinity is given by Figure 4.2 when 8 > 0.

(b3) if R(k)S(k) #0 =k =a+if and, o, € R and,, 5 # 0 then 2 = & + iy = (a +i8)(z + iy) =
ar + aiy + ifxr — Py = (ax — pfy) + i(ay + Bx) and we can write that

i =ox—fy = P(z,y)
§=ay+Br=Q(z,y)

Now d=1, and we can compute:

F(u) = Qq(1,u) —uPy(l,u) =au+ B —u- (a— Bu) = au+ f —ua+ pu? = (1 +u?) # 0
G(u) = Py(u,1) —uQq(u,1) = au— B —u- (a+ Bu) = au — B —ua — fu? = —B(1 +u?) #0

Then we do not have singular points in U; and Us at infinity. Then infinity is a cycle.

Then the topological phase portrait in a neighborhood of infinity is given by Figure 4.2 when 5 > 0
and a > 0.

For both (b2) and (b3), infinity is a cycle. To distinguish (b2) and (b3) we make the change of variable
w = l in the original equation. The transformed equation is w = —kw. From Corollary 3.8(a) we know
that if f'(p) # 0, according to R(f'(p)) < 0, R(f'(p)) > 0 or N(f'(p)) = 0, then the phase portrait of
equation Z = f(z) in a neighborhood of p is a stable focus, an unstable focus or an isochronous center,

respectively. In all cases, the index of p is 1.

25



Figure 4.2: case (bl), (b2) and (b3)

Then we get (bl) is a center and (b3) is a focus.
(c) 2 = 22. In this case:
i =a+iy = (z +iy)? = 22 — y? + 2ixy and we can write that

{ i=a?—y*=Pz,y)
g=2zy=Q(z,y)

Now d = 2, and we compute:

{

{ Fu)=0=uw?+1)=0=u=0
G(u) #0

Qa(l,u) —uPy(liu) =2u—u- (1 —u?)=2u—u+u®=u+u®=uu?+1)
Py(u,1) —uQq(u,1) =u? -1 —u-2u=—1—-u?#0

23
£ £
I

We obtain the singular point «w = 0 in U;:

F'(u) =1+ 3u?,
Qd*l(lau) - ’U,Pd,l(l,u) = 07
— Py(1,u) = =1 +u>.

Moreover () (1w (1w
([ F'(v) Qa—1(1,u) —uPg—1(1,u (1 0
Alw) = ( 0 —Py(1,u) =40 =1{y 1)
Since matrix A(0) is diagonal then the eigenvalues are A\ = 1 and Ay = —1, hence the singular points

at infinity is a saddle.
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Figure 4.3: case (c):# = 22

Then the topological phase portrait in a neighborhood of the infinity is given by Figure 4.3.

(d)z=1+¢

z

z=z+iy=1+ zﬁiy =1+ "z(;”;;%) and we can write

B=14 s
OO cy °
Y= "oy

We multiply the vector field by 22 4+ y? and we obtain a equivalent polynomial vector field,
i=a?+y?+cx = Px,y)
j=—cy=Q(x,y) '
In this case we have d = 2, we compute the singular points in the charts U; and Us :
F(u) = Qa(l,u) —uPy(l,u) =0 —u- (12 +u?) = —u(1®? +u?) [if Flu)=0=>u=0
G(u) = Py(u,1) —uQq(u,1) =12 +u?> —0-u and G(u) #0
We obtain the singular point v = 0 in U;

F,(U) = _L
Qd—l(l’u) - upd—l(lvu) = —Ccu—u-c,
— Py(1,u) = —1.

And we compute:

Aw) = (F’((]u) le(l,_ul)Dd—(ff]:C)ll(l,u)> _ <—01 —_2iu> L A(0) = <—1 0 )

Clearly there is only one eigenvalue which is -1 (double). Hence the point is a stable node. Since d = 2
is even another point is unstable node (as the same as (a)).

Then the topological phase portrait in a neighborhood of infinity is given by Figure 4.1.
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(i=1+5%
C )2 —iv)3 )
=240y = - iiy + (H‘;y)?) = ((”’82132()“; W° and we can write

(#2+42)3
_ —yP+5aty+dx?yd ey +-3ca’y
Y= (zZ+y%)3

{ 7= 25 —1023y2 —xy*+cx® —3cy?

We multiply the vector field by (22 + y?)% and we get a equivalent polynomial vector field,
i =5 — 1023y? — 2y* + ca® — 3cy? = P(x,vy)
y = —y° + baty + 422y + cy® + 3cx?y = Q(w,y)

In this case we have d = 5. We compute the singular points in the charts U; and Us :
F(u) = Qq(1,u) —uPy(l,u) = —(1 +u?)? —u- (1 +u?)2 = —2u(1 + u?)?
{ G(u) = Py(u,1) —uQq(u,1) = (u? +1)2 —u - (u® +1)% = 2u(1 + u?)
if Fu)=0=4u(l+c)+2u*(7T+2c)=0=u=0
{and Gu)=0=4u(l+c)+2u3(7T+2c)=0=>u=0

We obtain the singular point «w = 0 in U;:

= (7 Ot ) a0 = () 4).

and the singular point v = 0 in Us:

o= (39 ) - ()

Then, we have 4 singulars points at infinity, two stable nodes two are unstable ones

Then the topological phase portrait in a neighborhood of infinity is given by Figure 4.4.

N =
+
Nw‘ﬁ

Figure 4.4: case (e) : 2 =
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5 Limit cycles and polycycles

As usual, after studying the local phase portrait near a regular or singular point, the next step is to
determine the topological behavior of the orbits in a neighborhood of a periodic orbit. The study of
the phase portrait of equation (1.1) near a periodic orbit is a global, rather than a local, problem. A
periodic orbit of equation (1.1) can be either in an annulus of periodic orbits or an isolated periodic
orbit. In the later case we say that the periodic orbit is a limit cycle. A key discussion on planar
(polynomial) differential equations is to know the existence (or not) and possible number of limit cycles.

The non-existence of limit cycles for equation (1.1) is studied by showing that such equation is a
Hamiltonian-like differential equation. Precisely we will show that equation (1.1) has an integrating
factor defined in a certain region of the plane which prevents the existence of isolated periodic orbits.

Even more, using this integrating factor we may also exclude the existence of graphs. We say that I'
is a graph of equation Z = f(z) if it is a compact connected invariant set such that the o and w-limit
set of every point in the regular orbits of I' is a singular point, a pole or an essential singularity of I'.
Note that the flow is not defined on the singularities associated with I'. We say that I' is a polycycle
if it is a monodromic graph, i.e. a graph for which the Poincaré map is well defined on at least one of
its half-neighborhoods. A half-neighborhood means a ring-shape open set with I' or some subset of
I" as one of its boundaries. For instance, if I' has a number eight shape, then we can construct 3 such
half-neighborhoods.

In fact, it is known that for an analytic or a meromorphic function f, the equation Z = f(z) has no
limit cycles (see [8], [9]). An explanation of 'why’ is the following. For analytic f, every periodic orbit
of 2 = f(z) is contained in a continuous family of periodic orbits. Let C be a periodic orbit of period
7. We take an appropriate tubular neighborhood U of C' in which the function f is holomorphic (there
are no poles or essential singularities). The solutions of the differential equation as well as the Poincaré
map P and the 7-time function T" are therefore also analytic functions in U. Let z; € C' and fix V' such
that z; € V € U. Since T'(z) = z for all points in V' N C, then T'(z) = z in V. Consequently, P(z) = z.
Therefore, there are no limit cycle and all periodic orbits near C' have the same period.

We summarize this discussion in the following theorem.

Theorem 5.1. Let equation z = f(z). The following statements hold.

(a) There are no limit cycles. Moreover, in any neighborhood of a periodic orbit C in which the return
map is defined, all orbits are periodic and have he same period as C. Furthermore, this period is

T = /C e

(b) If I is a monodromic graph, then in any ring-shape neighborhood of I in which the return map is
defined, all orbits of the differential equation are periodic.
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The proof of this Theorem 5.1 follows from some preliminary results and two propositions

Theorem 5.2 (Residues Theorem). Suppose U is a simply connected open subset of the complex plane,
and ai,...,an are finitely many points of U and f is a function which is defined and holomorphic on
U\{ai,...,an}. If v is a rectifiable curve in U which does not meet any of the ay, and whose start point
equals its endpoint, then

/ f(z)dz = 2mi Z I(~y,ar) Res(f, ax).

k=1
If v is a positively oriented simple closed curve, I(7y,ar) = 1 if ay is in the interior of v, and 0 if not,
S0

/f(z)dz = 27 Z Res(f, ax)

with the sum over those k for which ay is inside .

Proposition 5.3. Let f, g be vector fields on U € C such that
W(z) := det(f(z),g(x))

has no zeros on U. Then we have the following.

. —Ls(® :
() [g. f] = (2252 — div(g)) f + (ZH42 = div(f))g.
(b) [g, f] = Af for some analytic \ if and only if ¥~! is an integrating factor for # = f(z).

Proof. Part (b) is an immediate consequence of part (a). For any y € U, Cramer’s rule show [g, f](y) =
M (y) + pg(y), with A = W, and a similar expression for u.

(To a given differential equation & = f(x) on an open non-empty subset U of C?, one associates the
derivation Ly, assigning to a function ¢ : U — C its Lie derivative L;(¢), with L;(¢)(x) := D(x) f(x).)

In this case, we want to calculate L,(¢)(x). We can write :
Lg(0)(2) = DI(x)g(x)-
We know that J(z) := det(f(z), g(x)) then:

Lg(0)(z) = D(x)g(x) = D(det(f(x), g(x)))g(x) = det(Df(x)g(x), g(x)) + det(f(x), Dg(x)g(x)) (5.1)

while
det([g, f](z), g(z)) = det(Df(2)g(x), g(x)) — det(Dg(z) f(z), g(x)) (5.2)

Therefore from (6.1)-(5.2)
Ly (9)(x) — det(lg, f1(x), 9(x))

= det(Df(x)g(x), 9(x)) + det(f(x), Dg(x)g(x)) — det(Df(x)g(x), g(x)) + det(Dg(z)f(x), g(x))
= det(f(z), Dg(x)g(x)) + det(Dg(x) f(x), g(x)) = trDg(x)d(z) = div(g(x))d(x).
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Proposition 5.4. Consider the differential equation Z = f(z). The following holds:
(a) The above differential equation and Z = if(z) commute, i.e. [f,if] = 0, whenever the function f is
defined.
(b) Let C be a periodic orbit of period T. All orbits in a neighborhood of C' are also periodic and have
the same period T'. Moreover .

|, 7

(c) The equation 2 = f(z) has (ff)~! as an integrating factor. That is, its phase portrait is topologically
equivalent to the one of equation 2z = ﬁ whenever the integrating factor is defined (outside zeroes and
essential singularities of f).

Proof. (a) Let the differential equations z = f(z,z), 2 = g(z,z), where f and g are two analytic maps
(not necessarily holomorphic). We recall the Lie bracket operator

[X,Y] = (DX)Y — (DY)X.
In (z, z)-coordinates we have
[f.91 = (Df)g — (Dg)f = f-9+3fs — f9: — fg-,

[f,9] = f9-— f29+ f9=— [z (5.3)

where the subscripts denote the corresponding derivatives of f and g with respect to z and z. Easily, if
f and g are holomorphic, then

foz=3f: =0,
and (5.3) simplifies to
[fag] = f9. — fx9.

Thus if g = ¢f it is straightforward that
[fifl =f-ifs = f2-if =0,
whenever the function f is defined.
(b) Let v be a periodic orbit and let A an annulus neighborhood of it (full of periodic orbits). The
period function T defined in A gives the return time at each point in A. Using the analyticity of the

map f in A it is clear that the period function is also an analytic map in A since T being is constant
in 7 implies T is constant in A. Let us compute this. Consider any periodic orbit v € U. Its period T,

is given by ) r i ’
/7f<z>dZ -/ G [ =
1

The left hand side of this equality is determined by the sum of the residues of 75y over of the zeros
of f surrounded by ~, which of course is independent of v. Hence, the above equafity also gives that
T, =T, i.e. another proof of the isochronism of all the periodic orbits in U.
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(c) It is a straightforward computation that

O
F21=) &)

is Hamiltonian wherever it is defined. We check that equation z = f(z) has (ff)~! as an integrating
factor (see [2]). Let X and Y be two differentiable vector fields in U € R? such that 9(x,y) = det(X,Y)
has no zeros in U. Then [X, Y] = AX if and only if 9! is an integrating factor of X. Applying this result

to our case (A=0), we obtain that the inverse of det(f,if) where we define f = u+iv and if = —v + iu,
then

. (U —vy 9 2 I
det(f,zf)-(v u)-u +v°=ff,
is an integrating factor for equation z = f(z2). O

From Proposition 5.2.(a) we know that equation (1.1) admits an integrating factor outside the zeros or
essential singularities of f, where equation (1.1) may have singular points whose local phase portrait
does not preserve the area. Since such points are ’far’ from periodic orbits, we easily observe the non-
existence of isolated periodic orbits. We would like to extend this result to polycycles. If a graph has
a zero of f, it cannot be monodromic since the local phase portrait of a zero of f has no hyperbolic
sectors. Thus, the singularities on the polycycle are either poles or essential singularities. If all were
poles the integrating factor would be well defined and we could argue, as in the case of the periodic
orbit, that, in the set in which the return map is defined, all the orbits should be periodic. The study
of the case of polycycles with some essential singularity on them is more delicate. We prove:

Proposition 5.5. Let I" be a polycycle of equation (1.1). Then in any half-neighborhood of I" where
the return map is defined, all orbits must be periodic.

Proof. The results of Proposition 5.4 imply that the singularities over I' cannot be zeros of f. Thus, all
singular points in I' are either poles or essential singularities of f. O

Take a small open half-neighborhood U of I' in which the return map is defined and there are neither
zeros, not poles, not essential singularities of f. On U, instead of considering Z = f(z), we use Propo-
sition 5.4(c) and we can study the solutions of the Hamiltonian system z = 1/f(z).

Proof of Theorem 5.1. Using the results of Proposition 5.4 and Proposition 5.5 it is easy to prove part
(a) and (b). O

32



6 Bifurcation diagram of a rational family

In this section we give a topological classification of the phase portrait of the family of rational function

of the from
_ P(?)

= Q0)
where P and Q are polynomials in the z variable such that deg(P) < 2 and deg(Q) < 2 without
common factors. Notice that 58 = ggzg % = M2)P(2)Q(z), where A(z) =|Q(2)|72. So under a non-
liner change of the time variable the equation (6.1) is of the form z = P(z)Q(z) outside the zeros of Q(z).

(6.1)

We divide the general result into three propositions depending on the degree of the denominator of
system (6.1).

6.1 deg(P)<2 and deg(Q)=0

First we consider the case of the polynomial Q of degree 0, so that it corresponds to de polynomial case.
In the following lemma we show a normal form of these equations.

Lemma 6.1. Let P(z) and Q(z) be two polynomials such that deg(P) < 2 and deg(Q) = 0, so we write
Q(z) = d with d # 0. Then the corresponding equation (6.1) is linearly conjugate to one and only one
of the following vector fields

(a) 2=11f P(2) =,

(b) 2 =kzif P(z) = ¢(z — ¢y), where k=c/d € C,

(¢) 2=2(2—¢&) if P(2) =c(2 — ¢p)(z — 1), where € = ¢(c — ¢p)/d € C.

Proof. (a) If we consider the line change of variables w = %z then equation Z = ¢/d write as

oo %, _dc
T ed 7

so 2 =c/d and Z = 1 are linearly conjugate through the map ®(z) = %z.

(b) If we consider the change of variables w = z — ¢y then equation z = ¢(z — ¢p)/d write as

w=2=c(z—cy)/d=clw+co—cp)/d=cw/d,

s0 2 =c(z — ¢p)/d and Z = cz/d are linearly conjugate through the map ®(z) = %z — .

(c) If we consider the change of variables ®(z) = az + 3 = w = z = “-~ and
Ww=ai= ag(z —c)(z—c1) = ag(w ; _ co)(w ; b_ c1) = g(w — B —acy)(w— B — acy).
) . . . e(c—co) b = —acy
This equation equivalent Z = z(z — =) so we get .
o = d
Finally we have the function ®(2) = §(z — ). O
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The following proposition gives the phase portrait of the normal forms given in Lemma 6.1.

Proposition 6.2. The following statements hold:

(a) The phase portrait of equation Z =1 in the Poincaré disc is topologically equivalent to Figure 6.1.
(b) Let k € C. The phase portrait of equation Z = kz in the Poincaré disc is topologically equivalent to
(b1) Figure 6.2(1), if (k) = 0.

(b2) Figure 6.2(2), if R(k) =0.

(b3) Figure 6.2(3), if R(k)S(k) # 0.

(c) Let £ € C. The hase portrait of equation z = z(z—¢) in the Poincaré disc is topologically equivalent
to

(c1) Figure 6.3(1),if £#0, R() =0.

(c2) Figure 6.3(2),if £#0, R() #0.

(c3) Figure 6.3(3), if & =0.

Proof. (a) From Corollary 4.2 (a), the phase portrait of 2 = 1 near infinity is given figure 4.1. Since
these are no finite singular values Poincaré-Bendixson Theorem implies that the global phase portrait
should be given by Figure 6.1

Figure 6.1: case (a)

(b) The unique finite singular point of equation Z = kz, k # 0 is z = 0. From Corollary 3.8 (a) we know
that if $(k) = 0 (respectively R(k) > 0, R(k) < 0) then z = 0 is a center (respectively an unstable
focus, a stable focus).

From Corollary 4.2(b) the phase portrait near infinity is given by Figure 4.2(b1l), Figure 4.2(b2) and
Figure 4.2(b3) depending on k = o,k =i or k = o + i3.

Then consequently, the phase portrait in the Poincaré disc is given by Figure 6.2 if (k) = 0, if R(k) =0
and if R(k)S (k) #0.
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Figure 6.2: These figures correspond to proposition 6.2 (b): (1)I(k) = 0, (2)R(k) = 0 and
(3RS (k) £0.

(¢) From Corollary 4.2(c) the phase portrait near infinity is given by Figure 4.3.
To get the global phase portrait we need to split the proof into two cases.

If € # 0 these are two finite singular point given by z = 0 and z = £. An easy exercise shows that
the derivative at these points are —§ and &, respectively. Hence from Corollary 3.8(a) their local phase
portrait is a center or a focus depending on R(£) = 0 or R(§) # 0.

Easy topological considerations (and Poincaré-Bendixson Theorem) show that the global phase portrait
in the Poincaré disc is given by Figure 6.3(a) if ®(¢) = 0 and Figure 6.3(b) if ®(§) # 0.

=
e

Figure 6.3: These figures correspond to proposition 6.2(c): (1) if £ # 0 and R(L¢) = R(E) = 0, (2) if
£ #0and R(Leg) = R(E) # 0 and (3) if £=0.




6.2 deg(P)<2 and deg(Q)=1

Next we consider the case in which Q(z) is a polynomial of degree 1. In the following lemma 6.3 we
obtain a normal form for these equations.

Lemma 6.3. Let P(z) and Q(z) be two polynomials such that deg(P) < 2 and deg(Q) = 1, so we write

Q(z) = d(z —dp). Then the corresponding equation (6.1) is conformally conjugated to
(a Lif P(z) =

) 2=
()ZZ%%P( ): c(z — ¢o), where ¢ = 40=b) ¢ |
) 2=

(c M if P(z) =c(z —co)(z —c1), where k = § € Cand £ = Egg:gg% eC.

Proof. (a) To prove that z = gg; = m and Z = 1/z are conformally conjugated, we must find a

conformal map ®(z).

If we consider the change of variables ®(2) =az+f=w =2z = “%5 then

: . c 9 c
w=0oaz =« =

d(z — do) d(w — 8 — do)’
is conformally conjugated to Z = 1/z then
o’c/d =1
B+ ady =0

and then we get o = c, 8= —do\[ and finally

B(z) = \/z(z —dy).
c(z—co)

(b) To prove that z = Z7_§ is conformally conjugated to z = d(o—do) Ve apply the change of variable
w=az+p.

— — _ wtp
Suppose ®(z) =az+f=w =z = = If

u.}_O[c(zfco)_ 57’3 co  cw—f—acy
o d(z—dy) dr=b dy dw—pB—ady
is conformally conjugated to z = Z—f then
B+acy=¢
B+ ady=0
ag=1
then we get a = %,,8 = —@ and
d ddy d
P(z)=-2——=—(z—d
() = 22— =0 = S(s — do)

36



c(z—cp)(z—c1)

c_ k(z=§(z—1
Ao—do) and 7 = EE=0G= 2( )

(c) To prove that z =
of variable w = az + .

are conformally conjugated, we apply the change

¢ar(w—F—ac)w—PB—act)  c(w-p—ac)(w-p-ac)
a— = a-—

d L(w— B — adp) d (w—f — ady)

If the equation is conformally conjugated to z = w , then

—d
Brac=1_ [ B=g%
ﬁ—|—ad0:0 o = L

co—dp
and 1 d 1
(=) co—do. co—do  co—do (z = do)
and we know that w = w then § = 8+ acy = 723:38 -

The following proposition provides the phase portrait of the normal forms given in Lemma 6.3.

Proposition 6.4. The following statements hold:

(a) The phase portrait of equation Z = % in the Poincaré disc is topologically equivalent to Figure 6.4.
(b) The phase portrait of equation 2z = %g
(b1) Figure 6.5(1), if R(L¢) =0,

(b2) Figure 6.5(2), if R(L¢) # 0,

where L¢ = % is the linear part at the singular point z = &.

in the Poincaré disc is topologically equivalent to

. . . —1)(2—¢&) - . ;1s . .
(c) Let & € C. The phase portrait of equation Z = k:(zf in the Poincaré disc is topologically
equivalent to

(c1) Figure 6.6(1), if R(k) =0,R(L1) =R(L¢) =0 and R(§) <O,
(c2) Figure 6.6(2), if R(k) =0,R(L1) =N(Le) =0 and RN(§) > 0,
(c3) Figure 6.6(3), if R(k) =0,R(L1) = N(L¢) # 0,

(c4) Figure 6.6(4), if R(k) = 0,€ = 1,

(c5) Figure 6.7(1), if  R(k)(f) # 0, R(L1)R(L¢) = 0,

(c6) Figure 6.7(2), if  R(k)SI(f) # 0, R(L1)R(L¢) < 0,

(c7) Figure 6.7(3), if  R(K)I(f) # 0, R(L1)R(L¢) > 0,

(c8) Figure 6.7(4), if R(k)SI(f) #0,¢ =1,

(c9) Figure 6.8(1), if (k) = 0,R(L1)R(Le) =0,

(c10) Figure 6.8(2), if (k) =0, R(L1)R(L¢) <0,

(c11) Figure 6.8(3), if (k) = 0,R(L1)R(L¢) > 0,

(c12) Figure 6.8(4), if (k) =0, =1,

where L1 = k(1—¢) and L¢ = Egl are the linear part at the singular point z = 1 and z=¢, respectively.
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Proof. Proof of (a)

In the case, there are no singular points and the origin is a pole of order one, from Corollary 3.8 (c),
has local phase portrait in a punctured neighborhood of z=0 is pole that is topologically equivalent to a
hyperbolic saddle. On the other hand, the phase portrait of equation (6.1) in a neighborhood of infinity
corresponds to 2 = % We use the Poincaré Compactidifcation,

. o1 T gy
Z=r Aty = iy~ zl+y?

and we can say that

S X
T =22
- Y
Y= 212

We multiple the vector field by 22 + 32 and we get a equivalent polynomial vector field,
t=x=P(z,y)
J=-y=Q(y)

In this case d=1, and we compute the singular points in the charts U; and Us:

Fu) =Qa(l,u) —uPy(l,u) = —u—u=—2u N if Fu)=0=-2u=0=u=0
G(u) = Pi(u,1) —uQq(u,1) =u—u-(-1) = 2u and G(u)=0=2u=0=u=0.

Now compute the singular point v = 0 in Uy and Us:

<F’(§u) Qd—l(l,it;);(ﬁ%—l(lv“)) - (_02 _01> = A,

0 —Qq(u, 1) 0 1

Then, we have 4 singular points in the infinity two stable nodes and two unstable nodes

(G’(u) Py_1(u,1) — qu—l(“»1)> _ (2 0) — B.

Easily, the topological phase portrait in the Poincaré disc is given by Figure 6.4.

W =

Figure 6.4: case (a): z =
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Proof of (b)
First, we see that the origin is a pole of order one and from Corollary 3.8 (c) the local phase portrait
is topologically equivalent to a hyperbolic saddle. The point z=¢ is a singular point with a linear part
given by

I3 1

Le=(8) =5 == ¢

Hence, from Corollary 4.2 (a) we know that it is a center if #(L¢) = 0, or it is a stable or unstable focus
if Le #0.

Moreover, from Corollary 4.2 (d), the phase portrait of equation (6.1) in a neighborhood of infinity
corresponds to 2 =1+ g

Taking all of this into account, we can easily check that the only topological phase portraits in the
Poincaré disc are either Figure 6.5 if #(L¢) = 0 and if $(L¢) # 0

Figure 6.5: These figures correspond to Proposition 6.4(b) : (1) R(L¢) = 0 and (2) R(L¢) # 0.

Proof of (c)
In this case, the origin is a pole of order one and from Corollary 3.8(c) the local phase portrait is
topologically equivalent to a hyperbolic saddle.

If £ #1, then z =1 and z = £ are singular points with a linear part given by

Ly= () = k(=" — )] [sm1= k(1 — &)

22
and
=

Le = (3 = k(2 = €] lome= k1o

z

Moreover, we have that L; + {L¢ = 0.
If £ = 1, there is a unique singular point and from Corollary 3.8 (b) the local phase portrait is given by
the union of two elliptic sectors.
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From Corollary 4.2(b) the phase portrait of equation (6.1) in a neighborhood of infinity corresponds to
Z = kz. Since

2:k(z—1)(z—§) :k(22—§z—z+§) :k(z—i—ﬁ—l—l—}),
z z z

when z tends to infinity, 2 = kz. The behavior of equation Z = kz depends on R(k) = 0, R(k)(k) # 0,
or (k) = 0, respectively. We study such cases independently

In what follows £ = ¢f +i¢f e Cor = =¢€andk=a+iB € C,a,B #0.

Since the proof is quite long we divide it into three cases.

‘Case R(k) = 0‘

It is easy to see that

§):E(Ll) = ﬁgl,
R(L¢) = —p¢! /r.
Since if R(k) = 0, We can write k = i and as before we get
Ly = k(1 —€) = if(¢" +ig!) = ife™ — pe’ = R(L1) = —p¢’
and

(5_ 1) _ (£R+igl_ 1) _ (iﬁgR_ﬁgl_iB)(gR_igl) _ 1 . . I I
e T T ag T @ -eny 0T ed)

= R(L¢) = —BE r.

L¢ =

—BEf=0  =¢=0
—Belr=0 =¢ =0

If [R(L1) = R(Le) = 0| = {

then the two centers are located on the real line (on the axis X). The phase portrait of equation (6.1)
in the Poincaré disc (the point at infinity corresponds to the equation Z = kz from Corollary 4.2(b)) is
therefore topologically equivalent to Figure 6.6 depending on whether £ < 0 or & > 0.

If [ R(L1)R(Le) < 0 from Corollary 3.8(a) we have one stable and one unstable singular point. The

phase portrait of equation (6.1) in the Poincaré disc is topologically equivalent to Figure 6.6.

Finally, , there is a unique singular point and from Corollary 3.8(b) the local phase portrait is
given by the union of two elliptic sectors, the phase portrait of equation (6.1) in the Poincaré disc is
topologically equivalent to Figure 6.6.
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Figure 6.6: These figures correspond to Proposition 6.4(c): if £ # 0,then R(L;) = R(L¢) = 0 depending
(1) £ <0or (2) £>0and (3) R(L1)R(Le) < 0. If (4) { =1.

(Case R(k)S(k) # 0]

Some computations show that

R(L1) = a1 — &) + B¢’
R(Le) = (€ 1) + (&)%) — BN /.

Since we know that R(k)S(k) # 0= k = a + i then

Li=k(1—&) = (a+iB)(1—¢&" —id!) = (a+iB) — (a +iB)E" — (o +ip)ig”
=a—acf + el +i(at! — B - BER) = R(L1) = (1 — €7) + B!

and
R +ic' —1)
é‘R + Z§I

1) o (€T (R —igh)
: = O R e eR —ae)

=+ iff — (€™ + el + 5" + BET) = R(Le) = (al€ (€7 — 1) + (€1)) - ).

Le = k!

= (a+if)

The only solution to the equation R(L1) = R(L¢) = 0is ¥ = 1 and ¢/ = 0. So two centers are
impossible.

Let £ # 1.

If [ R(L1)R(L¢) = 0| (one center and one stable or unstable singular point).

Let us see z =1 and z = £ which one is a centre and which one is a stable (unstable) singular point.

If z =1 is center, then
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R(Ly) = a1l — %) + Be! = ¢ =1 and €7 = 0 impossible.

So z =1 is stable or unstable.
And if z = £ is center, then

R(Le) = (a(€(€" =)+ () =) fr=¢"=1or " =0and ¢/ = Bor &' =0.

So we can get £ = 14148, 1, i or 0, then we can say that z = £ is one center, then the phase portrait
of equation (6.1) in the Poincaré disc is topologically equivalent to 6.7

I
in the Poincaré disc is topologically equivalent to Figure 6.7.

—

R(L1)R(L¢) < 0] (one stable and one unstable singular point) the phase portrait of equation (6.1)

If [ R(L1)R(Le) > 0] ( two stables or two unstables singular points) the phase portrait of equation (6.1)

in the Poincaré disc is topologically equivalent to Figure 6.7.

Let , there is a unique singular point and from Corollary 3.8(b) the local phase portrait is given

by the union of two elliptic sectors, the phase portrait of equation (6.1) in the Poincaré disc is topolog-
ically equivalent to Figure 6.7.

Figure 6.7: These figures correspond to Proposition 6.4(c): If & # 1, (1) R(L1)R(Le) = 0, (2)
R(L1)R(Le) <0 and (3)R(L1)R(Le) > 0. If (4) £ = 1.

‘Case S(k) = 0‘

Some computations show that

R(L1) = a1 - &),
R(L¢) = a(B (R = 1) + (1)) /r.
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Since that we know that (k) = 0 then we can write £ = a and as before we calculate Ly and Lg¢

Li=k(1-¢) =a(+id!) = a—atf —iat! = R(Ly) = a(1 - ¢F)

and
=D (il =) (af—iagl —a)€R—ie) 1
bemh e T T g T ey 0 et e
= R(Le) = ale(€F — 1) + (€2
Let £ # 1.

If | R(L1)R(Le¢) = 0| (one center and one stable or unstable focus), to see which one is the center.

If z = 1 is center, then a(1 — £f) =0 = ¢f =0 or if z = £ is the center, then

ERER 1) =0 =R =00rcf =1

R(¢+R I _ —
a(§(€ _1)+(§)2)/T0:>y{(51)2:0 =¢ =0

the phase portrait of equation (6.1) in the Poincaré disc is topologically equivalent to Figure 6.8

If [ R(L1)R(Le) < 0] (one stable and one unstable singular point) the phase portrait of equation (6.1)

in the Poincaré disc is topologically equivalent to Figure 6.8.

I
in the Poincaré disc is topologically equivalent to Figure 6.8.

[anr

R(L1)R(Le) > 0| (two stables or two unstable singular points) the phase portrait of equation (6.1)

Let there is a unique singular point and from Corollary 3.8(b) the local phase portrait is given by
the union of two elliptic sectors, the phase portrait of equation (6.1) in the Poincaré disc is topologically
equivalent to Figure 6.8.

Figure 6.8: These figures correspond to Proposition 6.4(c) : If & # 1, (1) R(L1)R(Le) = 0, (2)
§R(L1)§R(L£) < 0 and (3) §R(L1)§R(L5) > 0. If (4) E=1.
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6.3 Yaoyao Lemma: deg(P)<2 and deg(Q)=2

Now we have one new lemma called yaoyao:

Lemma 6.5. Let P(z) and Q(z) be two polynomials such that deg(P) < 1 and deg(Q) = 2, we defined
Q(z) = ¢(z — c)(z — 1), then the corresponding equation (6.1) is conformally conjugated to
(a)z—mlfp( 2)=d, and ¢ = €@2%) ¢ C,

(b) z = W if P( ) d(Z—dO)7 Where € c1=do e C.

co—do

Proof. (a) There exists a function ® such that ®(z) =az+=w= 2= %ﬁ
. _ . d 1 _ . d 1 d 1 : S |
W= =g Gcoj(i—c) — % (wT_B—CO)(wT_B—CI) = Q¢ w—F—ace)(w—B—ac1) is equivalent to z = =g SO

we can see that

B+ aco=0 B = —acy = B=—5¢¢
BHaci=¢ =< p=—aq +C(Cl <o) ,
ag =1 a:g

thus ®(z) = §(z —co) = 2 = 0 d is conformally conjugated to z = (zif)

c(z—co)(z—c1)

(b) We check that equations Z = % and 2z = m are conformally conjugated.

Suppose ®(z) =az+ B =w= 2z = UJT—/B
oy Az do) L w=b _ g,
W= - a- _
c(z=collz—er) T (2 — o) (U — )

é(w—ﬂ—ado) 5 C (w— B — adp)

C
:aﬁa—g(w—ﬁ—aco)(w—ﬂ—aq) Y dw—B—ac)(w—B—ac)

If the equation is conformally conjugated to z = W , then

—d
Bram=1 _ [B= =t
B+ ady=0 «Q L

co—dp

and

D) = — L —

zZ) = z — == z —
Co—do Co—do Co—do 0

and we know that = f—Fr— then { = f + ac; = CO__dflO = 2= 33 and 1 % = @0%2()% = k=
(Cofdo)zc D
—

The following proposition provides the phase portrait of the normal forms given in Yaoyao Lemma.
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Proposition 6.6. The following statement hold:

(a) Let £ € C. The phase portrait of equation Z = ﬁ in the Poincaré disc is topologically equivalent
to

(al) Figure 6.9(1), if & #0.

(a2) Figure 6.9(2), if & =0.

(b) Let &,k € C. The phase portrait of equationz = m in the Poincaré disc is topologically
equivalent to

(b1) Figure 6.10(1), if &#1 R(Lo) =0.

(b2) Figure 6.10(2), if &£ #1 S(Lo) =0.

(b3) Figure 6.10(3), if & #1 R(Lo)S(Lo) # 0.

(b4) Figure 6.11, if & =1.

Proof. (a) In this case, there are no singular points and the origin (z = 0) and z = £ are poles of
order one which, from Corollary 3.8 (c), has local phase portrait that is topologically equivalent to a
hyperbolic saddle.

In the second case & = 0, we only have a point hyperbolic saddle.

On the other hand, the phase portrait of equation (6.1) in a neighborhood of infinity corresponds to

.1 . . . . . L 1 _ (z—iy)? .
Z= 3. We use the Poincaré Compactification, z = & + iy = GE)? = Pt and we can write that
. $2_y2
T @
- —2xy
Y= @@y

We multiple the vector field by (22 + 3?)? and we get a equivalent polynomial vector field,

{ & =1~y = P(z,y)

g =—2xy = Qz,y)

In this case d = 2, and we compute the singular points in the charts U; and Us
F(u) = Qq(1,u) —uPy(1,u) = —2u —u - (1 —u?) = u(u® — 3)

{ G(u) = Py(u,1) —uQq(u,1) =u? =1 —u - (—2u) = 3u? — 1

if Fluy=0=-3u+u’=0=u=0 or u==+vV3 F'(u) = 3u®>+3

{and G(u):0:3u2—1:o:u:i§/§ ;»{ G'(u) = 6u

when v = 0 in Uy

(F’SU) Qd_l(l’_U)pd(ffici_l(LU)) - (03 _01> = A,

is a singular point at infinity which is topologically equivalent to a stable node.
when v = £¢/3 in the U1, the first point u = 73

(F’(()u) Qd_l(l,_u;d(ff%_l(LU)) = <g g) = B,

is a singular point at infinity that is topologically equivalent to an unstable node.
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The second point u = -3

(F’(()u) Qd—l(l»i%l—(ﬁ%—l(lvuv - <g g) =C,

is a singular point at infinity which is topologically equivalent to an unstable node.
Now let us study the points u = :l:\z/g in Us.

1 ! — 3
When u={ 3’ (G((]u) Pdl(u’_lgd(z’(’?lcgl(u’l)) = <8 Z) = B and analogously for u= V3 in Uj.

Then, we have 6 singular points at infinity, three that are topologically equivalent to an unstable node
and the other three that are topologically equivalent to a stable node.

Easily, if the topological phase portrait in the Poincaré disc is shown in Figure 6.9(1).

And if , the equation is z = Z% the topological phase portrait in the Poincaré disc is shown in
Figure 6.9(2).

Figure 6.9: These figures correspond to Proposition 6.6(a): (1) £ # 0 and (2) £ = 0.

(b) In the Yaoyao Lemma we know that the equation is conformally conjugated to Z = m, SO
we have one zero (singular point) z = 0 and two poles z = § and z = 1.

From Theorem 3.1, we know that if deg(P) = 1 = n and deg(Q) = 2 = m, the phase portrait (6.1) is
conformally conjugated to the one of (a) z = ()™ " + c(%)z(m*")ﬂ, if n < m+ 1, then we have in this
case that the phase portrait (6.1) conformally conjugated to the one of

c_ Lo Liog-n4 _ 1 L3

b= CPT PO = () ()
then from Corollary 4.2, the phase portrait of equation (6.1) in a neighborhood of infinity corresponds
to the one of 2 = % + 28

46



Moreover, there are either two poles at z=1 and z=¢ (case £ # 1), or just one pole at z=1 (case { = 1).We
have one singular point at z = 0, the derivative of the vector field at z, is

I :(é),:k(z—f)(z—l)—zk@z—l—ﬁ): £ — 22
: (k(z = )(z —1))? (k(z = &(z —1))*’
and if z=0,
Lo= kig

Hence, from Corollary 3.8(a), the phase portrait in the Poincaré sphere is topologically equivalent to
either Figure 6.10 depending on whether %(k) = 0, R(k)S(k) # 0 and R(k) # 0, respectively.

i

Figure 6.10: These figures correspond to Proposition 6.6(b): If £ # 1 depending (1) R(k) = 0, (2)
R(k)S(k) # 0 and (3) R(k) # 0.

If £ = 1, then the equation is 2 = m We have a pole z = 1 of the f of order 2 and a singular
point z = 0, from Corollary 3.8(c) we know that z = 1 is the union of 6 hyperbolic sectors and from
Corollary 3.8(a) z = 0 is a singular point depending on k, so the phase portrait in the Poincaré sphere
is topologically equivalent to Figure 6.11

O

Figure 6.11: These figures correspond to Proposition 6.6(b): If £ = 1 depending R(k) = 0, R(k)(k) # 0
and R(k) #0
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7 Perturbation

Finally, the last chapter of this work is devoted to study a family of non holomorphic perturbations of
the differential equation # = f(z) where f(z) =iz + 22

Namely, we consider the family of perturbations

z=f(z) + eRp(z, 2).

It is established in [10] that for certain values of the parameters of the perturbation the perturbed
system presents a limit cycle (or two) associated to one (or two) of its centers before perturbation. We
take advantage of [10] to focus the study of the perturbation to those parameters for which we know
that the corresponding system has a limit cycle and we compute numerically where it is located.

First we begin by studying the equation f(z) =iz + 22, and we calculate its singular points :

f=d 4y =i(z+iy) + (x +iy)? =iz —y + 22 — y? + 2izy =

i=-y+az*—y*=P(z,y)
y=x+2zy = Q(z,y).

=0 or

1

Ifg=0=2(1+2y) =0=
Y ( v) {1+2y:0 =Y=—3

then
=0
x:0:>a::—y—y2:—y(1+y):0:>{ Y
or y=-—1
yz—%sz%—i—xz%—i
so we have two singular points (0,0), (0,-1) and a invariant line y = —%.

We perform the translation (Z,9) — (2,9 + %) = (x,y), or in complex variables

it
P
g =W
and we obtain
1 1 1 1
w:Z:i(w—i§)+(w—i§)2:iw+§+w2—1—iw:w2+z,

so the translated equation has the two singular points (0, %), (0, —%) and the invariant line y = 0.
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Next let us see the character of the two singular points:

9 o) (2 2
DX =150 84| = < >
(@) ((9? 8y> 2y 2x
1 0 -1 1 0 1
= D(Ly)X(O, 5) = <1 0 ) and D(x’y)X(O, —=) = < > s

so two points (0,%) and (0, —3) are centers.

Now let us look for the singular points at infinity:

We use the Poincaré Compactidifcation, as explained before

1 . 1 . 1
W= w +Z:(a:+zy)2+zzx2—y2+2my+1

&=} +a°—y’ = P(z,y)
g =2zy = Q(z,y)

In this case d = 2 and we compute the singular points in the charts U; and U,

F(u) = Qq(1,u) —uPy(l,u) =2u —u- (1 —u?) = 2u —u + u?
Gu) = Py(u,1) —uQqg(u,1) =u? =1 —u-2u = u? — 1 — 2u?

and we take u=0 in U;

Au) = <F'(()U) Qd—l(l»i%;(ﬁl:c)z—l(lau)> — A(0) = ((1) _01)

Since matrix A(0) is diagonal then the eigenvalues are A\ = 1 and Ay
at infinity are saddle points.

1, hence the singular points
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Figure 7.1: Phase portrait of v = w? + i in C
Now we study the perturbed equation

1
w = 1 —w2—|—a1w2+a2wu‘)+a3u‘)2+a4w+a5u‘1+a6

with a, = an +10n, an, fn € Rand n = 1,2,3,4,5,6. We write it as an equation:

Z=a4iy = —1—(a:+zy)2—|—a1(:v+zy)2+a2($+zy)($—zy)+a3(ﬂc—zy)2—I—a4(x+2y)+a5(x—zy)—|—a6

1 . . . . .
= —Z—(x2—y2—|—2wcy)+a1(x2—y2+2zxy)+a2($2+y2)+a3(x2—y2—2zmy)+a4(x+zy)+a5(ac—zy)+a6

1
=(—14a1+az+ CL3)SE2 +(1—a1+az— a3)y2(72i +a12i — a32i)xy + (ag + as)x + (a4 — asi)y + ag — 1

=1 22+ y? — 2ixy + (a1 + zﬁl)xZ — (a1 + 261)y2 + (o1 +i51)2izy + (0 + Zﬁg)iﬁg + (o + zﬁg)y2+

+(az+iB3)z? —(az+iBs)y* —(az+iBs) 2izy+(a+iBa) v+ (aa+iBa)iy+(as+iBs) v — (s +iBs)iy+(ae+ifs)

1 . . . . . .
==1" 2+ — 2ixy + oan2® + if1a? — ary® — ifry? + 2izyaq — B12xy + asa® +ifer® + any® +ifay’+

+osa® +iBsx® —asgy® —iBsy® — asizy+ Bs2ay+aux+ifiz+ouiy— Bay+asz+ifsr—asiy+Bsy+og+ifs..
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1
R(z) = 1 — 2?4+ y? a1 —ary® — B2y +anr® +asy? +asr? — azy® + Bs2ry+asr— Bay+asz+ G5y +ag,

X(2) = —2ixy+ifra’—ifr1y* +2izyon +iPfox’ +iBoy>+i Bz —i By —az2ixy+ifiz+agiy+iBsr—osiy-+ifs.

So we get:
i=—3+ (0 +ar+ag— 1)z + (—ar + oz —az+ 1)y? + (=f1 + B3)22y + (qu + as)z + (—Ba+ B5)y + ag
y=(B1+ B2+ Bs)a® + (=B1+ B2 — B3)y* + (1 — a3 — 1)2zy + (Ba + B5)x + (qu — as5)y + Bs

We introduce A; = a1 +az+az, Ay = aj+az—a3z, A3 = —B1+63, Ay = autas, As = —B4+85, Ag =
ag and hence

1
==+ (A1 = D)a” + (A + 1)y + 2432y + Aga + Asy + A,

and also By = 1 + B2 + 3, Bo = =1+ B2 — 3, B3 = a1 — a3, By = B4+ 35, Bs = a4y — a5, Bg = B¢
so that

y = B1x? + Boy® + 2(B3 + 1)zy + Byx + Bsy + B.

Then we have

&= =g+ (A1 = 1)2® + (A2 + 1)y + 2432y + Agw + Asy + Ag
y = Biaz? + Byy? + 2(Bs + 1)zy + Byx + Bsy + Bg

We define a vector @ = (A1, Ao, A3, Ay, As, A, B1, B2, B3, B4, Bs, Bg).

If X=(P,Q) we have that

1 -
X(0,5.0)=0 (7.1)
and !
X(O,—i,ﬁ) =0 (7.2)

Then the fixed points of the perturbation are (z,,y,) and (z4,y,), of the form

{(xp,yz» = (0,4) + (r1,m2)
(xtpyq) = (Oa _%) + (7'3,7“4) ’

where (11, 72), (r3,74) small depending on .
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Let us calculate the first order terms of (r1,72), (r3,74) as a function of a.

We derivate implicitly X (x(a),y(@),a) = 0

then we get that

We compute

(Al — 1)256 + 2A3y + A4

Dy X = (acz 6(5) = <QB1x+2(B3
then D(Ly)X(O, %,6) = <(1) _01>

and now

and

then we get

So
Ay
Ao
_ (Daz(0) :
(ri,r2) = (Day(0)> i
Bs
Bs
Analogously, we get
(r3,74) = <

1 1
B 1By + 1Bs + Bg
+o(la>)=( ¢ 2

—1B2+ 3Bs — Bg
iAQ — %A5 + A6
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(A2 + 1)2y + 2A3x + As
+ 1)z + By 2By +2(Bs+1)x+ Bs
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Finally we have the fixed points of the perturbed system

1 1 1 1 1
= (“By+-Bs+Bg.~ — Ay — —~As — A Tk
(Tp, Yp) (4 2+ 5Bs + Bs, 5 — A2 — 545 6) +O(llal”)
and 1 1 11 1
= (==By+ =Bs — Bg,—= + —Ay — A5 + Ag) + O(||a@||?
(#4:9q) = (=3 B2+ 5Bs = Bs, =5 + 742 = 5 As + As) + O(Jlall")

Now let us see the character of both points:

The classification of equilibrium points is determined by the eigenvalues A1, A2 of the matrix D, ,) X (7, yp)

If we write

a b+1
D(x:y)X(‘rlﬂyp) = <C -1 d )
we have

1

a=(A-1)2(3

1 1 1 1
By + 535 + Bg) + 2143(5 - ZAQ - §A5 — Ag) + As,

1 1 1 1 1
b+1= (AQ + 1)2(5 — ZAQ — 5145 — AG) + 2143(132 + §B5 + Bﬁ) + A5,

1 1 1 1
c—1= 231(132 + §B5 + Bg) +2(Bs + 1)(132 + 535 + Bg) + By,

1 1 1
- ZAZ — 545 — Ag)) +2(Bs + 1)(1

d = 2Bs( >

1 1
3 BQ+§BS+BG)+BS-

Is easy to find the eigenvalues Ai, Ay of the matrix DX (xp,y,). The numbers Ai, A2 can be found by
solving the characteristic equation

N —(a+dX+[ad— (b+1)(c—1)] =0,

and we obtain

\_ (a+d) et b)? —4fad— (b+1)(c—1)]
5 .

We know that Ay = i+ £ and if @ = 0, £ = 0, and both singular point are centers. But if @ # 0 in
general £ # 0 and both singular points are focus.

Let us compute the real part of A1, As when @ # 0. We have that if @ is small

1 1 1 1 1
2%()\1) =a+d= 2(A1 — 1)(1B2 + §B5 + BG) + 2143(5 — EAQ — 5145 — AG) + As+
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1 1 1 1 1

Keeping only the first order terms: a +d = A3z + A4 + By + By, so we have obtained that, if
A3 + Ay + By + Bs < 0 the singular point (z,,yp) is a stable focus and if A3 + A4 + B + Bs > 0
it is an unstable focus.

In the same way we prove that the eigenvalue A; corresponding to (x4, y,) satisfies 2R(X2) = a +d =
—A3+ Ay — By + Bs.

Now we study the existence of limit cycle for the perturbed equation

1
W= 1 +w? + eR(w, w).

Following [10], let 2 = f(z) be an holomorphic differential equation having a center at p, and consider
the following perturbation Z = f(z) + eR(z,z). We give an integral expression, similar to an Abelian
integral, whose zeros control the limit cycles that bifurcate from the periodic orbits of the period annulus
of p. This expression is given in terms of the liberalizing map of Z = f(z) at p. The result is applied to
control the simultaneous bifurcation of limit cycles from the two period annuli of Z = iz + 22, after a
polynomial perturbation.

The first result is following:

Theorem 7.1. Consider the differential equation

z= f(z) +€eR(z,2), (7.3)

where 2 = f(z) has a center at p. Let ¢ be a liberalizing change of variable of 2 = f(z) at p. Then the
simple zeros ¢ € (0,cp) of the function

I(e) = I(¢) = —( / o, PERG2)0), (7.4)

give rise, for € small enough, to limit cycles of (6.3) that tend when € goes t zero to ¢~1(~:). Here cq is
given by the image by ¢ of the boundary of the period annulus of p.

As an application of the above result we study the system
s =iz+ 22 + €Rm(z, %), (7.5)
where € is real and small and R,,(z, Z) is any polynomial of degree less or equal than m, that is ,

l

Ro(2,2) = Zm: > R (7.6)



where ay; € C are free parameters.

Then from Theorem 7.1 we concluded that the number of limit cycles after perturbation of Eq.(7.5)

with m = 2 is at most 1 in each period annulus.

With a lemma in [10] we can see that if m = 2, then

IQ(C) = 27‘(’6{2%(0,@70) + QR(CLOJ) + [*%(al’l) -+ %(al,g)]c}.

¢ is the zero of Eq.(7.7) = I2(c) =0 =

o 23 (ao,0) + R(ao,1)
§R(a171) - %(alg) '

We choose S(ap,0) = S(a1,2) =0 and R(ap,1) = o and R(a1,;1) = f with a, 5 # 0 and «, B € R.

Since ¢ has to verify, ¢ € (0,1) we take a = 0.05,8 = 0.1 and e = 1

Since

2 l
Ro(z, %) = o kek _ - _ 9 o
2( 2, Z) = ag 1z "2 =ap0t+ ap,12 +a112 + ap22” + ag,122 + a222".
=0 k=0

we can write that

3 =iz+224+0.052+0.1z.

As before we make the translation z = w — %i, then

(7.8)

W =i(w — i) + (w — £i)* + 0.05(w — 3i) + 0.1(w + 3i) = w? + § + 0.05w — 0.025i + 0.1w + 0.054,

W = (z +iy)? + 1 +0.05(z + dy) — 0.025i + 0.1(z — iy) + 0.05i,

therefore we work with the system

i=1+2%—y?+0.152 = P(z,y)
§ = 2xy — 0.05y + 0.025 = Q(x,y)

We define the vector d@ = (a, ).

If X=(P,Q) and we can say that
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Then (J“Pa yp) = (07 %)

015 —1
D@vy)X(‘”p’yp)_( 1 —0.05)’

we know that the eigenvalue ) is the solution of the equation A2 4+0.1A+0.9925 = 0 then \ =
and the part real is negative, so the point singular (z,,y,) is an attracting focus.

By the equation (6.8) we can say that, for z(0) ~ 0, y(0) ~ —1/2,

X((@), y(@), @) = Dip.py X (0, — -, 0) (

Dzz(0) 1.
—= DzX(0,—=,0) =
2 A\D >+ X(0,-3,0)

then we get that

op op 20 +0.15 -2 [ 0 1
_(az oy ) _ Y —Z-0)=
Dz X = (aQ 8) = < 2y 2x+0.05) = DiaaX(0,73.0) (-1 0

o= (o)« (5) = (%)

Then we get (r3,r4) = (o — 3,0) and (z4,yq) = (—+ 3, —3) = (0.05,-0.5).

0.05 1
D(m:y)X(thyq) = ( -1 _015) )

—0.1++/—-3.96
2

).

we know that the eigenvalue ) is the solution of the equation A2 —0.1A+0.9925 = 0 then \ = 21£v=3.96 V2_3'96

and the part real is positive, so the singular point (z4,y,) is a repelling focus.
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I

A

Figure 7.2: 1w = w? + % + eR(w,w) en C

Let us see the existence of the limit cycle after perturbation from the period annuli of the two centers.

As we said at the beginning of this chapter, in [10] the authors study the parameter values for which
equations (7.3) have different configurations of simultaneous limit cycles coming from the period annuli
of the two centers of the unperturbed system 2 = iz + 2°.

Taking into account the precious computations of this section we obtain that the natural transversal seg-
ment for computing the Poincaré map are ¥ = iR for the center located at (0,1/2) and ¥ = iR_+40.05
for the center located at (0,-1/2).

The limit cycles should correspond to the fixed point of the Poincaré map (different of the two perturbed
fixed points near z = 1/2i and z = —1/21).

In numerical analysis, the Runge—Kutta methods are an important family of implicit and explicit itera-
tive methods, which are used in temporal discrimination for the approximation of solutions of ordinary
differential equations.

To do all the computation we use MATLAB. The idea is as follows.

In our case, the differential equation is given by

i=21+2%—y*+0.152
y = 2zy — 0.05y 4 0.025
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Then we can use the function runge-kutta4 to compute points with different initial points. And we get
two points very close to the x = 0 for y positive (or z = 0.05 for y negative).

By the definition of the limit cycle, we can see that if we have a limit cycle as in Figure 7.3, we have an
initial point (xg,yo) and another point on the same line (zg,y1), then y1 > yo later another line with
initial point (zg,y2) and (zg,y3) then ys < y3, then we can say a limit cycle exists.

Figure 7.3: Limit cycle

For example, we apply the Runge-Kutta 4 function and initial point (0,0.1) and stepsize h = 0.05

[z y] =rk4(0,0.1,0.05),

and we integrate until the = variable passes from positive to negative. We get the point (z(7),y(7)) =
(0.0047,0.0914), then we use the Taylor formula to compute a new stepsize hl:

(1)
Pa(i), y(i))

Then with the new stepsize and we apply the 'rk4’function one more time, we have another point
T9 = 6.3082¢ — 06 which is closer to x = 0, and we go on and we get x3 = 1.1080e — 11 which is the
very small.

2(i+1)=0=xz(i) * f(x(i),y(i)) x hl = hl = — = —0.0193.

h3

-

x3=1.10808-11
G AH s

¥1=6.3042e-06 ¥0=0.0047

o]

A

Figure 7.4:
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With this formula, we can get all of the points with different initial points in the axis y € (0,0.5) in the
upper semiplane (and y € (—0.52,0) in the lower semiplane).

We take ¥ = {z € C,z = ti,t € (0,1/2)}, and a partion of it and for each point in this partion we
compute numerically its image by the Poincaré map II : ¥ — 3. This computation uses Runge-Kutta
4 and it needs to adapt the stepsize to obtain the precise image of the Poincaré map for each initial
condition.

Doing this for each initial conditions gives a list of pairs (¢;, 7(¢;)), i = 1,2,.... Finally we draw the
numerical plot of the resultanting function.
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Figure 7.5:

And where is the limit cycle? It is easy to get, because we have all of the points, we use the Secant
Method, we get the limit cycle at y = 0.091 also we get that there are not a limit cycle in the lower
semiplane, let us prove that.

In [10] we have another expression of I, /2 (¢) which coincides with the expression of I, /2 (c) given as
before where each ay,; is substituted by the corresponding by ;, being,

m p_(l_

= (oSS o (1) (1)

In this case m=2, as we can see:

If k =0,1 =0, then the formula by is

b= (170 2 i a1 (1) (5 7) = Sk T aapi(-1)
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p=0,g=0= apo(—1)° = agp,

p=1,¢=0= agi'(-1)°

= aop,11,
p=1,g=1= ay it (-1)! = a1 1(—i),
p=2,g=0= ap2i?(-1) = ag2(-1),
p=2qg=1= a1’2i2(—1)l = a1 2(—1)(-1),
p=2,g=2= as2i*(—=1)? = aga(-1).

Then

bo,o = ap,0 + aop,1t — ai,1% — apg2 +ai2 — asp.

As before, if k =0,l=1
b = (00 52, T i (100 (8) (P 1) = (0! S S g 17 - o
p=1,¢g=0= aoJil*l(—l)O(p —0) = —ap1,
p=2,¢=0= ap2i*"1(=1)%(2 - 0) = —ap22i,
p=2,g=1= a1 2> (=112 - 1) = ay 9.
Then

bo = —ap1 — 2iag2 + a1 2t.

Ifh=1,1=1

- 2 —-(1-1 p— q b—q 2 o
by = (=1 > =1 ZZ:E )aq,pzp H=1) <1> <1 _ 1) =2 =1 25:1 —aqpi* ! (—1)g
p=lg=1= —ai' '1=—a,,
p= 2, q= 1= —a1,2i2_11 = —(11,21',

p=2,0=2= az2’'2 = 2ayi.
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b1 = —ai1 — a12t + 2az 2t.

Ifhk=11=2

= (07 2, T a2 (1) (570 = (0 T2, S a1t - )

p=2,g=1= —a12i* 2(-1)'1(2 — 1) = ay 2, then

bi2 = a12.

As before, we know that,

1, (c) = 2me{2S(agp) + R(ao,) + [~R(a11) + S(ar2)]e},
1, "%(c) = 2mc{23(boo) + R(bo1) + [~R(b11) + S(brs)]e}-

Then
bo,o = a0 + ap,1t — a1t —ag2 +aiz —aze =

= §R(CL070) + i%(aog) + %(CLOJ)Z' — S(QOJ) — §R(a1,1)i + %(al,l) — %(CLO,z) — i%(a(),z) + §R(a1,2) + i%(al,g) —
%(am) — i%(a272).

And as before, we know that,

bo1 = —ap1 — 2iag2 + a12i = —R(ao,1) — 1S(ao,1) — 2tRN(ao2) + 23(ao2) + R(a1,2)i — I(a,2).
b171 = —a11 — aLQi + 2a272i = —§R(CL171) - i%(aLl) - ?R(aLg)i + %(CLLQ) + 2%(@2’2)i — 2%(&272).

bio = a2 = R(ar2) + i (a1,2).
As before J(agpp) = S(a12) =0=
boo = R(ao,0) +R(ao1)i —(ao,1) —R(a1,1)i+ I(a1,1) — R(ao2) — iS(ap2) + R(ai 2) — R(az2) — i1S(az2),
bo1 = —R(ao,1) —iS(ao,1) — 2iR(ao2) + 2 (ao,2) + R(a12)i,
bi1=-R(a11) —iS(a1,1) — R(a12)i + 2R(az2)i — 2 (az,2),

b172 = §R(a172).
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S(bo,o) = R(ao) — Rar,1) — S(ao2) — S(az2),
%(bo,l) = —%(ao,ﬂ + 2%((10,2),

§R(b171) = —%(am) — 2%(0,2,2),

S(by2) = 0.

For 2%(()070) + §R(b0,1) = %(ao’l) — 2%(@1 1) + 2%(&2’1) — 2%(&2’2) and

)

—R(b1,1) + S(b12) = N(a1,1) — S(az,1) — 23(az2), then

)

e = 2%(17070) + §R(b071) _ §R(CLO,1) - 2%(@171) — 2%(0,272)
—4/2 %(blvl) - %(bLQ) —5}%(0,171) - 2%(6@72)

As before R(ap,1) = 0.05,R(a1,1) = 0.1 and in my case a2 = 0, then

C_jj2 = % > 1 =>do not have cycle limit!

Definition 7.2. Given Eq.(6.5) we will say that the configuration of limit cycles (u,v), u > 0, v > 0,
is realizable if, for € small enough, exactly u (respectively v) limit cycles bifurcate from the periodic
orbits surrounding z = 0 (respectively z = —i).

And we have a Theorem with the main result in [10].

Theorem 7.3. For Eq.(6.5) the following configurations of limit cycles are realizable:
(a) (u,v) with0<u<1and0<v<1,ifm=1, 2 or 5.

(b) (u,v) with0 <u<m—2and 0 <v<m-—2,if4<m<8.

(a) (u,v) with0<u<m-—2and0<v<m-—2andu+v<m+4, ifm>8.

In this case Eq. is w = % + w? + eR(w, w), for € small enough, exactly u (respectively v) limit cycles
bifurcate from the periodic orbits surrounding z = /2 (respectively z = —i/2) and m = 2 and by
Theorem 6.3 (a) we can see the configuration of limit cycles (u,v) with 0 <u <1 and 0 <wv < 1, it
means the configuration of limit cycles are (0,0), (0,1), (1,0) and (1,1). As before we provide a case of
(1,0). Now let us see another three cases:

As before we know that if we have the simple zeros ¢ € (0,1) of the function I¥ with p = i/2,—i/2
where

172 (c) = 2me{23(a00) + Rlaos) + [~R(ar1) + Sar2)le}

62



and
I, %(e) = 2me{23(bo0) + Rlbo,1) + [~R(br1) + S(br2)]c}

If I;/ %(c) =0 (respectively I, o2 (c) = 0) we can prove that the formula of ¢ are:

2%(&0’0) + %(CLOJ)

oo — 2%(()070) + §R(b0,1)
2/2 %(al,l) — %(CLLQ)

2T Rbry) — S(bio)

and

We can write c_;/» where each ay; is substituted by the corresponding by, as before we did ,

o o= 2Slao0) + 2R(ags) — 2R(a1,1) — 23(a02) +23(ar,2) — 23(az2) — Rlaoa) +23(a02) — Slarz) _
—i/2 —§R(a171) + %(CLLQ) — 2%(612,2) - g(aL?)

2%(a070) -+ ?R(a[n) — 23%((1171) -+ %((1172) — 2%(&272)
—§R(a1,1) + %(al,z) — 2%((1272) '

Now with those notations we are able to find values of parameters for which we have configurations of
(0,0), (0,1) and (1,1) (we already have obtained an example for the (1,0)).

It means if ¢;/» € (0,1) (respectively I;i/2(c) € (0,1)), u = 1(respectively v = 1),and if not, u = 0
(respectively v = 0).

For example, we make the computations for the case (0,0)

If $(ao;1) = a = 0.05, R(a11) = = —0.1 = ¢;;» < 0 = u = 0 and we can compute the conditions
above and we get,

o= —2%(&171) — 2%(&072) + %((ILQ) — 2%(a2,2) + 2%(&072)
—i2 T —§R(a171) — 2%(&2,2)

=25= C_i/2 > 1,
sov=0= (u,v) =(0,0)

Finally, with for the case (1,0) we know that if %(ag1) = o = 0.05, and R(a11) = B = 0.1 = ¢;)p =
0.5=u=1.

And with the equation c_;/5 = (=0.15 — 2S(az,2))/(0.1 + 23(az2)) € (0,1) if we let c_;/5 = 0.5 after
compute we get I(ag2) = 0.067.

This gives an example for the case (1,1).
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