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Preface

This thesis concerns the study of invariant manifolds and periodic orbits of discrete and
continuous dynamical systems.

A dynamical system, (M, T, ®), is defined as the action ® of a group, T, which represents
the time, on a set M, called the phase space, of the form

P:TxM-—M
(t,z) — D(t, x),

such that for all x € M and all ¢t,s € T, it holds that ®(0,z) = z and ®(t + s,z) =
O(s, D(t, x)).

In practice, a discrete dynamical system is given by a map, F': U C R" — R", with T = Z,
and by the action ®(k,z) = F¥(z), where F* denotes the k-fold composition of F with itself.
A continuous dynamical system is given by a complete vector field, X : U C R™ — R", with
T = R, and by the action ®(¢,z) = ¢(x), where %gpt(x) = X(p¢(x)). In the case that X is
not complete, there exists an equivalent vector field X such that its solutions are defined for
all t € R.

The memoir is divided into two parts that can be read independently. The first part is
dedicated to the study of invariant manifolds associated with parabolic points and parabolic
invariant tori, both for maps and vector fields. The second part concerns the study of periodic
orbits of dynamical systems on manifolds. Each part starts with an introductory chapter.
Then, every chapter contains an introduction section where we motivate the main problem
and we describe the structure of the chapter and locate its main results.

Part T consists of six chapters. After the introduction, Chapters 2 and 3 concern the study
of invariant curves of planar maps with parabolic points. The work of these two chapters is
collected in the paper [22]. In Chapter 4 we study an analogous problem for planar vector
fields. This work, even if it is original on its form, can be also deduced from the results of [25].
Finally, Chapters 5 and 6 are dedicated to invariant manifolds of higher dimensional maps
and vector fields with parabolic invariant tori. The content of these chapters is collected in a
paper in preparation, [21].

Part 2 consists on three chapters, which are also independent between them. After a common
introduction in Chapter 7, Chapter 8 is dedicated to the study of the set of periods of a
class of diffeomorphisms on manifolds. The work of this chapter is reflected in the paper [23].
Finally, the results presented in Chapter 9, concerning the existence of limit cycles of linear
vector fields, appear in the preprint [24].
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Part 1

Invariant manifolds of parabolic points and
tori with nilpotent part
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Chapter 1

Introduction

This first part of the thesis is dedicated to the study of invariant manifolds of some families
of discrete and continuous dynamical systems. Concretely, the main objective is to provide
sufficient conditions for the existence and regularity of local invariant manifolds asymptotic
to parabolic points and parabolic invariant tori.

Given U C R™ and amap, F' : U — R", or a vector field, X : U — R", and invariant manifold
is a submanifold V' of U such that for all x € V, F(x) remains in V, for the case of maps,
or such that for all x € V, X (z) € T,,V, for the case of vector fields, where T,V is the space
tangent to V' at the point x. A fized point of F is a point x € U such that F(z) = x, and a
fixed or critical point of X is a point x € U such that X (z) = 0.

A fixed point p of a map or a vector field is said to be parabolic if the linearization of the
map at p has all the eigenvalues equal to 1 or —1, or, respectively, if the linearization of the
vector field at p has all the eigenvalues equal to zero. One can also generalize this concept to
higher dimensional invariant sets such as invariant tori.

Invariant manifolds play a central role in the study of dynamical systems. There is a huge
amount of literature devoted to studying them in many different settings. In this thesis we
deal with the invariant manifolds of a type of parabolic fixed points in dimension two, and
with a related generalized problem with parabolic invariant tori. The fixed points (resp.
invariant tori) that we study have the particularity that the differential of the map or the
vector field at the fixed point (resp. invariant torus) does not diagonalize. For this resason
we call them parabolic points (resp. parabolic tori) with nilpotent part.

The study of parabolic invariant manifolds is relevant, apart from the interest that presents
itself as a mathematical problem, because that kind of manifols appears naturally in many
problems motivated by physics, chemistry and other sciences.

Parabolic points appear generically in two-parameter families of planar maps or in one-
parameter families in the case of area-preserving maps. In particular they appear when a
family of maps undergoes a Bogdanov-Takens bifurcation [10, 71].

In some problems in Celestial Mechanics it is useful to consider parabolic points or parabolic
orbits at infinity in order to use their invariant manifolds (provided they exist) to study
features of the dynamics in the finite phase space. The local study in a neighborhood of such
points is done by means of a change of variables which sends the infinity to a finite part of the
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space [54]. Also, the periodic orbits become fixed points of appropriate families of Poincaré
maps. In such cases the fixed points are parabolic for all values of the parameters of the
family and may have invariant manifolds.

Parabolic manifolds have been also used to prove the existence of oscillatory motions in
some well-known problems of Celestial Mechanics as the Sitnikov problem [67, 56] and the
circular planar restricted three-body problem [50, 36, 37] using the transversal intersection of
invariant manifolds of parabolic points and symbolic dynamics. The Sitnikov problem deals
with a configuration of the restricted three-body problem where the two primary bodies
(those with non-zero mass) describe ellipses, while the third body moves in the line through
their center of mass and orthogonal to the plane where the motion of the primaries takes
place. The circular planar restricted three-body problem, instead, considers the motion of a
body of negligible mass moving under the gravitational action of the two primary bodies,
which perform a circular motion, while all three bodies remain in the same plane.

The existence of oscillatory motions in all these instances is strongly related to some invariant
objects at infinity that are either fixed points or periodic orbits and also with their stable and
unstable manifolds. Although if these invariant objects are parabolic in the sense that the
linearization of the vector field on them has all the eigenvalues equal to zero, they do have
stable and unstable invariant manifolds in the classical sense of hyperbolic invariant objects,
that is, invariant manifolds that locally govern the dynamics close to the invariant object.

Parabolic manifolds also appear in the Manev problem [20], and they play a significant role
in the study of certain physical systems [48, 30].

In Chapters 2 and 3 we study the existence and regularity of invariant manifolds of planar
maps having a parabolic fixed point with nilpotent part. The study is done for analytic maps
(Chapter 2) and for finitely differentiable maps (Chapter 3). We distinguish three different
cases depending on the nonlinear terms of the series expansion of the maps, where the generic
maps are contained in case 1.

In the analytic case, we prove the existence of an analytic one-dimensional invariant manifold
(away from the fixed point) under suitable conditions on some of the coefficients of the
nonlinear terms of the map. The existence of an analytic invariant curve in such case is
already proved in [25] using a variation of McGehee’s method. However, here we use the
parameterization method (see Section 2.2.2), which provides approximations of the manifolds
up to any order, and we also present an a posteriori result.

In the C" case, first we use our results for analytic maps applied to the Taylor polynomial of
degree r of the map. In this way we obtain an analytic invariant manifold which is used as
an approximation to apply the parameterization method to the original map. Moreover, we
use the fiber contraction theorem to obtain the differentiability result. Concretely, we prove
that if the regularity of the map is bigger than some (easily computable) value, then there
exists an invariant manifold of the same regularity, away from the fixed point.

For both the analytic and the C" cases, we provide approximations of the parameterizations
of the invariant manifolds up to an order that depends on the regularity of the map. Those
approximations are used to prove later on the existence of the invariant manifolds. Moreover,
one can implement our algorithms in a computer program to calculate the coefficients of an
approximation of the invariant manifolds.

For the same class of maps that we consider, but using different tools, some regularity results
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are obtained in [75]. In that paper, the authors deal with what we denote by case 1 for C*°
maps and obtain the existence of a stable manifold W;* as the graph of some function ¢ by
solving a fixed point equation equivalent to the invariance of the graph of . This equation
is considered for functions ¢ in a suitable subset of the space of functions of class Cl++1)/2],
where [-] denotes integer part, and it is solved by applying the Schauder fixed point theorem.
Hence, they obtain invariant manifolds of class Cl*+t1)/2l Instead, in our approach, we use
the parameterization method and we obtain, away from the fixed point, analytic invariant
manifolds for analytic maps and C" invariant manifolds for C" maps, provided r is larger

than some quantity that depends on the nonlinear terms of the map.

One-dimensional manifolds of fixed points with linear part equal to the identity are studied
in [3] using the parameterization method. Higher-dimensional manifolds in the same setting
are considered in [2] using a generalized version of the method of McGehee, and in [5, 6]
using the parameterization method, where applications to Celestial Mechanics are given. The
Gevrey character of one-dimensional manifolds is studied in [4].

In Chapter 4 we consider an analogous problem as in Chapters 2 and 3, but concerning planar
vector fields. We present the results of existence of invariant curves of such vector fields
using the results from the previous chapters and the fact that, under suitable conditions, the
invariant manifolds of a vector field are the same ones as the invariant manifolds of its time-¢
flow.

In Chapters 5 and 6 we deal with invariant manifolds of parabolic invariant tori with nilpotent
part. We consider maps (Chapter 5) and vector fields (Chapter 6) defined in R? x T?, having
a d-dimensional invariant torus, 7 = {x = y = 0}. The map (resp. vector field) restricted to
T defines a rotation of frequency w, and its differential restricted to the directions normal to
7 does not diagonalize. In this context, we give conditions on the coefficients of the nonlinear
terms of the map (resp. vector field) under which 7 possesses stable and unstable invariant
manifolds, also called whiskers. We also consider the same problem for non-autonomous vector
fields that depend quasiperiodically on time, and we present some applications of our results.

All the results of existence of invariant manifolds, both for maps and vector fields, and for
fixed points and invariant tori, are stated in two steps. In the first step we present an algorithm
that allows to compute an approximation of a parameterization of the invariant manifolds.
In the planar case this approximation is a polynomial. In the case of maps and vector fields
with invariant tori, it is a function that depends in a polynomial way of one of the variables
and where the coefficients of the polynomial are functions of the angle variables.

In the second step, we present an a posteriori result, which is a kind of statement that
assumes that one can find a «close to invariant» manifold satisfying certain hypotheses, and
then ensures that there exist a true invariant manifold closeby.

The algorithm provided in the first step of the procedure satisfies the hypotheses required in
the second step, and hence, combining the two results, we obtain the existence of an invariant
manifold which is well approximated by the parameterization provided in the first step.

Contrary to the case of hyperbolic fixed points or hyperbolic invariant tori, the dynamics
inside the parabolic invariant manifolds can not be linearized. As a consequence of our tech-
niques we obtain a normal form of the dynamics of the maps and vector fields restricted
to the invariant manifolds, extending some of the results of Takens [70] and Voronin [74] to
parabolic tori. In the planar case we recover the normal form of a one-dimensional system
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around a parabolic point described in [18] and [70].

It is well accepted that some versions of invariant manifold theory, at least for the analytic
case, where already known to Darboux, Poincaré and Lyapunov by the end of the 19th
century. The motivation for Poincaré in [60] was the theory of special functions, where he
considered equations of the form

FoK(t) = K(\), (1.0.1)

where F' is a polynomial, and which can be interpreted as saying that the system of functions
given by the components of K admits a multiplication rule. The paper [60] shows that given
a map I’ and provided that A, with |A\| > 1, is a simple eigenvalue of DF'(0) and that there
are no eigenvalues of F' wich are powers of A, one can compute a formal series expansion for
K. Moreover, using the so-called majorant method one can show that the formal series of K
converges.

In our setting we deal with equations similar to (1.0.1) to find an invariant manifold, K, of F’
(or a modified version of it for the case of vector fields). We also find a series expansion for K
that provides an approximation of a parameterization of an invariant manifold. However, due
to the nature of the parabolic invariant manifolds, the series of K does not converge in any
neighborhood of the fixed point or the invariant torus. This is a consequence of the fact that
for analytic systems one cannot expect to find analyticity of the invariant manifolds around
a parabolic point or a parabolic invariant torus. We can however obtain the existence of a
solution K of an equation of the form (1.0.1) by looking for a correction of the approximation
of the series expansion of K.

Throughout this first part of the memoir, M and pg will denote positive constants, and they
do not take necessarily the same value at different places.

16



Chapter 2

Invariant manifolds of analytic
maps with nilpotent parabolic
points

2.1 Introduction

The objective of this chapter is to study the existence and regularity of invariant curves
asymptotic to a parabolic nilpotent fixed point and to provide an algorithm to compute an
approximation of a parameterization of such invariant curves.

We consider two-dimensional maps having a parabolic fixed point whose linearization does
not diagonalize, concretly we assume it has a double eigenvalue equal to 1. By simple changes
such maps can be brought to the form

z+cy+ fi(z,y)
F(z,y) = , 2.1.1

with ¢ > 0, f1(0,0) = f2(0,0) = 0 and Df1(0,0) = Df2(0,0) = 0. The origin has a center
manifold of dimension two, however, inside this manifold there may exist curves that behave
topologically as stable or unstable curves.

This class of maps was considered in [25] and the existence of analytic curves was proved.
Concretely the (local) sets considered there and the ones we deal with are

W, ={(z,y) | F"(z,y) € (0,p) x (=p,p), ¥n >0, lim F"(z,y) =0}

and

Wt =A{(z.y) | F7(2,y) € (0,p) X (=p,p), Yn >0, lim F~"(z,y) = 0},

The main result of [25] concerns analytic stable invariant curves in the domain {(z,y) €
R? | z > 0, y < 0} under some appropriate conditions on the higher order terms. Then, the
existence of both stable and unstable curves in neighborhoods of the origin are deduced from
the main result by using the symmetries (x,y) — (—z,y), (z,y) — (z,—y) and (z,y) —
(—x, —y) and the inverse map F~!. Moreover, a detailed study of the local dynamics provide
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the uniqueness of such curves in the category of C*¥ maps where k is the minimum regularity
for having a Taylor expansion providing the relevant nonlinear terms [25].

In this chapter we study the existence and regularity of stable curves in the domain {(z,y) €
R? | 2 > 0, y < 0} using the parameterization method. In the analytic case we recover the
existence results of [25] but we also provide approximations of the curves up to an arbitrarily
high order. We consider three cases of maps of the form (2.1.1), already introduced in [25],
which depend in some sense on the dominant part of the nonlinear terms. The study depends
on each case. Contrary to other works we do not use the Poincaré normal form for the map,
but a simple and easy-to-compute reduced form.

This class of maps, assuming the fixed point is not isolated, was studied in [17] motivated
by the study of collisions in two-body problems with central force potential satisfying certain
asympotic properties at the origin. A special case of this family not previously covered is
studied in [45]. These papers use an adapted form of the method of McGehee for parabolic
points without nilpotent part [54]. McGehee’s method consists of looking for a sector-like
domain S, with the fixed point in the vertex, such that the points whose positive iterates
remain on S form a graph of some function ¢. To prove analyticity, it considers the complex-
ified map and uses Rouché’s theorem to obtain the uniqueness of ¢(x) in terms of z, for =
in a complex extension S of S, so that then one can apply the implicit function theorem to
obtain the analyticity of ¢(z) for x € S.

This chapter is dedicated to the study of invariant curves of maps of the form (2.1.1) which
are analytic. In Chapter 3 we consider the analogous problem but for differentiable maps.
Since the proofs of the results for analytic maps are, in general, more simple than the results
for differentiable maps, we will introduce the maps we will deal with for the differentiable
case, which is more general, the analytic maps being a particular case of them. However, in
this chapter the existence results will only concern analytic maps.

The main results of this chapter are Theorems 2.2.1 and 2.2.3, concerning the existence of
analytic invariant curves of a map F of the form (2.1.1). In Section 2.2 we present them
after introducing the parameterization method. The results are stated for the stable curves.
In Section 2.2.4 we show that completely analogous results hold true for the unstable ones.
In Section 2.3 we provide an algorithm to obtain parameterizations of approximations of the
invariant curves of F'. We provide the proof of existence of such curves in Section 2.4. Finally,
in Section 2.5 we illustrate numerically that these curves in general are not analytic in any
neighborhood of the fixed point.

2.2 Statement of the main results

2.2.1 Reduction of the maps to a simple form

We consider C”, r > 3, or analytic maps F : U C R? — R?, where U is a neighborhood of
(0,0), of the form
+cy+ )
Fley) = [©T 0T o) (2.2.1)
y+ fo(z,y)
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with ¢ > 0 and with fi(z,9), fa(z,y) = O(||(z,y)||?). Via the C" change of variables given
byt=xz9g=y+ %fl(x,y), F can be written in the form

_ T+cy
Flew) = (y + f(x,y)) 7

with f(z,y) = O(||(z,y)||?) having the same regularity as F. In the C" case we denote by
P(z,y) the Taylor polynomial of degree r of f(z,y). We write P(x,y) in the form

P(z,y) = p(z) + yq(x) + u(z,y),

where we have collected all the terms independent of y in p(x), the terms that are linear in
y in yq(z) and all remaining terms in u(x,y). Note that all terms in u(z,y) have the factor
y2. More precisely, we write p(z) = 2*(ag + - - - + a,2" %) and q(x) = 2!~ 1(b; + - - + boa™ !,
with 2 < k,l < r. Therefore we have f(z,y) = P(x,y) + g(x,y) with g(x,y) = o(||(z,y)||")-

Also, note that one can always assume that ¢ > 0. If this is not the case, then it can be
attained via the linear transformation given by L(z,y) = (x, —y), taking the conjugate map

F = L 'oFoL. Notice however that L sends the lower semi plane to the upper one. Hence,
any map F' of the form (2.2.1) can be written in the form

F(z,y) = ( vhey ) : (2.2.2)

y+p(z) +yq(z) +ul(z,y) + g(z,y)

with ¢ > 0. In the analytic case we have the same form with g(x,y) analytic. In general we
will not write the dependence of p, ¢, v and g on r. Throughout the chapter we will refer to
(2.2.2) as the reduced form of F and we will use the same notation F'.

We will deal with maps of the form (2.2.2). We remark that in contrast with other references
[25, 75] in which they work with normal forms of F' a la Poincaré, we work with the reduced
form obtained with a simple change of variables. This is an important advantage when one
has to perform effective computations.

Following [25], we shall consider three cases depending on the indices k and I:

e Case 1: k<2l —1 and ay # 0,
e Case 2: k=2l —1and a; # 0, by # 0,
e Case 3: k> 2l —1 and b #0.
In order to deal, whenever possible, with several cases at the same time we associate to F'

the integers N and s: N = k in case 1 and N =1/ in cases 2 and 3; s = 2r in case 1 and s = r
in cases 2, 3. Notice that the generic case is case 1 with k = 2.

Next we make a comment concerning notation. The superindices x and y on the symbol of a
function or an operator that takes values in R? will denote the first and second components of
its image, respectively. In R? and C? we will use the norm given by ||(z,y)|| = max {|x|, |y|}.
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2.2.2 The parameterization method

To study the stable curves of F' we will use the parameterization method (see [14], [15], [16],
[42]). Tt consists in looking for the curves as images of parameterizations, K, together with
a representation of the dynamics of the map restricted to them, R, satisfying the invariance
equation,

FoK =KoR. (2.2.3)

This is a functional equation that has to be adapted to the setting of the problem at hand.
Clearly, we need the range of R to be contained in the domain of K. It follows immediately
from (2.2.3) that the range of K is invariant. Essentially, K is a (semi)conjugation of the
map restricted to the range of K to R. Equation (2.2.3) has to be solved in a suitable space
of functions. Usually it is convenient to have good approximations of K and R and look for a
(small) correction of K, in some sense, while maintaining R fixed. Assuming differentiability
and taking derivatives in (2.2.3) we get DF o K - DK = DK o R - DR which says that the
range of DK has to be invariant by DF.

In our setting we look for K = (K%, KY) : [0,p) — R? such that K(0) = (0,0) and DK (t)
satisfies DKY(t)/DK*(t) — 0 as t — 0. We already know that in the parabolic case, in
general, there is a loss of regularity of the invariant curves at the origin with respect to the
regularity of the map [25], [5], [6]. Then we can not assume a priori a Taylor expansion of
high degree of the curve at t = 0. However, we can obtain formal polynomial approximations,
K, and R,, of K and R, satisfying (2.2.3) up to a certain order that depends on the de-
gree of differentiability of F'. Our results will then provide that these expressions are indeed
approximations of true invariant curves, whose existence is rigorously established.

On the other hand we can suppose that we have approximations, obtained in some way, that
satisfy some conditions and obtain that there are true invariant curves closeby.

2.2.3 Main results

We state the main results concerning the existence of analytic stable invariant manifolds of
analytic maps of the form (2.2.2). Since an analytic map of the form (2.2.1) is analytically
conjugated to a map of the form (2.2.2), the results of the next theorems provide invariant
manifolds for (2.2.1).

Theorem 2.2.1. Let F : U C R? — R? be an analytic map in a neighborhood U of (0,0) of
the form (2.2.2). Assume the following hypotheses according to the different cases:

(case 1) ap >0, (case 2) ap >0, by # 0, (case 3) by < 0.
Then, there exists a C* map K : [0, p) — R2, analytic in (0, p), such that

(2.2.4)

K(t) = { (2, KV, 77 4 (0(#3), 0(tF+2))  case 1,
(thlytl)‘f‘(O(tQ),O(tlH)) cases 2,3,

2
ith KV . — [ 2ak y _ boybitdcayl y _ b
with K | = (hET) for case 1, K = 3ol for case 2 and K = ; for case 3,

and a polynomial R of the form R(t) =t + Ryt 4+ Roy_1t>N 71, with Ry, = %K,€+1 for case
1 and Ry = cKly for cases 2, 3, such that

F(K(t) = K(R(t),  tel0,p)
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Remark 2.2.2. This theorem provides a local stable manifold parameterized by K : [0, p) —
R? with p small. The proof does not give an explicit estimate for the value of p. However, we
can extend the domain of K by using the formula

K(t)=F7KR (1), j>1,

while the iterates of the inverse map F~1 exist (note that R is a weak contraction). In
particular, if the map F~! is globally defined, as it happens for example for the Hénon map,
one can extend the domain of K to [0, 00). This observation also applies for the next theorem
2.2.3. Also, the domain of K can be extended to an open domain of C that contains (0, p).

Next theorem is an a posteriori version of Theorem 2.2.1 which, given an analytic approxima-
tion, in a certain sense, of the solutions K and R of the conjugation equation Fo K = Ko R,
provides exact solutions of the equation, close to the approximations.

Theorem 2.2.3. Let F : U C R> — R? be as in Theorem 2.2.1 and let K : (—p, p) — R?
and R = (—p, p) — R be analytic maps satisfying

f((t) . (t27f(g+1tk+l) + (O(t3),0(tk+2)) case 1,
| (G EPE + (02), 0H+) cases 2,3,

and R(t) =t + Ryt + O(tN*Y), Ry < 0, such that

F(K(1) = K(R(t) = (O("*), 0" M), (2.2.5)

for somen > 2 in case 1 orn > 1 in cases 2, 3.

Then, there exists a C' map K : [0,p) — R2, analytic in (0,p), and an analytic map R :
(—p, p) — R such that
F(K(t) = K(R(t), te][0,p)

and
K(t) = K(t) = (0™, 00" ™)),

2k— ;
R(t) — R(t) = { O ™) i n<k case 1,

0 if n>k
. o* ) if n<i-1

R(t) — R(t) = ( ) ¥n cases 2,3.
0 if n>1—1

Remark 2.2.4. In case 1, condition (2.2.5) with n > 2 implies the following relations

2 ) X
g =k Ry = SRV

KY . = .
k+1 C(k+1)7 9 k+1

In cases 2 and 3 condition (2.2.5) with n > 1 implies

P — KV
Ry = cKjyy,

ay + blf(ly = l}?ilf(ly case 2,
b = IR case 3.
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Remark 2.2.5. Theorem 2.2.3 provides the existence of a stable manifold assuming we have
previously computed an approximation of it, but the theorem is independent of the way
such an approximation has been obtained. Propositions 2.3.1, 2.3.4 and 2.3.5 (in Section 2.3)
provide an algorithm to obtain polynomial maps K,, and R,, that satisfy condition (2.2.5) of
Theorem 2.2.3 for any n.

Remark 2.2.6. The form of the map R given in the statement of Theorem 2.2.1 is the
normal form of the dynamics of a one-dimensional system in a neighborhood of a parabolic
point (see [18, 70, 74]).

As mentioned, using the conjugations (z,y) — (dx,4y) and F~! we can obtain the local
phase portraits and the location of the local invariant manifolds of F' depending on the studied
cases (see [25]).

Remark 2.2.7. The invariant manifolds obtained in Theorems 2.2.1 and 2.2.3 are unique.
For that we refer to Theorem 4.1 of [25], where it is proved that if the map F is C*, in
all the considered cases the local stable set VV;’Jr is a graph and therefore is unique. This
is proved by checking that both the iterates of the points that are above and the ones that
are below the invariant curve cannot converge to the fixed point by a detailed study of the
behaviour of the iterates. However, the parameterizations are not unique because if K and
and R satisfy F'o K = K o R, then for any invertible map (3 : [0, p] — R, the maps K=Kop
and R=3"'0oRofsatisfy FoK = K oR.

2.2.4 Unstable manifolds

Assuming F' satisfies the hypotheses of Theorem 2.2.1, in cases 1 and 2, the result for the
stable manifold is obtained from the stated theorem without having to compute the inverse
map F~!. For case 3, if one assumes b; > 0 instead, then an analogous result is obtained for
the existence of an unstable manifold of F'.

Next, we show that the expansions of the parameterizations of the unstable curves obtained
in Section 2.3 are approximations of true invariant curves, as it happens for the stable ones.

Assume we have a map of the form (2.2.2). Then, by Propositions 2.3.1, 2.3.4 or 2.3.5 (see
next section) we have approximations &,, and R,, such that

Gn(t) = F(Kn(t)) — Kn(Ra(1)) = (O(t"), 0" 28 71), (2.2.6)

with R, (t) = t + Ryt + OV *!) and Ry > 0, which means that 0 is a repellor for R,,.
Also, R, is locally invertible and we have

Rt) =t — Ryt + 0N,

n

and

o [T [Tyt cap(x — cy)* + chyy(x — cy)' = + O(zF 1) + O(ya!)
y y — ax(z — ey)* —by(w — cy) ' + O@F ) + O(ya!) |

Then, composing by F~! and R, in (2.2.6) we obtain

F_l(lcn(t)) - ]Cn(R_l(t)) = (O(tn—l—N)’O(tn-i-ZN—l)).

n
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Moreover, there exists a change of variables of the form C(z,y) = (z,—y) + O(|[(z,y)||V)
that transforms F~! into its reduced form G := C~' o F~1 o C, and then G reads

a AN T+ cy
y y+ apx® — by~ + O + O(yat) |

G(CH () = O (R (1)) = (O(™Y), 0( 2V 1)),

n

We also have

Thus, if F' is in case 1 with a; > 0 then G is also in case 1 with the same coefficient a;
positive. Also, if I’ is in case 2 with ap > 0 and b; # 0 then G is also in case 2 with the
corresponding coefficients a; positive and b; different from 0. If F' is in case 3 with b; > 0 then
G is also in case 3 and the coefficient of yz!~! is given by —b;. Therefore, by Theorem 2.2.3
there exist a map K : [0,p) — R2, analytic in (0,p) and an analytic map R : (—p,p) — R
such that G o K = K o R, with

K(t)— C7IK,(t) = (O™, 0" N)Y), (2.2.7)
i Ot?k=1) if n<k ease
Rit) R"@y_{o if 0>k b

cases 2, 3.

ot*1 if n<i—1
0 if n>1-1

Hence, we have F~1 o C o K = C o K o R, which means that C o K is a parameterization of
an unstable manifold of F. Moreover, from (2.2.7) and the form of C, we have

C(K (1) — Ka(t) = (O™ ), 0™ ),

and therefore C,, is an approximation of a parameterization of such unstable manifold.

2.3 Formal polynomial approximation of a parameterization
of the invariant curves

In this section we consider C" maps F of the form (2.2.2) and we provide algorithms, de-
pending on the case, to obtain two polynomial maps, I, and R, that are approximations
of solutions K and R of the invariance equation

FoK=KoR. (2.3.1)

Because of the nature of the problem, the two components of IC,, will have different orders
and different degrees. The index n has to be seen as an induction index. Higher values of n
mean better approximation.

The obtained approximations correspond to formal invariant curves. They correspond to
stable curves when the coefficient Ry (case 1) or R; (cases 2, 3) of R, are negative (see the
results below). When those coefficients are positive they correspond to unstable curves.
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Proposition 2.3.1 (Case 1). Let F' be a C" map of the form (2.2.2) with 2 < k < r. Assume
that k < 21 — 1 and ap > 0. Then, for all 2 < n < 2(r — k + 1), there exist two pairs of
polynomial maps, IC, and Ry, of the form

2 4.4 K
Ka(t) = ( Ykl o yn n+k1>
Ky "7 4+ + K gt
and
t + Rtk if 2<n<k,
Rn(t) = k 2%—1 ,
t—f—Rkt +R2k71t Zf n>k+1,
such that
Gn(t) :== F(Kn(t)) — Kn(Ra(t)) = (O("HF), O™ F2+1)). (2.3.2)

For the first pair we have

2ap cay, c
KV, =— "k Rp=— |0t ="KV
LT\ ek + 1) P2k 2R

and for the second one

2 ay, cag c
BT\ ek + 1) B \2(k+1) 27 k!

If F is C*° or analytic, one can compute the polynomial approximation IC,, up to any order.

Remark 2.3.2. The algorithm described in the proof of this (and the next) propositions can
be implemented in a computer program to calculate R, and the expansion of IC,,.

Notation 2.3.3. Along the proof, given a C" one-variable map f, we will denote by [f],,
0 < n < r, the coefficient of the term of order n of the jet of f at 0.

Proof. We will see that we can determine IC,, and R,, iteratively.

For n = 2, we claim that there exist polynomial maps Ka(t) = (t2, K/, ;t**1) and Ra(t) =
t + Ryt*, such that Ga(t) = F(Ka(t)) — K2(Ra(t)) = (O(tk+2), O(t%“)).

Indeed, from the expansion of Gy we have

g (t) t2 4 CKIZ€1+1tk+1 _ t2 _ 2Rktk+l + O(tQk)

2 pr—
Kj bt 4 apt® — KP 9T — (K + 1)K Rt?* + Ot 11)
so, if the conditions
CKIZ:_‘_l — 2R, =0, ap — (k‘ + 1)K]g+1Rk =0,

are satisfied, then we clearly have Go(t) = (O(#*™F), O(¢t?**1)), and we obtain the values of
K} 41 and Ry given in the statement.

Now we assume that we have already obtained maps I, and R, 2 < n < 2(r — k + 1), such
that (2.3.2) holds true, and we look for

T n+1
Kn+1 t

Yy n+k
Kn+k t

Kn+1 (t) = ’Cn(t) + ( ) , Rn+1(t) = ’Rn(t) + Rkt thrkfl’
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such that G, 1(t) = (O(t"TF+1), O(t"+2k)).
Using Taylor’s theorem, we write
G 1(t) = FUCH(t) + (i 177, KU 1)
_ (/Cn( ) (Kl‘ 1tn+1 Ky t”+k)> ° (R (t )+ Ryt thrkfl)
= Gu(t) + DF (K, (1)) - (KZ.. 1tn+1 KV 4tk
— (Kp " KY ) o (R () + Ry 757

1
+ / (1= $)D2F(Ky (1) + s(IE 1", K (7)) ds (K3 711 K2 4702
- chn (Rn(t))Rn-i-k—l tn+k_1

1
— / (1 = 8)D*Kp(Rn(t) + 5 Ry 1 t"F N ds (Ryppq t"TH1)2,
0

Performing the computations in the previous expression we have
gn+1 (t) = gn(t)

N (K, — (0 )R Ky — 2 Ryppy] 077 1 O +1) (2.3.3)
kap KE oy —(n+k) Ry K2, — (k+ 1)K} | Ryyp] t"T21 4 O(t"+2F)
Since, by the induction hypothesis, G, (t) = (O(t"*), O(t"*?#~1)), to complete the induction
step we need to make (G2 ]n4x and [Gy, 1]n4or—1 vanish.

From (2.3.3) we have

Grilnsk = [Gnlnan + K — (n+ DR Ky — 2 Ry,
G ilnrok—1 = [G¥ntor—1 +hapr Ky —(n+ k) Ry K7 — (B + 1)K Ryt

Thus, the conditions [GF 1 ]ntk = (G2, 1]nt+2k—1 = 0 are equivalent to

—(n+ 1)Ry c Ky =[Gtk + 2 Rypi—1 (2.3.4)
k ay, —(n+k) R ) \K) 4 —[G¥]nvon—1 + (b + 1) Ky Rypp
If n # k the matrix in the left hand side of (2.3.4) is invertible, so we can take R, 1p—1 =0

and then obtain K, ; and KY nik i a unique way. When n = k, the determinant of the matrix
is zero. Then, choosing

2k Ry, (G ok + c[G8lsk—2

2 (3]6 + 1) Ry, ’
system (2.3.4) has solutions. In this case, however, K | and K, are not uniquely determined.
O

Rop—1 =

Proposition 2.3.4 (Case 2). Let F be a C" map of the form (2.2.2), withr > k > 2. We
assume k =21 — 1, ap #0, by # 0 and ap, > — 4l If a, < 0 we assume also ay # =2 i

@Bl-1)2 ¢
Then, for all 1 < n<r—214+2=r—k+ 1, there exist two pairs of polynomial maps Kn
and Ry, of the form
4 KT
Kn(t) = Yyl Y n+l—1 (2:3.5)
K/t +. + KV, 1t
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and

Ra(t) = {t + it Zﬁ (2.3.6)

t+ Ryt' + Ry 1t31
such that

For the first pair we have

_ 2 _ 2
Kly:bl \/bl+4cakl, R—bl \/ O +4cagl o

2cl

and for the second one

K b + \/bl2—|-4cakl

¢ 2cl

l

_ bl+1/bl2—i—4cakl kY
B 21 R

2
If ap = ﬁ% one can compute the coefficients of IC,, and Ry, up ton=1-—1.

If F is C'*° or analytic, one can compute the polynomial approximations IC,, up to any order,

o b2
except when ap = ﬁ?’

Proof. The proof is analoguous to the one of Proposition 2.3.1. We will see that we can
determine iteratively the coefficients of K, and R, for what we proceed by induction.

For n = 1, we see that there exist polynomial maps K (t) = (¢, K/ t!) and Ry (t) = t + R, t!,
with R; < 0, such that Gi(t) = F(K1(t)) — K1(R1(t)) = O+, %),

From the series expansion of G; we have

Gi(1) t+cK/t —t — Ritt + O(#+1)
1 pu—
KUt + (a + K b)) 27 — KP — K LR 21 4+ O(#%)
so, if the conditions
Kly—Rl:(), CLk—FKly(bl—lRl):O,

are satisfied, then we clearly have Gy (t) = (O(t*1), O(#?)), and we obtain the values K} and
R; given in the statement.

Next we assume that we have already obtained maps K,, and R,, such that (4.3.3) holds true,
and we look for

x n+1
Kn+1 t

Y n+l
Kn+l t

Kns1(t) = Kn(t) + ( ) , Ros1(t) = Rn(t) + Rogyoq t"HL

By the induction hypothesis, we have G, (t) = (O(t"*!), O(t"*%~1)), and we want to obtain
gn+1(t) — (O(t”+l+1), O(t"+21)).

Using Taylor’s theorem similarly as in the proof of Proposition 2.3.4 we see that G, 41(t) —
Gn(t) = (O™, O(t"+2=1)), and hence, assuming G, (t) = (O(t"*!, O(t"+?~1)), to com-
plete the induction process we need to make (G ]+ and [GY ], 4911 vanish.
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Concretely, performing the calculations we find

Gt = [GRlni — (n+ D) R Ky + e K2 — Ruyy,
Gy a1 = [Ghlnyara + (kap + (= D)0 KY) Ky + (i — (n + D) R)KY = LK) Ry,

and therefore the condition [G? 1|41 = [Gh ., ]n+2i—1 = 0 is equivalent to

—(n+1)R c Kpa) _ — Gl + Rny (2.3.7)
kak—i—(l—l) bl Kly bl—(n—i—l) Rl KZ—H —[G%]nJrzl,l—l—lKlanJrl

If n # [ — 1 the matrix in the left hand side of (2.3.7) is invertible, so we can take R,,1; =0
and then we obtain K7, and K Y 47 in a unique way. When n = [ —1, the determinant of the
matrix is zero. Then, choosing

c[Ghlz1—2 + (cK]'(21 = 1) = b) |G o1
cKV(3I— 1) by

Ry =

system (2.3.7) has solutions. In this case, however, K" and K3, ; are not uniquely determined.

1-21 b
ez e <0 -

Note that the deominator of the expression above vanishes for a; =

Proposition 2.3.5 (Case 3). Let F' be a C" map of the form (2.2.2), withr > 1 > 2. Assume
k>2l—1,b#0 Then, for all 1 <n <r—21+2, there exist a pair of polynomial maps, K,
and Ry, of the form (2.3.5) and (2.3.6) respectively, such that

gn(t) = F(Kn(t)) — ’Cn(Rn(t)) — (O(tn—i-l)’ O(tn+2l_1)),
We have

b b
— A R =K

kY cl’ l

If we further assume that k < r and ap, # 0, then for 1 <n <r—(k—10)l—2l+1 there exists
another pair IC,, and R, with

/cn(t)z( IR )

y k=41 y ntk—1
Ky 1t +o Kt

and
t+ Rk,Hltk_l'H if 2<n<k-—1I,
Ra(t) = k—1+1 2(k—1)+1 : _
t+ R_1q1t + Ro—1y 41t if nzk-1+1,
such that
Gu(t) := F(Kn(t)) = Kn(Ra(t)) = (O 1), O™ ).
We have ar
Klg—l—&-l = _1?7’ Ry—141 = CKIZ:—H—I‘

If ' is C'*° or analytic, one can compute the polynomial approximations IC,, up to any order.

The proof of Proposition 2.3.5 is analogous to the one of Propositions 2.3.1 and 2.3.4, and so
it will be omitted.

27



2.4 Existence of analytic invariant curves

This section is devoted to prove Theorems 2.2.1 and 2.2.3. Following the parameterization
method, given a map F' of the form (2.2.2), first we consider polynomial approximations
K, :R — R? and R, : R — R of solutions of equation (2.2.3) obtained in Section 2.3 up to
a high enough order, to be determined in the proof. Then, keeping R = R,, fixed, we look
for a correction A : [0, p) — R2, for some p > 0, of K,,, analytic on (0, p), such that the pair
K=K, + A, R=TR, satisfies the invariance condition

Fo(Ky+A)—(Ky+A)oR=0. (2.4.1)

The proof of Theorem 2.2.1 is organized as follows. First, taking into account the structure
of F' we rewrite equation (2.4.1) to separate the dominant linear part with respect to A and
the remaining terms. This motivates the introduction of two families of operators, S, r and
N, F, and the spaces where these operators will act on. We provide the properties of these
operators in Lemmas 2.4.6 and 2.4.7.

Finally, we rewrite the equation for A as the fixed point equation

A =T, p(A), where ’]}L’F:S*lpbo L F

n,

and we apply the Banach fixed point theorem to get the solution. The properties of the
operators 7, r are deduced in Lemma 2.4.10. At the end of the section we also prove Theorem
2.2.3 using the preliminary results presented along the section.

2.4.1 The functional equation

Let F : U C R? — R? be an analytic map in a neighborhood U of (0,0), satisfying the
hypotheses of Theorem 2.2.1,

F(z,y) = rhen) | ! ,
y p(x) +yq(x) +u(z, y) + g(z,y)

where ¢ > 0, p, ¢ and u are the polynomials introduced in Section 2.2.1 and g(z,y) is an
analytic function. We take p, ¢ and u of degree at least k in case 1 and degree at least 2] — 1
in cases 2 and 3. Then we have g(z,y) = O(||(z,y)||**) for case 1 and g(z,y) = O(||(z, y)||*)
for cases 2 and 3. We denote v(x,y) = u(z,y) + g(z,v).

From Propositions 2.3.1, 2.3.4 and 2.3.5 we take n, with n > k+ 1 in case 1 and n > [ is
cases 2 and 3, and we have that there exist polynomials /C,, and R = R,, such that

En(t) = (O™ ™), O™ T2N=1y), (2.4.2)

where &, = F o K,, — K,, o R. Since we are looking for the stable manifold we will take the
approximations corresponding to R = R,, with the coefficient Ry < 0.

Hence, we look for p > 0 and a map K = K,, + A : [0, p) — R?, analytic on (0, p) satisfying
(2.4.1), where K,, and R are the mentioned maps that satisfy (2.4.2). Moreover, we will ask
A to satisfy A(t) = (A%(t), AY(t)) = (O(t"), O"+N=1)).

28



Using (2.4.2) we can rewrite (2.4.1) as

AYoR— A" =cAY + &7
AYoR—AY=po (Kl +A%)—po Ky +KY-(qo (Ki+A%)—qoKy) (2.4.3)
+ AV qo (K +A%) +vo(Ky+A) —vo K, + &Y.

2.4.2 Function spaces, operators and their properties

Next we introduce notation, suitable function spaces, and some operators.

Definition 2.4.1. Given §,p > 0 such that p <1 and B < m, let S be the sector
§=5(8,0) = {zeC||arg() < 5. 0<|2| < p}.

Given a sector S = S(0, p) let X, for n € N, be the Banach space given by
1f(2)]

|2[™

X ={f:5—C| f€Hol(S), f((0.9)) C R |flln = sup 20 < o)

where Hol(S) denotes the space of holomorphic functions on S.

Note that when n > 1 the functions f in A, can be continuously extended to z = 0 with
f(0) = 0 and, if moreover, n > 2, the derivative of f can be continuously extended to z = 0
with f/(0) = 0.

Note also that X, 11 C &), for all n € N, and that if f € X1, then || f||, < || f]lnt1. Moreover
if f € X, g € X, then fg € Xy and || fgllmin < [[f[lm |9]n-

Given n, m € N we denote X, ,, := X}, X X, the product spaces, endowed with the product
norm

[fllm,n = max {[|f*[[m, I/}, f= (1Y) € Xnn.
Given n > 1, N > 2, we define the space
Z:n,N = Xn,n—i—N—la

endowed with the product norm. Also, given o > 0, we define the closed ball

Yoo ={f €Xn N [Ifls, ~ <a}

For the sake of simplicity, we will omit the parameters p and § in the notation of the spaces
Yn, N and the balls E%N.

Now let F' be as in Theorem 2.2.1, and X,, and R = R,, be the polynomials provided in
Section 2.3 satisfying (2.4.2) with n > k+ 1 in case 1 and n > [ in cases 2, 3.

Since F' is analytic in U, it has a holomorphic extension to some neighborhood W of (0,0) in
C2. Let d > 0 be the radius of a ball in C? contained in the domain where F is holomorphic.
Also, KC,, and R are defined on any complex sector S(3, p). Then it is possible to set equation
(2.4.3) in a space of holomorphic functions defined in a sector S(f3, p), and look for A being
an analytic function of a complex variable that takes real values when restricted to the real
line.
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To solve equation (2.4.3), we will consider n big enough and we will look for a solution, A,
in a closed ball of the space ¥, n. In order for the compositions in (2.4.3) to make sense we
need to ensure the range of I, + A to be contained in the domain where F' is analytic. We
take

o =min {3, 4}.
In this way, since K;,(0) = (0,0), taking px € (0, 1) such that sup.cg (s, o) 1Cn(2)]]
< d/2and p < pk, if A : S(B3, p) — C? belongs to the ball of radius « of X;, ., with n, m > 0,
we have

d
sip [A()] = sup max{ |AT(2)],]AY(:)[} < max {4 p", 4o} < E.
2€5(8, p) 2€5(B, p) 2

Therefore, under the previous conditions, if p < px and A € X7 then [ (2) + A(2)]| < d
and the composition F o (I, + A) is well defined.

Next we introduce two families of operators that will be used to deal with (2.4.3). The
definition of such operators is motivated by the equation itself.

First, we state the following auxiliary result (see [4]),

Lemma 2.4.2. Let R : S(83,p) — C be a holomorphic function of the form R(z) = z+Rynz"+
O(|2|V 1Y), with Ry < 0. Assume that 0 < 8 < i%~. Then, for anyv € (0, (N—1)|Ry|cos \),
with A = 0 %, there exists p > 0 small enough such that

||

Ri(2)] < ;
| R ()] (1+jv|z[N-1)/N-1

VieN, VzeS(B,p),

where R refers to the j-th iterate of the map R. In addition, R maps S(3, p) into itself.

Then, if f is defined in S(/3, p), with suitable values of the parameters (3, p, and R satisfies
the conditions of the lemma, the composition f o R is well defined.

Definition 2.4.3. Given n > 1, N > 2 and a polynomial R(z) = z + Ryz" 4+ O(|z|V 1)
satisfying the hypotheses of Lemma 2.4.2, let Sy r @ Xp N — Xp, N be the linear operator

defined component-wise as Sp g = (S, g, SiR), with

Sprf=8, gpf=foR-F

Remark 2.4.4. Notice that although both components of S, r are formally identical they
act on spaces of holomorphic functions of different orders.

Definition 2.4.5. Let F' be the holomorphic extension of an analytic map of the form (2.2.2)
satisfying the hypotheses of Theorem 2.2.1. For n € N, we introduce Ny r = (N7 g, N}/ 1)
Yo N = XnpN-1,nt2n-2, by

ne(f)=cf'+ &7,
NY p(F) =po (K + f%) —=po Ky + K3 - (g0 (K + f%) —qo Ky)
+fYqo (K +f5)+vo(Ky+ f)—vok,+ &Y.
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By the properties of R and the choice of a, the operators S, g and N, r are well defined
and S, g is linear and bounded.

Using these operators, equations (2.4.3) can be written as

Sn.r A =N, p(A).

The following lemma states that the operators S,, g have a bounded right inverse and provide
a bound for the norm HS;IRH

Lemma 2.4.6. Given N > 2 and n > 1, the operator S, r : Xp N — Xy, N, has a bounded
right inverse

3{,13 t X N—1,n+2N—2 — 2in, N = Xy ntN—1,
given by

e}

877,1}%77 == Z no Rj7 ne Xn+N71,n+2N72' (2.4.4)
=0

Moreover, for any fized v € (0, (N — 1)|Rn|cos\), with X\ = 8851, there exists p > 0 such
that, taking S(B, p) with 3 < {5 as the domain of the functions of Xy N_1,nyan—2, we
have the operator norm bounds
-1 N-1, 1 N-1 -1 N-1, 1 N-1
I Snr)  I<p —+55 IS g lII<p S TINT

Proof. Note that S, r is defined component-wise, where each component acts in the same
way, with the only difference that the spaces of definition of each component contain functions
of different orders. We show the proof for Sfi R XnyN—1 — &, but it is attained in the same
way for the component SY ..

A simple computation shows that (2.4.4) gives a formal right inverse of S; x, namely

SERo(SER) ' ==8ERY noRI = —(> noR)oR+> noR/ = noRI - noRl =n.
§=0 j=0 j=0 j=0 J=l1

Let us see that the series given by (2.4.4) converges uniformly on S. Since R maps S into
itself, one has . ‘
(R ()] < nllnsn-1 [R ()" vz es,

and applying Lemma 2.4.2,

n+N-—1
; i \|nEN—1 2]
RN < Wilasav-r IR < i (o )
1
< Cn|lnen=1 o Vzes,
jN—l

80 (2.4.4) converges uniformly on S by the Weierstrass M-test if n > 1, and thus 72,70 R/
is holomorphic in S.
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We prove now that S RIS bounded on X+ n—1. From the expression obtained in (2.4.4) and
by Lemma 2.4.2, one has if B < §= and if p is small enough,

T -1
z \—1 I( n,R) n(z)|
Npn = sup —————
H( n,R) ||TL S |Z|n

<swp Z (R (=
< Inlln+n— 1Sllp PR ‘n Z | R (z)|" N
<
e 9 o 3 (goees)

and bounding the sum by an appropriate mtegral we obtain, provided that n > 1,

1 oo n+N—1 o0 1
- Z < |Z| ) — ’Z‘Nfl
‘Z|n = (1 —I—jl/|Z|N_1)1/N_1 —~ (1+jV|Z|N ) +NI1

1

[ee]
<z V2 1+/ — dx)
0 (14 xzv|z|N-1)"FT

j=
1 o0 1
A= e )
V’Z‘N ! 0 (1—|—y) Xflzll
1 N -1
N-1
p— 1 S —
2l (+V|2]N_1 n )
1N-1
= 2|Vt + =
v on

Therefore, we get

. _ 1 N-1
||Sn,}%(77)||n < |Inllnen—1 sup <|z|N 1,2 >
z€S v n
1N-1

_ N-1_, =
— llosv—s (¥4 2

)a n e Xn—l—N—la

which shows that ( ﬁ}R)_l : XpiN—1 — X, is bounded with ||( f;R)_lﬂ <pNt4l M=l

n
In the same way, (S) z)™' : Xnpan—1 — Xnpn—1 is bounded with [[(SY 5)7!| < pN1

+
1 N-1
v ntN-1° O

Next, we show that the operators ,, p are Lipschitz and we provide bounds for their Lipschitz
constants.

Lemma 2.4.7. For eachn > 3, there exists a constant, My > 0, for which the operator Ny, p

satisfies
Lip ./\/;f?F
and
Lip N} o < klag| + Mypp, (case 1),
Lip A < mac{ (1 — 1) [K¥ bl + klagl) + Map, [0 + Mug},  (case 2),
Lip NY o < max{(l — 1) |K} bi| + Myp, |bi| + Myp},  (case 3),
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where p is the radius of the sector S([3, p) where the functions of X5 N are defined.

Proof. The statement concerning the component N,f r is clear by the definition of the oper-

ator, since for every f, f € X7 y, one has

NG 2 (F) = N p(Dllnsn—1 = €|l = Fllnen—1,

which means that Lip NVj p = c.
We prove next the result for the component ./\fny ~- Let n > 3 be fixed.

Using the integral form of the mean value theorem, one can write from the definition of the
operator NY .. for every f, f € Zo N

N () = N ()
1 B B N 1 - -
—[/ p’0</Ci‘i+f””+s(f”C—fx)>d8+(’C%+fy)/ d o (K2 + 7 +5(f" — 7)) ds
0 0

1
+/ Dyvo (K + f+5(f — ) ds] (f° — %)
0

1
+ [qo(/cz+fm>+/0 Dyvo (Ku+F+5(f — ) ds] (fY — ).
(2.4.5)

Let us denote
{s:‘gs(f;f):lcn"i_f"f's(f_f)y 86[071]7
~ 1 ~ 1 1
e=elf )= [ dogas i) [ dogas+ [ Duwogas

1
b= 9, F) = qo (K + f7) +/ Dyvo &, ds,
0
so that we have

IV 2 () = N e (Dlnsan—2 < llo(fy ) (7 = F)Inran—2 + [0 ) (FY = F)lInron—2-

For case 1 we have & € X5 41, for every f, fe X5 i since we have K, (t) = (O(t?), O(tF+1)),
and as we chose n > 3, any function f € X7 | satisfies f(t) = (O(?), O(t*+2)). Also, the first
pair of coefficients of the series expansion of & is the one of IC,,.

Thus we can bound the norm

R

16202 = sup — K5 (2) + F7(2) +s(f*(2) = [*())] 1+ M p,

zeS ‘Z|

for all s € [0, 1].

Moreover, checking the growth orders of ¢ and v taking into account the properties of p, ¢

and v, we have B
€ Xop—2, YEXCXp, VS fEX],
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Then, applying the mean value theorem to (2.4.5), we have

NG, R (F) = N3 e (D)llnsar—2 <llellon—2 117 = F=lln + I lle—1 177 = Flnrr—
<llllok—2 117 = F=lln + p Ma |l = ¥ llnsr-1.

Also, we can bound

lollok—2 < S}lp] (19" © €% lag—2 + || (KL + ¥) ¢’ 0 &7 + D1v 0 &2k—2)
s€l0,1

1 _ _
< sup sup —o—s (kfagl|€2(2)|F 7 + M, 2P
s€[0,1] 2€8 2|
< sup (kag| [I€7]57" + M [21**7)
s€l0,1

< klag| + My, p,
for all f, f € 5% .
By joining the previous estimates we get
VY 2 (F) = N e (F)lnan—2
< (kag| + Myp) max {[[f* = f*lln, I = 2§ llnsn—1},

for all f, f € 3%, that is,
Lip N} p < k|ag| + Myp,

for case 1.

For cases 2 and 3 of the reduced form of F, where N = [, K, is of the form KC,(t) =
(t, K} t1) + (O(2?), O(z!*1)) and one obtains, for each given n > 2 (and thus, also for n > 3),
that & € AXj ;, and that the first pair of coefficients of £, coincides with the first one of /C,,.
Then, for every f, f € 35,1 we can bound

16511 < 14 My p.

Moreover, now checking the growth orders of ¢ and 1, we have

906‘)(2172’ welela Vse [07 1]7 vf>f~ezz,l'

For case 2 we obtain the bounds

lella—2 < SFP] (1P 0 € \lau—z + [|(KY + £¥) ¢’ 0 €% |22 + || D1v 0 &|21—2)
s€l0,1

1 _ ~ " _ _
< sup sup —os (klagl[€(2)[* 1 + K4 (2) + FU()I = 1) Bil |62 (2)% + My |21 )
s€[0,1] z€S z

< k]ak] + (l — l)lKlybl‘ +an,

and

Illi-1 < sup (llg o (K + ) llim1 + [1D2v 0 &lli-1)

s€(0,1
1 -
< sup —— ([Bi] |G, + f7 71 + Miz)")
z€S ’Z‘

< ’bl’ + an7
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for all f, f € 3% .

For case 3 the previous estimations can be done in the same way as for case 2. We shall only
remove the terms depending on the index k, since now we have k > 2/ — 1, and hence the
corresponding terms are of higher order. In this case we have then

lloll2r—2 < S}lp} (I’ © €% |a1—2 + [|(KCE + fY¥) ¢’ 0 €%]21—2 + || D1v 0 & lai—2)
s€l0,1

1 = _ _
< sup sup —os ([KH(2) + fU(2)| (0= 1) [ll€5 (2)" 2 + My |21)
s€[0,1] 2€S8 z|

< (U= DK by + My, p,
and

llli-1 < sup (llg o (K + ) lim1 + [1D2v 0 &llim1)

s€l0,1

1 _
< sup sup —— ([bi]|€2]7" + M|2[")
s€[0,1] z€S \Z!

< ’bl’ + Myp,
for all f, f € 5% ,.
Then, from (2.4.5) we have
IV, o (F) = N3 p(D)llns2i—2 <ll@llai—z 1F7 = ol + 1901 12 = 2l

from what we obtain the bounds

Lip N p

max{(l — 1) |K} b| + k|ag| + M, p, |bi| + My p} (case 2),
max{(l — 1) |K} bj| + M, p, |bi| + M, p} (case 3).

NN

Now, we define the third family of operators, 7, r.

Definition 2.4.8. Let F be the holomorphic extension of an analytic map of the form (2.2.2)
satisfying the hypotheses of Theorem 2.2.1. Given n > 3 we define T, r : Yo N = Xn,N by

—1
ZL,FZS RO/Nn, F-

n,

Remark 2.4.9. Note that given a map F', to define the previous operators we always take
together the associated triple (F, ICp,, R) satisfying F oK, — K, 0 R = &,. Then, the operators
Sn, r, Ny, r and 7, p are associated not only with the map F itself but to the approximation
of a particular invariant manifold of F'.

Lemma 2.4.10. Given an analytic map F satisfying the hypotheses of Theorem 2.2.1, there
exist ng > 0 and pg > 0 such that if p < po, then, for every n = ng, we have Z@,F(Zﬁ,N) -
ZiN, and T, F is a contraction operator in EiN.
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Proof. Given a map F' satisfying the hypotheses of Theorem 3.2.1 and the associated poly-
nomial maps R and KC,,, the operator 7, r satisfies, by its definition, for each n,

Lip 7o, r < max{[[(S%, )| Lip N, 82 )~ Lip A 1. (2.4.6)

Recall that the functions in ¥, ny are defined in a sector S(f3, p) with 8 < .

For case 1, from (2.4.6) and the estimates obtained in Lemmas 2.4.6 and 2.4.7, given v €
(0, |Rg| (K — 1) \), with A\ = cos(ﬁ%), there is pg such that for p < py we have the bound

1k-1 1 k-1
Lip T, p < k-1, * k=1, =~ - M,, 2.4.
ip 7, r < max {(p +1/ - )e, (p +un—|—/€—1)(kak+ )}, (2.4.7)
for each n > 3.

Then, fixed v, we can take ng as

no=min {n € N | max {(551) ¢, (& 555) (kaw)} <1, ),

and therefore, from (2.4.7), we can take also p,, < po such that we have Lip 7, p < 1 provided
that n > ng.

For cases 2 and 3 of the normal form of F' the result follows in a similar way, since, from
(2.4.6) and the estimates obtained in Lemmas 2.4.6 and 2.4.7, given v € (0, |R;| (I — 1) A),
with A = cos(ﬂl_Tl), we have, for p small enough,

Lip%7F<max{(pl_1+ll_1)c,
v on
_ 1 1-1
(o' ;m)(max{((l—1)\szbl’+kak)+MnP7 o] + My p}) },
for case 2, and
171-1
Lip 7, r < max {(p" ' + = —)¢,

von

_ 1 1-1

(P + ;m)(max{(l— 1) |K} bi| 4 My, p, |bi] + My p})},

for case 3.

Let us see next that for a given n € N such that 7,, r satisfies Lip 77, p < 1 for p < pj,, one
can find a new value for p,, maybe smaller than the previous one, such that, if p < p,, then
Ty, F maps Y5 v into itself.

For all f € X7 v we can write

10, (O)llsn, v < N, p(f) = Tn, p(O)l5,, v + 170, p(0)[|52,,
<aLip Tn, p + |0, (0) |5, -

From the definition of 7, p and N, r we have, for each n € N,

To 7 (0) =S, Lo N, p(0) =S 1 En

n, n,
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Also, from the construction of &, we have &, = (&7, £Y) € XN, nr2N—1, ant thus, for every
€ > 0, there is p, > 0 such that for p < p, we have

170, (Ol v < IS5 5l 1Enllnt N1, nyan—2 < S, 5l Mup < e
Therefore, since we have Lip 7, r < 1, we can take p, as
pu=sup{p>0| alipTop+ [T r(O0)]s, v <},

and then for every p < p,, we have 7T, p(X} y) C X7 . O

2.4.3 Proofs of Theorems 2.2.1 and 2.2.3
Now we are ready to give the proofs of Theorems 2.2.1 and 2.2.3.

Proof of Theorem 2.2.1. First we consider the holomorphic extension of F' to a neighborhood
of the origin which contains a ball of radius d > 0 in C? and let o = min {1/2,d/2}. Let K,
and R(t) = Ry(t) = t + Ryt + Ron_1t>¥ ! be the polynomials given by Propositions 2.3.1,
2.3.4 or 2.3.5 , with n > k4 1 or n > [ respectively, satisfying

En(t) = F o Kyn(t) — Ky o Ru(t) = (O™ ), O™ 2N -1)).
We also assume that n > ng, where ng is the integer provided by Lemma 2.4.10. We rewrite
Fo(Ky+A)—(Ky+A)oR=0
in the form (2.4.3), or using the previously defined operators,
Sn,r A =N, p(A).
By Lemma 2.4.6, if p is small, S, r has a right inverse and we can rewrite the equation as
A =T, p(A).

By Lemma 2.4.10 we have that 7,, r maps X2 . into itself and is a contraction. Then it has
a unique fixed point, A® ¢ ¥ N Note that thls solution is unique once K, is fixed. Finally
K = K, + A satisfies the cond1t10ns in the statement.

The C! character of K at the origin follows from the order condition of K at 0. O

Proof of Theorem 2.2.3. We write the proof for case 1, the other cases being almost identical
except for some adjustments in the indices of the coefficients of R,,. Let ng be the integer
provided by Lemma 2.4.10. If the value of n given in the statement is such that n < no,
first we look for a better approximation K,, of the form K, (t) = K (t) + Py A KI(t) with

Ki(t) = (K¢, KY,,_7*%=1) and

R (1) = R(t) if n>k+1,
" R(E) 4 Ropq 2R if n<k.

The coefficients K K k-1 and R% 1 are obtained imposing the condition

Fo ’Cno (t) - ICnO o Rno (t) = (O(t”o"'k)’ O(t"o+2k—1)).
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Proceeding as in Proposition 2.3.1, we obtain K7 iteratively. We denote K;(t) = K(t) +
> K™(t) and R;(t) = R(t) + R;(t), where R;(t) = MHng,lt%*l. In the iterative

m=n-+1
step we have

F o Ky(t) = Kj o Ry(t) = (O(F5), 0(¢271)).
Then,
FU(0) + K71 0) = + K1) o (R(t) + s ()
=F(K;(t) — K (R(t))
+ DF(K; (1) K7 (t) — KITY(R() + Ri(1))
-+A%1—@D%ﬁKﬂ@+skﬂ%kaﬁ%ﬂ@%k
— DK;(R())R;(t)
B /01(1 — $)D’K(R(1) + s R (1)) (R; (1)) ds.
The condition
F o Kja(t) = Kjer 0 Ry (t) = (O ), O(724))

leads to the same equation (2.3.4) as in Proposition 2.3.1 which we solve in the same way.
From this point we can proceed as in the proof of Theorem 2.2.1 and look for A € &}, no+x—1
such that the pair K = K,, + A, R = R, satisfies 'o K = K o R. We have that

K(t) = K(t) = Kny (0) = K (1) + A1) = (O(E"),0(")) + (0(t™), 0t H1)),

with n < ng.
If n > ng we look for K*(t) = K(t) + K"1(t) with

K" (t) = (KF T Kg+ktn+k)
and .
. R(t) it n>k41,
R(t) =1 7 : 2k—1 :
R(t) + Rop_1t if n<k.

We determine Kﬁ+1, Kngk so that F o C*(t) — K* o R*(t) = (O(t"**1), O(t"*+?)) as in the
previous case and we look for A € Y0 N C Xnt1,n+k such that the pair K = K*+A, R=R"
satisfies F o K = K o R. As before we obtain K (t) — K(t) = (O(t"*!),0(t"**)). Again, the
C" character of K at 0 follows form the order condition of K. O

2.5 Numerical estimates for the (Gevrey constant of the in-
variant curves

In this short section, we illustrate the fact that an analytic map F : U C R? — R? with
F(0) = 0 and such that the origin is a nilpotent parabolic fixed point, in general cannot have
a stable invariant curve that is analytic in any neighborhood of the fixed point.
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We have chosen two polynomial maps, F; and Fb, such that

DFy(0,0) = DF,(0,0) = ((1) 1) :

namely
r+y+zi+ay+y?
Fl(xay): 2 2
Yyt t+ry+y
and

B E R TR D e T PR D D Ly T
FQ(J:) y) - )

y + 322

and we have written a code in C language that computes an approximation of a parame-
terization, ICp,, of the stable invariant curve of F} and Fy and the Gevrey constant of such
parameterizations.

Definition 2.5.1. Given v > 0, we say that a formal series of the form Y o2 ant™ is v —
Gevrey if there exist positive constants C, D such that

lan| < C D™ (n!)7, Vn e N.

This class of series was first introduced and studied in [31], and in [4] the Gevrey properties
of parabolic invariant curves of analytic maps are studied.

Our scope is to estimate numerically if the formal approximation IC, is a series of Gevrey
type and to compute its Gevrey constant, .

From Definition 2.5.1, one has that if a series Y o> a, t" is y—Gevrey, then
log |a,| < log C + n log D + v log(n!),

and so
log |ap| —logC _ nlogD
< ok
log(n!) log(n!)

which shows that v can be bounded as

log |an|

> lim
= log(n!)’
log |an |
log(n!)
of the Gevrey constant of the formal series. If v* > 0, then the coefficients {a,}, grow in a
factorial way, and in this case we say that the series is strictly of Gevrey type.

in the case that such a limit exists. Hence, the quantity v* = lim,, is a lower bound

Note that after performing the change of variables given by & = x, § = y—i—% fi(x,y), presented
in Section 2.2.1, the maps Fj and F; correspond to case 1 of the reduced form (2.2.2), with
k = 2. Then, our code implements the algorithm provided in the proof of Proposition 2.3.1
to obtain the coefficients of IC,,.

Moreover, the program computes the quantities

log | K| _ log | K|

= ooy T log(n!)’

_ < 300, 2.5.1
log(n!)’ " ( )
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where {K7¥, KY}, are the coefficients of each component of the parameterization kC,,. Since
the value of the coefficient K5 is free, one has to chose it before running the program. We
have performed the simulation with K3 =0, K§ = 1 and K5 = —1 for both F7 and F>.

The program obtains the approximation K, up to degree 300 for any given value of K3 and
computes the sequence of values {ay, }, and {3, },, defined in (2.5.1). In order to estimate the
Gevrey behavior of the invariant curve K, we are interested in the values of «,, and 3, for n
large.

In Figures 2.3 and 2.4 we have represented the values of «, and (,, respectively, versus n,
being Fj the input function, and in Figures 2.3 and 2.4 we have represented the values of o,
and f3,, respectively, versus n, being F5 the input function.

From the results plotted in the figures it appears that the values of «, and 3, may tend
respectively to some constants a and § as n tends to infinity. Hence, we suggest that the
invariant curves associated to the origin for the given maps may be functions of Gevrey type.
For the case of F} we have «, § € (0.4, 0.5) and for the case of F» we have «, € (0.5, 0.6).

Observe that in both cases the values of «,, and ,, for n big enough, do not seem to depend
on the initial value chosen for K%. That is, different parameterizations of the same stable
curve have the same Gevrey constant. Also, it holds that for both F} and F5 the limits of
{an}n and {B}. appear to be the same, that is, the Gevrey constants are the same for both
components of K.

The fact that the polynomial approximations obtained for the invariant curves associated
to I} and F, are series of strictly Gevrey type shows that the series associated to these
curves cannot converge in any neighborhood of the origin, due to the factorial growth of the
coefficients. Therefore, the invariant curves associated with a nilpotent parabolic point given
in Theorem 2.2.1 can not be analytic functions in any neighborhood of the origin. This is
indeed the reason for which in Section 2.4.2 we consider spaces of functions defined on a
sector S(8, p), otherwise, it would not be possible to obtain an analytic function A satisfying
the functional equation established in Section 2.4.1.
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Figure 2.1: Representation of the constants «,, versus n for the map Fj. The three different
plots correspond to the simulation starting with K5 =1, K§ =0 and K§ = —1.
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Figure 2.2: Representation of the constants 3, versus n for the map Fj. The three different
plots correspond to the simulation starting with K3 =1, K§ =0 and K3 = —1.

41



04
03 }
02}

0.1 Hfll

01 ¢

02 r

03 ¢

04 L

-0.5

0 50 100 150 200 250

Figure 2.3: Representation of the constants «,, versus n for the map F5. The three different
plots correspond to the simulation starting with K5 =1, K§ =0 and K§ = —1.
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Figure 2.4: Representation of the constants 3, versus n for the map F>. The three different
plots correspond to the simulation starting with K3 =1, K§ =0 and K3 = —1.
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Chapter 3

Invariant manifolds of differentiable
maps with nilpotent parabolic
points

3.1 Introduction

This chapter is the continuation of Chapter 2, and is devoted to state and prove the existence
of invariant curves for a differentiable planar map, F, having a parabolic nilpotent fixed
point.Concretely, the main results of the chapter show that, when they exist, the stable and
unstable invariant curves of F' have the same degree of differentiability that the map F', away
from the fixed point.

First, for the convenience of the reader, we recall the setting of the problem, which was
already presented with more detail in Chapter 2.

We consider C", r > 3, maps F : U C R? — R?, where U is a neighborhood of (0,0), of the

form
z+cy+ fi(z,y)
F(z,y) = : 3.1.1
(®39) ( Y+ fa(z,y) ) (311

with ¢ > 0 and with fi(x,%), fo(z,y) = O(||(z,y)|*). Via the C" change of variables given
byZ=z9g=y+ %fl(:z,y), F' can be written in the form

- T+cy
Frw) = (y + f(xvy)) ’

with f(z,y) = O(||(z,y)|?) having the same regularity as F. Therefore, along this chapter
we will always deal with maps of the form

r+cy
F(z,y) = : 3.1.2
) (y +p(2) +yq(z) + ulz,y) + g(z, y)) (312

p(x) = 2" (ap + - + a2 F), q(z) = 27y + -+ b Y,

with
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with 2 < k,1 < 7, where u(z,y) is a polynomial of degree 7 that contains the factor 32, and
where g(z,y) = o(||(z,y)||"). We also assume ¢ > 0.

Throughout the chapter, as in the previous one, we will refer to (3.1.2) as the reduced form
of F' and we will use the same notation F'.

Again, we consider the following three cases for the reduced fom of F' depending on the
indices k£ and [, namely,

e Case 1: k<2l —1 and a # 0,
e Case 2: k=2l —1and a; # 0, by # 0,
e Case 3: k> 2l —1 and b #0.

Also recall that in order to deal with several cases at the same time we associate to a map
F of the form (3.1.2) the integers N and s as N = k in case 1 and N = in cases 2 and 3;
s = 2r in case 1 and s = r in cases 2, 3.

In Section 3.2 we present the main results of the chapter, concerning the existence of C"
invariant curves for maps of the form (3.1.2). The rest of the chapter is devoted to prove
these results. In Sections 3.3 — 3.5 we present the setting and some preliminary lemmas. We
end the chapter proving the main theorems in Section 3.6.

3.2 Main results

The following are the main results concerning the existence and regularity of stable invariant
manifolds of C" maps of the form (3.1.2). As in the analytic case in Chapter 2, the results
provide also the existence of invariant manifolds for maps of the form (3.1.1).

Theorem 3.2.1. Let F : U C R? — R? be a C" map in a neighborhood U of (0,0) of the
form (3.1.2) with r > 3.

Assume the following hypotheses according to the different cases:

e (case 1) ay >0 andr > 3k,

o (case2) ap >0,b,#0,r >k and

3 ckay 213
201 —1 !
— 2]
whemﬂ_|bl—\/m|'

(] (Ca863)bl<0,r>2l—1 and%<l

Then, there exists a C* map H : [0, p) — R?, H € C"(0, p), of the form

H(t) = (3.2.1)

(82, HY  t5h) + (0(83), O(t"2))  case 1,
(t, H't") + (O(#?),0(t*1)) cases 2,3,
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/3
with HY,, = —,/% for case 1, H = % for case 2 and H} = % for case 3,
and a polynomial R of the form R(t) =t + Ryt + Ron_1t2N™1, with Ry, = SHY | for case

1 and R} = cHly for cases 2, 3, such that
F(H(t)) = H(R(t)), tel0,p)
If the map F is C° then the parameterization H is C* in (0, p).

Remark 3.2.2. The assumptions a; > 0 and k < r for cases 1 and 2 and b; < 0 and [ < r for
case 3 are necessary conditions for the existence of a formal, locally unique stable invariant
curve of F' asymptotic to (0,0). The other hypotheses of the theorem are nondegeneracy
conditions on the reduced form of F', sufficient to ensure the existence of a stable invariant
curve of class C" asymptotic to (0,0). We do not claim that these conditions on r are sharp.

Remark 3.2.3. For case 2, the condition on the coefficients of F' is always satisfied provided
that r is sufficiently larger than [. Another sufficient condition for it to be satisfied is that 3
is small enough. The smallness of the coefficient § is a measure of how fast the dynamics on
the associated invariant manifold is. For case 3, a sufficient nondegeneracy condition for the
stable manifold to exist is given by r > %(2[ —1). Notice that the assumption r > 2] — 1 is
necessary for the constructions we will do.

We also provide an a posteriori version of Theorem 3.2.1.

Theorem 3.2.4. Let F: U C IARQ — R? be a map satisfying the hypotheses of Theorem 3.2.1
and let K : (—p,p) — R? and R = (—p, p) — R be analytic maps satisfying

R’(t) _ (t27 k}%ﬂtkﬂ) + (O(t3)7 O(tk+2)) case 1,
(t, K/'t") + (O(#2), 0(t1)) cases 2,3,

and R(t) =t + Ryt + O(tN ), Ry <0, such that
F(K(t) — K(R(1)) = (O(t"N), 0" 27 1)), (3.2.2)
for some2<n<2r—2k+1incase 1 or1 <n<r—20+1 in cases 2, 3.

Then, there exists a C* map H : [0,p) — R?, H € C"(0,p), and an analytic map R :
(—p,p) — R such that
F(H(t)) = H(R(t)), te][0,p)

and

H(t) — K(t) = (O(™™), 0" ),

2%—1y
R(t) — R(t) = { O fn<k case 1,

0 if n>k
- o*1) if n<l—1

R(t) — R(t) = ( ) ¥n cases 2,3.
0 fn>1—-1

As mentioned, using the conjugations (z,y) — (dx,4y) and F~! we can obtain the local
phase portraits and the location of the local invariant manifolds of F' depending on the studied
cases (see [25]).
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Remark 3.2.5. As well as in the previous chapter, the invariant manifolds obtained in
Theorems 3.2.1 and 3.2.4 are unique (see Remark 2.2.7).

Remark 3.2.6 (Unstable manifolds for C™ maps). As in Chapter 2, we can obtain analogous
results of existence of the unstable manifolds for a given map F' without having to compute
explicitly the inverse map F~!, as explained in Section 2.2.4.

As in the analytic case, the expansions of the parameterizations of the unstable curves ob-
tained in Section 2.3 are approximations of true invariant curves, as it happens for the stable
ones.

Following the notation of Section 2.2.4, we have that if F' satisfies the conditions of case 1,
G also does. The same happens for case 3 if we assume b; > 0 instead of b; < 0. If F satisfies
the conditions of case 2, since the coefficient b; of F' becomes —b; for G, one has to check
the condition involving the maximum taking now 3 as 8 = %. Then, for cases
1 and 3 or for case 2 when that condition holds, we conclude analogous results as the ones
explained for the analytic case.

3.3 The functional equation

The rest of the chapter is dedicated to the proofs of Theorems 3.2.1 and 3.2.4. To this end,
we will use some of the results presented in Chapter 2, and we will often refer to them.

Concretely, along this chapter we will focus on the proof of Theorem 3.2.1. The structure
of the proof of Theorem 3.2.4 is presented at the end of the chapter as a corollary of the
previous results. It is indeed analogous to the one of Theorem 2.2.3 of Chapter 2 and uses
the constructions of the approximations in the proofs of Theorems 2.2.1 and 3.2.1.

As in the analytic case, we use the parameterization method (see Section 2.2.2). To get an
initial approximation of a parameterization of the invariant manifolds of F', we first consider
the Taylor polynomial of F' of degree r which we denote by F'S and reads

< x+cy 0
FS(x,y) = .
) ( y ) ! (p(fr) +yq(x) +U(:v,y))

Since F'S is analytic, Theorem 2.2.1 provides a C! map K : [0, p) — R, analytic on (0, p) and
a polynomial, R, such that

FSoK—-KoR=0 on [0,p). (3.3.1)
Then, we look for p > 0 and a C" function, H = K + A : (0, p) — R2, such that

Fo(K+A)—(K+A)oR=0. (3.3.2)

Moreover, we ask A to satisfy A(t) = (A%(t), AY(t)) = (O(t>~2+2), O(t>—++1)) for case 1
and A(t) = (O(t"2142) O(t"="*1)) for cases 2 and 3.

Next, we establish a functional equation for A obtained from (3.3.2) which will be the object
of our study. Later, in Section 3.4 we describe the function spaces where we will set such
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an equation and the operators Sg, r and Ny p together with their properties (Lemmas 3.4.6
and 3.4.7). Notice that although the notation of the operators is similar to the one of the
operators in Chapter 2, both pair of families of operators are different.

In Section 3.5 we recall the fiber contraction theorem and we also introduce the family of
operators 77, r given by 77, p = SE}R o N7, r and we describe its properties in Lemmas 3.5.2
and 3.5.3. Finally, in Section 3.6 we prove the existence of a solution of the functional equation
and we conclude the proof of Theorems 3.2.1 and 3.2.4.

Let F: U C R? — R? be a C" map of the form (3.1.2) satisfying the hypotheses of Theorem
3.2.1. Along the section, once having taken a C” map F' of the form (3.1.2), the maps K and
R will always refer to the analytic solutions of F'S o K — K o R = 0, on some interval [0, p)
given by Theorem 2.2.1.

Using (3.3.1) and the previous notation, condition (3.3.2) can be rewritten as
Ao R— A" =cAY,
Ao R—AY=po(K*+A%) —poK*+ KY - (qo (K*+ A") —qgo K7%) (3.3.3)
+ AV qo (K" 4+ A")4uo(K+A)—uoK+go(K+A).

Clearly, a continuous function A satisfies (3.3.2) if and only if it satisfies (3.3.3). Since we
want to prove differentiablity of A, next we derive r equations for the derivatives of A by
formally differentiating equation (3.3.3). In our approach we will look for continuous solutions
of these equations.

After having differentiated (3.3.3) L times, 1 < L < r, we obtain
D"A" o R(DR)* — D"A* = ¢ D"AY + JF y(A, ..., DY 'A),
DLYAYo R(DR)E — DL AY
=p o (K* 4+ A*) DLA® + (KY + AY) ¢ o (K* + A®) DLA®  (3.3.4)
+qo (K* 4 A% DLAY 4 (Du+ Dg) o (K + A) - DEA
+JL N(A, ., DFTA),

where J7  and J} . are given by

It #(for - fr-1) = AL R(f5s -~ L-1)s

(3.3.5)
Il p(fos oo fro1) = Ay g (fSs - L) +Qu r(fo, o, fro1),
and AiL,Rv i=ux,y, by
L r(f5) =0,
5, r(fo, fi) = —fio RD?R, (33.6)
L. r(fos s fr1) = DIAL y p(fo, -+ f1-2)]
—(L-=1)fi_joR(DR)*2D*R, Le{3, ...,7}

where in the expansion of the derivative D[AiL_LR(fé, <oy fi_ )] we substitute D f; by fiy1.
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Note that AiL7 r does not depend on fo. Moreover, {27, r is given by
M, p(fo) = DK" (p' o (K" + f§) —p' 0 K¥) + DKY - (qo (K" + f§) —qo K7)
+KY-DK” (¢ o (K*+ f§) —q' o K*)+ f§ - DK* ¢ o (K" + f§)
+ (Duo (K + fo) — Duo K)DK + Dgo (K + fo)DK,

3.3.7
Qr, r(fo, -y fr—1) = D[Qr-1,7(fo, -+, fr—2)] + Dp" o (K* + f)fi_1 (33.7)
+ D[(KY + f§)q’ o (K* + f5)1ff + Dla o (K" + fi)lf1 -

+ D[(Du+ Dg) o (K + fo)] - fr—1, Le{2,...,r}.
Note that Az r(fo, ..., fr—1) comes from the differentiation on the left hand side of (3.3.3)
and Qr, p(fo, ..., fo—1) comes from the differentiation on the right hand side of the second
equation of (3.3.3). Expanding the derivatives in (3.3.6) and (3.3.7) and changing Df; by
fi+1 we obtain expressions that have to be understood as operators acting on (fo, ..., fr—1),

considering the f;’s as independent variables.

It is important to note that Ai:, r and QE s @ = x,y, depend in a polynomial way on f; for
j = 1, but not on fy.

3.4 Function spaces, the operators S, p and N r and their
properties

We introduce next the notation and the function spaces that we will use to study the func-
tional equations (3.3.3) and (3.3.4).

Definition 3.4.1. Given 0 < p <1, let Yy, for n € Z, be the Banach space given by

[f @]

Yn=1{f:(0,p) = R|f€C0,p), | flln:= sup R

(0,p)

< o0},

where C°(0, p) denotes the space of continuous functions on (0, p).

Note that when n > 1 the functions f in ), can be continuously extended to ¢ = 0 with
f(0) = 0 and, if moreover, n > 2, the derivative of f can be continuously extended to ¢ = 0
with f/(0) = 0. For n < 0 the functions contained in ), may be unbounded in a neighborhood
of 0.

Note also that V41 C Yy, foralln € Z. If f € Yy, g € Yy, then fg € Vipn and || fg|myn <
[f1lm glln- IE f € Ynsr, then [[flln < [[flln+1-

Given n, m € Z we denote Vy, n := Vi X Yy the product space, endowed with the product
norm

[ fllm, = 02X {[[ f* s | F¥]In}, = (F5 1Y) € Vi X I

Given s, r, N positive integer numbers and L € {0, ...,r}, we define the spaces
L
Sev =] Vemansa—j s—n+1-5), 0<L<r
§=0
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and
DY 1,N = YVs—oN+42-L,s—N+1—L» 1<L<r

both endowed with the product norm. Clearly, we have ¥; xy = Y71 v X D¥;_1 n, and
EL,N = 207]\[ X HiLzl DZZ‘_LN, for 1 < L <7,

For notational convenience we also write DX_1 y = Xo, N-

Also, let a; > 0, 1 <i < r. Given L we write a = («, ..., ar). We define the closed balls

oon ={f € Zon [ Iflls0, v < a0},
Dyt y=Af e DX n [ [flpsiy v S}, ie{l,...rh

and the products of balls

gN_ngxHDzz LN Le{l,...r},
=1

For notational convenience we will write 3§ n = ES‘ON.

An element of ¥, y will be denoted by (fo, ..., fr), with fo = (f§, /) € Zo,n, and f; =
(fF, f})e DSy N, fori=1, ..., L.

For the sake of simplicity we do not write the dependence with respect to r, s and p in the
notation of the previous objects.

To solve the functional equation (3.3.2), we look for a solution, fp, of (3.3.3) contained
in a closed ball X7, and for a solution, (fi, ..., fr), of (3.3.4) in a product X¢ v, for
each L € {1, . r} In order for the compositions in (3.3.4) to be meaningful we have to
deal with fy in a ball of sufficiently small radius. Arguing as in the analytic case we take
ap = min {2, 2} where d is the radius of a ball contained in the domain where F' is C". The
values of the radii oy, 1 < ¢ < r, will be determined later (see proof of Lemma 3.5.3).

In the differentiable case we consider analogous operators as in the analytical case but now we
need a family of them, depending on L, to deal with the equations (3.3.4) for the derivatives
of A. Their definitions are determined by the structure of such equations.

First, we state two auxiliary results about the iterates of R and their derivatives.

Lemma 3.4.2. Let R : [0, p) — R be a differentiable map of the form R(t) = t + Ryt +
O([tIN*Y), with Ry < 0. Then, for any v, u such that 0 < v < (N — 1)|Ry| < u, there exists
p > 0 such that

! < RI(t) < !
(1 +thN—1)1/N—1 (1 —‘rjl/tN_l)l/N_l,

Vi>1, Yte(0,p). (34.1)
As a consequence, R maps (0, p) into itself.

If R were a polynomial the upper bound in Lemma 3.4.2 would be an immediate corollary of
Lemma 2.4.2.

Proof. Let A > 0 and ¢, (t) = W for t > 0. A computation shows that %cp)\(t) =

W > 0 and hence ¢, is increasing. We prove (3.4.1) by induction. When j = 1,
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it is easy to see that there exists p > 0 such that

t t
@u(t) = (1 +utN—1)1/N—1 < R(t) < (1+ VtN—l)l/N_l = pu(t), vt e (0, p).
Assuming (3.4.1) for j > 1,
, , . t
JHLp) = J J
RO = R (0) < 0o (B (0) < o (7o)

t
T (L4 () NN

in the same interval (0, p). The lower bound is obtained in a completely analogous way using
Pu- O

Lemma 3.4.3. Let R : [0, p) — R be a differentiable map of the form R(t) =t + Ryt +
O(|tIN*1), with Ry < 0, such that DR(t) = 1+ NRytN =1 + O(|t|V). For any v, i such that
0<v<(N-=1)|Ry|<u,let  =v/u. Then, there exists p > 0 such that

1
(1 +jILLtN71)I€N/N717

DRI(t) < VjieN, Vte(0,p). (3.4.2)

Toof. dSince N| > V+~—, by the form of the derivative , there exists p > 0 such that
Proof. Since N|R -, by the f f the derivative DR, th ists p > 0 such th

vN
N-1

D 1— ——
0 < DR(t) < N1 ,

vVt e (0,p).

Using the chain rule DR/ (t) = H] 10DR(Rm( t)) and the lower bound in (3.4.1) we can write
j—1

DRI (t) = exp Z log DR(R™(t)) < exp Z log< N 1(Rm( ))Nﬁl)

m=0
—uN Jj—1 I/N Jj—1 N—l
< exp Z (R™(t)N 1] <exp Z
(N - A =1 = (1 +mutN-1)
N-1
(

_uUN gt
ds | = T d
1+ spth-1) 8) xp (,u(N—l)/O 1+¢ 5)

1
. o N—1 _
log(l +]:Ut )) - (1 +thN—1)HN/N_1

—_

—uN [I
Sep | Ny
—L1Jo
(—/<;
N -1

O

From now on we assume R is as in the previous lemmas and p satisfies the conclusions of
them, in particular, R(0,p) C (0, p).

Definition 3.4.4. Given L € {0, ..., 1}, let Sp.r : DE¥_1 Ny — DXp_1 N be the linear
operator defined component-wise as Sp.r = (S g, S%,R)? with

Strf=8ipf=FfoR(DR)" .
Notice that although both components are formally identical, they act on different domains.
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Definition 3.4.5. Given a map F of class C" satisfying the hypotheses of Theorem 3.2.1,
let No,F : 5§ y — Vs—n+1,s be the operator given by

Nor(fo) = cfg,
NS p(fo) =po (K" + f§) —po K"+ K -[go (K" + f§) —qo K]
+ 18 qo (K + f§) +uo (K + fo) —uo K +go (K + fo),

and let N g : X% v — Vs Na1—L.s—1, L € {1, ..., r}, be the operator given by
) L,N + )

Ni w(fo, -5 fr) = cfL + Tin(fo, -5 fL1),

NEp(for ooy fo) =p o (K" + f5) - [T+ (KY + f) - d' o (K" + [§) [T
+qo (K + f5) - f{ + (Du+ Dg) o (K + fo) - fi
+JE N (fos s froa),

where Jr, N are already introduced in (3.3.5), (3.3.6) and (3.3.7).

From the definition of the operators Sy g and N, ,F, the recursive expressions of Ar g and
U, F obtained in (3.3.6) and (3.3.7) and the choice of ayg it is clear that the operators St g
and N p are well defined and that Sy g is linear and bounded.

Note that with the operators introduced above, equations (3.3.3) and (3.3.4) can be written
NOW as

SL,rD"A =Ny p(A, ..., D"A), (A, ..., D'A) eS¢y,
for each L € {0, ..., r} and «g as fixed previously and some o; >0, 1 < i < L.

In the following lemmas we prove that each of the operators Sy, g has a bounded right inverse
and we provide a bound for the norm HSZlRH. We also show that each of the operators N7, p
is Lipschitz with respect to the last variable and we provide a uniform bound for the Lipschitz
constant for the family N7, p, L € {0, ..., r}.

Lemma 3.4.6. Let 0 < L < r. Assume r > k in case 1 and r > 2l — 1 in cases 2 and 3.
Then, given 0 < v < (N — 1)|Rn| < p such that k = v/p satisfies k > 1/N, there exists
p > 0 small enough such that, taking (0, p) as the domain of the functions of Ys—Ny1-L,s—L;
the operator S g : DX1_1, Ny — DXr_1 N has a bounded right inverse,

1
Sp R Vs—N41-L,s-L = DY 1 N = Vs—aN42-L,s—N+1-Ls

given by
(0.9}
Sljg%n = Z no R (DRJ)Lv ne ys—N+1—L,s—L> (343)

)

J=0

and we have the operator norm bound

1 N— _
||(8%17R) H <SP ! + % 5—2N+]2V+LI(HN—1)’
-1 N-1, 1 N—1
”(S%,R) H <p + s—NF1+L(rN-1)"

Proof. A simple computation shows that the expression (3.4.3) of Sy r formally satisfies
Sp,ro(Sp,r) 'n=mn,forn€ Vi Nt1-Ls L
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We give the details of the proof for the second component S% r:Vs—Ni1-L — Vs—Nt+1-L
of the operator Sy g, the details for S}j’R : Vs—oNto—[ — j75—2N+2—L being completely
analogous. The results for S;, g follow immediately because the components of the operator
are uncoupled.

We take k > 1/N and p,v such that 0 < v < (N — 1)|Ry| < p and v/p = k. By Lemmas
3.4.2 and 3.4.3 there exists p > 0 such that R maps the interval (0, p) into itself and the
bounds (3.4.1) and (3.4.2) hold. Then, given n € V,_,

(o RI(DR)")(1)| < |Inlls—r [R ()" |DR (1)|*

ts—L 1
< nlls-z s—L <NL
(L4 jutN=)N-T (14 jptN-1)N-1
1
< M ||77||5—L S+L(I€N*1) ) Vt 6 (07 p)?
j N-I

hence, since s > r > N > N — 1, (3.4.3) converges uniformly on (0, p) by the Weierstrass
M-test. Thus, (SY p)7ln=— > i20mo R/ (DR is continuous on (0, p).

Now, we prove that (S} R)_l is a bounded operator from Y, 1 to Vs_n11_r and we obtain

a bound for its norm. Again, having chosen x = v/, from Lemmas 3.4.2 and 3.4.3 one has,

_ 1 = ; ;
H(SZR) 177Hs—N+1—L < sup fs—NF1-L Z |77(R](t))(DR](t))L‘
te(0,p) =0
1 > ts—k 1
< llls—z teszépp) (s~ N+I-L > s—L RNL

i=0 (1 4 jutN-1)N=T (1 4 jutN-1)N-1
and, bounding the sum by an appropriate integral, we obtain the bound
sk 1

1 e
ts—N+1—L Z s—L KNL
I (1 NN (14 V) R

e 1
< tN—1<1 +/ T dm)
0 (14 zutN-1)"~N-1

_na ] N-1

vs—N+1+L(KkN-1)

Therefore, we get

H(S%,Rfl Nlls—N+1-L

1 N-1
< - N1 2 ), e Xs_1,
||77||5Lt§'}g?p)< TSN+ 1+LeN -1 et

which shows that (SZR)*1 : Vs— — Vs Ni1-1 is bounded and

1 N-1
SR <+ N T T LN =)

In the same way, (Sf,R)*l : Vs-N+1-L — YVs—an+o—r is bounded and

1 N -1
St —-1 < N—-1 - .
(ST r) " II<p +y5—2N+2+L(/€N*1)
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Lemma 3.4.7. Let 0 < L < r. Assumer > k in case 1 and r > 2l — 1 in cases 2 and

3. There exists a constant, M > 0, for which the family of operators N g satisfy, for each
LeA{0,...,r},
Llp Ng,F(f(h .- '7fL—17 ) =,

and

Llp N}iF(fO: "'7fL—17

)< klag| + Mp, (case 1),
Lip N} p (fo, -5 fr-1, )

)

)

< max{(L— 1) [ K7 bil + Elaw]) + Mop, [l + Mp},  (case 2),
Lip NKF (fo, -+ fo—1, ) < max{(l — 1) |Kly bi| + Mp, |bj| + Mp}, (case 3),

where (0, p) is the domain of the functions of ¥ .

Proof. To distinguish the roles of the variables (fo, ..., fr—1) and fr, we will denote the latter
by hr. The statement concerning the component N7 1 is clear by the definition of N, .

For Nij,N we first deal with the case L = 0.
Since g(z,y) = o(||(z,y)||") and g € C" we have Dig(x,y) = o(|[(z,y)[""1), i = 1,2.

For every hy, ho € E(‘i n» from the definition of the operator /\/'éf > One can write
NG p(ho) = N (o)
1 ~ ~
= ([ 5o (7 R+ sl ) s
0
1
LKV + hg)/ ¢ o (K% + B + s(hg — h2)) ds
0
1
+ [ (Dyu+ Dig)o (K + o + s(tho — o)) ds) (0 — )
0
1
+ (q o (K" + hg) + / (Dau + Dag) o (K + ho + s(ho — ho)) ds) (hg — hg).-
0
Let us denote, for s € [0,1]
& = &(ho, ho) = K + ho + s(ho — ho),

1 1
wzw(ho,ho)z/ p’Oé“;”dSJr(K“rhg)/
0 0

1
q o0&l ds+ / (Diu+ D1g) o & ds,
0

1
0= 0l h) = g0 (K7 + 1) + [ (Dau+ Dag)o&.ds,
0
so that we have

ING (o) = N p(Ro) s < llo(ho, o) (hi§ — h)lls + 14 (o, ho) (R — Rg)s- (3.4.4)

For case 1 we have K € )5 41 and, since s = 2r and r > k, then for every hy, fzo € 28‘7,{ we
have (hg, ﬁo) € V4, k+2. Thus we can bound the norm

T 1 T 7T T 7T
[&5]l2 = sup — |[K*(¢) + hg(t) + s(hg(t) — ho(t))] < 1+ Mp,
1€(0,0) ¢
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for all s € [0, 1].

Moreover, checking the orders of ¢ and 1, taking into account the properties of p, ¢, u and
g, we have i
¢ € Vop—2, YEVCVh-1,  Yhoho€X[

More precisely, we can bound

[ellak—2 < P (lIp" 0 &llok—2 + I(KY + h§) ¢ 0 & + D1g 0 & + Diw o &llar—2)

s€[0,1
< sup sup 22 (k |akH§§(t)]k*1 + Mt%*l) (3.4.5)
s€[0,1] te(0,p)
< k‘ak‘ + Mpv
[¥]lk-1 < Mp, (3.4.6)

for all kg, ho € T4,
Then, from (3.4.4) we have

NG (ho) = NG p(ho) s <llellzk—2 1§ — B lls—an2 + 19 -1 178 — hglls—k+1
<(kla| + Mp)||hg — hglls—2k+2 + p M ||hg = B lls—+1,

which proves that Lip N » < k |ax| + Mp, for case 1.

For cases 2 and 3 the bounds for Lip N , are obtained in an analogous way. In these cases
we have K € Vi ; and we obtain § € ) ;1. Take ho, iLO S Z&l- Since r > 21 — 1,

Y€ Vo9, Y e Vi,

with the following bounds for their norms,

lollai—2 < Elag| + (1 = DK/ bl + Mp,  [[¥lli1 < [bu] + Mp, (3.4.7)
in case 2 and
lellai—2 < (I = DK/ bi| + Mp, [¥][i—1 < [bu + Mp, (3.4.8)
in case 3.
The proof for L > 1 is similar. Given fy, ..., fr—1 and hr, hy € DY . from the definition

of N7y, we have

7

plo (KT + f5) + (KY + f§) ¢’ o (K* + f§)
(Dyu + Dig) o (K + fo))(h}, — hi)
(g0 (K® + f%) 4 (Dau + Dag) o (K + fo))(hY — hY).

NE @ (for ooy froas h) = NE g (fos - fro1, Do)
( /
_l’_
_|_
Given fy € X, we denote

(fo) =p' o (K + f5) + (KY + f§) ¢ o (K* + f§) + (D1u+ D1g) o (K + fo),
=(fo) = qo (K* + f§) + (Dau + Dag) o (K + fo),

< ™
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so that we can write

INE o (fos - s o1, br) = NE g (for -5 fr1s ho)ls
< N12(fo) (hE — h)ls + 19 (fo) (hY, — BY)|l.

The orders of ¢ and 1 are the same as the ones of the corresponding @ and @ when L =0,
respectively, for each of the cases 1, 2 and 3. That is,

@ € Vop—2, €V C Vo1,

for case 1 and .
P € Vo2, Y€ Vi,
for cases 2 and 3. As in the case L = 0, for each fy € E&ON, the order of K + fj is the same

as the one of K. Therefore we get the same bounds for the norms of ¢ and ¢, namely those
obtained in (3.4.5) - (3.4.8), and finally the bounds in the statement. O

Note that the bound we have found for Lip Nz #(fo, ..., fL—1, -) does not depend on L, and
the obtained bounds for ||(S§ z) ']l and [|(S§ z) ™|l do not depend on .

3.5 Main lemmas and the fiber contraction theorem

From Sy, r and N, r introduced in Section 3.4, we can define the operators 77, p and ’Z}JXF

Definition 3.5.1. Given a map F of class C" satisfying the hypotheses of Theorem 3.2.1,
let Tr, F - 2%7]\, — DY 11, N be the operator given by

TL,F:S[_,}RONL,F: LE{O,...,T},
and let TLfF 1 X7 n — XL, N be the operator given by

T = To,F, -, TL,F), Le{l,....r}.

In the following results we show that, under appropriate conditions, the operators 77, r have
some properties strongly related to the hypotheses of the fiber contraction theorem.

Lemma 3.5.2. Let F be a C" map satisfying the hypotheses of Theorem 3.2.1, a; > 0,
1<i<r, anda=(ap,...,ar), 0 < L <r. Then, for every L € {0, ..., r—1}, the operator
I, F - ¢ N DEpa N s Lipschitz on )N with respect to (fo, ..., fr—1), with Lipschitz
constant independent of fr,.

Moreover, the operator T, p : Yy — DErq N can be decomposed as ’];SIPZ%—’Z;E?, where ’];(1};

is Lipschitz on X7  with respect to (fos -+, fr—1), with Lipschitz constant independent 0f7fr
and

7% = (0. (S R) " o (D7g 0 (K + fo) (DK + f1)")).

which is continuous with respect to (fo, f1)-
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Proof. As before, to distinguish the roles of the variables f7, and (fo, ..., fr—1) we will denote
the former by hr,. Since 77, p = SL_}R o, r,r and SL_j% is linear and bounded, along the proof
we will deal only with NV, p.

Given a function hy, € DE%ﬁ AL decompose
Nir(fo -y fr—1,hr) = An,, 7 (fo) + To,r(fo, -, fr-1),
where Ay, = (Aisz,F’ AZL,F) (X0 N = Vs—Nt1-Ls—L 18 the auxiliary operator
Ap, p(fo) =chf,
Ap, p(fo) =p o (K® + f5) - h + (KY + f§) - ' o (K* + f§) hi
+qo(Km—|—f§:)-h%—f—(Du—{—Dg)o(K—f-fo)'hL,

and we will work on Ay, r and Ji r separately.

Clearly A} is uniformly Lipschitz on X . To deal with A%L, > let fo, foe 36 n- Then

Al p(fo) = AL w(fo) = ony (fo, Fo) (S — J5) + von, (fo, Jo)(fS — F8)
+0(fo, fo)(fo— fo) - he,

with
~ 1 ~ ~
ons = o o o) = W [ o' (07 + F + (55 = ) s
1 ~ ~
by [ o (T4 f 4 s - T ds
0
1 ~ ~
B (74 ) [ o (K7 4 i st = i) s
th = ¢hL(f07 fO) = hi q/ © (Kx + f(]m)7
~ l ~ ~
0= Q(fo, fo) = / (Dzu + DQQ) o (K + fo + S(f() — fo)) ds.
0
First we deal with case 1. By similar arguments as in Lemma 3.4.7 we have ¢y, (fo, fo) B
€ Vor—2-1 € Vok—2-1, ¥n, (fo, fo) € Yr—1-1 € Vk—1-1. All the entries of the matrix ( fo, fo)
belong to Y. Also, it is clear that the quantities ||pn, (fo, fo)ll2k—2-1, ¥ (fo, fo)llk—1-1 and

the | - [|y;,-norm of the entries of 6 (fo, fo) are uniformly bounded for fy, fo € 3§ v, the norm
depending on aq in the form p™aq for some m > 0 and depending linearly on «af.

Then, since hy, is fixed, we get

1AL, p(fo) = AL, p(fo)llar—r < llen, (for folllak—2—r If5 = f5 llar—an+2
+ [¥n,, (for fole—1- I1f5 = Fllor—k41
+ M| helps, ., 1fo — follzo.
< Moag| fo— follso,-
Similarly we also obtain [|.A} 5 (fo) — AZL’F(]Z:(])HQT_L < Magllfo— fOHEo,k for cases 2 and
3, where in these cases we have ), € Vr—r—1, ¥y, € Vr—;—1, and the entries of 6 belong to

Yo. This proves that Ay, r is uniformly Lipschitz on X0 N
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Next we deal with Jr, . Recall that we have, for every L € {1, ...,r},

jg,F(f()v ceey fL—l) = Af,R(féca ceey ff—l)a
ij,F(fo, vy fre1) = A%,R(f& e fLo) Q0 p(fo, oo, fre1),

where Af p and A7 p are given recursively in (3.3.6) and Qf, r is given recursively in (3.3.7).
From (3.3.6), Ai’R =0 and, for L > 2, one can check by induction that

L-1

Lr(fls o fio) =D PrjfioR, i =, Y, (3.5.1)
7j=1

where each function Pz, ; is a polynomial on the variable t.

Indeed, P, 1(t) = —D?R(t) € Yy_o. Assuming (3.5.1) and applying the recurrence (3.3.6) we
have

L-1 L—1
Ay r=. Pi;fjoR+ Y. Pujfi o RDR—Lf}oR(DR)* DR
Jj=1 j=1
' L1 |
=P, fioR+> (P, ;+Prj-1DR)fioR
7j=2

+ (P .-1DR — L(DR)*"'D?R)f} o R.
We also have the recurrences

Pri1a(t) = Pp (1),
Ppi1j(t) =Py ;+Prj1DR,  2<j<L-1,
Ppy1,o(t) = Pr,..1DR— L(DR)" "' DR,

and then we also deduce by induction that P, ; = Vn4j_1-L.

From this, it is clear that AL r = (A g, A%R) : X% N — Vs-Nt1-Ls-r is linear and
bounded, so it is uniformly Lipschitz in ¥7_; .

Also, from (3.3.7), one can see that {7, r is a polynomial operator on the variables fi, ..., fr—1
having coefficients depending on fj.

When L =1,
Q1. r(fo) — Q. r(fo)
1 ~ ~ ~
—DK* /O (5" o (K™ + J + s(fF — ) ds (f& — /&)
1 ~ ~ ~
DK /0 (d o (K" + J& + s(f — ) ds (f3 — F2)
~, 1 ~ ~ ~
4 (KY 4 f) DK* /0 {0 (K* + J& + s(f5 — &) ds (f¢ — f2)
L (f - ) DK q o (K* + 3)

1
| DK® /0 (D*u+ D2g) o (K + fo +s(fo — fo)) ds (fo — fo)
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and hence there exists M > 0 depending on F' and «g such that
190, 7(fo) — Q1,7 (fo)lls—1 < M| fo — ]E0||20,N~

For L > 1, we decompose €, r = Q(Lly)F + Q(L%)F, where

Q(L2,)F = Q(L%)F(anfl) = DYgo (K + fo)(DK + fi)L,

and Q" = Qp p — Q5. The difference Q35 (fo, .., fr-1) — 25 (fo, ..., fr-1) is a sum

of terms of the form ¢z (fo, fo)II, where II is a product of factors among 7, f;c’y and

f7Y = f7¥ and such that cr,(fo, fo)II € Ys_r. From (3.3.7) we estimate Q(L{)F(fo, cosfLo1) —

Q(LI,)F( fo, ..o, fL_l) iteratively, where a part of it comes from

D[Q(Llll,F(fo, o fr—2) — Q(LlZlvF(fo, o fo)).

When one differenciates formally the terms cr—1(fo)II, the new terms cr_1(fo, fo)II and
cz—1(fo, fo)II appear.

’I~‘he factors of~each function 'CL(f(A), fo) are derivatives of K, sz’ ;Z:, fol(Ql(Ki + fé +s(fE —
f6) ds (f§ — f3) and (Qa2( K" + f§), where Q1, Q2 are polynomials (derivatives of p, g or u),

and the derivative of

1
| prae® 4 forsth—fdsth—fo m<r-t (3.5.2)

When taking a derivative, each term generates several terms, each one having bigger order,
the same order or the same order minus one unit. The term Q(Lz)F is Lipschitz when L < r.
When L = r, it is continuous (in the given topology) since D"g isuniformly continuous in

closed balls.

On the other hand, when taking a derivative to II we obtain terms which have the same

factors except one which is transformed to its derivative, that is, f;* is transformed to f;}"
or ff Y ff’y is transformed to ffjryl — ffjryl. In any case the order declreases~by one unit so we
have that their || - [|s—r-norm is bounded by ML||(fo, ..., fL-1) — (fo,--- fL-1)lls; x» Where

the constant My depends on «ap,...,ar and F' but not on the (f;)’s. O

Next we introduce a convenient rescaling. Given ~ > 0, let

Ty(z,y) = (x,7y)- (3.5.3)

We define F = T Lo Fo T,. If K and R are analytic maps associated to F', then the

corresponding analytic maps associated to F will be given by K = /e 1o K and R = R.
Concretely, the parameterizations of F and K with respect to the coefficients of F' and K

will be given by
- T+ yey 0
F(z,y) = i - ,
Yy Y rapxt byt A
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and

- 2.

K(t) = oy ke , for case 1,
VTR T

- e

K(t) = , for cases 2 and 3.

Lemma 3.5.3. Given a C" map F satisfying the hypotheses of Theorem 3.2.1, there exist
po > 0 and a linear transformation T, as in (3.5.3) such that if p < po, then the oper-

ator ’TLJg : X7 N — DXpo1, N associated to F = T,Y_1 oFoT,, for L € {0,...,r}, is
contractive with respect to the wvariable fr € DXF 4 n- Moreover, for a proper choice of
a=(ao, ..., ar), T,  maps X¢  into DY5E | W, for each L € {0, ... r}.

Proof. By its definition, the operator 77, r satisfies

Lip T2, p(fon - s fi1,7) < max{[|(SF ) I LiD AF p (o -, frrs?),
H(S%,R)_lH Llp NLy’F(fov SERE) fL—lv )}
From the estimates obtained in Lemmas 3.4.6 and 3.4.7 we have that the bounds of Lip N; L F

(fo, -+, fr—1,-) do not depend on L, and taking x < 1 close to 1 the obtained bounds for
HSL_’IRH decrease as L increases, so that it holds

(3.5.4)

Llp TL7F(f07 DRI fL—la‘) < Llp ,]E),Fv VL € {07 R 7’}.

Actually, this inequality is for the obtained bounds for the Lipschitz constants of the family
{75, r}1. Note also that Lip 7y r does not depend on .

To prove the first part of the lemma we will find an appropriate map 7', given in (3.5.3)
(that is, an appropriate value for ) such that if the coefficients of F' satisfy the hypotheses of
Theorem 3.2.1, then the corresponding operator 7, LF associated to F = e Lo Fo T, satisfies
Lip T, p(fo, - fro1.) < L.

We start by considering case 1. From (5.7.9) and the estimates obtained in Lemmas 3.4.6 and
3.4.7, given v € (0, (k — 1)|Rg|) there is pp such that for p < pp we have the bound

1 k—1
Lip 7, ; ooy fr—1,7) < L e
1p L,F(an afL 1, ) Inax{(p +V27"—2]{}+2)7|C|,
1 k-1
k—1 —1
B e — k M .
(b S 1) O ket M)}

Clearly, the condition

|c] 1 1 kag 1
<1 3.9.5
max Y g ok s IRy o — k1) " (3:5.5)
is sufficient to ensure that there exists 0 < pg < pg such that Lip 7, z(fo, ..., fi-1,")

< 1 for p < po, since keeping k fixed one can choose a value for v close enough to (k —1)|Ry|.
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Then, taking v = 4/ kg’“ 2{;1’“112, condition (3.5.5) is given by

2k(k+1)
2r—2k+2)2r—k+1)

<1,

which holds for any £ > 2 and r > %kz Hence, if r > %k:, the operator 7,  associated to
F = T;l o F'o T, for the chosen value of v satisfies Lip TLj(fo, ooy fr—1,") < 1, for every
L e€{0, ..., r}, provided that p < po.

For cases 2 and 3 of the reduced form of F' the result follows in a similar way choosing an
appropriate value for the parameter ~.

For case 2 we have, from (5.7.9) and the estimates obtained in Lemmas 3.4.6 and 3.4.7, that
the condition

lc| 1 L (=DIE b + ka1 ] 1
— , y T <1, 3.5.6
max{y e e IR)| Py gy Sy by g B (3:5.6)
is sufficient to ensure that there exists po > 0 such that Lip 77 r(fo, ..., fi—1,-) < 1 for
P < po-
7 y
Then, taking v = \/(l 2 |chbl|+k L Tr_jljf, condition (3.5.6) is given by
B ckay B
[—1 , <1,
S ey g LU i Mgy prug

21 |by|
|bl—\/bl2+4cak | ’
For case 3 we have, again from (5.7.9) and the estimates obtained in Lemmas 3.4.6 and 3.4.7,
that the condition

where § = which is the condition for F' assumed for case 2.

c| 1 L= Kb 1 ] 1
_—— y T <1, 3.5.7
maX{7|Rl|r—2l+2 7 R r—i+1 |Rl\r—l+1} (3:5.7)
is sufficient to ensure that there exists pg > 0 such that Lip 77 r(fo, ..., fi—1,-) < 1 for
P < po-
Taking v = Ilell %, condition (3.5.7) is given by
I(l1-1) l
<1
max S — 151y r— a1 b
that is,

I(1—1)
(r—=20+2)(r—101+1)

which is the condition for F' assumed for case 3.

<1,

Finally we prove that given a map F' satisfying the hypotheses of Theorem 3.2.1 such that

the associated operators 77, p satisfy Lip 7z, r(fo, ..., fr—1,-) < 1 for p < pp, one can find
a new pg, maybe smaller than the previous one, and a choice for the values aq, ..., o, such
that, if p < po, then 77, p maps X¢ y into DX7", y, for every L € {0, ..., r}.
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For later use, we estimate |71, r(0, ..., 0)|ps,_, y- From Definition 3.4.5 of Ni, p and the
definition of Jr, r in (3.3.5) we have

N p(0, ..., 0)=Tp r(0, ..., 0)= (0, DX(g0 K)).

Moreover D¥(g o K)(t) = o(|t|*~*). Therefore, for every ¢ > 0, there is pg > 0 such that if
p < po, then

172,70, ..., 0)llpz,yx < ISE R) T HINE p(O, -, O)lsmnsi-z,s-L

[ D" (g 0 K)(1)]
ts—L

_ (3.5.8)
< |I(S7,p) 7l sup

<I(SE R e
te(0, p)

Next we proceed by induction. For L = 0, we have, for all fy € 28‘3\,,

||%,F(f0)HE(),N < H%,F(fO) - %:F(O)HEO,N + H%,F(O)HEO,N
< aq Lip ’ZE),F + ||7E),F(0)||20,N‘

We need to see then that there exists pg > 0 such that [|7o, 7(fo)l=, v < o provided that
p < po. Clearly this holds from the estimate obtained in (3.5.8) since we have Lip 7y r < 1,
and then one can take py such that ag Lip 7o, r + [ 70,#(0)||s, y < ao for p < pp. Hence we
have 7o, p(20%) C 30

Now, we take p; < pp and we denote by ¢, the quantity
er = 7, r(0, ..., 0)|[D2,_, x> Led{l,...,r},
taking as the domain of the functions of ¥ y the interval (0, p1)-
Continuing with the induction procedure, for each L € {1, ..., r}, we decompose
1727 (fo, s fi)llpsp_y n < 170, #(fo,- -5 fL) = To.r(fos- -+ fr-1,0)[IDs, s &

+ | 72,7 (fo, - f2-1,0) = T F(0,...,0)[[ps,_, v (3.5.9)
+ HTL,F(07 s 7O>HDEL—1,N'

Also, from the definitions of 77, r and N, L, F we have
Tr.r(fo,---, fr—1,0) = Sﬁz oNL.F(fo,---s fr—1,0) = Sﬁg oJr.r(fo,---, fr—1)-

Now we have to consider separately the cases L < r and L = r. For L < r we have, from
Lemma 3.5.2, that 77, p(fo, ..., fr) is uniformly Lipschitz with respect to (fo, ..., fr—1) in
Y7 n» and in particular,

Lip 717F(-, 0) = Lip (SZ}% o jL,F)-

Therefore, from (3.5.9) we have

|7, 7(fo, -+, fu)llps,_y v < Lip T, p(fo, -+, fo—1,°) IfLllps, ) &
+ Llp (Sg,lR o jL,F) ||(f0’ SRR fL*l)HELfLN + ||TL7F(0, ) O)HDEL,LN (3510)
<apLip To, p(fo, -+ fr-1,-) + max{ao, ..., a1} Lip (S; 'z 0 Jr, F) + €L
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Then we can choose a value for the radius o, of DXJ%,  to ensure that 7, r maps Y7 N
into DX7", . Since we have Lip 7z, r(fo, .- ., fr—1, ) < 1, then taking

€L + Lip (SL_,lR o Jr,r) max{ag, ..., a1}
1 —Lip 77, r(fo, ---» fL—1,") ’

ar

we have, applying (3.5.10),

”%,F(fﬂu ) fL)HDELfl,N < Qar,

for each (fo, ..., fr) € ¢ 5, as we wanted to see.

For L = r we proceed in an analogous way, except for the fact that we use the decomposi-

tion 7;,(1} + ,2;4(21; given in Lemma 3.5.2. Since ’Z;(I},Z is Lipschitz with respect to (fo, ..., fr),

its contribution is as in the cases L < r. As we also have 7, p(fo, ..., fr—1,0) = S;}% o
Tr. #(fo, -, fr—1)and Sg}_z is linear, we can denote ’];Slgy(fo, coey fro1,0) = Sg}%ojﬁ),(fo, ey fre1),
for i = 1,2, with T % (fo, -+ fro1) = (0, D"g o (K + fo) (DK + f1)7).
We proceed as in (3.5.9), but now for the second term of the sum we have, applying Lemma
3.5.2,
||7;’,F(f0> ey f?‘*la O>_7;,F(07 ey O)HDZT,LN
. _ 1
<Lip (S0 Ty (s s )i,y
+ (82 R) D g o (K + fo)(DK + f1)"|ls—r-
To bound the quantity ||[D"g o (K + fo)(DK + f1)"||s—r, note that we have D"g(x, y)
= o(|l(z, y)[|°)-

For case 1 of the reduced form of F' we have (DK + f1)" € Y, and thus, for every € > 0 there
is pp such that if p < pg, then

D790 (K + o) (DK + Al = sup GD7go (K + (DK + 1) (0] <
0

Similarly, for cases 2 and 3 we have (DK + f1)" € ) and

|D"g o (K + fo)(DK + f1)"|lo = teszép) |D"go (K + fo)()(DK + f1)"(t)] <e.
0

Then, for the chosen radius p; we denote € = ||[D"go (K + fo)(DK + f1)"||s—» and similarly
as in (3.5.10) we have

1T, 7 (fo, s fr)llDe, 1
< Llp Z,F(f()a SERE) fT*b ) + HlaX{Oéo, SRRE) ar—l}LiP (ST,R © \77«(71})«") +é&r + éa

and therefore the statement of the lemma follows choosing

_ €+e-+Lip (S;}%o r(})) max {ag, ..., Qp—1}

ap = .
1-— Llp Z’,F(f(b sy fT—lv')
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Remark 3.5.4. The value o denoting the radius of the ball ¥7°y;, obtained previously, is
forced by the definition of Ny p (and thus, of 7y n). Indeed, since we will look for the invariant
curves of F' as parameterizations of 3§, their image must be contained in the domain where
F is C". This is not the case for the derivatives of the invariant curves, for which we do not
need to put a bound on them to have the operators well defined. Also, the definition of 77, r,
for L € {1, ..., r} does not force any restriction to the size of the arguments fi, ..., fr since
the dependence with respect to these variables is polynomial. The values «j, ..., a, obtained
in Lemma 3.5.3 provide then upper bounds for the norms of the derivatives of the invariant
curves of F.

Finally, for the convenience of the reader, we recall the fiber contraction theorem [58] which
will be used in the proof of Theorem 3.2.1. We use a version of it stated in [26].

Theorem 3.5.5 (Fiber contraction theorem). Let ¥ and DY be metric spaces, DY complete,
and T : X x DY — 3 x DX a map of the form T'(~,p) = (G(v), H(~, )). Assume that

(a) G has an attracting fized point, Yoo € X,

(b) H is contractive with respect to the second variable, i.e., for all v € ¥, Lip H(~, ")
< 1.

Let oo € DY be the fized point of H(Voo,-)-
(¢) H is continuous with respect to v at (Yoo, Poo)-

Then, (Yoo, Poo) 1S an attracting fixed point of T'.

3.6 Proofs of Theorems 3.2.1 and 3.2.4

We give next the proof of Theorems 3.2.1 and 3.2.4, where we use the setting and the results
obtained along the previous sections.

Proof of Theorem 3.2.1. Let F be as in the statement and T, v > 0, be defined by (3.5.3).
It is clear that given maps H and R, the triple (F, H, R) satlsﬁeb FoH = HoR if and only
1f(FHR)satlsﬁesFoH H o R, where F = TloFoTv,H TloHandR R.

Clearly F and F belong to the same case 1, 2 or 3 of the reduced form (3.1.2).

To prove the theorem, we shall look for p > 0 and a function H : (0, p) — R?, with H(0) =0
and H € C"(0, p), and a map of the form R(t) = t + Ryt" 4+ Roy_1t>¥ !, with Ry < 0,
such that

FoH=HoR, (3.6.1)

with N =k for case 1 of (3.1.2) and N =1 for cases 2 and 3.

We take the value v > 0 associated with F' provided in Lemma 3.5.3, and we set F =
s loFo T,. Let F'S be the Taylor polynomial of F' of degree r at the origin. Then it is a
polynomial of the form

- + 0
Fy) = """ + .
Y v Lag b + by~ + hot.
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Since we assumed ag > 0 for cases 1 and 2 and b; < 0 for case 3, then by Theorem 2.2.1,
there exists, for each case, an analytic map K and a polynomial R of the form R(t) =
t+RNtN+R2N 12N with Ry < 0, satisfying FSoK—-KoR=0.

Given such maps K and R, we look for p > 0 and a function A : (0, p) — R2, A € C"(0, p),
such that . ) .
Fo(K+A)—(K+A)oR=0. (3.6.2)

To do so, we consider the set of r equations described in (3.3.3) and (3.3.4). We take a =
(g, ..., ap) with ap = min {%, g}, where d is the radius of a centered ball in R? contained
in the domain where F is of class C", and aq, ..., ar given in Lemma 3.5.3. We also take
the value p > 0 associated to F provided in Lemma 3.5.3.

Given such values of p and «, we take the function spaces X7 y, for L € {0, ..., r}, with
domain (0, p) C R. Concretely, we look for a solution A of (3.6.2) with A € Vs, _og 42 X
Vor_g+1 for case 1 and A € V,_g110 X V41 for cases 2 and 3.

With the operators introduced in Definition 3.5.1, equation (3.3.3) can be written as

fo="T, s(fo),  fo€XG N, (3.6.3)

and each of the equations (3.3.4) can be written as

fL:TL7F(f07"'7fL)7 (f07‘~'7fL)€E%,N’

for L € {1, ..., L}, or equivalently, all of them together as a unique equation,

(f077f7”):7;.?<ﬁ‘(f077f7“)7 (f077fT)EE7C“M,N (364)

By Lemma 3.5.3 and the Banach fixed point theorem, 7, 5 has an unique attracting fixed
point, fi° € 20 ~» Which is a solution of equation (3.6.3) and which ensures that there exists
a continuous solution, A, of (3.6.2). We will see next that in fact the solution f§° of (3.6.3)
is a function of class C".

We will proceed by induction. First we prove that f§° is C*.
Let us pick a C! function f§ € ES‘,ON such that f{ := Df belongs to DZ&lN. For simplicity

we take fJ = 0. Then we take the sequence (fg, ff) = (’Z'lxﬁ)j(fg, fD). From the definition
of the operator 7, j, we have

D(T, 5(f0) =Ty, 5(fo. 17)- (3.6.5)

Applying (3.6.5) inductively we have that ff =D fg , for all j. Also, since fJ is C! and
fY = Df§, all the iterates f] = (7, 7)’(fJ) are C', and as we have said the sequence
converges in X% to f5°.

Again, by Lemma 3.5.3, the operator 7,  : Xf y X DXGy — DXg'y is contractive with
respect to the variable f1 € DX§ . Thus, 7) #(f5°,-) has a unique attracting fixed point,
fic € DE& N

Moreover, by Lemma 3.5.2, ’TlF is continuous with respect to fy at any point (fo, f1) € 2T N
Hence, by the fiber contraction theorem, (f5°, f°) € Xf y is an attracting fixed point of T:LXF’
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which means that the sequence fi = D fg converges in DY n. That is, fi converges uniformly
in C%(0, p) and therefore we have ff° = Df§° and thus, f5° € C*(0, p).

Now, for every L € {2, ..., r}, we assume that there exists a unique attracting fixed point
of TLXA,F’ given by (f5°, ..., f£>1) € ¥¢_; y, such that f§° € Ct=10, p) and

ffo:Df(C))oa LR fgilzDLilfgo'

We will see next that in fact f§° is of class C*.

Let us pick again the function fJ =0 € CL(0, p), and let us take also f{ := DfJ, ..., fg =
DY f§. Then we have (fg, ... f)_ ) € ¢ | y and f} € DE¥7", .

From the definition of the operator 7, z, we have
D(T,, (/3 fi1) =T, (0 1) (3.6.6)
L—-1,F\JOs - -+» JL-1 L,F\JO>» -+ JL)- .0.

Then let (fg, cey fi) = (TLXﬁ)j(fg, ooy f9). Applying (3.6.6) inductively we have ff =
ng, el fi = DLfg7 for all 7, and then the iterates (fg, el f£—1) = (’Z}f_LN)j(fg, e 2

are such that fi e ct=™ form € {0, ..., L—1}. By the induction hypothesis, the sequence
(f3, ..., f}_4) converges in ¥1_; y to the solution (f§°, ..., f7°,) and

2 =Df5e, ..., fi2, = DETLfSe.

Also, applying Lemmas 3.5.2 and 3.5.3 and the fiber contraction theorem, the sequence fi =

DL f3 converges in DX;,_1, n. That is, fi converges uniformly in CY(0, p) and therefore we
have f8° = DL f§° and thus, f5° € CL(0, p). In conclusion f§° € C"(0, p).

Finally, the C" map H = K + A with A = f§° parameterizes the stable manifold of F and
therefore it is C".

When F'is C°, to see that the stable manifold is C*° we take r; satisfying the hypotheses
of the theorem and ry > r1. The previous proof provides H; = K,, + Ay and Hs = K, + Ay
defined in (0, p1) and (0, p2) and of class C™ and C"? respectively that parameterize stable
manifolds W and Ws. Theorem 4.1 of [25], which is proved by geometric methods, provides
the uniqueness of the stable manifold in this setting. If p» < p1, since we deal with stable
manifolds we can extend Ws iterating by F~! to recover Wi. Then Wi is C™ for all ro >
r1. O

Finally, as a corollary of the previous results, we give a short proof of Theorem 3.2.4.

Proof of Theorem 38.2.4. We write the proof for case 1, the other cases being almost identical
except for some adjustements in the index n. We write F' = F'S + (0, g) where F'S denotes
the Taylor polynomial of degree r of F'. Then, from (3.2.2) we have

~ ~ ~ ~ N

F(K(t)) — K(R(t)) = FS(K(t)) + (0,g(K(1)) — K(R(t)) = (O(t"F), 0t +2+~1y),
and thus, since g(f((t)) = o(t?) and n < 2r — 2k + 1, we have

A A~

FS(K(t)) — K(R(t)) = (O(tn-i-k)’ O(tn+2k—1)) + (07 O(tQ’I‘)) _ (O(tn+k), O(tn+2k_1)),
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Clearly, F'S is analytic and satisfies the hypotheses of Theorem 2.2.3. Then, there exists a
C! map K : [0, p) — R?, analytic in (0, p), and an analytic map R : (—p,p) — R such that

FS(K(1) = K(R(t),  t€[0,p),

and
K(t) = K(t) = (0™, 0(™™)),

Ot~y if n <k,

Mﬂ_mw:{o it 0>k

Also, following the proof of Theorem 3.2.1, there exists a C!' map H : [0,p) — R?, H €
C"(0, p), given by H = K + A, with A = (O(t? —2k+2) O(t>—**1)), A € C"(0, p), such that

P(H(®) = H(R(t),  t€[0,p).
To complete the proof of the theorem, note that we have

H(t) - K(t) = K(t) — K(t) + A(t)
= (O(tn—I—l)’ O(tn-i-k)) + (O(t2r_2k+2), O(tQT—k—I—l)) — (O(tn+1), O(tn+k)).
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Chapter 4

Integral curves of planar vector
fields asymptotic to a parabolic
point

4.1 Introduction

The objective of this chapter is to use the results of existence of invariant curves for maps
obtained in Chapters 2 and 3 to present analogous results concerning the existence of invariant
curves of planar vector fields.

Let X : U C R2 — R? be a vector field of class C" of the form

X(a.y) — cy + fi(z,y) Al

with fi(z,v), fo(z,y) = O(||(x,y)||?). The origin is a critical point of parabolic type, con-

cretely with
0 ¢
DX(0,0) = ,
0 0

and therefore the only eigenspace of DX (0,0) is ((1,0)).

We study the existence of solutions for the differential system (z,y) = X(z,y), where X is
of the form (4.1.1), that are asymptotic to the critical point at the origin. A neighbourhood
of the origin is contained in the center manifold, but in some cases there may exist solutions
of the differential equation that have the origin as a—limit or w—limit. We also obtain a
representation of the dynamics inside the stable and unstable curves.

In the particular case of planar vector fields, an invariant curve is the image of a solution of
the vector field. Thus, the invariant curves of a planar vector field can be parametrized by the
time variable as solutions of the system. We will however consider the invariant manifolds as
planar curves parametrized by a real variable. We call this variable u to distinguish it form
the space variables (x,y) and from the time variable, t.

67



As in the previous chapters, the superindices z and y on the symbol of a function or an
operator that takes values in R? will denote the first and second components of its image,
respectively.

For our study we use the parameterization method for invariant manifolds, presented in
Section 2.2.2, but now slightly modified and adapted to the vector field setting. Concretely,
we look for a parameterization, K, and a one-dimensional vector field, Y, such that

XoK = DK -Y, (4.1.2)

with DK (0,0) = (1,0). Equation (4.1.2) expresses that at the range of K, the vector field X
is tangent to the range of K, and therefore, the image of K is invariant under the flow of X.
Moreover, the vector field Y is a representation of X restricted to the invariant manifold K.

Here we will not look directly for solutions K and Y that satisfy (4.1.2) by studying the
properties of (4.1.2) as a functional equation, as we did for the map case. We will instead
obtain the results for vector fields from the corresponding results for maps presented in
Chapters 2 and 3. The main tool we will use is the fact that the invariant curves of a vector
field are the same invariant curves of the map given by its time—t flow.

Similarly as with the maps described in Section 2.2.1, performing the change of variables
given by Z =, § =y + 1 fi(z,y), (4.1.1) can be brought to the form

X(z,y) = v 413
) (pm+yq<w>+u<x,y>+g<x,y>> 19

with ¢ > 0, 2 < k,1 < r, where p(z) = ¥ (ap + --- + a,2" ), q(x) = 271 (b + - + bpa” ),
where u(z,y) is a polynomial containing the factor y? and where g(x,y) = o(||(x,y)"||). We
denote (4.1.3) as the reduced form of X. We also consider the following three cases for this
reduced form depending on the indices k and [, analogous to the cases presented for maps:

e Case 1: k<2l —1 and a; # 0,
e Case 2: k=2l —1and a; # 0, b # 0,
e Case 3: k> 2l —1and b #0.

In order to deal with several cases at the same time we associate to X the integer N as N =k
in case 1 and N =1 in cases 2 and 3.

The main results of this chapter are Theorems 4.5.1 and 4.5.2, concerning the existence of
analytic invariant curves of an analytic vector field of the form (4.1.3), and Theorems 4.5.3
and 4.5.4, concerning the existence of differentiable invariant curves. Since any vector field of
the form (4.1.1) is C"-conjugate to a vector field of the form (4.1.3), the existence results given
in the main theorems also provide invariant manifolds for (4.1.1). As for the map case, we
cannot expect the invariant curves of X to have sharp regularity around a parabolic critical
point.

In Section 4.3 we provide an algorithm to obtain parameterizations of approximations of the
invariant curves of X.

In Section 4.4 we present some results about the connections between a vector field X of the
form (4.1.3) and its time—t flow, ¢;.
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Finally we present the main results of the chapter in Section 4.5. The results are stated for the
stable curves. The existence of the unstable ones is obtained from the corresponding study of
the stable curves of —X. Moreover, using the conjugations (z,y) — (+z, £ty) one can obtain
the local phase portraits and the location of the local invariant manifolds of X depending on
the studied cases.

The existence results 4.5.2 and 4.5.3 presented in Section 4.5 could also be obtained from the
results for maps of [25] using the tools presented in Section 4.4. However, our setting based
on the parameterization method and the results for maps from Chapters 2 and 3 allows to
state Theorems 4.5.1 and 4.5.4 as a posteriori results and to provide an effective algorithm
to compute an approximation of a parameterization of the invariant manifolds of X.

4.2 Preliminary results

In this short section we introduce some preliminary results about vector fields and flows that
will be used later on.

Given a vector field X : U C R™ — R", we denote by ¢(t,x) its flow. First, we recall the

properties of ¢ in the two following well known results (see for example [69]),

Theorem 4.2.1. Let X be a vector field of class C", r > 1, defined in an open set, U C R™.

(a) For each point x € U, there exists an interval, I, where a unique mazximal integral curve
of X passing through x, p, : I, — U, is defined. That is, v, satisfies in I, the differential

equation % = X(y), y(0) = =z.

(b) If y = px(t), for some t € I, then
Iy=I—t={r—t|7¢el},
and py(s) = pz(t +s), for all s € 1.

(c) The set D = {(t,z) | * € U,t € I,} C R" is open, and the mapping ¢ : D — R"
defined as p(t,x) = @ (t) is of class C" in D.

Theorem 4.2.2. Let X : U C R" — R" be a vector field, X € CY(U). If v € U and
I, = (W, , w)) is such that w} < 0o (resp. w; > —o0), then p,(t) tends to OU when t — w
(resp. when t — wy ). That is, for each compact K C U there exists € = (K) > 0 such that
ift € wi —e, wl) (resp. t € (wy, wy +¢]), then v,(t) ¢ K.

As a consequence of Theorem 4.2.1, the flow ¢(t,z) of a vector field X : U € R — R"
defines a map, ¢; : V. — R™, where V is an open subset of U that depends on ¢, such that
ot € C™(U), and where ¢y is given by () = ¢(t,x). We call ¢; the time—t flow of X.

We will refer to the flow of a given vector field X as ¢(t,x), ¢, (t) or ¢i(x) to emphasize in
each case the dependence on the variable we are interested in.

In the next result we show that under suitable conditions, a vector field and its time-t flow
have the same invariant manifolds.
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Proposition 4.2.3. Let X1 : Uy CR®" - R", Xy : Uy C R™ — R™ be vector fields of class
Cl, where n < m, and let o1 : D1 C R™™ — R", oy : Dy C R™TL — R™ be their flows,
respectively. Let K : Uy — Uy be a map of class C*. Then,

X5(K(z)) = DK (2)X1(z), V€U,

if and only if
(pg(t,K(Z’)) = K(‘Pl(u x))? v (tvx) € Ds.

Proof. We define, for each x € Uy, the functions

a(t) = K(pi(t,z),  B(t) = pa(t, K(2)).

Observe that 5
g(t) = 52l K(2)) = Xa(ea(t, K(2))) = Xa2(5(1)),

and we also have, using (4.2.3),

o(t) = ;K(wl(taﬂf)) = DE(p1(t, ) X1 (p1(t, o)) = Xo(K(p1(t,2))) = Xa(a(t)).

Moreover, a(0) = ((0) = K(x). We have then that for each x € Uj, a(t) and [5(t) are
functions satisfying the same differential equation and with the same initial condition, and
thus a(t) = B(t).

To see (4.2.3), since we assume «(t) = [(t), we have o/(t) = §/(t), and then
DK (p1(t,2)) X1(p1(t, 7)) = Xo(p2(t, K(2))),  V(t,z) € D1

In particular for ¢ = 0 we have DK (2)X1(z) = Xo(K(x)), for all x € Uj. O

4.3 Formal polynomial approximation of a parameterization
of the invariant curves

In this section we present analogous results to the ones in Section 2.3, but in this case
concerning planar vector fields.

Concretely, we consider C" vector fields X of the form (4.1.3) and we provide algorithms,
depending on the cases 1, 2 or 3, to obtain a polynomial map /C,, and a one-dimensional
vector field, ), that are approximations of solutions K and Y of the invariance equation

XoK = DK Y. (4.3.1)

As in Section 2.3, the two components of KC,, will have different order and different degree,
and the index n has to be seen as an induction index. Therefore, higher values of n mean
better approximation.

The obtained approximations correspond to formal invariant curves. They correspond to
stable curves when the coefficient Y} (case 1) or Y} (cases 2, 3) of ), in the statements below
are negative. When those coefficients are positive they would correspond to unstable curves.
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The parameterizations obtained in the propositions below have a completely analogous form
to the parameterizations obtained for maps in Section 2.3. Also, the obtained form of the
one-dimensional vector field ), namely V,(u) = Yyu" + Yan_1u*N 71, is the normal form
of a one-dimensional vector field around a parabolic singularity [70].

Proposition 4.3.1 (Case 1). Let X be a C" vector field of the form (4.1.3) with 2 < k <.
Assume that k < 2l — 1 and ar, > 0. Then, for all 2 < n < 2(r — k + 1), there exist two
polynomials, ICp,, and two vector fields Yy, of the form

Ko () w4+ K
u) =

and
V() = Y uP if 2<n<k,
e YiuF + Yop_qu2k—1 if n>2k+1,
such that
Gn(t) == X(Kp(u)) — DKp(u) - Yn(u) = (O(u””“), O(u"”k’l)). (4.3.2)

For the first pair we have

KV 2 ayg cag
1T\ ek 1) 2(k +1) Kt

and for the second one

2 ayp Cag
K = c(k+1) 2(k +1) 2 K

If X is C'*° or analytic, one can compute the polynomial approximation IC,, up to any order.

Remark 4.3.2. The algorithm described in the proof of this and the next propositions can
be implemented in a computer program to calculate R and the expansion of /.

Notation. Along the proof, given a C” one-variable map f, we will denote [f],, 0 <n <,
the coefficient of the term of order n of the jet of f at 0.

Proof. We will see that we can determine C,, and ), iteratively.

For n = 2, we claim that there exist polynomials Ks(u) = (u?, K, u**1) and Ya(u) = Y}, u¥,
such that Go(u) = F(Ka(u)) — DKs - Yo(u) = (O(uF+2?), O(u2k+1)).

Indeed, from the expansion of Go we have

G () cK,i’_HukJr1 — 2V ubt!
2(u) =
aku2k _ (k + 1)Klg+lyku2k + O(u2k+1)

so, if the conditions

CK£+1 —2Y. =0, ap — (k‘ + 1)K£+1Yk =0,
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are satisfied, then we clearly have Go(u) = (O(u?**), O(u?¥*1)), and we obtain the values of
K}/, , and Y}, given in the statement.

Now we assume that we have already obtained polynomials Iy, and YV, 2 <n < 2(r—k+1)
such that (4.3.2) holds true, and we look for

K= n+1
K1 () = K (u) + ( b

KV un ) ’ Vg1 (1) = V() + YVipoq w1
n+k

such that G, 1(u) = (O(u"TF+1), O(u"+2k)).

Using Taylor’s theorem, we write

Gny1(u) = X (K (u) + (K ™™ KV u™t)

— (DK (u) + D(EZ a1, KY o a™0)) - (Vn(u) + Yogpog ™)
= Gn(u) + DX (Kp(u)) - (Kpyiq um L Kg+k un+k)

1
+ /0 (1= $)D?X (K () + s(Kg oy w™ ™ Ky u™™0)) ds (K w1 K ut ) S

DK K ™) V() — DK (1) - Vi
Performing the computations in the previous expression we have

[eKY o — (n+ 1Y, Ky =2 Y] ™™ 4+ O(u i)

n n
hap K24y — (0 k) ViKY — (b DK Yoot 21 4 O(un2%)
(4.3.3)
Since, by the induction hypothesis, G, (u) = (O(u™**), O(u"+?*~1)), to complete the induc-

tion step we need to make (G2 1]n4x and [Gp 1]nyor—1 vanish.

From (4.3.3) we have

Gnt1(u) = Gn(u)+ (

G iilntk = [Gnlnak + KL — (n+ )Y, Ky —2Y 041,
[gZ+1]n+2k—1 = [g%]n—mk—l +kag K}f+1 - (n + k) Yi K7y1+k - (k + 1)K1i/+1 Yn+k—1~

Thus, the conditions (G2 1]n+k = [GY 1 1]nt2k—1 = 0 are equivalent to

—(n+1)Yy c Knw) _ —[GRln4k +2Yn4k—1 (4.3.4)
k ay, —(n+k)Ye) \K} —[G¥nson—1+ (E+1) K Yorr—1

If n # k the matrix in the left hand side of (4.3.4) is invertible, so we can take Y, x_1 =0
and then obtain K2, ; and K 4} in a unique way. When n = k, the determinant of the matrix
is zero. Then, choosing
2k Yy [Gplak + ¢ [G)]3k—2

2(3k+1) Yy ’

Yorp—1 =

system (4.3.4) has solutions. In this case, however, K}’ 1 and K. ka are not uniquely determined.
O
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Proposition 4.3.3 (Case 2). Let X be a C" vector field of the form (4.1.3), withr > k > 2.

2 2
We assume k = 21—1, ax # 0, by # 0 and ap, > —%. If a;, < 0 we assume also ap, # ﬁ%
Then, for all 1 <nm<r—2l4+2=r—k+1, there exist two polynomials, K,,, and two vector

fields, Yy, of the form

+ .4+ KEy?
K (1) = B ntt (4.3.5)
Klyul + -t KZHflu”H_l
and
Yiu! if 1<n<l—1,
In(u) = . o1 ) (4.3.6)
Yiu + Yil*lu Zf n > l7
such that

G (u) == X (Kp(w)) — DKp(u) - Yulu) = (O(u™H), O@"+271)).

For the first pair we have

by — \/bl2—|-4cakl
K} = ,

_ bl—q/bl?—i—élcakl :cKly
21 ’

Y,
2cl !
and for the second one
bl+\/b12+4cakl bl—l-\/b%-i-élcakl
K} = , Y, = =cK}.
2cl 21

2
If a, = (311:?)2 b?l one can compute the coefficients of IC,, and YV, up ton =1—1. If X is C*

1-21 b}
31-1)2 ¢ -

or analytic, one can compute those coefficients up to any order, except when ap =
Proposition 4.3.4 (Case 3). Let X be a C" vector field of the form (4.1.3), withr > 1> 2.
Assume k > 2l — 1, by # 0 Then, for all 1 <n < r — 21+ 2, there exist two polynomials, Ky,
and two vector fields, YV, of the form (4.3.5) and (4.3.6) respectively, such that

Gn(u) == X (Kn(u)) — DKy (u) - Yn(u) = (O(unﬂ), O(u”+2l*1))_

We have 5 5
1 1

If we further assume that k < r and ay # 0, then for 1 <n <r—(k—1)I—20+1 there exists
another pair, K, and Y,, with

© B u+--+ Kiu"
n(u) - y E—I+1 o, .. Y n+k—l
Ky ipqu Tt K
and
Y ( ) Yk_l+1uk_l+1 if 2<n<k—-I
u) =
n kalJrluk_H—l + Yz(k—l)+1uz(k_l)+1 if n>k—1+1,
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such that
Gn (1) = X (Kn () = DK (1) - Va(u) = (O(u" 1Y) O(uHh)).
We have

ag

Y _ _ Y
Kk:—l—H - _bT’ Yi141 = CKk—H—l‘

If F is C'*° or analytic, one can compute the polynomial approximations IC,, up to any order.

The proofs of Propositions 4.3.3 and 4.3.4 are analogous to the one of Proposition 4.3.1.

4.4 From vector fields to flows

In this section we present some features of the relationship between a vector field X of the
form (4.1.3) and its time—t flow, ¢;.

We recall the notation for maps introduced in Section 2.2.1 of Chapter 2. We consider maps
F:U —R? FeCr(U), of the form

T+cy
o , 4.4.1
(z,9) (y + p(z) + yq(x) + u(z,y) + g(z, y)) (4.4.1)

with p(z) = 2¥(ap + -+ + a,2™ %), q(z) = 271 + - + ba”™ ), 2 < k,1 < r, and where
u(x,y) is a polynomial of degre r with the factor y2, and g(z,y) = o(||(z,v)||"). For such
maps we consider the three cases 1, 2 and 3 already defined in Section 2.2.1. Of course the
three cases distinguished for (4.4.1) and the ones of (4.1.3) are completely analogous.

Along this section we will see, roughly speaking, that if X is a vector field of the form (4.1.3),
then its time—t flow ¢; has analogous properties to the corresponding map of the form (4.4.1).

Actually, we have that
1 ¢t
Dy:(0,0) = ,
¢:(0,0) (0 1)

and thus ¢; has a nilpotent parabolic fixed point at (0,0). The properties concerning the map
¢t (or 1) that we are interested in are collected in Corollary 4.4.5. Such corollary is proved
as a consequence of the following Lemmas 4.4.1 and 4.4.4, which contain many tedious but
straightforward computations.

We will also show that a given approximation of a parameterization of an invariant curve of
X is also an approximation of a parameterization of an invariant curve of the time—t flow ¢
(Lema 4.4.7).

Lemma 4.4.1. Let X : U € R? — R? be a vector field in a neighborhood U of (0,0) of the
form (4.1.3). Then, its time—t flow, ¢ : D — R?, where D = {(t,x) | x € U, t € I}, has the
form

o(t,z,y) =
y+p2(t,x) +yga(t, x) + ua(t, z,y) + g2(t, z,y)

2+ ety + pi(t, @) + ya (t,7) + us (t 2, y) + o (¢, , y))
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where, for 1 = 1,2, p; is a polynomial of degree r on the variable x, q; is a polynomial of
degree v —1 on the variable x, u; is a polynomial of degree v on the variables (x,y) containing
the factor y* and gi(t,z,y) = o(||(z,y)|I")-

Moreover, if k > [, we have

pl(tax) = %Cath-xk + O(xk+1)7 Q1(t,$) = %Cbthxl_l + O(xl)a
po(t, ) = aptz® + O, go(t,x) = bita! ™t + O(ah),

and if k <1, we have
pi(t,x) = %cakt%k + O(l‘k+1), q(t,z) = O(azk_l),

pQ(ta :E) = ak’txk + O(xk—‘rl)? Q2(t> J)) = O(xk_l)'

Proof. By Theorem 4.2.1, the flow ¢; is of class C” in U. Thus in a neighborhood of 0, ¢,
can be written as

pi(w,y) = (90?(95’2/)) = (Zi+j<r afj(t)a'y’ +0(||(93,y)||’")) .

(p?tJ(xvy) ZiJrjgr a%’j(t)xiyj +0(H(m7y)Hr>
By its definition, ; satisfies

or(z,y) = (2,9) + / X(ps(w,y))ds,  (ta,y) € D. (4.4.2)

Since (0, 0) is a critical point of X, then ¢;(0,0) = (0,0), and hence af,(t) = afy(t) = 0.

From (4.4.2), for the second component of ¢; we have

t T t T r
dtlaa) =yt [ o0 X ey ds+ [ (X ais)n) ol Y ats)aly) ds
0 itj=1 0 j+j=1 i+j=1

t T r
[l 3 a3 ab(say) s+ ol
0 itj=1 itj=1
(4.4.3)

In order to analyze each term of (4.4.3) we define

r

Esp(a,y) =p( Y afj(s)z'y?),

i+j=1
'
oz, y) = (Y ali(s)z'y’)q( Y afi(s)a'y),
i+j=1 itj<r
/r. . . /r' . .
Euslmy) = u( Y2 a5 (s)atyl, 3 ab(s)r'yd),
itj=1 it+j=1
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and then from the properties of p, ¢ and u, we have

Eonle,y) = apr(afy(9))F + apyat ™ (afo()" afy () + O 1) +yO(*) + O(y?), (44.4)

r

Esa(ay) = (D ay(s)z'y’) [ (afo(s)) ™" + O(!) + by (afiy ()™ + O

i+j=1
+ bzny(agfo( ) %agi (s) + yO (']
Z ajy(s)z") [ba' ! (afy(5)) 1 + O@') + biy' " (afy () + O()
+ bzyf'«“ “(afo())agy(s) + yO (@' 1) + biya'lagy (s)(afp ()" + yO(a),
(4.4.5)
SHCR" Zam )2')” + 2 aly(s)2) y(ali (s) + Ol (. »)I))
i=1
+ O(y )]C(s) + O(ll(z, )], (4.4.6)
where C(s) is some function of s.
Note that from (4.4.3), since k,l > 2, we have
el(zy) = Y ali(t)z'y +o(ll(z,9)I") =y + O (z, v)[?),
i+j=1
and hence
ajp(t) =0, ag, (t) =1, (4.4.7)

and concerning ¢} we have

t

t t
ol y) =+ / co¥(z,y)ds =z + cx / alo(s) ds + cy / aty (s) ds + O(|(z, )12
0 0

0
=z + cty + O(|[(z,9) 1),
(4.4.8)

and
afy(t) =1, ap;(t) = ct. (4.4.9)

Now, let a;(x) denote the nonlinear polynomial terms of ¢Y(z,y) containing only powers of z,

and let yb;(x) denote the nonlinear polynomial terms of ¢} of the form yO(x). We can write
then ¢ (z,y) = y + ai(z) + ybi(z) + O(y?) + o(||(z,y)||"). Let us define also the polynomial

2) = Y ay(s)a
i=1

From the expressions of 55 1 & 9, and fs 4, and the values obtained in (4.4.7) and (4.4.9), a;
and b; can be written as

t t
ai(x) = apta® + bl ™! / Ag(x)ds + / (As(2))?ds + h.o.t., (4.4.10)
0 0
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bitz! ! + akcga:k_l + bex! =2 fot As(z)sds+2 fot As(x)ds + h.o.t. (if 1 > 3),
by(x) = { bta! 1 + aw%xkil + bjeat 2 f(f As(z)sds+2 fot Ag(x)ds
+bc ! fg Ay(x)si 1 ds + h.o.t. (if I = 2).
(4.4.11)

We prove next that a;(z) = agtz® + O(2*+1). From (4.4.7) we have A,(x) = O(x?) and thus
ai(z) = aptz® + O(=™), m = min{l + 1, 4}.

, then we are done. If k& > 3 we have then a;(z) = O(z®) which implies that
ut with this assumption we have then Ag(z) = O(z?) and

|
SN

ai(z) = aptz® + O(z™), m = min{l + 2, 6}

If £ < min{l + 2, 6}, then we are done. If not, we have then, min{l + 2, 6} > 4 and a;(z) =
O(z%), which implies that af,(t) = 0. We repeat this process successively and we obtain
alp(t)=0fori=0, ..., k—1, ajy(t) = ayt. Note that in particular this implies that we have

Ay(z) = agtz® + O(z* ). (4.4.12)

Next we deal with b;(x). With the expression given in (4.4.11) and the properties of Ag(x) in
(4.4.12) we have, both for | =2 and [ > 3,

b(z) = btz =t 4+ O(z* ). (4.4.13)

Recall that we have o} (z ,y) —i— ar(x) + ybe(x) + O(y?) + o(||(z,y)||"). Then, if k > I,
from (4.4.13) we have b;(z) = ~1 4+ O(2') and the statement of the lemma concerning the
component ¢! is proved.

If k < I, then we have ¢f (z,y) = y + agtz® + O(x* 1) + yO(2F~1) + O(y?).

Note also that for the case k > | we have obtained aj ; ,(t) = b;t.

Finally we go back to the first component of the flow, ¢f. From (4.4.8) we obtain directly
0F(v,y) =« + cty + Seagt®s® + O(a" ) + Lebt?ys' ™t +yO(2!) + O(y?), if k> 1,
o} (1,y) =z + cty + Seapt®a* + O(&*) +yO(* ) + O(y?), ifk <,

as we wanted to see. O

Remark 4.4.2. Note that if £ <, then k£ < 2] — 1 and we are in case 1.

A very simplified version of the previous lemma gives the following property in dimension
one,

Remark 4.4.3. Let Y be a C" one-dimensional vector field of the form Y (u) = apu™ +
O(u™1), with n < r. Then its time—t¢ flow has the form cpt( ) = u+ ap(t)u” + O(u™tl), as
a direct consequence of the fact that ¢y (u) = u + fo (u)) ds.

In the next lemma we show that the reduced form of the flow of a vector field X of the form
(4.1.3) is actually of the form (4.4.1).
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Lemma 4.4.4. Let F : U € R? — R? be a map of class C" in a neighborhood U of 0, of the
form
Fla,y) = [*T4T fi(z,y) | (4.4.14)
y+ fo(z,y)

with ¢ ?é 07 fl(xv y)7 fQ(J:’ y) = O(H(LIZ, y)HQ)
Consider the C" change of variables T : U — R? given by explicitely by its inverse by

TN ay) = (x.y + tfi(z,y)) (4.4.15)

Then, the map F:=T Yo FoT has the form

~ T+ cy
F(x,y) = , 4.4.16
(:9) (y + f3(z, y)) ( :

where f5(z,5) = O(||(z,y)|12). Moreover,
(a) If f1 and fy are of the form

fi(z,y) = afz® + O ) + bfyal " + yO(a!) + O(y?),

(4.4.17
Faa,y) = afz® + O(=" 1) + bfya! +yO(a') + O(?), )
for somel > 2, k > 1, then f3 is of the form
fa(,y) = afa® + O(@) + blya'™" + yO(a') + O(y?). (4.4.18)

(b) If f1 and fo are of the form

fila,y) = afa® + O + yO(2) + O(y?), (1419)

fa(a,y) = afa® + O +yO(2) + O(y?),
for some k > 2, then f3 is of the form

falw,y) = ala® + O(a"+) + yO() + O?). (4.4.20)

Proof. From the relation I:i oT~! =T o F, a simple computation shows that F is of the
form (4.4.16). Actually, if F'is as in (4.4.16), then we have

F(Tﬁl(SU,y)): .’L'—i—C:y—i—fl(l',y) ) ’

(y + 1 fi(@,y) + fs(z,y+ Lfi(z,y))
and

T1<F<x,y>>:( e hy) )

Y+ %fl(x7y) + f2(x7y)

To prove (a), we assume that f3 is of the form (4.4.18) and we see that f3(z,y + %fl (z,v))
is of the form (4.4.17) given for f.
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We have
fa(a,y+ Lfi(zy) = afa® + O™ + 6 (y + Lfilz,y)a"™" + (y + Lfi(z,9)O(!)
+O0((y + Lhi(z,9))
= alz® + O ) + byl + %(O(xk) +yO (2! + O(y?))a! !
450Gy + 1O() + 5Ol ™) + 02O + O((y + L, 1)?)
= aJa* + O(a") + blyz"™! +yO(a') + O((y + L fi(z,y))?).
(4.4.21)

Also, we have

(y+ tfi(z,9)" = y* + 2y(O(=") + yO(a'™1) + O(y?)) + £ (O(=") +yO(a'~") + O(y*))?
= 0(z*") + yO(z") + O(?).
(4.4.22)

Then, if k£ > [, from (4.4.21) and (4.4.22), we have
F3(x,y+ 3 fi(@,y)) = afa® + 0@ + blya’™" +y0(") + O(y?),
as the form given for fo in (4.4.17).

To prove statement (b), note that it is a generalization of statement (a). Analogously as in
(4.4.21) we have

fa(z,y + Lhi(e,y) = ala® + O@™) + yO(2) + O((y + £ fi(2,9))?), (4.4.23)
with (y + % fi(z,y))? as in (4.4.22). Hence, from (4.4.23) and (4.4.22), we get
3@y + 3f1(x,y)) = afa® + O) +yO(x) + O(y?),

as the form given for fo in (4.4.19). O

As a consequence of the previous lemmas we obtain the following corollary, which shows how
one can relate the coefficients of a vector field X of the form (4.1.3) with the coefficients of
the reduced form of its time—1 flow.

Corollary 4.4.5. Let X : U — R? be a vector field of the form (4.1.3) and let o1 be its
time—1 flow. Consider the map T given in (4.4.15) and define $1 = T~ o p1 o T. Then, @y
is of the form (4.4.1). Moreover, if X is in case 1, then the coefficient aj and the index k
are the same for 1. If X is in case 2 or 3, the coefficients a and b; and the indices k and
I are the same for ¢1. In particular, the cases are preserved from the expression of X to the
expression of o1

Proof. 1t is a direct consequence of Lemmas 4.4.1 and 4.4.4. Putting t = 1 in Lemma 4.4.1, we
have that the second component of the map ¢ has the same form as the second component
of the map F' given in (4.4.1). Then, applying Lemma 4.4.4 one has that ¢; = T o1 0T has
the whole form (4.4.1) with the stated properties. O

Even if it is understood by the context, we remark that we have called ¢; = T~ ! o o T the
reduced form of 1.
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Remark 4.4.6. Note that if X is in case 1, the values | and b, may be different from
the respective ones in @1, but in that case those coeffcients are not relevant concerning the
existence of invariant curves of X asymptotic to (0,0).

Finally, in the following lemma we show that a formal approximation of a parameterization
of an invariant curve of a vector field X of the form (4.1.3) is also a formal approximation
of the same order of a parameterization of the corresponding invariant curve of the time—t
map, ¢, of X.

Lemma 4.4.7. Let X : U EA]R2 — R? be a vector fzeld of class C" in a neighborhood U of 0
of the form (4.1.3), and let K : (—p,p) — R? and Y = (—p, p) — R be an analytic map and
an analytic vector field, respectively, satisfying
. (UQ,IA(}C/HUIC‘H) + (O(u?), O(u*+?)) case 1,

(u, kful) + (O(u?), O(utt1)) cases 2,3,

and Y (u) = Yyu¥ + O@N*tY), and such that
F(K(u)) — DK (u)Y (u) = (O(u"), O(u"N=1)), (4.4.24)

for somen > 2 in case 1 orn > 1 in cases 2, 3.

Let ¢y and @y be the time—t flows of X and f/, respectively, and assume that they are defined
for all t € [-1,1].

Then,

~ A~

¢r(K () — K(pi(w) = (O(u™), 0w M), we(0,p),
uniformly for all t € [—1,1].
Proof. We define E(u) = X (K (u)) — DK (u) - Y (u), (t,u) = ¢(t, K (u)) — K(¢(t,u)) and

_ )| et )

g(t,U) - u™ un+N_1 ’

for t € [-1,1] and u € (0,p), and we see that there exists a constant M > 0 such that
SUPye[—1,1] SUPue(0,0) 9(t,u) < M.

By the properties of the flows ¢ and ¢ we have
() = [ g lols Kl = R (p(su)] ds
= /0 (X (¢(s, K (u)) — DK ((s,u)) - Y ((s, )] ds

=/0[X(@b(s’ff(U)))—X(K(sﬂ(s,U)))]ds+/0 [X(K(p(s,u) = DK (¢(s,u)) - Y (p(s,u))] ds
(4.4.25)

80



By the mean value theorem we also have

1
X(p(s, K(u))) = X (K(p(s,u))) :/0 DX (y(s,u,v)) dv [¢(s, K (u))) — K(o(s,u)]
(4.4.26)

1
:/ DX (y(s,u,v))dve(s,u),
0
where
V(s u,v) = v d(s, K(u) + (1= v) K(p(s,u).
Summarising, from (4.4.25) and (4.4.26), we have

le(t,u)| < ( sup  sup !DX(V(S,%V))D/O |€(SaU)!d8+/o [E(p(s;,u))lds,  ue(0,p),

ve(0,1] se[—1,1]
(4.4.27)
where the absolute value is taken component by component, and the absolute value of a
matrix denotes the matrix of its absolute values.

By the properties of the flows ¢; and ¢; around the critical point at the origin (see Lemma
4.2.3 and Remark 4.4.3), we have

¢i(x,y) = Oz, 9)l),  pe(u) = O(u),

and then by the form of K we have v(s,u,v) = (O(u?),0(uF*t1)) (case 1) and (s, u, v) =
(O(u), O(u!)) (cases 2,3). Finally, by the form of X we have, for some positive constants cy,
€2, C3,

0 c

sup  sup \DX(’V(syuw))K( s PH)’ we (0,p), (case 1),

vel0,1] se[—1,1] c1lu cslu

0 c

01|u’k71+62’u‘2172 C3’u|l71

swp  sup DX (5(su0)] <
ve0,1] se[—1,1]

) , uw€(0,p), (cases2,3).

Then, using (4.4.27) and the estimates above we can bound each of the components of &(t, u)
as follows. For case 1 we have

()| < ¢ /0 €¥(s,u)] ds + /0 |B= (s, )| ds,

t t t
le¥(t,u)] < 01|u|2k_2 / le®(s,u)|ds + c?,]u|2l_2 / |e¥(s,u)| ds + / |EY(o(s,u))| ds.
0 0 0

By hypothesis we have E(u) = (O(u™), O(u"*N¥=1)) and thus also
E(p(t,u)) = (O(u™), 0" 71)).

Then, taking into account, by the definition of g, that |e®(¢,u)| < |u|"g(t,u) and |e¥(¢,u)| <
|u|"t*=1g(t,u), we can write

o(tu) < — /0 |Ew<so<s,u>>|+wi,“ /0 |B¥ (s, )| ds

|ul™

t
+ (WPt 4 e+ 63u2l_2)/ g(s,u)ds
0

t
<M+ (Wt et + 03u2l_2)/ g(s,u)ds, te[-1,1], u e (0,p).
0
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Finally, applying Gronwall’s lemma, we have
g(t,U) < Mexp{(“’k_l + Cluk_l + C3u2l_2) t}? te [_17 1]7 u € (Ovp)7
and hence,

sup  sup g(t,u) < Mexp((1+ c1)p" ! + csp®2) < M,
te[—1,1] ue(0,p)

as we wanted to see.

Similarly, for cases 2 and 3 we get
t t
)l <e [ sulds+ [ B (s )l ds
0 0
t t ¢
)| < (™ + cafuPY) [ sl ds - ealul' ™ [Nl ds + [ 1B (s, ds,
0 0 0
and B(p(t,u)) = (O(u"),O(u" V1)),
In particular, for case 3, since we have k > 2] — 1 we can write

t t t
€9(t,u)] < ol / €% (s,0)| ds + clul ! / €9 (s, u)| ds + / B ((s, )| ds.
0 0 0

In these cases we have [e%(t,u)| < |u|"g(t,u) and |e¥(t,u)| < |u|*T1g(t,u) and then we
write

o) < /0 rE%o(s,u))HWLl /O |B¥ (s, )| ds

Jul™

t
+ (W 4 quF T 4 eu 2 4 03ul_1)/ g(s,u)ds
0

¢
<M+ (ul_1 + et 4 epu? 4 03u2l_2)/ g(s,u)ds, te[-1,1], u € (0,p).
0

Applying Gronwall’s lemma, we have
g(t,u) < Mexp{(u!™ + cuf ! + cou® 2 + e3u® )8y, te[-1,1, ue(0,p),
and hence,

sup  sup g(t,u) < Mexp(p' ™t 4+ arp" !+ eop? 72+ e3p%72) < M, (case 1),
te[—1,1] ue(0,p)

sup  sup  g(t,u) < Mexp(p' ™ + cop? 2 + c3p? %) < M, (cases 2, 3).
te[—1,1] ue(0,p)

4.5 Existence of stable curves

In this section we introduce the main results of the chapter, which are Theorems 4.5.1 and
4.5.2, concerning analytic vector fields, and Theorems 4.5.3 and 4.5.4, concerning C" vector
fields. In the proofs of these theorems we will refer recurrently to the Theorems 2.2.1, 2.2.3,
3.2.1 and 3.2.4 stated in Chapter 2 and Chapter 3, respectively.
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4.5.1 The analytic case

In the following results we provide the existence and regularity of stable curves asymptotic
to the critical point at the origin for analytic vector fields of the form (4.1.3).

Theorem 4.5.1 is an a posteriori result which shows that, given an approximation of a param-
eterization of a stable curve of X, there exists a true stable curve close to this approximation.
In Propositions 4.3.1, 4.3.3 and 4.3.4 we showed that one can compute explicitely such ap-
proximation.

In Theorem 4.5.2 we obtain the existence of an analytic stable curve of X without having
an approximation of it and we give an expression of the restricted dynamics on the invariant
curve, where we recover the normal form of a one-dimensional vector field around a parabolic
singularity given by Takens in [70].

Theorem 4.5.1. Let X : U C RQA — R? be an analytic vector field in a neighborhood U of
(0,0) of the form (4.1.3), and let K : (—p,p) — R? and Y = (—p, p) — R be an analytic map
and an analytic vector field, respectively, satisfying

i (u) (u?, K, ub 1) + (O(u?), O(uF+2)) case 1,
u) = .
(u, K{'u') + (O(u?), O(u't1)) cases 2,3,
and Y (u) = Yyul¥ + O(uN*1), with Yy < 0, and such that
X(R(w) — DR() - ¥(u) = (0(), 0(u2N1)), (45.0)

for somen > 2 in case 1 orn > 1 in cases 2, 3.

Then, there exists a C map K : [0, p) — R2, analytic in (0,p), and an analytic vector field
Y : (—p,p) — R such that

X(K(uw) = DK(u)-Y(u), uelo,p) (4.5.2)

and
K(u) = K(u) = (O(u"*"), 0(u"™)),

. o) 2k—1 . < k
Y(u)—Y(u) = (W™) i n case 1,
0 if n>k
. Oy ifn<i—1
Y(u)—Y(u) = W™ i cases 2,3.
0 if n>1—-1

Proof. We write the proof for case 1, the other cases being almost identical except for some
adjustments on the indices of the coefficients of K and Y.

Let us first define the maps K and Y as follows. If n < k we define K(u) = K(u) +
Z?i}LH K(u), with Kj(u) = (K;‘uj, K;ﬁrk_luj*k*l), and Y (u) = Y (u) + Yor_1u?*~1, where

the coefficients Kf, K

Ajy 41 and Yaj,_1 are obtained imposing the condition

X(K(u)) = DK (u) - Y (u) = (Ou**1),0(u™)).
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Proceedmg as in Proposition 4.3.1 one can obtain K iteratively. We denote K;(u) = K (u) +
S it K (u) and Y;(u) = Y (u) 4 Yj(u), where Yj(u) = §; 411 Var_1u**~1. In the iterative
step we have

X(K;j(w) — DK;(u) - Y(u) = (O ), O(uiT2k1)).
Then, similarly as in Proposition 4.3.1, applying Taylor’s Theorem, we have

X (K (u) + Kjy1(w) — DI (w) + Kja(w)) - (V(u) + Y;(t))
= X (K;(u)) = DK;(u) - Y (u) + DX (Kj(u)) - Kj11(u)

1
i /0 (1= 8)D?X(K;(u) + s(Kjs1 () ds (Kji1(u)®?

= DKji1(u) - Yu(u) = D(K; () + K (u)) - Vj(u),

and the condition X (KCj11(u)) — DKji1(u) - Vi1 (u) = (O(uIT*+1) O(ui*2k)) leads to the
same equation (4.3.4), which we solve in the same way. Otherwise, if n > k we take K = K
and Y =Y. We also denote ng =k + 1 if n < k and ng = n if n > k.

We have then,

X(K(w) = K(Y () = (O(@™*F), O(u 1),

Let ¢; and @; be the flows of X and Y, respectively. Without loss of generality we assume
that ¢; and @, are defined for ¢ € [—1, 1], as we already remarked. By Lemma 4.4.7, we have

$(K (w) = K(@e(u)) = (Ou"), 0™ 1Y), ueo,p),

uniformly for all ¢ € [—1, 1]. In particular, for t = 1 we have
o1(K (u)) = K(@1(w) = (O(u"™), 0@ 7)) ue0,p).

Next we consider the map 7! given in (4.4.15) and we take (51 =T 'o¢;oT. By the form
of T~!, and using Taylor’s theorem, we have

O1 (T (K (u) = TN (K (g1(w) = T~ (o1 (K(w) = T~ (K (¢1(u)))
= DT (R (91 () (6K () — K (#1(w))) + hoo.t
_ ( ( no-‘rk’) (u 0+2k— ))

Moreover, by Corollary 4.4.5, ¢; satisfies the hypotheses of Theorem 2.2.3, and also, by
Remark 4.4.3 we have that ¢, is of the form ¢ (u) = u+ Yiu* + O(uF*1). Then, by Theorem
2.2.3, there exist a map G : [0, p) — R?, analytic in (0, p), and an analytic map R : (—p,p) —
R, such that ¢; o G = G o R, with

Gu) — T K (u) = (O™, O(umotky), (4.5.3)

and R(u) = ¢1(u).
Finally, taking K =T o G we have

¢1(K(u>) = K(Sbl(u))’ u € [Oap)7 (454)
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which means that K is a parameterization of the stable manifold of ¢;, where ¢, is the
time—1 flow of X and ¢ is the time—1 flow of Y. Moreover, such K is unique once we fixed
the approximation K.

Next we define A;(u) = ¢(—t, K(&(t,u))), for t € [0,1], and using (4.5.4) we have

A(P(1,u)) = dr(=t, K(p(t, p(1, 1)) = o(—t, K(H(1, ¢ ( w))))
= (=1, 011, K(@(t,u)))) = (1, o(—t, K((t, u)))) = ¢(1, Ag(u)),

that is, A;(u) also satisfies (4.5.4), concretely with ¢1(A¢(u)) = A¢(p1(u)). As a consequence,
by the uniqueness of K, we have that K = A, for all ¢ € [0,1], and thus,

Pe(K(u)) = K(4e(uw),  uel0,p), tel0,1].
Then, by Proposition 4.2.3 it holds that
X(K(u) = DK(u)-V(u),  uel0,p).

and the statement (4.5.2) is proved taking Y =Y.

Finally, from (4.5.3) and the form of T', we have, using Taylor’s theorem,

K(u) — K(u) = T(G(w)) — K(u) = DT(G(w))(T~ (K (v)) — G(u)) + h.o.t.
= (O(u™™™),0u"F)),

and therefore, in the case when n > k, we obtain

K(u) — K(u) = K(u) — K(u) = (O(u"0+1), O(uno+k)) _ (O(un'H), O(un—‘rk‘))'

Otherwise, if n < k we have then

Similarly, we obtain the estimates for ¥ — Y, where ¥ = Y. Indeed, if n > k we have
Y-V =Y-Y=0Ifn<kwehave Y =Y =Y - Y =Y — Y + Yo 1u2k L= O(u?1).

The C' character of K at the origin follows from the order condition of K at 0. OJ

Theorem 4.5.2. Let X : U C R? — R? be an analytic vector field in a neighborhood U of
(0,0) of the form (4.1.3). Assume the following hypotheses according to the different cases:
(case 1) ay >0, (case 2) ap >0, by # 0, (case 3) by <O.

Then, there exists a C' map K : [0, p) — R2, analytic in (0, p), such that

K(u) = (u?, KY u* ) 4+ (0(u?), 0(u*+?)),  case 1,
N (UvK;lul)+(O( ),O(UZH)) cases 2,3,
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. Yy _ 2ak Yy bl—\/b12+4cakl Yy Z
with K, | = \ chiD for case 1, K = —Y4_—— for case 2 and K; = 7} for case 3,

and a polynomial one-dimensional vector field Y of the form Y (u) = Yyu + Yon_qu*N 71,
with Yy, = %K}CJH for case 1 and Y; = cKly for cases 2, 3, such that

X(K(uw) = DK(u)-Y(u), wuelo,p).

Proof. For case 1, we consider the maps K,, and ), provided in Proposition 4.3.1, for some
n > k + 1. Concretely we take Y, (u) = Yyu? + Yor_1u?*~1. The coefficients K{,, and Y}, of
these maps are the ones provided in the statement, and moreover, IC,, and ), clearly satisfy
the hypotheses of Theorem 4.5.1 required for K and Y, respectively. Thus, by Theorem
4.5.1, there exists a C! map K : [0, p) — R?, analytic in (0, p), and an analytic vector field
Y : (—p, p) — R such that

X(K(u)) = DK(u)-Y(u),  ue]0,p),

and also, since n > k + 1, we have Y (u) = Y, (u) = Yyu* + Yor_1u? L. Also, it is clear that
K has the form (4.5.2) since we have K (u) — K, (u) = (O(u™*1), O(u"+)).

Again, the C! character of K at the origin follows from the order condition of K at 0.

The proof for cases 2 and 3 follows in an analogous way using Propositions 4.3.3 and 4.3.4,
respectively. O

4.5.2 The differentiable case

Next Theorem 4.5.3 concerns the existence of a stable curve of a vector field X of the form
(4.1.3), asymptotic to 0, in the case when X is of class C". It is well known that the integral
curves of a C" vector field are also C". Hence, to prove the existence of a C" stable curve
of a vector field X of the form (4.1.3), it would be sufficient to show that there exists an
integral curve of X asymptotic to 0. For this reason, to use our method based on finding
an integral curve of X by knowing the existence of an invariant curve of the time—1 flow
1 of X, it is sufficient to have a continuous stable curve, K, of 1. The existence of such a
stable curve for the corresponding class of maps is alerady proved in [25], and therefore the
results of this section can be deduced from the ones of that paper. However, here we have
used the parameterization method and we present a proof of Theorem 4.5.3 based on the
results presented in Section 3. As in the analytic case, we also provide an a posteriori result
(Theorem 4.5.4).

Theorem 4.5.3. Let X : U C R? — R? be a C" vector field in a neighborhood U of (0,0) of
the form (4.1.3) with r > 3.

Assume the following hypotheses according to the different cases:

e (case 1) ay >0 andr > 3k,
o (case2) ap>0,b#0,r >k and

B
(r—=20+2)(r—1+4+1)

2 [by|

where =
/8 |blf\/b12+4cak l|

(mu—n+0$”m,
l

max {
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(] (case3)b1<(),r>2l—l and%<l

Then, there exists a C* map H : [0, p) — R?, H € C"(0, p), of the form

H(u) = { (u27Hg+1uk+1) + (O(u3),0(uk+2)), case 1,

(u, HYu') + (O(u?), O(u't1)), cases 2,3,

2
; y oo [ 2a y _ hioybitdcal y _ b
with Hy | = (E4T) for case 1, H = 5ol for case 2 and Hy = 7} for case 3,

and a polynomial one-dimensional vector field Y of the form Y (u) = Yyu + Yon_qu?N 71,
with Y = %HIZ:H for case 1 and Y; = cH} for cases 2, 3, such that

X(H(u)) = DH(u) - Y (u), u € [0, p).

If the vector field X is C*° then the parameterization H is C*° in (0, p).
Proof. We write the proof for case 1, the other cases being almost identical except for some
adjustements in the indices of the coefficients of H and Y. We write X = X< + (0, g) where

XS denotes the Taylor polynomial of degree r of X. Then, by Theorem 4.5.2, there exist a
C! map K : [0, p) — R?, analytic in (0, p), such that

K(u) = (u*, K, i) + (0(u?), O(uM?)),
with K ]‘Z 1= —\/% , and a polynomial one-dimensional vector field Y of the form Y (u) =
YiuF + Yo 10?1, with Y, = %Klg—i-l such that

XS(K(u)) = DK (u) - Y (u), u €10, p).
Next let us define ¢; as the time—t¢ flow of X, gZ)f as the time—t flow of XS, and ¢; as the

time—t flow of Y. Without loss of generality we assume that those flows are defined for all
€ [—1,1]. By Proposition 4.2.3 we have

OF(K(u) = K(pr(w),  wel0,p), te[-1,1],
and therefore, putting ¢t = 1,

o1 (K (w) = K(pi(w),  ue[0,p). (4.5.5)

Also, by the definition and the properties of the flow ¢; we have

o) = (2,y) + /O X(ga(z,y)) ds = (2,9) + /0 XSl y)) ds + /0 (0, g(al ) ds
- ¢§($,y) + (O,Qt(x,y)),

where ¢ is analytic in U and g, is a function of class C” in U with g,(z,y) = o(||(x,y)|"),
for each t € [—1,1].

From (4.5.5) we have that K is an analytic invariant curve of the map qﬁf. Next we look
for a C" invariant curve, H, of the map ¢, given by H = K + A, with A € C"(0,p) and
A(u) = (O(u?—2+2), O(u?~**+1)). To do so we proceed as in the proof of Theorem 3.2.1.
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We consider the map T given in (4.4.15) and we take ¢; = T ogoT and ¢ = T LopToT.
By Corollary 4.4.5 and taking into account the hypotheses on the coefficients stated for X, b1
satisfies the hypotheses of Theorem 3.2.1, and qgf satisfies the hypotheses of Theorem 2.2.1.
Also, composing by 71 in (4.5.5), we have that K := T~ ! o K is an analytic map in (0, p)
that satisfies o .

GR(K(w) = Kpr(w), e o).

Then, following the proof of Theorem 3.2.1, there exist A e C7(0, p), with A(u) = (O(u?—2+2),
O(u? k1)), such that H = K + A satisfies

O1(H(uw) = H(pi(w),  uel0,p)
Therefore, taking A =T oA and H =T o H = K + A we have
¢1(H(u)) = H(pr(w)),  wel0,p),

which means that H is a parameterization of an invariant curve of ¢1. Also, such H is unique
once we fixed K, and by the same argument as in the proof of Theorem 4.5.1 we have

¢t(H(u)) = H(th(u))v u e [Oap)v te [07 1]
Finally, applying again Proposition 4.2.3 we have
X(H(u) = DH(u)-Y(u),  u€[0,p).

Note also that by the form of T we have A(u) = T(A(u)) = (O(u?~2¥+2), O(u*~*+1)), and
the coefficients of H and Y are the ones in the statement since we have H(u) — K(u) =
(O(u*=2k2) O(u?~F*+1)), and thus, HY,, = K}/, | and Y}, = K/ . Also, the C* character
of H at the origin follows from the order condition of K at 0. OJ

Theorem 4.5.4. Let X : U C R?> — R? be a C" vector field satisfying the hypotheses of
Theorem 4.5.3 and let K : (—p,p) — R? and Y = (—p, p) — R be analytic maps satisfying

B () = { (uQ,AIA(,gHukH) + (O(u?), O(u*+?)) case 1,
(u, K/u') + (O(u?), O(u't1)) cases 2,3,
and Y (u) = Yyu¥ + O(uN*tY), Yy <0, such that
F(K () — K(u)-Y(u) = (O@@"™), 0@u" 2N 1Y), (4.5.6)
for some2<n<2r—2k+1incase 1 or 1 <n<r—20+1 in cases 2, 3.

Then, there exists a C* map H : [0,p) — R%, H € C"(0,p), and an analytic vector field
Y : (=p,p) — R such that

F(H(u)) = H(u) - Y(u),  uel0,p)

and

H(t) - K(t) = (O(t"*), 0™ ),

. oW1 if n<k
Y(u)—Y(u) = (u ) Un case 1,
0 if n>k
. 19) 20—1 : < 1—1
Y(u)—Y(u) = W™ i cases 2,3.
0 ifn>1—-1
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Proof. We write the proof for case 1, the other cases being almost identical except for some
adjustments on the indices of the coefficients of K and Y. We write X = X< + (0, g) where
XS denotes the Taylor polynomial of degree r of X. Then, from (4.5.6) we have

X(K(u)—DK (u)-Y (u) = XS(K (u)+(0, g(K (1)) —DK (u)-Y (t) = (O(u™**), O(u"T2F71Y),

~

and thus, since g(K(u)) = o(u®") and n < 2r — 2k + 1, we have
Xg(f((u)) — f((u) Y(u) = (O(un—&-/’f)7 O(un+2k—1)) + (0, O(u%)) _ (O(un+k), O(un+2k_1)).

Clearly, X< is analytic and satisfies the hypotheses of Theorem 4.5.1. Then, there exists a
C! map K : [0, p) — R?, analytic in (0, p), and an analytic vector field Y : (—p, p) — R such
that

XS(K(u)) = DK (u) - Y(u),  u€0,p),

and
K(u) = K(u) = (O(™*),0(u™h)),

O(u?~1) if n<k,
0 if n>k.

Also, following the proof of Theorem 4.5.3, there exists a C! map H : [0,p) — R?, H €
C"(0,p), given by H = K + A, with A = (O(u?~2+2), O(u?"~*+1)), such that

X(H(u)) = DH(u)-Y(u),  u€l0,p).
To complete the proof of the theorem, note that we have

H(u) — K(u) = K(u) — K(u) + A(u)
= (O(unJrl)’ O(unJrk)) + (O(u2r72k+2)’ O(u2rfk+1)) — (O(unJrl)7 O(unJrk))

Again, the C! character of H at the origin follows from the order condition of K at 0. Ul
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Chapter 5

Whiskered parabolic tori with
nilpotent part. Map case.

5.1 Introduction

The objective of this chapter is to study the existence and regularity of invariant manifods of
analytic maps asymptotic to an invariant parabolic torus where its complementary dimension
is two.

We consider analytic maps G : U x T¢ x A — R? x T? of the form

z+c(0, Ny + fi(z,y,0,7)
G(z,y,0,)) = y+ f2(z,y,0,7) ) (5.1.1)
0+w+ f3($,y,9,)\)
with (z,9) € U C R%, 0 € T4 w € R XA € A € R™, and with fi(z,9,0,)\), fo(z,y,0,)\) =
O(l(z,y)[1*), and f3(x,y,0,)) = O(||(z, y)|)-
By simple changes of variables, similarly as in Section 2.2.1 of Chapter 2, such maps can be
brought to the form
x+c(0,\)y
Fla,y,0,\) = | y+ap(0,\)z" + Alz,y,0,)) |, (5.1.2)
0+ w+d,(0,\)zP + B(x,y,0,\)

with k > 2, p > 1, where A(z,9,0,%) = yO([[(z 9)|I*") + Oz 9)I*), B(z,y,0,)) =
yO(||(z,v)||P~1) + O(||(z, y)||PT!), and where ¢(f, \) has positive mean, namely ¢ > 0.

The set
T = {(0,0,0) € U x T}

is an invariant torus of F', that is, for all A € A, F(7,\) C 7. We say that 7 is a parabolic
torus with nilpotent part because the top-left 2 x 2 box of the matrix DF(0,0,6) is

1 ¢(6,))
o 1 /
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In this chapter we study the existence and regularity of (d+1)-dimensional invariant manifolds
of analytic maps of the form (5.1.2). Such maps are, in some sense, a generalization of the
maps studied in Chapters 2 and 3 because they present an analogous form when restricted
to the first two components, that here represent the dynamics in the directions normal to 7.

We use similar methods to the ones used in [7] for the study of the existence of invariant
manifolds of analytic maps defined on R” x T?, and where the first n x n box of the linear part
is equal to the identity. There, applications to the study of the planar (n + 1)-body problem
are provided.

Contrary to the planar case studied in Chapters 2 and 3, here we will not consider different
cases for maps of the form (5.1.2) depending on the indices k and p related to the first order
terms of the expansion of F. For simplicity on the notation we will only consider those maps
with ai (0, \), dy(6,X) # 0, which include the generic case.

Invariant manifolds of dynamical systems asymptotic to invariant tori are often called whiskers
in the literature. We will sometimes refer to them also by this name.

As for the planar case, we will provide an algorithm to compute an approximation of a
parameterization of the invariant manifolds and two results of existence, one of them given as
an a posterior: result. Moreover we will give results concerning the analytic dependence on
parameters. However, to avoid cumbersome notation we will sometimes omit the dependence
of the functions we work with on the parameter A when there is no danger of confusion.
Concretely, we present the statements, the setting and the function spaces with full detail
but we skip the dependence on the parameters in the lemmas and proofs.

Also as in the planar case, we cannot expect the invariant manifolds obtained for maps of
the form (5.1.2) to be analytic in a neighborhood of the invariant torus, 7.

For our study we will use again the parameterization method (see Section 2.2.2) adapted to
the current setting. Here we will look for maps K (t,0,)) : [0,p) x T? x A — R? x T¢ and
R(t,0,)) : [0,p) x T¢ x A — R x T satisfying the invariance equation

F(K(t,0,)\),\) = K(R(t,0,\),\),

and such that K(0,60,\) = (0,0,6), R(0,0,\) = (0,0 +w), and O, K*/O,K* — 0 as t — 0.

Following the notation of Chapter 2, here t denotes a real variable that parameterizes the
invariant manifolds of F. In Chaptes 4 and 6, dedicated to vector fields, we use u to denote
that real parameter and ¢ to denote the time variable.

The main results of this chapter are Theorems 5.3.1 and 5.3.2, concerning the existence
of analytic invariant manifolds of a map F' of the form (5.1.2). The results are stated for
the stable manifolds. In Section 5.5 we show that completely analogous results hold true
for the unstable ones. In Section 5.4 we provide an algorithm to obtain parameterizations
of approximations of the invariant manifolds of F. The rest of the chapter is dedicated to
introduce the techniques used for the proofs of the main theorems. Finally we provide the
proofs of the main results in Section 5.8.
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5.2 Preliminaries and notation

In this section we present some notation and preliminary results that will be used along the
chapter. We start with some notation and definitions,

e Real and complex d—torus: the real torus is T¢ = (R/Z)d. Given o > 0, the complex
torus is
T¢ = {6 = (61, -+ ,04) € (C/Z)*|[Im 2| < o}.

e Given (3, p > 0 such that p < 1 and g <, let S be the complex sector

S =5(8,p) = {z € C| |arg(z)| < 5,0 < |2 < p}.

e We will often consider functions depending on a parameter, A € A, with A C R™. We
denote by Ac C C™ a complex neighborhood of A.

o Let U € RF x T? and V C R* x T be open sets. If A\ € A is a parameter, given
functions g : U x A — V and h: V x A — R¥" x T4’ | the composition f = ho g is
defined as

[z, A) = h(g(x,A),A).
e Given a map h: T? x A — R", we define the average of h wih respect to § € T? as

- 1

h(\) = ol - h(6, ) df,

and the oscillatory part of h as
h(0,\) = h(0,\) — h()).

e The superindices x, y and € on the symbol of a function or an operator with values in
R? x T4 will denote its respective components.

Next we introduce some preliminary theory concerning Diophantine vectors and the small
divisors equation.

We say that w € R? is Diophantine (in the map setting) if there exists ¢ > 0 and 7 > d such
that
lw-k—1>clk|™™, forall keZN\{0},1¢€Z,

where |k| = |k1| + - - - + |kq| and w - k denotes the scalar product.

Along the proofs of some of the results, when solving cohomological equations to compute
approximations of parameterizations of invariant manifolds, we will encounter the so-called
small divisors equation. In the map setting such equation has the following form,

V(0 +w,\) — (0, \) = h(0,\), (5.2.1)

with h: T? x A — R" and w € R4,
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In order to find a solution ¢(#, X) of (5.2.1) we develop h as a Fourier series with respect to
0,
hO,0) = D hy(N)e*m k7,
kezd

with )
hi(N) = / R(O,Ne 7 R0d9 k-0 =Fki0, + -+ kqby.
0

If h has zero average and k-w ¢ Z for all k # 0, then equation (5.2.1) has the formal solution

Tik- hi (A
A0 = T @ = Y ko

kezd

Note that all coefficients ¢y are uniquely determined except for g (the average of ), which
is free.

The following well-known result establishes the existence of a solution to equation (5.2.1)
when h is analytic.

Theorem 5.2.1 (Small divisors lemma for maps). Let h : T2 x Ac — C" be analytic with
zero average and let w € R? be Diophantine with T > d. Then, there exists a unique analytic
solution ¢ : T x Ac — C" of (5.2.1) with zero average. Moreover,

sup  [lp(@, N[ < €77 sup A0, M),  0<d<o,
(ONET?_,xAc (0,\)ETE x Ac

where C' depends on T and d but not on d.

The proof with close to optimal estimates is due to Russmann [63].

We will denote by SD(h) the unique solution of (5.2.1) with zero average.

5.3 Main results

In this section we state two theorems of existence of analytic stable invariant manifolds of
a map F' of the form (5.1.2) asymptotic to its invariant torus 7. The second Theorem is an
a posteriori result, which provides the existence of a stable manifold assuming it has been
previously approximated but the statement is independent of the way such an approximation
has been obtained.

Theorem 5.3.1. Let F : U x T? x A — R? x T? be an analytic map of the form (5.1.2).
Assume that 2p > k — 1, ag(A) > 0 for A € A, and that w is Diophantine. Then, there exists
p>0and a C' map K : [0, p) x T x A — R? x T, analytic in (0,p) x T? x A, of the form

K(t,0,0) = (8%, K (" 04+ K5, (VP 4 (0(8), 0(#42), 087 7++2)),

and a polynomial R of the form

t+ RE(\tF + RE, (M)t

93



with R¥(A\) < 0, such that
F(K(t,60,)),)) = K(R(t,0,A),)),  (t,6,)) €0, p) x T* x A,

Moreover, we have

v _ 2ak(N) AN 2kt o, eV ar(N)
Kk+1()‘)__ E()\)(kqul)’Kgp7k+l(>\)__2pfk+1 E()\)C_Lk 7Rk:(/\)__ 2(kf1) .

The statement of Theorem 5.3.1 provides a local stable manifold parameterized by K :
[0, p) x T? x A — R? x T¢ with p small and the proof does not give an explicit estimate for
the value of p. However, as in the case of planar maps (see Chapters 2 and 3), we can extend
the domain of K by using the formula

Kt)=F7KR(), j>1,
while the iterates of the inverse map F~! exist.

We also note that the first component of the map R (corresponding to the directions normal
to the invariant torus) given in the statement of Theorem 5.3.1 is the normal form of the
dynamics of a one-dimensional system in a neighborhood of a parabolic point ([18, 70]),
already seen in Chapters 2 and 3. In the second component, R defines a rigid rotation of
frequency w.

Theorem 5.3.2. Let F: U x T? x A — R% x T? be an analytic map of the form (5.1.2), and
let K:(—p,p) xT¢x A —R2xT?% and R = (—p,p) x T* x A — R x T¢ be analytic maps of
the form

K(t,0,)) = (£, K (M 0+ K9, 0 (VPP 4 (0(8%), 0(712), 0 (8%~ ++2)),
and

. t + RE(N\tF + O(¢F+1
R(t,@,/\):(+ k(e)+: ( >),

with RE(N\) < 0, satisfying
F(K(t,0,0),7) = K(R(t,6,)),) = (O(t"**), 01, o™+,

for somen > 2.

Then, there exists a C* map K : [0, p) x T? x A — R? x T, analytic in (0,p) x T¢ x A, and
an analytic map R : (—p, p) x T x A — R x T? such that

F(K(t,0,)),\) = K(R(t,0,)), \), (t,0) € [0, p) x T,

and

K(t,0,) = K(1,6,)) = (0", 0(" ), 0(t"+7)),

R(t,6,)) — R(t,6,\) = { (O(+71),0) if n <k,
(0,0) if n> k.

As in the case of planar maps, the invariant manifolds obtained in Theorems 5.3.1 and 5.3.2
are unique (see Remark 2.2.7).
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5.4 Formal approximation of a parameterization of the whiskers

In this section we show how to compute formal approximations of a parameterization of the
invariant manifolds (whiskers) of a map F' of the form 5.1.2. Similarly as for planar analytic
maps (see Chapter 2), we provide an algorithm to obtain two maps, K, and R,, that are
approximations of solutions K and R of the invariance equation

FoK=KoR.

However, in this case the map C,, will be d 4+ 2-dimensional, and the map R,, will be d 4 1-
dimensional. The first component of the map R,, represents the dynamics in the directions
normal to the invariant torus, 7.

As in the planar case, the obtained approximation correspond to the stable manifold when
the coefficient Rf()) of R, is negative. When this coefficient is positive it corresponds to the
unstable manifold.

The obtained approximations K,, and R, will satisfy the hypotheses of Theorem 5.3.2, and
therefore KC,, provides an approximation of a true invariant manifold of F'.

The algorithm presented here is somehow analogous to the one used in Propositions 2.3.1
and 2.3.4 of Chapter 2. In this case, however, when solving the cohomological equations to
obtain the coefficients of I, and R,, we will encounter the small divisors equation, which can
be solved when the frequency w is Diophantine.

Even if in the statement we ask for F' to be analytic, the result holds if F' if only C°°, since
the proof requires only formal computations.

Proposition 5.4.1. Let F be an analytic map of the form (5.1.2). Assume that 2p >k —1,
ax(A) > 0 for A € A, and that w is Diophantine. Then, for all n > 2, there exist two pairs of
maps, Kn :RxT¢x A —R?xT?% and R, : R x T¢ x A — R x T%, of the form

£+ Y KF()E + Y KR (0, M)t

Kalt,0.0) = | I RYOE + S K20, )
0+ S KOO + S KO0, )1
and
t + RE(\)tF
<+9Rk() ) if 2<n<k,
Rnll: 00 =1 114 Rt(o;\)t’f + Ry, (V21
( k 2k—1 ) if n>2k+1,
0+ w

such that

Gn(t,0,)) := F(Ku(t,0,\), \) — Kn(Rnu(t,0, )A) = (O™ ), O™ T2k=1) o +2=1y).
(5.4.1)
Moreover, for the first coefficients we obtain

.o 2ax(\) - c
KiaO=%\35 a7 1 M =25, WF il F
A)

K 1(0,0) = SD((0, NKY 1 (N), K3.(0,)) =SD(a(0,)), K30,
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Notation 5.4.2. Along the proof, given a map f(¢,6), we will denote by [f], the coefficient
of the term of order n of the jet of f with respect to ¢t at 0 .

Proof. We prove the result by induction and show that we can determine X,, and R,, itera-
tively.

For the first induction step, n = 2, we claim that there exist maps of the form

2+ K7 (0)th _
Y k+1 Y 2k t+th
K(t,0) = K} 5+ K (0)t . Ro(t,0) = :

k+1
- 0+w
0+ K5t + KS (0)t%

such that Go(t,0) = F(Ka(t,0)) — K2(Ra(t,0)) = (O(tF+2), O(t3+1), Ot +1)).
Indeed, from the expansion of Go we have
G5 (t,0) = " K 1(0) — K1 (0 +w) + () K,y — 2R{] + O(t*?),
G3(t,0) = t**[K3,(0) — K3,.(6 + w) + ar(0) — (k+ 1)K} Rf] + O(£**),
G5(t,0) = tP[K5,(0) — K3,(0 +w) + dp(8) — (2p — k + 1) K5, 1 R + O+,
To obtain G&(t,0) = O(t*+2) we solve the equation
Kin(0) = Ky (0+w) + c(0)K},, — 2R =0

as follows. First, we separate the average and the oscillatory part of the functions that depend
on #, so that we obtain

K 1(0) — Kfy1 (0 +w) + KV, +E60)K},, — 2R} = 0.

Then we split the equation into two parts, one containing the terms that are independent of
9, namely cK} 41 = 2Ry, and the other being a small divisors equation of functions with zero
average, K (0 +w) — Kii ,(0) = (19)K;€/+1

We proceed in the same way to get GJ(t,0) = O(t***1) and G(t,0) = O(t***1). If a, > 0
and w is Diophantine, the obtained equations have formal solutions given by

_2a dy 2(k +1) Rx_i&
c(k+1)’ w—k+1\ ca, = F T T\ 2k+1)

Kiiy(0) = SDEO)KY,,), K5 (0) = SD(ar(0)),  K3,(0) = SD(dy(6)).

7 0
Klg—i-l ==+ Kopjp1 =+

Next we perform the induction procedure. We assume that we have already obtained maps
K, and R,,, n > 2, such that (5.4.1) holds true, and we look for

R’T:Ji+1tn+1 + Rz+k(0)tn+k
Kni1(t,0) = Kn(t,0) + KY  tvth 4 KY (9)tn+2k—1

n+2k—1
7 n+2p—k n+2p—1
Kn+2p—kt S Kn+2p 1(0)t P

Rx thrk:fl
Rns1(t,0) = R, (t,0) + ( M_B ) ,
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such that G,y 1(t,0) = (O™ F+1), O(t"+2k), O(t"+?P)). To simplify the notation, we denote

K::L_Jrl = K:n+1 — ICn and R:Jrl = Rn+1 — Rn

Using Taylor’s theorem, we write

Gnt1(t,0) = F(ICu(t,0) + K11 (8,0)) — (Kn(t, 0) + Ky (8,0)) 0 (Ru(t, 0) + Ry (8,6))
= Gn(t,0) + DF(Kn(t,0)) - K71 (1,0) = K1 (£,0) 0 (Ru(t,0) + Ry (£,0))

1
+/ (1= 8)D*F(Ku(t,0) + sK 1 (,0)) ds KF (2, 0)%2
0
— DKy o Ra(t,0) - RY, 1 (¢,0)

— /1(1 — 8)D*Kn(Rn(t,0) + sRE, 1 (£,0)) ds R (¢, 0)%?
0

Performing the computations in the previous expression we have
(8, 0) = Go(t,0)
IR (0) = K0+ w) + c(O) K — (0 + 1)K B = 2R7 ] + O,
nr(t,0) = Gi(t,0)
+ ¢tk 1[Kg+2k () = KY (0 +w) +kaw(0)KE,, — (n+k)KY,  RY
—(k+ DK Ry ] + O(t"+F),
G (t,0) = G(t,0)
i PEKE 1 (0) — KD oy (04 w) +pdy(9) KL,
—(n+2p —k)Kf 5, RE— (2p—k+ 1)KS, 1 Roppa] + O"P).
(5.4.2)

Since, by the induction hypothesis, G,(t,0) = (O(t"*F), O(t"T2k-1), O(t”+2p_1)) to com-
plete the induction step we need to make [G% |]ntk, [Qn+1]n+2k 1 and [gn+1]n+2p 1 vanish.
From the expansions obtained in (5.4.2), such condition leads to the following cohomological
equations,
Ky n(0) — K (0 +w) + c(0) K0y — (n+ D)KG R — 2R5 oy + (G (0)]ner = 0,
KY o 1(0) —KY y 1 (04+w)+ka(0)Ky  — (n+k)KY,, Ri

— (k + 1) k+1Rx+k 1 + [g (9)]n+2k71 = 07
K9+2p 1(0) — Kg+2p 10+ w) ‘HUd (0)Kpiq

— (n+2p— k) Koy RE— (20— k+ 1)K3, 11 Rogk1 + (G (0)]ng2p1 = 0.
(5.4.3)

Taking averages with respect to 6 in the previous equations and separating the terms that
depend on # from the constant ones, we split (5.4.3) into three small divisors equations of
functions with zero average, namely,

Ky (0 +w) — Kz+k<0> (@Kﬁk + 1G5 (O)]ntis
f(g+2 (0 +w) — +2k 1(0) = kar(0) Ky g + [G4(0)]nt20-1, (5.4.4)
K0+2p 10 +w) — n+2p 1(0) = pdy(0 VK + G4 (0)]nt2p-1,
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and the following linear system of equations with constant coefficients,

—(n+1)Ry g 0 Ko,
kay —(n—|—k:) 7,35 0 Kg—i-k
pJp 0 —(n+2p— k:)R‘,ﬁ I_(Z+2p—k

_ _ (5.4.5)
=[G lnk + 2R 4

= — G2k + (k+1) ]g+1R£+k 1
[ga]n+2p 1+ 2p—-k+ 1)K 2p k+1Rn+k 1

Note that the determinant of the matrix in the left hand side of (5.4.5) is (n+2p—k) R} k cay,
(n+2p—k)(n+1)(n+k)(RE)3, which vanishes when kcag — (n+1)(n+k)(RY)* = 0. Then,

if n # k the matrix is invertible, so we can take Rn+k 1 = 0 and then obtain Ky, KnJrk
and K? ntop—k I & unique way. When n = k, the determinant of the matrix is zero. Then,
choosing
5o 2k R [Grlok +C[Gh]ak—2
R 2(3k+1) Ry ’

system (5.4.5) has solutions. In this case, however, K{, ;, KY, and I_(gp are not uniquely
determined.

Once we have chosen solutions K, |, KY, and K] +9p—1 for system (5.4.5), we solve the small
divisors equations (5.4.4) taking

K51 (0) = SDEO) KL, + G (0)]ntk),
f{g+2k—1(9) SD(kar(0) Ky, o + [GY(O)]n+2k—1),
K} 9 1(0) = SD(pdp(0) K1 + (G (O)]nt2p-1).

In this way all equations in (5.4.3) are solved and one can proceed to the next induction
step. O

5.5 Unstable manifolds

In Theorem 5.3.1 we showed that a map F' of the form (5.1.2) possesses a stable manifold
asymptotic to 7 provided that the coefficients of F' satisfy that ap > 0 and that w is Diophan-
tine, and we also showed that such stable manifold, K, can be approximated by a parame-
terization, K, provided in Proposition 5.4.1. Moreover, in that proposition we also obtained
approximations, /C,, and R, such that Fo/C, —K,0R,, = (O(t"+*), O(t"+2k=1) O(t"+2r—1)),
with Ri > 0, that is, K, being an approximation of a parameterization of an unstable mani-
fold of F'.

From now on, to clarify the notation, we will refer to K, and R,, as the parameterizations
obtained in Porposition 5.4.1 corresponding to the stable manifold and the restricted dynam-
ics on it, respectively, and to I} and R, as the parameterizations of the unstable manifold
and the restricted dynamics inside it.

In this section we show that Theorem 5.3.2 also holds for unstable manifolds without having
to compute explicitly the map F~1. Concretely, we show that the approximation ;I provided
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in Proposition 5.4.1 is an approximation of a parameterization of a true unstable manifold,
KT, of F, asymptotic to 7% Moreover, the dynamics on Kt can be parameterized by a map
R™ that is also approximated by R;". As in the stable case, such pairs of maps also satisfy

K“'(t, 9) - K:,i_(t, (9) = (O(tn—i-l)’ O(tn+k), O(tn+2p_k))’
and
(O(t*+1),0) if n <k,

RY(t,0) — R} (¢t,0) =

" (0,0) if n>k.
To avoid cumbersome computations, in this section we will only consider maps F' satisfying
the hypotheses of Theorem 5.3.2 with the additional hipothesis p > k — 2, which is a bit more
restrictive.

Assume we have a map of the form (5.1.2). By Proposition 5.4.1, there exist approximations
KF and R} such that

Gn=FoS —KfoRI = (O™, 0" 21 o@"+2-1y), (5.5.1)
with
t thk O tk—f—l
Ry, = 1O
0+ w

and RY > 0, which means that R, is a repellor in the normal directions of 7. Also, R, is
invertible and we have

(REY(t.0) = (t — R¥tF + O(t’f“)) |

0—w
and
z— (0 —w)y + (0 — w)ag (0 — w)(x — c(0 — w)y)* + Az, y,0)

Fly|= y — (0 — w)(z — (0 —w)y)* + Bz,y,0) )
0 0 —w—dy(0 —w)(z —c(d —w)y)P + C(z,y,0)

with A(z,y,6), B(z,y,6) = O(|(z,9)[|F*)+yO (I (2, ») 1), and C(, y.6) = O (2, )P+ +
yO(ll(z, y)[IP~).

Composing by F~! by the left in (5.5.1) and using Taylor’s Theorem, we get

Ky =F o (K o Ry +Gn)

=F o (KfFoRY)+ DF o (K oRS) -G+ O(G2), (5.5.2)
that is,
Ky = Flo (K o RyY) = (O(™F), 0™ #251), 0"+ 7)),
and then composing by (R,})~! by the right we obtain
FloKh —Kfo(RD)™L = (0™, o(t" 1), 01" +2r—1y). (5.5.3)
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Next we consider the following analytic changes of variables, ¢1, ¢2, given by

¢1($,y,9) = (x’_yae)’
¢2(x7y79) = (x)y79+w)7

and ¢3 given explicitly by its inverse,

¢3 (x Y, ) (‘T) Yy + [C(a)ak(e) (‘T - c(e)y)k + A(l‘> Y, 9)]7 9)

1
c(0)
Then, taking ¢ = ¢3 0 9 0 @1, we have that H := ¢! o F~1 0 ¢ is of the form

x x+c(0)y
Hiy|=| y+a(0)z*+ D(x,y,0) |,
0 0 —w —dy(0)2P + G(z,y,0)
with
D(z,y,6) = O(/|(z, »)I"*") + yO(ll(z, )" )
and

Ga,y.0) = Ol »)I”*) +yO(ll (v IP~),

where we have assumed p > k — 2. Namely, the map H is of the form (5.1.2) (with w of
opposite sign) and the functions D and G have the same properties as the functions A and
B in (5.1.2). Moreover, composing by ¢! by the left in (5.5.3) and using Taylor’s Theorem
as in (5.5.2), we get

67 o P o K = 67! o Ko (RE)TH = (0("4), O 2471), 0+ #71)),
which is equivalent to
Ho ¢—1 ° /C:’L_ o ¢—1 o ]C+ (R-i-) (O(tn+k) O(tn+2k—1)70(tn+2p—l>)_

Hence, H, ¢~ o K and (R;)~! are analytic maps that satisfy the hypotheses of Theorem
5.3.2, where here the frequency of rotation is —w. Therefore, by Theorem 5.3.2, there exist
amap KT : [0,p) x T — R? x T¢ analytic in (0,p) x T¢, and an analytic map R* :
(=p,p) x T¢ — R x T¢ such that

HoK"=K"oR", (5.5.4)
and moreover it holds that
K*(t,0) — ¢~ 'Kl (t,0) = (O("), 0™ ), 0" +27F)), (5.5.5)

(O(t*=1),0) if n <k,

(0,0) if n>k (5:5.6)

R+(t7 9) - (er)fl(ta 0) = {

Also, composing by ¢ by the left in (5.5.4) we have

F_lo¢oK+:¢oK+oR+,
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which means that ¢o K is a parameterization of a stable manifold of F~!, and the restricted
dynamics on this stable manifold is given by the map R™, which, using (5.5.6), is of the form

(5.5.7)

t — Rtk 4 O(th+1
RY(t,0) = ( ke +0( ))
— W

with Rﬁ > 0.

As a consequence, ¢ o KT is a parameterization of an unstable manifold of F', analytic in
[0, p) x T?, for some p > 0. Moreover, composing by ¢ in (5.5.5) and using Taylor’s Theorem,
we have

(K (1,0)) = K (£,0) = (O(™), 0("F), (1 2+)),

that is, ¢ o Kt is approximated by the parameterization K, obtained in Proposition 5.4.1.
Denoting KT := ¢ o KT we recover the notation used at the beginning of the section.

Finally, note that since Rt represents the restricted dynamics of F~! in the stable manifold
¢po K+, then (R*)~! represents the restricted dynamics of F in the unstable manifold ¢o K.
By the form of (5.5.7) we have

(RHY1(t.0) — (t + Retk O(t’f“)) |

0+w
with Rz > 0, and hence, finally,

(O(t**=1),0) if n <k,

(RJr)il(ta 0) - RJr(ta 0) =

" (0,0) if n>k,
as we claimed at the beginning of the section. Concretely, we recover the notation given at
the beginning of the section denoting R := (R*)L.

5.6 The functional equation

To study the existence of invariant manifolds of a map of the form (5.1.2) following the
parameterization method we proceed similarly as in the case of planar maps presented in
Chapter 2. First we consider approximations /C,, : RxT¢x A — R2xT% and R,, : RxT4x A —
R x T¢ of solutions of the equation

FoK=KoR, (5.6.1)

obtained in Section 5.4 up to a high enough order, to be determined later. Then, keeping
R =R, fixed, we look for a correction A : [0, p) x T¢ x A — R? x T¢, for some p > 0, of K,,,
analytic on (0, p) x T x A, such that the pair K = K,, + A, R = R,, satisfies the invariance
condition

Fo(K,+A)—(Ky,+A)oR=0. (5.6.2)

Note that, contrary to the planar case, here the approximations K,, are no more polynomial
maps, but they depend in a polynomial way only on the variable u. Also, in this case equation
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(5.6.1) has d 4+ 2 components. Along the section we will often write the last d components of
such equation in a same expression.

The proof of Theorems 5.3.1 and 5.3.2 is organized in an analogous way as in the planar
case. First, taking into account the structure of F' we rewrite equation (5.6.2) to separate
the dominant linear part with respect to A and the remaining terms. This motivates the
introduction of two families of operators, Sri rand N, p, and the spaces where these operators
will act on. We provide the properties of these operators in Lemmas 5.7.8 and 5.7.9, in
particular the invertibility of S p.

Finally, we rewrite the equation for A as the fixed point equation
A =T, p(A), where T, p = (8 5) "' oNar,

and we apply the Banach fixed point theorem to get the solution. The properties of the
operators 7, r are deduced in Lemma 5.7.14. Note that the symbols used for the operators
85’ g Nnp and T, g are very similar to the ones used for the planar case in Chapter 2.
However, they are different operators and should not be confused.

Let F': U x T? x A — R? x T? be an analytic map of the form (5.1.2). Along the rest of the
Section, to simplify the notation we rewrite F' in the following form,

x+c(0,\)y
F(x7y707>‘): y+P(m,y,9,)\) )
0+w+Q(z,y,0,))
where P(a,y,0,)\) = ag(0,\)z* + A(x,y,0,\) and Q(z,y,0,)\) = d,(0,\)a? + B(x,y,0,))
have the properties described back in (5.1.2).

From Proposition 5.4.1, given n > 2 there exist polynomials IC;, and R = R,, such that
FoK,—K,oR=E¢&,, (5.6.3)

where &,(t,0) = (O(t"T%), O(t"+2k=1) O(t"*+2P~1)). Since we are looking for a stable man-
ifold of F' we will take the approximations corresponding to R = R, with the coefficient
RE(N) < 0.

Hence, we look for p > 0 and a map K = K, + A : [0, p) x T? x A — R? x T¢, analytic
in (0,p) x T x A, satisfying (5.6.2), where K,, and R are the mentioned maps that satisfy
(5.6.3). Moreover, we ask A to satisfy A = (A%, AY, A%) = (O(t"), O(t"+F=1), O(tn+2r—k=1)),

Using (5.6.3) we can rewrite (5.6.2) as
A*o R— A% = KY[co (K + A% —co Kl + AVco (K2 + A%) + £,
AYoR—AY=Po(K,+A)—Pok,+&Y, (5.6.4)
AoR-A=Qo(K,+A)—QoK,+E&.

As we mentioned before, note that (5.6.2) is indeed a set of d + 2 equations, that is, the last
expression of (5.6.2) has d components.
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5.7 Function spaces, operators and their properties

Next we introduce notation, function spaces, and some operators.

For the rest of the chapter, we fix 0 < 8 < %7 and we consider the sector S(3, p) for some
0<p<l

Definition 5.7.1. Given a sector S = S(3, p), and o > 0, let W,,, for n € N, be the Banach
space defined as

Wn:{f:SngxACH(Hfrealanalytz’c, Wfln = sup = <00y,
(2,0,\)€SxT4 x A¢ 2|

Note that when n > 1 the functions f in W, can be continuously extended to z = 0 with
f£(0,0,X) = 0 and, if moreover we have n > 2, the derivative of f with respect to z can be
continuously extended to z = 0 with %(0, 0,\) =0.

Note also that Wy, 41 C W, for all n € N, and that if f € W,,41, then || f||n < || f|ln+1. More
concretely it holds that || f|l, < pl|f|ln+1- Moreover if f € W,,, g € Wy, then fg € Wiin

Given a product of spaces, [[; Wi, we endow it with the product norm
17, e = w2 il

where f; = m; o f, and m; is the canonical projection from [[; W; to W;.

Next we define the spaces
Fn = Wn X Wn+k,1 X Wfll+2p7kfl7

endowed with the product norm defined above, where the functions in W,, 19,1 are mapped
into C/Z. Also, given o > 0 we define

Tn = {f = (f* %) € Ta [ £l = max{1 =l 17 lner—1s 1 lns2p-r—1} < a}.

For the sake of simplicity, we will omit the parameters p, § and o in the notation of the
spaces W,.

Let F' be an analytic map of the form (5.1.2), and K, and R = R,, be the polynomials
provided in Section 5.4 satisfying (5.6.3) with n > k + 1.

Since F' is analytic in U x T¢ x A, it has a holomorphic extension to some complex neigh-
borhood that contains U x T? x A, of the form V x TZ x Ac, where V is a neighborhood of
(0,0) in C?, ']I‘Cal is a complex d—dimensional torus and Ac is a complex extension of A.

On the other hand, since K,, and R are analytic maps, they are defined on a complex domain
of the form S(8, p) x T, x Ac.

Then it is possible to set equation (5.6.4) in a space of holomorphic functions defined on
S(B, p) x ']I‘g, x Ag, and to look for A being an analytic function of complex variables that
takes values in R? x T¢ when restricted to (0, p) x T4 x A.

To solve equation (5.6.4), we will consider n big enough and we will look for a solution,
A e I', for some o > 0. In what follows, we describe what value of o must be considered. In
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order for the compositions in (5.6.4) to make sense we need to ensure the range of IC,, + A
to be contained in the domain where F' is analytic. Also, we look for an invariant manifold

(5.7.1)

parameterized as IC,, + A where A has to be considered as a small correction of /C,.
consider K and A such that ((K, + A)%, (K, + A)Y) € V, (K, + A)? € T2, To this end we

Let b > 0 be the radius of a closed ball in C? contained in V, and let & < . We need to

and  |Im((K, +A)?)| <&
[(KE(2,0,)),K4(2,0,))] < %

/ X Ac
IIm (K2 (2,0,A))| < . Later on we will modify the size of p to

will ensure that
((Kn + A)7, (K + A))[ <D
We choose p and ¢’ small enough such that SUPg(3,p) x T4

and such that SUPg(8,)x T4, x Ac

a smaller value.
Then, we take
a=min {3, §, §},
and we set A € I'Y. This way, we get
[A%(=,6,A)] < sup | A%l |2]" < ap” < Lo,

n+2p—k+1
M

a

sup
< 5P

SxT?, xAc
d similarl AY(z,0,\)| < L prth—1 and
and similarly, supg, pa p. [AY(2,0,A)] < 3p , an
0 0 2p—k+1 2p—k+1
|A (2,6, )‘)| < sup ||A ||n+2p—k+1 |Z’n+ Pt < apn+ Pt

S
2. Hence, with these considerations one obtains the bounds
2 b

sup
SxT?,xAc

and in particular, [Im(A%)| <
Remark 5.7.2. Along the section, the value o denoting the radius of the ball I'' is always

required in (5.7.1).
fixed and given by o« = min{1/2,b/2,5/2}. We may modify instead the value p denoting the

radius of the sector S(3, p) where the functions of the spaces W, are defined.
Notation 5.7.3. By the considerations described above, along this chapter ’]I‘g is a complex
torus of thickness 20 where the complex extension of F' is defined, and Tg, is a complex torus
of thickness 20’ where the functions of W, are defined. The value & that appeared in the

paragraph above is an auxiliary parameter.
Next we introduce two families of operators that will be used to deal with (5.6.4). The

definition of such operators is motivated by the equation itself.
We will need again the auxiliary Lemma 2.4.2 from [4] stated in Chapter 2 (extracted form

[4]). We state it here again for the convenience of the reader, with a slighty modified notation
S(B,p) — C be a holomorphic function of the form R*(z)

adapted to the setting of this chapter.
z+ Rpz® + O(|2|M), with Ry, < 0 and k > 2. Assume that 0 < 8 < Z;. Then, for any

Lemma 5.7.4. Let R”®
€ (0, (k — 1)|Ry| cos \), with A = B 551, there exists p > 0 small enough such that
i VieN, VzeS(s )

R™Y ()] < :
NS ey
where (R®)’ refers to the j-th iterate of the map R*. In addition, R* maps S(83, p) into itself.
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Definition 5.7.5. Let n > 0, 8 < =5, and let R : S(83,p) x Tg, — S(B8,p) x Tg, be an
analytic map of the form

R(z,0) = (’Z * sz::f(zkﬂ)) , (5.7.2)

where the terms O(2*+1) do not depend on 0, and with Ry, < 0.

We define S;, g : Wy, — Wy, as the linear operator given by

Sunf=foR~f.

Remark 5.7.6. By Lemma 5.7.4, for amap R as in Definition (5.7.5), we have that R*(z,0) =
R®(z) maps S(8, p) into itself, and also, since we have w € R?, then R’(z,0) = R%(#) maps
TZ, into itself. Moreover, the functions f € W, are defined on S(8, p) x Tg,, and thus the
compositions in the definition of S, r are well defined.

Definition 5.7.7. Let F' be the holomorphic extension of an analytic map of the form
(5.1.2) satisfying the hypotheses of Theorem 5.3.1. Given n > 3, we introduce Ny p =
(qu,Fa N{ZFa NgyF) : F% - n+k—1 X Wn+2k;—2 X (Wn+2p72)d; given by

NE p(f) =K8[co (K + f%) —co KO+ fYco (Kb + 7)) + £L,

NyF(f):PO(ICn+f)_PO’Cn+€%a

NLp(f) = Qo (Kt f) = QoKn+ &y
The following lemma states that the operators S, g have a bounded right inverse and provides
a bound for the norm ||S; ||.

Lemma 5.7.8. Given k > 2, for all n > 1, the operator S, g : Wy, — W, (see Definition
5.7.5), has a bounded right inverse,

Sy Watk-1— Wa
given by
n RT’ - Z no R] ne Wn+k—1- (573)
Moreover, for any fired p € (0, (k — 1)|Rf|cos ), with X = ﬁ%, there exists p > 0 such

that, taking S(B, p) % Tg, as the domain of the functions of Wyir_1, we have the operator

norm bound
k—1

1(Sn, R)THE < o1+ 5 2L

Proof. A simple computation shows that (5.7.3) gives a formal right inverse of S, g, as shown
in the proof of Lemma 2.4.6.

Denoting R(z,6) = (R*(z), R%(z,0)), note that one has
(R(2,0))" = (R*(2),  (R(2,0))" =0+ jo,

and therefore the composition 7 o R’ is well defined for every j € N.
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By Lemma 5.7.4, R* maps S(3, p) into itself, and hence it is clear that (R’(z,0))* € S(8, p),
for any j, and also (R/(2,0))? € T%,.

Then we see that the series given by (5.7.3) converges uniformly on S x TZ, using the Weier-
strass M-test. Indeed, using again Lemma 5.7.4 we have

n+k—1
R (2.00)] < nllmer_i [(RE (1< |nll,, ( 2] )
(n(R(2,0))] < [nlln+r—1 [(R*) (2)] 17llntk—1 e
1
< Clnllntr-1 ———  Y(2,0) € SxTL,
jE-1 T

so (5.7.3) converges uniformly on S x T¢, and > i20mo RJ is holomorphic. Finally, we obtain
the claimed bound for ||(S,z) || in a completely analogous way as in the proof of Lemma
2.4.6. OJ

In the following Lemma we show that the operators N, p are Lipschitz and we provide
bounds for their Lipschitz constants. Even if the statement of this lemma looks analogous to
the one of Lemma 2.4.7 of Chapter 2, here the proof uses more delicate estimates that have
to be taken into account because of the dependence on # of the functions of W,,.

Lemma 5.7.9. For each n > 3, there exists a constant, M, > 0, for which the operator N, r
satisfies

Lip N g < sup |¢(0)] + Mnp,
0eTd

Lip N} o <k (gsujg lak(0)| + Myp,
E o

Lip N p <p ;uﬁ |dp(0)| + My p,
€T¢

where p is the radius of the sector S(53, p).

Proof. We deal with the three components of N, r separately, obtaining bounds for their
Lipschitz constants. Recall that from the definition of N, r we have 2p > k — 1.

Along the proof we use recurrently the following type of argument: if a given analytic function
g defined in S(8, p) x T4, satisfies g(z,0) = O(|z|"), for some integer n, then g belongs to the
space W,,, and consequently, there exists a constant, M,, > 0, such that ||g|l, < M,.

First we prove the lemma for N'% .. For each f, f € T' we have,
wr(f) = N p(f) = Kh(co (K + f) = co (K, + 7)) + fleo (K + f7) = freo (K} + f7)
= (K} + fY) /01 Deo (K + f* +s(f° = %)) ds (f* = f*)
+co (K + 1) (Y = ).
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We can then bound, for some M, > 0,

1 ~, ~, ~,
10y + ) /0 Deo (K% + 7+ s(f* — 7)) ds (f* — F*)lsns

1 -
<sup|De(B)] sup g [Kh (2, 0) + [Y(2,0)|1/(2,60) — [*(2.0)]
Td SxT4, ||

<N = Pllntop-r—1 G4 + fYllk1 sup|De(6)] sup |2+
Td SxT4,

< M, P2p_k+1 er - f~€Hn+2pfk717

and on the other hand,

| ‘fy(z7 9) — fy(za 0)|

lleo (K5 + 1) (FY = F)llnsk—1 = sup |eo (K5, + f7)(2,0) o[

SxTe,

o

< sup [e(O)] 17 = ¥ lnri-1,

Td

o

and thus, we obtain

NG E(F) = N b () llnk—1 < (Sq}ldp 1(0)] + Mup) max{[[ /¥ = ¥ llnsr—1: 1f* = Fllns2p—r-1},

o

that is,
Lip Ny p < sup [c(0)] + Mp.
Td

o

Next we consider VY .. By Taylor’s Theorem we have, for each f, f erIq,

1
N o) = N2 p(F) = /0 DP o (Ky+f+5(f = P)ds (f =) € Wasapo.  (5.7.4)

Indeed, by the form of P, it is clear that the leading terms of (5.7.4) are contained in

ar o (K9 + fO)(KE + 17)% — a0 (K& + F)(KE + %) € Wayon—o. (5.7.5)

We denote the rest of the terms in (5.7.4) by ®(f, f)(f — f). Since ®(f, f)(f — f) contains
only higher order terms than (5.7.5), it belongs to W,,42x—1, and thus, we have

”(I)(fa f)(f - f)||n+2k—2 < anHf - fNHFn

We will therefore focus on bounding (5.7.5) in W, 4 2—2. To simplify the notation, we define,
for s € [0,1], ) ) )
§s =&, ) =Kn+ F+s(f = ) € Wa x Wir x (Wo).

Note that indeed we have
§(2,0) =22+ 0(|2),  &(z,0) = K{ 2"+ 0(|2"72),  €l(2,0) = 0+ O(|2)),

since the presence of f does not affect the lower order terms of £, and since the coefficients
depending on 6 of K, (z,0) are bounded for 6 € Tg/ as a consequence of the small divisors
lemma (Theorem 5.2.1).
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Next we proceed to bounding (5.7.5). One can write

a o (K + fO)(KE + f)% —ai o (K8 + fO) (K + f7)F
1 - _ 1 N 5.7.6
=apo (K + f%) k /O (EOFLds(f* — f7) + (KE + f)F /0 Day, o (&) ds (£ — %), (500

and we have, for the first term of the sum,
1 ~
Jow o 0k + 7k [ (€ ds (7 = F) s

1 ~
< flag o (K% + %)k /0 (€Y ds s [(F7 = )

1 B -
< sup sup ——s (klag o (Ki, + f2)(z, 0)162 (2, 0 ) 1f* = f¥ln
s€[0,1] SxT4, 2|

1 _ ~
<k sup fag(0)] sup  sup —o—s [€1(z,0)F || f7 = f7ln
Td sef0.] sx7¢, |2]

< (k sup |ak(O)] + Maup) | f* = F*ln-

o

For the second term of the sum in (5.7.6) we have

~ 1 ~,
105+ F)* [ Dawo (&) ds (77 = )2
< sup Da(8)] sy gl (K32 0) + P2 (0 111(2.0) — P2, 0)

<7 = Pollnszpr—1 1€ + F)¥ll2x sup [Dag(6)] sup |z~
Td SxT4,

< M, P2p_k+1 ||f9 - f0|’7’l+2p—k—17

where 2p — k+1 > 1.
Finally, putting together the obtained bounds, we have

INY 5 (f) = NY p(FH)llnsan—2 < law(Kh + )KL + ) = ar(Kh + fO)KE + F*) ¥ lnsor—2
+ |IT(f, f)(f — f)||n+2kf2
< (k sup [ar(0)| + Mup) |17 = f*lln + Mupl £ = fllr.

o

< (k sup lax(6)| + Map) |1 - Fllrs

o
as we wanted to see.

Finally we prove the result for /\/'37 # in an analogous way as with VY ...

Here we have, for each f, f € re

~ 1 ~
NE o) = N2 () = / DQo () ds (f — F) € Wyapo, (5.7.7)
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and by the form of @, the leading terms of (5.7.7) are contained in
dy o (KE + fOYKE + f2)P — dy o (KE + fO)KE + )P € Wiiopa. (5.7.8)

As before, the rest of the terms are not relevant in the norm ||NgF(f) —Ng’p(f)Han,g, S0
we focus the attention on bounding (5.7.8) in Wy42,—2.

We have
dyo (K + F)KE + 57 — dyo (K + J9)(K3 + o)
=dyo (KK + f*)p /0 1(51”)?“ ds(f* = ")+ (K + )P /0 1 Ddy, o (¢) ds(f° — f*).
We can bound the two terms of the sum above as
o (8 + 1)1 [ (€00 ds (5 = Pl
<y (K8 + 10 [ (€P ds -2 |5 = £l

1 T — T rx
< sup sup oo (pldy o (K5 + ) (2,0)[165 (2, )~ 17 = f7 |
s€[0,1] S><’]I‘g, |Z|

1 — x T
< sup sup s (p|dp(O)IES (2, )P 17 — F* I
semJ}Sng’Z’

< (0 sup [dy(0)]+ Mp) 17 =
and
~ 1 ~,
Iz + Foyp /0 Ddy o (%) ds (§° — )llns2p—2

1 _ _
< sup |Ddp(0)| sup ———|(K(2,0) + f*(2,0))°11f°(2,0) — (2, 0)]
Td gxTd |2

O'/

<N = Fllns2p-r-1 10CE + F*)Pll2 sup [ Dd,(0)] sup [P+
I’]TO'

< M, ,02p7k+1 ”f9 - f9‘|n+2p—k—1,

and therefore, taking into account the obtained bounds we get the estimate claimed in the
statement,

N £ () = N o ()llns2p-2 < (p Sup |dp(0)] + Map) || f = Fllr,-

Next, we define some more operators and we introduce the family 7,, r.

Definition 5.7.10. For n > 2p — k — 1, we denote by S;’R : 'y, — Iy, the linear operator
defined component-wise as S;,R = (Sn, R, Sntk—1,Rs (Snﬁp,k,LR)d).
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Remark 5.7.11. Since S,  is defined component-wise, its inverse,

(S;L(,R)il Whtk—1 X Whtor—2 X (Wn+2p_2)d — T,

is given by
-1 -1 -1 -1 d
(S;L(,R) = (Sn,R’ Sn+k;—1,R7 (Sn+2p—k—1,R) ).
Definition 5.7.12. Let F be the holomorphic extension of an analytic map of the form
(5.1.2) satisfying the hypotheses of Theorem 5.3.1. Given n > 3, we define T, p : I' — I'y,
by
ZT,F = (S;R)_l ONnp,F-

Remark 5.7.13. Note that given a map F, to define the previous operators we always take
together the associated triple (F, KC,,, R = R,,) satisfying F' o K,, — K,, o R = &,,. Then, the
operators Sy, g, /\/’n, r and 7, p are associated not only with the map F' itself but to the
approximation of a particular invariant manifold of F.

Using the introduced operators, equations (5.6.4) can be written as
STT’R A =N, r(A).

Lemma 5.7.14. There exist mg > 0 and pg > 0 such that if p < po, then, for every n > my,
we have T, p(I'S) C T and T, r is a contraction operator in I'S.

Proof. By its definition, the operator 7, r satisfies

Lip T, < max{|[(S, r) M| Lip N3y g, [(Sntr—1,8) " || Lip N

T (5.7.9)
1(Sn+2p—k-1,8) " | Lip Ny, r}-

From (5.7.9) and the estimates obtained in Lemmas 5.7.8 and 5.7.9, given p € (0, (k —
1)|R¥| cos \), with A = 3551 there is pg > 0 such that for p < py we have the bound

Lip T, <max {(p + 1521)sup [e(6)| + Mup),

o

(P + L am ) (sup an(0)] + Map), (o + ey )(sup |dp(6)| + Map)},
T4 T(‘f

o

taking S(3,p) x T¢, as the domain of the functions of I'?.

Then, choosing p < pg small enough, it is clear that one can chose mg such that, for n > mg,
one has Lip 7, r < 1.

Hence, for the chosen p < pg and n > myg, 7, F is a contraction in I';.

Next we prove that one can find pg > 0, maybe smaller than pg, such that taking S(3, p) x ']I‘gl/,
with p < po as the domain of the functions of I'y;, then 7,, r maps I'{} into itself.

For each f € I'Y we can write

170, 7 (f)llr,, < 70, 7(f) = Zn, 7 (0)lr, + [ Zn, #(0) |1,
< alip Zp, p + |70, 7(0)||1,, -
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From the definition of 7,, p and N, p we have, for each n € N,
T, (0) = (S g) 1 o NG, 1 (0) = (S g)™H En.

Also, we have &, = (2, €Y, £) € Wik x Whrar—1 X Wagap—1)P, ant thus, for every e > 0,
there is p, > 0 such that for p < p, one has

1T e O, < 168 )™M max 12 ity €2 Insaimzs € nszps} < IS 1)~ M p < e
Moreover, since we have Lip 7, r < 1, we can take p, as

pu=sup{p>0| aLip T r + |7, r(0)r, < a},
and then for every p < pj, it holds that 7,, p(I'%) C T'¢. O

5.8 Proofs of the main results

Next we give the proofs of Theorems 5.3.1 and 5.3.2 using the results presented along the
chapter.

Proof of Theorem 5.3.1. Let mg be the integer provided by Lemma 5.7.14, and let ng =
max{mg, k + 1}. We take the maps I, and R = R,, given by Proposition 5.4.1, which
satisfy

Ena(t,6) = F(KCuo (t,60)) — Ko (R(t,8)) = (O(t"0F), O™ +271), Otmot?~1).

We will look for p > 0 and for a function A : [0, p) x T¢, A analytic in (0, p) x T9, satisfying
Fo(Ky+A)—(Kpy+A)oR=0. (5.8.1)

Next, consider the holomorphic extension of F' to a neighborhood V' x T¢ of (0, 0) x ’JI‘d, where
V C C? contains the centered closed ball of radius b > 0 and take o = min {%, g, .}, with
0 < ¢ < 0. With this setting we rewrite (5.8.1) as

Ao R— A% = KY[co (KL +A%) —co K]+ AVeco (K8 + A%) + &7,
AYoR—AY=Po(Ky,+A)—PoK,+E&!,
AoR-A=Qo(Ky+A)—Qok,+ &L,

with A € I'}} , or using the previously defined operators and function spaces,

Sso,RA:Nno,F(A)’ AGF%O.

By Lemma 5.7.8, if p is small enough, SSO r has a bounded right inverse and we can rewrite

the equation as
A =T, r(4Q), Aely,.

By Lemma 5.7.14, since ng > myg, we have that 7, r maps I';, into itself and is a contraction.
Then it has a unique fixed point, A> € I'7 . Note that this solution is unique once KCp, is
fixed. Finally K = K,,, + A satisfies the conditions in the statement.

The C! character of K at the origin follows from the order condition of K at 0. O
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Proof of Theorem 5.3.2. Let mg be the integer provided by Lemma 5.7.14, and let ng =
max{mog, k + 1}. If the value of n given in the statement is such that n < ng, first we look
for a better approximation K, of the form

Kno(t79)zk(t79)+ i Kj(i,@),

j=n+1
with )
Kt/ + Kf g ()71
K;(t,0) = Kyt Ky o(0)17F2472 ;
K oy /TP 4 f(]e“p_z(@)tj”p*?
and
0
Ruo(t,0) = R(t,0) + > R;(t),
j=n+1
with

Rit)=o.

RI(t) = Ok R, 4t ?f n <k,
0 ifn >k,

The coefficients of Iy, (t,0) and Ry, (t,6) are obtained imposing the condition
F(ICno (t, 9)) - ]Cn() (Rno (t, 9)) = (O(tno+k)’ O<tno+2k71)? O(tn0+2p,1))'

Proceeding as in Proposition 5.4.1, we obtain such coefﬁqients iteratively. We denote IC;(t,0) =
K(t,0) + > 1 Kon(t,6) and R;(t,0) = R(t,0) + ) Ry (t). In the iterative step we
have

F(K;(t,0)) — K;(R;(t,0)) = (O TF), 0t T2~ O T2r~1y),
Then,

F(Kj(t,0) + Kj11(t,0))—(K; + Kjy1) o (Ry(t,0) + Rjs1 (1))
=F(K;(t,0)) — K;(R;(t,0))

+ DF(C;(t,0)) K1 (t, 0) — K11 (R;(t,0) + Ry (1))
1

+ / (1= s)D*F(K;(t,0) + sKj41(t,0)) ds (Kj1(t,60))%”

0

— DK;(R;(t,0))Rj41(t)
1

= [ = DRI (R (1.0) + sy () ds Ry ()

The condition

F(Kj11(t,0)) — Kjy1(Rj11(t,0)) = (O TFY) O#72F), O(17+%P))

leads to the same equations (5.4.4) and (5.4.5) as in Proposition 5.4.1, which we solve in the
same way.
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From this point we can proceed as in the proof of Theorem 5.3.1 and look for A € I'{' C
Who X Whotk—1 X (Wn0+2p,k,1)d such that the pair K = K., + A, R = R,, satisfies
FoK=KoR.

Finally, for the map K, we also have
no
= Y K;(t,0)+At,0)

j=n+1
= (O(tn-i—l), O(tn-i-k)’ O(tn+2p—k)) + (O(t™), O(tno-&-k—l)7 O(tno'ﬂp_k_l))’

with n < ng. We also have n + 2p — k < ng + 2p — k — 1, and therefore,
K(t.6) — K(t,6) = (O(E"+), 0™ ), 0" 2F)).

For the map R we have

R B o & ) 0@ 0) it n <k,
R(t,0) — R(t,0) = Rp,(t,0) — R(t,0) = j;le(t) = { 0.0) e h

If n > ng we look for K*(t,0) = K(t,0) + K,1(t,6) with
Kyt + K (0)tm
Kppi(t,0) = | K4 tmtF+ KV,  (0)nH2R=1 )
K2+2p—ktn+2p_k + Kz+2p71(0)tn+2p_l
and R (t,0) = R(t,0) + Ry 1(t) with

RE_ 1 ifn <k, o
R t)=0.
{O ifn >k, ni1()

A£+1(t) =
We determine the coefficients of K,,.1(t,8) so that
Fo k(1) — K* 0 R*(t) = (O("H+1), 0(1m+25), 0 (1n+%))
as in the previous case and we look for A € I') { C Wyi1 X Wy X (Wnﬁp,k)d such that
the pair K = K* 4+ A, R =R* satisfies F o K = Ko R.
Similarly as before we obtain
K(t,0) — K(t,0) = K*(t,0) — K(t,0) + A(t, 0)
= K,1(t,0) + A, 0)
— (O(tﬂ+1),0(tn+k‘)7 O(tn+2p71)) + (O(t"+1),0(tn+k), O(tn+2pfk))
= (O™ ), 0(t™™), o™ *2rF)),

and
R . . (Ot?*=1),0) if n <k,
R(t,0) — R(t,0) = R*(t,0) — R(t,0) = Rp+1(t) =
(t,0) — R(t,0) (t,0) — R(t,0) +1(t) {(070) P
Again, the C! character of K at T? follows form the order condition of K at t = 0. O
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Chapter 6

Whiskered parabolic tori with
nilpotent part. Vector field case.

6.1 Introduction

In this chapter we study the existence and regularity of invariant manifolds of analytic vector
fields having an analogous form as the maps studied in Chapter 5. Moreover, we consider
non-autonomous vector fields, concretely vector fields that depend quasiperiodically on time.

The class of vector fields we consider is the following one. Let U C R? be a neighborhood of
0and let X : U x T4 x R x A — R2 x T? be an analytic vector field of the form

c(0,t,\)y
X(z,y,0,t,\) = ar(0,t, Nk + A(z,y,0,t,\) ; (6.1.1)
w+dy(0,t,\)aP + B(x,y,0,t,\)

depending quasiperiodically on ¢ (see the definition below) and being v € R? the time
frequencies of X, and with (z,y) € R?, 6 € T?, w € R%. We assume that ¢ > 0, k > 2, p > 1,
and that A, B are of the form

Az, y,0,t.7) =y Oz, y)I* ) + Ol (&, »)|I**),
B(z,y.0.t,A) =y O(l|(z, ) [P~ + O(l|(z, y)|[F*).

The set
T ={(0,0,0) € U x T%}

is an invariant torus of X, that is, for any point = € 7, X (z, A) is tangent to 7 at x, and the
first 2 x 2 box of DX (0,0,0,t,\) is

0 c(6,t,N)

o 0 /)

We say then that 7 is a parabolic torus with nilpotent part.
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As for the map case in Chapter 5, we use the parameterization method, here adapted to the
vector field setting. We look for a map K (u,0,t,\) and a vector field Y (u, 6, ¢, \) that satisfy

X (K (1, 0,1, ), £, 0) — 0y K (u, 0,1, ) - Y (1, 0,8, X) — 0K (u,0,£,3) = 0 (6.1.2)

with K(0,6,t,\) = (0,0,0) € R? x T? and Y (0,60,t,\) = (0,w) € R x T%.

Equation (6.1.2) is the time-dependent version of (4.1.2). It is obtained by adding the equation
t =1 to the system © = X, € U x T?, and applying (4.1.2) to the new vector field, where
here K and Y also depend on . Then, equation (6.1.2) expresses that at the range of K, the
vector field (X, 1) is tangent to the range of K, and thus the image of K is invariant under
the flow of (X, 1).

Along this chapter, as in Chapter 4, ¢t denotes the time variable and we use u € R to denote
the first variable that parameterizes the invariant manifolds.

In Chapter 4, the methodology to study invariant manifolds of vector fields was based in using
the results obtained for maps and showing how they could be translated into the vector field
setting. Here instead we will use a self-contained method consisting in studying the existence
of solutions K and Y of equation (6.1.2) using appropriate function spaces and operators.

As in Chapter 5 we will give results concerning the analytic dependence on parameters, but
we will skip it inside the lemmas and proofs.

The structure of this chapter is the following. We introduce preliminaries and notation in
Section 6.2 and we state the main results of existence of invariant manifolds in Section 6.3.
The results are stated for the stable manifolds. The existence of the unstable ones is obtained
from the corresponding study of the stable manifolds of —X. As in the previous chapters we
also provide an algorithm to compute an approximation of a parameterization of the invariant
manifolds and of the restricted dynamics in it (Section 6.4.) Then we present the functional
equation and the function spaces and operators we deal with in Sections 6.5 and 6.6. Here,
by the nature of the problem, the operators that correspond to composition operators in
Chapter 5 will be differential operators. We give the proofs on the main results in Section
6.7. Finally, in Section 6.8 we present in more detail a particular case inside the class of vector
fields of the form (6.3.3), namely a family of planar non-autonomous vector fields. We finish
the chapter presenting some applications of our results to physical and chemical problems.

6.2 Preliminaries and notation

In this section we present some notation and preliminary results that will be used along the
chapter.

We start with some notation and definitions that complement the ones presented in Section
5.2. Concretely, we only state here the notation that is new with respect to Chapter 5 or that
has to be adapted to the current setting.

e Given o > 0, we define the complex strip H, as

Hy ={z € C| [Im(z)| < c}.
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e If ¢ denotes the time variable, then given two functions g(z,t) and h(x,t) the composi-
tion f = h o g will mean

f(xvt) = h(g(I,t),t).

e We say that a function h : R” x R — R, h = h(x,t), depends quasiperiodically on t if
there exists a vector v = (v, ..., vg) € R and a function A : R” x T% — R such that

h(z,t) = h(z,vt).

We call v the vector of time frequencies of h. If d = 1 then h is a periodic function of
t.

e The superindices x, y and 6 on the symbol of a function or an operator with values in
R? x T denotes the respective components of the function or the operator. We also use
the superindices u, 6 and t, respectively, for functions or operators that take values in
S(8,p) x Td x T%.

Next we introduce some basic theory concerning Diophantine vectors and the small divisors
equation for vector fields.

We say that w € R? is Diophantine (in the vector field setting) if there exist ¢ > 0 and
7 2 d — 1 such that
lw- k| > k™" for all k e z49\{0},

where |k| = |k1| + - - - + |kq| and w - k denotes the scalar product.
The small divisors equation in the vector field setting is

Opp(0,\) - w = h(0,N), (6.2.1)
with i : T x A — R" and w € R%.

To look for a solution of (6.2.1) we develop h in Fourier series,
h(8,0) = > hi(\)e*™™?,
kezd
with .
hi(\) = /O h(6, N)e 2k qg, k-0=kb + -+ kqby.

If h has zero average and k-w ¢ Z for all k # 0, then equation (6.2.1) has the formal solution

£ hi(N\)
— 27ik-0 _ k
@(97 A) - kgz:d Qﬁk()\)e 9 Qﬁk()\) - 27_”]{ i wu

k0,

where all the coefficients ¢ are uniquely determined except for ¢y which is free.
We state the small divisors lemma for the vector field setting.

Theorem 6.2.1 (Small divisors lemma for vector fields). Let h: T¢ x Ac — C" be analytic
with zero average and w Diophantine with 7 > d — 1. Then, there exists a unique analytic
solution ¢ : T4 x A — C" of (6.2.1) with zero average. Moreover,

sup o, N[ < €677 sup A6, A)],  0<é <o,
(0,0)€T?_sxAc (O,M)ETE x Ac

where C' depends on 7 and d but not on 4.
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We denote by SD(h) the unique solution of (6.2.1) with zero average.

As a consequence, if A : ']Tffl x H, x Ac — C™ is quasiperiodic with respect to t € H with
frequencies v € RY (w,v) € R+ jg Diophantine and h has zero average, then the equation

(Dg0(0,,N), 0r0(0,t,0)) - (w, 1) = h(0,t,\),  (0,t,\) € T? x H,, x Ac, (6.2.2)

has a unique solution with zero average, defined in 'IFZ x H, x A¢c and bounded in ’]I‘f,l, xH, x Ac
for any 0 < 0’ < 0. Indeed, since h is quasiperiodic in ¢, equation (6.2.2) is equivalent to

(B9p(0,7,\), 0:3(0,7,N)) - (w,v) = h(0,7,\), (0,7,)) € TEHY x A, (6.2.3)

where 7 = vt and h(6,t,\) = h(6,7,)). Then, applying Theorem 6.2.1 to equation (6.2.3)
taking (w, ) as the frequency vector, we obtain a unique solution ¢ : 'H‘fljd/ x Ac — C™ with
zero average, and thus ¢(6,t,\) = ¢(0,7,A) is the unique solution of equation (6.2.2) with
zero average. We also denote it by SD(h). We use the same notation to denote the solution of
a small divisors equation that is either time dependent or independent, as such dependence
will be understood by the context.

6.3 Main results

Next we state the main results concerning the existence of analytic stable invariant manifolds
of a vector field X of the form (6.3.3) depending quiasiperiodically on time. These results
are analogous to Theorems 5.3.1 and 5.3.2, which concern invariant manifolds for maps. The
second Theorem is an a posteriori result.

Theorem 6.3.1. Let X be an analytic vector field of the form (6.3.3) and let v € RY be the
time frequencies of X. Assume that 2p > k — 1. Assume also that (w,v) is Diophantine and
that ag(A) > 0 for A € A.

Then, there exists p > 0 and a C' map K : [0, p) x T¢ x R x A — R? x T, analytic in
(0,p) x T¢ x R x A, of the form

K(u,0,t,)) = (u®, Kj_ (Nu*th, 0+ K§ (w5 + (0(w?), O +2), O(u*~+12)),
depending quasiperiocally on t with the same frequencies as X, and a polynomial vector field

Y of the form

YE(uF + VE - (\u2k-1
Y(U,H,t,)\) = Y(’LL,)\) = ( k ( )U + 2]{:71( )u ) :
w

with Y¥(\) < 0, such that

X(K(ua 0,t, )‘)7 t, )‘) - 6(u,9)K(ua 0,t, )‘) ’ Y(ua 0,t, )‘) - atK(“) 0,t, )‘) =0,
(u,0,t,X) €0, p) x T? x R x A.

Theorem 6.3.2. Let X be an analytic vector field of the form (6.3.3) and let v € RY be the
time frequencies of X. Let K : (—p, p) x T¢xRx A — R2xT% and Y = (—p, p) x T x Rx A —
R x T? be an analytic map and an analytic vector field, respectively, of the form

K(u,0,t,A) = (u?, KfL, (\NuF, 0+ K§, (Ve + (0(w?), 0(uhF2), O (w5 12)),
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and

Y (0.t 0) (ka(/\)uk + O(uk“)) ’

with Y;F(\) < 0, depending quasiperiocally on t with the same frequencies as X, satisfying
X (K (u, 0,8, 0),t,2) — o) K (w0, 0,8, 7) - Y (w0, 0,8, \) — 9K (u, 0,1, \)
= (O@"™*), 01, 0(u+))
for somen > 2.
Then, there exists a C* map K : [0, p) x T* x R x A — R2 x T¢, analytic in (0, p) x T¢ xR x A,
and an analytic vector field Y : (—p,p) x T? x R x A — R x T¢ such that
X(K(u,0,t,7),t,A) = 000K (u,0,t,A) - Y (u,0,t,\) — 0K (u,0,t,\) =0,
(u,0,t,\) € [0, p) x T¢ x R x A,
and
K(u,0,t,)) — K(u,0,t,)) = (Ou"h), O(u"*), O(u"T27F)),
(O@?™1),0) i n<k,

Y (u,0,t,2) = Y (u,0,t,\) =
(0,0) if n> k.

Finally, the following result is a particular case of a slightly modified version of Theorem
6.3.1. It will be used later on in Section 6.9 applied to the study of the scattering of helium
atoms off copper surfaces. The proof, which is completely analogous to the one of Theorem
6.3.1, will be omitted.

Theorem 6.3.3. Let X be an analytic vector field of the form

c(0,t, Ny
X(z,y,0,t,A) = b(0,t, \)zy + O(y?) ,
w+d(0,t, Ny + O(||(z,y)[1?)
with (x,y) € R%, 0 € T¢, w € R?, and depending quasiperiodically on t with time frequen-

cies v € RY. Assume that &) > 0, b(\) # 0 and d()\) # 0. Assume also that (w,v) is
Diophantine.

Then, there exists p > 0 and a C' map K : [0, p) x T¢ x R x A — R? x T, analytic in
(0,p) x T x R x A, of the form

K(u,0,t,\) = (u, K§(Nu?, 0+ K{(Nu) + (0(u?), 0(u?), 0(u?)),

depending quasiperiocally on t with the same frequencies as X, and a polynomial vector field
Y of the form

Y8 (Mu? + Y§F(A)u?
YWﬁtMZWwM=(2UU+3(W),
w
with Y§£(\) < 0, such that
X(K(u> 0,t, )‘)7 2 )‘) - a(u,@)K(ua 0,t, )‘) ’ Y(u7 0,t, )‘) - atK(“) 0,t, )‘) =0,

(u,0,t,\) €0, p) x T? x R x A.

118



6.4 Formal approximation of a parameterization of the whiskers

In this section we consider analytic vector fields X of the form (6.3.3), depending quasiperi-
odically on time, and we provide an algorithm to obtain a polynomial map, K, (u, 6,t, ) and
a vector field, YV, (u,0,t, \), that are approximations of solutions K and Y of the invariance
equation

X o (K,t) = e K Y — K =0. (6.4.1)

The first component of the vector field ), represents the dynamics in the directions normal
to the invariant torus, 7. Similarly to the planar case presented in Chapter 4, the obtained
approximations correspond to stable manifolds when the coefficient Y,f()\) of Y, is negative.
When this coefficient is positive they correspond to unstable manifolds.

The obtained approximations /C,, and ), satisfy the hypotheses of Theorem 6.3.2 and there-
fore IC,, provides an approximation of a true invariant manifold of X.

In this case, when solving the cohomological equations to obtain the coefficients of IC,, and
YV, we will encounter the small divisors equation for vector fields, which can be solved when
the vector (w,v) is Diophantine, where v € R? are the time frequencies of X.

As for the map case, even if in the statement we ask for X to be analytic, the result holds if
X if only C'*° since the proof requires only formal computations.

Note that the obtained map ), neither depends on # nor on ¢t. Moreover, in the first com-
ponent of YV, we recover the expression of the normal form of a one-dimensional vector field
around a parabolic point ([70]).

Proposition 6.4.1. Let X be an analytic vector field of the form (6.3.3). Assume that
2p > k — 1. Assume also that (w,v) is Diophantine and ai(\) > 0 for X € A. Then, for
all n > 2, there exist two maps, Ky, : R x T4 x R x A — R2 x T¢, of the form

u? 4+ S K\l + S KE(0, 8 )
Ko (u,0,t,X) = SR RY (Nl + SRR KY (0, ¢, Al :

1

0+ S R (DUl + S KO0, ¢,

depending quasiperiodically on time with the same frequencies as X, and two vector fields,
Vo RxT?xRxA— R xT? of the form

T k
(Yk()‘)u> if 2<n<k,
w
yn(u797t7 >\) = yn(u’/\) = T k T 2k—1
w

such that

Gn(u,0,t,\) = X(Kn(u,0,t,X), 1, A) — Op,0)Cn(, 0,8, ) - Y (u, 0,8, X) — OfCp (u, 0,1, \)
= (O(H), 0=, 0(u+).
(6.4.2)
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Moreover, for the first coefficients we obtain

oy B 2ai(N) _ B dp(N\) 2(k+1) oy, | C(A) ar(N)
Kk+1()‘) ==+ m’ K29P*k+1()\>_i2p7k+1 E(A)dk()\)’ Yk (A)_i m7
0

f(lf—&-l(ea t, )‘) = SD(5<93 L, A))Klg—&-l()‘)? f{ka(o, 2 )‘) = SD(ak(aa t, A))v j{gp(ea L, )‘) = SD( P

Notation 6.4.2. Along the proof, given a differentiable map f(u,6,t), we will denote by
[f]n the coefficient of the term of order n of the jet of f with respect to uw at 0 .

Proof. We prove it by induction and show that we can determine /C,, and ), iteratively.

For the first induction step, n = 2, we claim that there exist a map and a vector field,

u? + K¢, (0, t)ukt! Tk
_ ~ u
]CQ(U’ 0, t) - Klg+1uk+1 + ng(ﬁ, t)uzk ) V2 (uv 0, t) - ( k ) ’

_ ~ w
0+ Kgp—k+1u2pik+1 + Kgp(97 t)UQP
such that
Qg(u, 6, t) = X(ng(u, (9, t), t) - a(u,g)ng(u, 9, t) : yg(u, (9, t) - th€2 (u, 9, t)
_ (O(uk+2), O(u2k+1), O(u2p+1)).

Indeed, from the expansion of G, we have

gg(“? 0,t) = uk+1[c(97 t)Kl?:-i-l - 2571? - 89RI?+1(97 t) TW 875[%1?4—1 (0, t)] + O(uk+2)v
G (u,0,t) = u*Fag(0,t) — (k+ 1)K Vi — 0pK5,(0,1) - w — 0, Ky, (0,1)] + O(u®™ 1),
gg(ua 07 t) = uQP[dp(e, t) - (2]9 —k+ 1)Kgp—k+1 - 89Kgp(07 t) - 815}226];(97 t)] + O(u2p+1).

To obtain G¥(u, 0,t) = O(u***) we solve the equation
c(0,) K}, —2Y;F — 0p Ky (0,t) - w — 0Ky 1 (0,8) =0

as follows. First, we separate the average and the oscillatory part of the functions that depend
on # and t, so that we obtain

eKY 4+ 0, ) K, — 2V — 0pKi 1 (0,t) - w — 0K, (0,t) = 0.

Then we split the equation into two parts, one containing the terms that are independent of
(6,t), namely cK} 11 = 2Y)7, and the other being a small divisors equation of functions with

zero average, Op K¢, 1 (0,t) - w + O, K¢ 1 (0,t) = &(0,t) K] ;.

We proceed in the same way to get G (u,0,t) = O(u***!) and G§(u,0,t) = O(u?*1). If
ax > 0 and (w, v) is Diophantine, the obtained equations have formal solutions given by

_ 2ay, _ d 2(k+1) _ ¢ ag
K) =+ ]2 K =+_—7F i =%/
k1 c(k+1) 2p—htl w—k+1\ cap k 2(k +1)

RE(0,0) = SD@0, )KL,y K3(0,6) = SD@x(0,1)), K&, (6,1) = SD(d,(0,1)).
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Next we perform the induction procedure. We assume that we have already obtained a map
IC, and a vector field V,,, n > 2, such that (6.4.2) holds true, and we look for

R£+1un+1 + Kg+k(97t)un+k
K1 (u, 0,) = K (u, 0,8) + | K}t + Koy (0, 0)um 2!

0 n+2p—k 16 n+2p—1
Kn+2p7ku Kn+2p—1 (97 t)u

Y n+k—1
y’fl-‘rl(u: 07t> = yn(“’? 97t) + e lou ) )

such that G,y 1(u,0,t) = (O™ 1), O(u"+?), O(u™t?P)). To simplify the notation, we
denote IC;;+1 =Kp+1 — Ky, and y;H = YVn+1 — Vn.

Using Taylor’s theorem, one can write
gn+1 = X(K:na t) + 8(w,y,0)X(ICna t) ICn—l—l

1
4 /0 (1= 5) 0,y X (o) + 5(K 41, 1)) ds (Kity) 2

- 8(u 0) ,C ' yn - a(u O)IC:L_JA . yn - u,@)lcn-i—l . yqj+1 - 8t’Cn - 8tK:jL_+1
=G+ 0y ) X (Kny t) - KF ) = 0oy K1 - Yo — Oy Kngr - Vi — 0K

1
+ / (1= 8) B2, oy X (o, )+ 5Ky 1, ) ds (K1) 22,

Performing the computations in the previous expression we have

1 (u,0,1) = Gi(u, 0, 1)

+u" R0, )KY, — (n+ D)KE LY —2V2,  — 0pK2, 1 (0,t) - w — 9 K2, 1,(0,1)]
+ O(un-i-k—i-l)’

gz—ﬁ—l (ua 97 t) = g%(t’ 9)
n unﬁk*l[k ap(0.)Kp — (n+k)KY,VE — (k+ D)KL Y — 0pKY 5 1(0,1) - w

— K} o1 (0,6)] + O(u" ),

Gy (u,0,t) = Gp(t,6)

+un+2p_1[pd (9 t) ,,2;4_1 ( + 210 k) n+2p kYk - (2p k+ I)KQP k+1Y +k—1

— 0K +2p 1(0,1) - w — 0O n+2p—1(97t)] +O(u"+?P),
(6.4.3)

Since, by the induction hypothesis, G, (u, 8, t) = (O(u"**), O(u"+2¥=1), O(u"*+?P~1)), to com-
plete the induction step we need to make [GZ, ]n+, (G4, 1]n+2k—1 and [G?4]ntop—1 vanish.
From the expansions obtained in (6.4.3), such condition leads to the following cohomological
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equations,
C(0.0KY,, — (n+ DEZTE — 202y — 0KE ,(0,1) - w — OKE (0,1
+ 1950, )]nsk = 0,
kar(0,)Kpry — (n+ k)K) Vi — (k+ DKL Y — 0K o 1(0,8) - w
— 0K o1 (0,8) + [GY(0, )] nror—1 = 0,
pdp(0,) Ky — (n+2p — k)K n+2p WYe —(2p—k+ 1)K2pfk+1Yn+k—1

— 00K} 19y 1(0,t) - w — 0K o, 1(0,8) + [Go(0,8)]nrap—1 = 0.
(6.4.4)

Taking averages with respect to (6, ) in the previous equations and separating the terms that
depend on (6,t) from the constant ones, we split (6.4.4) into three small divisors equations
of functions with zero average, namely,

D KE, 1 (0,1) - w+ 0y ”z+k(0 t) =0, )KY,, + G (0, )]nt,
39Kn+2_1k(93t) w+ O K, n+2k 10,8) = ka0, ) KZy + [GL(0, 1) nr2n—1, (6.4.5)
89K2+2p71(9?t) w+ 0K +2p 1(0,8) = pdp(0, ) Ky + [Gh(0, 1)|nsap-1,

and the following linear system of equations with constant coefficients,

—(n+1)Y? ¢ 0 KgH
pczp 0 —(n+2p— k:)f/kz Kz+2p_k

i (6.4.6)
(G ngk +2Y, 44

= — (G 261 + (k + 1)Kk+1Yn+k 1
—[G0)ntop—1+ (2p—k+ 1)K 2p k1 Yok

Note that the determinant of the matrix in the left hand side of (6.4.6) vanishes when
kear, — (n + 1)(n + k)(Y¥)? = 0. Then, if n # k that matrix is invertible, so we can take
Ynﬂk_l = 0 and then obtain Kn+1, KY nar and K nt2p—k I @ unique way. When n = k, the
determinant of the matrix is zero. Then, choosing

2k Y [GElok + €[GY]3k—2

Ye
2k—1 = 23k +1)Y}? ’

system (6.4.6) has solutions. In this case, however, Klf—kl’ f(gk and f(gp are not uniquely
determined.

Once we have chosen solutions K7, K3, and K ntop—k for system (6.4.6), we solve the small
divisors equations (6.4.5) taking

Crr(0,1) = SD(E0, K + [Gr (0, O)]ns),
Kn+2k71(97t) SD(k ak(e t) +1 + [gy(g t)]n+2k:—1)7
Ky op-1(0.t) = SD(pdy(8, 1) K54y + (G (0, O ns2p-1).

In this way all equations in (6.4.4) are solved and one can proceed to the next induction
step. O
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6.5 The functional equation

To study the existence of invariant manifolds of a time-dependent vector field of the form
(6.3.3) following the parameterization method we proceed in a similar way as we did in
Chapter 5.

First we consider approximations K, : RX T xRx A - R2xT%and Y, - RxT¢ x R x A —
R x T? of solutions of equation (6.4.1) obtained in Section 6.4 up to a high enough order.
Then, keeping Y = ), fixed, we look for a correction A : [0, p) x T? x R x A — R? x T¢, for
some p > 0, of K,,, analytic on (0, p) x T¢ x R x A, such that the pair K = KC,, + A, Y =),
satisfies the invariance condition

Xo(Kn+At) = 0o (Kn +A)- Y =0 (Kn +A) =0. (6.5.1)
To be able to deal with equation (6.5.1) in a suitable space of analytic functions, we rewrite

the vector field (6.3.3) as X (x,v,0,7,)\) = X(x,v,0,t,)\), with 7 = vt and v € T, so that
the corresponding differential system reads

& 0,7, Ny
gl =1 a0, Nk + A,y 0,7.) (65.2)
0 w+ dp(H, T, NP + B(z,y,0,7,\)

where ¢: T? x T x A — R, &(0,7,\) = ¢(6,t,\), and similarly for the other quantities with
an inverted hat.

Note that now the vector field X is defined in a domain of the form U x T", with n = d+ d’,
and thus the new variables (0, 7) can be thought as angles.

We also introduce

ICTL(/U'? 97 T? )\) = lCn(U, 07 t? )\)7 Y(u’ 97 T? )\) = Y(u’ 07 t? A)?
and

J(u,0,7,\) = (Y(u,@,r, )\)> .

v

Therefore, equation (6.5.1) can be written as
Xo(Ky+A,7)—D(K,+A)-J=0, (6.5.3)
and then we look for a solution A = A(u,8,7,)), A: [0, p) x T4 x T% x A — R? x T¢.

The proofs of Theorems 6.3.1 and 6.3.2 are organized in a similar way as the ones of Theorems
5.3.1 and 5.3.2 from Chapter 5. Taking into account the structure of X we rewrite equation
(6.5.1) to separate the dominant linear part with respect to A and the remaining terms.
The obtained equation motivates the introduction of the families of operators S; ;and NV, x
and the spaces where these operators will act on. Note that the symbols used to name the
operators S,f’ ; and N, x are the same that in Chapter 5, but they correspond to different
operators that act on different function spaces. As for the map case, we rewrite the equation
for A as the fixed point equation

A =T, x(A), where Tnx = (S;ﬁ,)‘1 o Ny x,
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and we apply the Banach fixed point theorem to get the solution. The properties of the
operators 7, x are deduced in Lemma 6.6.12.

From Proposition 6.4.1, given n there exist a map K,, and a vector field Y = ), such that
X [¢] (ICn,t) — 8(u79)’Cn . Y — élen = Cn;
or equivalently,
Xo (K, 7)— DK, -J==¢&, (6.5.4)

where &,(u,7,\) = (O(u"**), O(u"+2=1), O(u"*+2r=1)). Since we are looking for a stable
manifold we will take the approximations corresponding to Y = ), with the coefficient
YE(\) < 0.

We look for p > 0 and a map K = K, + A : [0, p) x T+ x A — R2 x T9, analytic on
(0,p) x T4 x A satisfying (6.5.3), where K,, and J satisfy (6.5.4). Moreover, we ask A to
be of the form A = (A% AY, A%) = (O(u™), O(u"T*=1), O(unt2P=k=1)),

To simplify the notation, similarly as in Chapter 5, we write
P(x,y,0,7,\) = ap(0, 7, \)a* + A(z,y,0,7,\)

and
Q(z,y,0,7,\) = JP(Q,T, AP + B(x,y,@, T, ).

Then, using (6.5.4) we can rewrite (6.5.3) as
(K + A7) = co (K7, 7)] + A eo (K + A7) + €7,

DA* - J =KYJéo ,
DAY.J=Po(Ky+A,7)—Po(K,,7)+ &, (6.5.5)
DA’ J=Qo(Kn+A,7)=Qo(Kn, 1)+ &,

or in a compact form,
DA-J=Xo(K,+ A7) Xo(Ky,7)+&,.

Note that this functional equation has d + 2 components.

6.6 Function spaces, operators and their properties

To deal with equation (6.5.4) we need to define suitable function spaces and operators as we
did for the map case in Chapter 5. The spaces and operators we will use here are somehow
analogous to the ones used in Chapter 5, but here we will have to take into account also
the time dependence. Also, the operator corresponding to S, ; in Chapter 5, namely S, g,
which was a composition operator, will be now an integral operator due to the nature of the
invariance equation for vector fields, (6.5.1).

We fix 0 < 8 < ;%7 and we take the sector S(3, p) for some 0 < p < 1.

Definition 6.6.1. Given a sector S = S(53, p), and o > 0, let Z,, for n € N, be the Banach
space

Z, = {f : S x T x Ac — C | f real analytic,

| flln == sup
(u,0,7 \)ESXTE x Ae
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Given a product of spaces, [[; Z;, we endow it with the product norm
£l 7, = max I o 12,

where 7; is the canonical projection from [[; Z; to Z;.

We also define the space
Q= Zn X Zngho1 X 2000 k1,

endowed with the product norm defined above, where the functions in Z,, ;2,1 are mapped
into C/Z. Also, given a > 0 we define

== ) €l I flle, < ab.

For the sake of simplicity, we will omit the parameters p, § and ¢ in the notation of the
spaces Z,.

Since X is analytic in U x T4 x A, which is relatively compact, it has a holomprphic
extension to some neighborhood of the form V x ']I‘f,”dl x Ac, V' c C2. Also since K,, and
J are analytic in R x T4 x A they can be defined on a complex domain of the form
S8, p) x ’]I‘Zfd/ X Ac. Then it is possible to set equation (6.5.5) in a space of holomorphic
functions defined in S(83, p) x Tgfd’ x A, and to look for A being a real analytic function of
complex variables that takes values in R? x T¢ when restricted to (0, p) x T4t% x A.

To solve equation (6.5.5), we will consider n big enough and we will look for a solution,
A € QF for some a > 0. To determine which value of o must be considered we proceed as
for the map case. In order for the compositions in (6.5.5) to make sense we need to ensure
the range of K,, + A to be contained in the domain where X is analytic. Also, we look for
an invariant manifold parameterized as K, + A where A has to be considered as a small
correction of K.

Let b > 0 be the radius of a closed ball in C? contained in V, and let & < o. We need to
consider K,, and A such that ((KC,, + A)®, (K, + A)Y) € V, (K, + A)? € T¢. To this end we
want to ensure that

(Kn+ A, (Kp+AY)| <b and  [Im((K, +A)?)| < 6. (6.6.1)

We choose p and ¢’ small enough such that

sup |(KE(u, 0,7, \), KY(u,0,7,\)| < &
S(ﬁ,p)XTde/ XAC

and such that
sup (K2 (u, 0,7, )| <
S(8.0)XT ¥ x Ac

2o Qe

Later on we may modify the size of p to a smaller value.
Then, we take

a=min {3, §, §},
and we set A € Q2. In this way, we get

sup A (0.7, )] < sup A7 ol < g <
SxTZfd/xA
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and similarly, supg rara , [AY(u,0,7, )| < bpntk=1 and
0./

XAC

sup A7 (w, 0,7, )] < sup [ Ao [l < AL < g i,
SxTifd/xAC S

and in particular, [Im(A%)| < % Hence, with these considerations one obtains the bounds
required in (6.6.1).

Remark 6.6.2. As for the map case, along the section, the value of the radius of the ball Qf
is always fixed and given by a = min{1/2,b/2,5/2}. We may modify the value p denoting
the radius of the sector S(3, p) where the functions of the spaces Z,, are defined.

Next we introduce two families of operators that will be used to deal with (6.5.5).

Definition 6.6.3. Letn >0, 8 < "5, and let J : S(f3, p) x ']I‘gfrd, — Cx ’]I‘Zfd, be an analytic
vector field of the form
J(u,0,7) = (Yeu* + O(uF ), w, v), (6.6.2)

with Yy, < 0, and where the terms O(uFT1) do not depend on (0, 7).

We define S,, j : Z, — 25, as the linear operator given by

Sngf=Df-J=0,f-J"+0f w4+ 0-f- .

Next we introduce an auxiliary lemma concerning the properties of the solutions of vector
fields of the form (6.6.2) that will be used later on.

Lemma 6.6.4. Let J(u,0,7) be an analytic vector field as in Definition 6.6.3 and let 5 be
its time—s flow. That is, o5 = (% ¢, ©T) is the flow of
U = YiuF + O(ubtl),
0=w,
T =
Then, @s is of the form
ps(u,0,t) = (95 (u), 0 +ws, 7+ vs),

and for any fized pu € (0, (k —1)|Y;%|cos \), with A = BESL, there exists p > 0 small enough

such that
|ul

(Lt spafus-1) =T
In addition, we have ps(u) € S(B,p) for all s € [0,00) and uw € S(B, p).

lo¥(u)| < , Vue S(B,p), Vsel0 ). (6.6.3)

Proof. By its definition the time—s flow of J is given by

S
ws(u,0,7) = (u,0,7) +/ J o psds. (6.6.4)
0
and thus, integrating the system we obtain

gpg(u797t) :0+W8, QD:;-(U79’t) :7‘-’-]/57
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and that ¢¥ is independent of § and 7.

To show that (6.6.3) holds we will use Lemma 5.7.4 stated in Chapter 5. We start by writing
ws(u) depeloped as a Taylor series with respect to v around u = 0,

oi(u) = ag(s) + ar(s)u+ ag(s)u” +- -, (6.6.5)

and then one gets ap(s) = 0, since u = 0 is a critical point of J*. By equating (6.6.4) to
(6.6.5) we obtain

on(s)u+ a(s)u 4o = u+ /S[Yk(al(s)u +ag(s)u’ + )7 + Ops(w)) ] ds

C (6.6.6)

= u + YjuP / a1(s)ds + O(uM).
0

From the previous expression we infer that a;(s) = 1, since for s = 0 the flow is ¢f(u) = u,
and hence, by replacing this in the second line of (6.6.6) we obtain that ¢¥(u) is given by

©%(u) = u + sYpu* + O(urth). (6.6.7)

Then, from (6.6.7) and by the definition of J* it is clear that for every fixed s, the map
s+ S(B, p) — C satisfies the hypotheses of Lemma 5.7.4. Namely, we have that given s > 0
and given 1 € (0, (k—1)|Y{%|cosA), with A = 3571, there exists ps = ps(u) > 0 small enough
such that

: |ul

@Y ) =[] < ——" . ueS@E p). JEN
(1 + a1 7

and therefore, there exists p = p(u) such that

u .
sup |js(u)] < : [ — uweSB,p), jeEN
s€[0,1] (1 —i—],u|u|k—1)k71

Moreover, clearly it holds that

|l |ul

<
(14 julul=1)"T (14 sjpluls-1)FT

we S, p), sel], jeN.

By joining the two previous estimates we get

|ul

(1+ splult=1) e

|fs(u)] < ue S(B p), sel0,1], jeN,

which is equivalent to

|l

(Lt spul) 7T

s (u)] < uwe S(B, p), sel0,00).

Finally, also as a direct consequence of Lemma 5.7.4, we have that ¢ maps S(f, p) into itself
for all s € [0, 00). O
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Definition 6.6.5. Let X be a vector field satisfying the hypotheses of Theorem 6.5.1, and
let X(z,v,0,7) = X(x,y,0,t), defined in V x T x ’]I‘f,l/, V € C2. Given n > 3, we introduce
Nox = NiEx, N NP x) 2 Q% = Zogre1 X Zngar—2 X (Znyap-2)?, given by

() = /C[éO(iC"+f9 T)—éo (Kb, 7)]+ fYeo(KS + f7,7) + &2,
NY x(f) = (lC + f,7) = Po(Kn,7)+ &L,
N x(f)=Qo(Kn+ f.7) = Qo (Kn,7)+&f

The following lemma states that the integral operators S,, ; have a bounded right inverse and
provide a bound for the norm ||S, JH

Lemma 6.6.6. Given k > 2, for all n > 1, the operator S, j : Z, — 2, associated with the
vector field J (see Definition 6.6.3), has a bounded right inverse,

’Sn_(lj P Zngk—1 — Zns
given by .
Sy = —/0 nopsds, nE€ Zptk—1, (6.6.8)
where s denotes the time-s flow of J.

Moreover, for any fized p € (0, (k —1)|Y;¥[cos ), with X = ﬂ%, there exists p > 0 such
that, taking S(B, p) x Tgfd/ as the domain of the functions of Z,r_1, we have the operator
norm bound

-1 _
1(Sn) ™M < L E5L,
Proof. To show that (6.6.8) is a formal expression for a right inverse of S, j, note that

vo(u,0,7) = (u,d,7) and that lims_,o ¢¥(u, 0, 7) = 0, and recall that ¢s(u, 0, 7) = (©¥(u), 0+
ws, T + vs) is the time—s flow of J. By differenciating under the integral sign one has

Snyo(Sny) tn= —/Oooau(no%)dsﬂ —/Oooﬁg(nogps)ds-w - /Oooaf(nocps)ds v
Moreover, the following relations hold true,
/Oooae(nosos)ds-w = /Oooaenososﬁssogds,
/OOO Or(nops)ds-v= /Ooo dr1 0 s D55 ds, (6.6.9)

/(%(nows)dst:/ Oun 0 s Osips ds.
0 0

Indeed, the first two equalities above are trivial. To prove the third one, observe that we have

oo . o0 . o0 . J"E o QOS
/ Ou(nops) J ds = / Oun © ps Oy J¥ ds = / Oun © ps Oype J ds,
0 0 0 JT 0 s

and then, denoting g(s,u) = 9yn o @s J* 0 ps and v(s,u) = augogJ;ITioq, we can write

/00 Ou(nops) J¥ds = /00 g(s,u)v(s,u)ds. (6.6.10)
0 0
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Note that we also have v(s,u) = 1. Indeed,

Oupy _Je <6uJI 0 s Oupy Oyt OyJ* o s J¥ 0 gps)

J¥ o s (J* 0 ps)?

Osv(s,u) = J* 0 0,

SJIOQDS

and then,

x

U
%Jxo%

v(s,u) =v(0,u) = 0,
Therefore, from (6.6.10) we have
/Oooau(nws)ﬂds = /Ooog(saU)dS = /Oooaunwsﬁososds = /Oooaunwsasw?ds,
and the third equality of (6.6.9) is proved. Finally, using (6.6.9) we obtain
Sngo (Sny) tn=— /Ooo Oun © s Ospy ds — /OOO Agn o s Ospl ds — /OOO Orn o s 05y ds

o0
=—/ Os(nops)ds =nopy— lim nop, =1.
0 S—00

Also, by Lemma 6.6.4 we have ps(u,8,7) = (¢¥(u), 8 + ws, 7 + vs), and that ¢ (u) belongs
to S(B, p) for all s € [0,00). Then clearly one has ¢, € S(3,p) x 'I[‘Zfd and the composition
1 o s is well defined for all s.

We check next that the integral (6.6.8) converges uniformly on S x Tifrd,. Using again Lemma
6.6.4 we have, for p small enough,

n+k—1
+k—1 |u|
70 @s(u, 0,7)] < nllnrh—1 02 < fnllnsr-r ((Hsu‘u,k_l)l/k_l)
1 ,
< Clnllnsr—1 ——, Y(u,0,7) € SxTLY Vsel0,00),
ST E—1) 7

and therefore the integral fooo 1 o s ds defines a holomorphic function in § x ’]I‘fjd,.

We prove next that S, ! is bounded on Z,,,4_1. From the expression obtained in (6.6.8) and
by Lemma 6.6.4, one has, if 8 < "5 and for p small enough,

1(Sn.) " nlln = sup

SxTdH [ul™
< sup/wb/ |(nows)(u,b,7)|ds
STt 0
1 > k-1
< ey sup e [ Jetap
s |yl 0

N

_1Sup —— ds,
||77||n+k 1 Sp \u]” /O ((1 +S/,L‘u|k_1)1/k_1>
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and we also have

1 0o |u‘ n+k—1 b1 00 1
|u|n/ ((1+5 | |k1)1/k1) ds = |u] / T 4
: plu 0 (L spfuli) S

‘u’kfl /oo 1 J
= — oy — y
plulF=1 Jo (1+y) =

1k-1
= ) Vue S(ﬂv p)
won
Therefore, we get
1(Sn.0) "l < 1l i1 (5 552), N € Znik-1,
which shows that (S,%J)_1 : Zynik—1 — Zp is bounded with ||(Sn,J)_1" < i % O

The operators N, x are Lipschitz and we provide bounds for their Lipschitz constants.

Lemma 6.6.7. For each n > 3, there exists a constant, M, > 0, for which the operator N, x
satisfies

Llp N’r?,X < sup ‘6(97 T)| + an7
(0,r)eTet

Lip Ny <k sup |ag(0,7)] + Myp,
(0,m)eTat™

Lip N x <p  sup |dp(0,7)[ + Map,
(0,7)eTe™

where p is the radius of the sector S(3, p).

Proof. The proof is completely analogous to the one of Lemma 5.7.9, with the only difference
that here the vector field X and the functions of €2 also depend on 7. To avoid redundancy,
we write the proof only for the component ./\/ff x-

As in Lemma 5.7.9, along the proof we use that if a given analytic function g defined in
S(B,p) x ']I‘ifd/ satisfies g(u,60,t) = O(Ju|"), for some integer n, then there exists M, > 0
such that ||g||, < M, and also, the coefficients of K,, that depend on (6, 7) are bounded for
0,71) € ']I‘Zfd/ as a consequence of the small divisors lemma.

For the component N7 ., we have, for each f, f € Q2
wx () = N x(f) = Kileo (K5, + f°,7) — &0 () + f7, 7)) + foeo (K) + f7,7)
— fYeo (K + )
= (Ky + %) /OlDéo K5+ F0 4+ s(f0 = 1°),7)ds (f° = f°)
+eo (K + 2,7 (1Y = 1Y),
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We can then bound, for some M, > 0,
1 ~ ~ ~
0L+ ) [ Do (4 B s(r” = P 1) ds (1 = lasics
0

< Sup |Dé(977-)‘ sSup $’I€:%(’U,,6,T) + fy(u7677—)"f9<u7077) - fa(u7977—)‘

T+’ Gt |u’n+k—1
o 0./
<N = Plnsop—s1 1KY + fYllk1 sup |DEO,7)| sup [P+
iran SxTdH
<My P = Pz,

and on the other hand,

| ’fy(uv 977—) B fy(u797 T)‘

|u’n+k—1

&0 (K5 + F7,7) (Y = F)lnsk—1 = sup &0 (K} + f*,7)(u,0,7)

d+d’
ST,

< sup 60, 7)Y = FYllntk1,
Tdtd’

and thus, we obtain

NG (F) = N (Dllne—1 < (sup (&6, 7)] + Myp) max{[|f¥ — f¥llnsr—1, 11" = flnrop-r—1},

!
T+

that is,
Lip N;Y < sup |¢(6,7)| + Myp.

v
O
We define some more operators and we introduce the family 7, x similarly as we did in
Chapter 5 for the map case.

Definition 6.6.8. Forn > 2p — k — 1, we denote by S,f’J : Q, — Q, the linear operator
defined component-wise as S;J = (Sn,7» Sntk—1, (Sn_i,_Qp_k_l’J)d).

Remark 6.6.9. Since S ; is defined component-wise, its inverse,

(S;;’J)_l : Zn+k_1 X Zn+2k—2 X (Z’n+2p72)d N an

is given by ) X : X ]
X \— _ _ _
( n,J) = (Sn,J7 n+k—1,J° (Sn+2p—k:—1,J) )

Definition 6.6.10. Let X be a vector field satisfying the hypotheses of Theorem 6.3.1, and
let X(z,y,0,7) = X(x,y,0,t), defined in V x T? x Tg/, V € C?. Given n > 3, we define
Tnx Q5 — Qy by

Z’L,X = (S:;J)_l ONnp,X-

Remark 6.6.11. Note that given the vector field X, to define the previous operators we
always take together the associated triple (X, ., J) satisfying X o K,, — DIC,, - J = &,.

Using the introduced operators, equations (6.5.5) can be written as

Sy A =Nux(A).
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Lemma 6.6.12. There exist mg > 0 and pg > 0 such that if p < po, then, for every n > my,
we have T, x (%) C QY and T, x is a contraction operator in ).

Proof. By its definition, the operator 7, x satisfies

. _ . _ . — . 0
Lip 7, x < max{[|8, 3| Lip Ay (18,51 S| Lip N2 . 118,54y I Lip A2 ). (6.6.11)

)

From (6.6.11) and the estimates obtained in Lemmas 6.6.6 and 6.6.7, given p € (0, (k —
1)|Y| cos \), with A = 8552, there is py > 0 such that for p < py we have the bound

Lip T, x <max {4 (sup [&(6,7)] + Myp),

U
T+

Loy (sup [6(0.7)| + M), Jichesy (sup 1,06, 7)] + Mup)).
T

d+d’/
Tt

o

taking S(3, p) x Tgfd/ as the domain of the functions of Q2.

Then, choosing p < pg small enough, it is clear that one can chose mg such that, for n > mg,
one has Lip 7, x < 1. For the chosen p < pg and n > mg, 7, x is a contraction in €.

Next we prove that one can find pp > 0, maybe smaller than pg, such that taking S(3, p) x
Tij'd , with p < po as the domain of the functions of 27, then 7, x maps €2 into itself.

For each f € Qf we can write

170, x (F)lle, <1 Tnx(f) = Tnx(0)]lo, + [|70,x(0)]a,
< alip 7 x + (| 70,x(0) |, -

From the definition of 7, x and N, x we have, for each n € N,
To,x(0) = (87 ) o Noux (0) = (S5 )" .

Also, we have &, = (€%, &Y, £9) € Zpyn X Zpyop_1 ¥ (Zn+42p—1)P, ant thus, for every € > 0,
there is p, > 0 such that for p < p, one has

_ 5 5 50 _
170, x (0) e, < (S )7 max{lEx -1, €L Inrar—2s [Enllnrap—2} < ISy )~ I M p <.
Therefore, since we have Lip 7,, x < 1, we can take p,, as
pn =sup{p >0 | aLip T, x + |7, x(0)[le, < a},

and then for every p < pj, it holds that 7, x(2%) C Q. O

6.7 Proofs of the main results

We give next the proofs of Theorems 6.3.1 and 6.3.2, where we show that there exists a
solution A of equation (6.5.5). The invariant manifold of X we are looking for will be given
by K (u,0,t) + A, 0,t), with A(u,0,t) = A(u,0,7) and 7 = vt, t € R.
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Proof of Theorem 6.3.1. Let mg be the integer provided by Lemma 6.6.12, and let ng =
max{mg, k + 1}. We take the approximations K,, and Y = ), given by Proposition 6.4.1,
which satisfy

Eno(u, 0,t) = X (Kpy(u,0,t),t) — 8(%9)/@10 (u,0,t)- Y (u,0,t) — 0k (u, 0, 1)
= (O ), 0o+ ), O+ 71)),
We will look for p > 0 and a function A : [0,p) x T? x R, A analytic in (0,p) x T¢ x R,

satisfying
X o (Kng + A1) = Opu,0)(Kng +A) - Y — 04(Kpy + A) = 0. (6.7.1)

We consider X (x,7,0,7) = X(x,,0,t), and we take the holomorphic extension of X to a
neighborhood V' x Tg*d/ of of (0,0) x T4+ where V C C? contains the centered closed ball
of radius b > 0, and we take also o = min{%, g, %} with 0 < & < . This setting allows to
rewrite (6.7.1) as

DA® . J=KY[éo (K8 + A% 1) —co (K2, 1)+ AV co (K2 + A? 1) + €2,
DAY.-J=Po(K,+A,7)—Po(K,,7)+EY,
Ihﬁe't]::CQO(K;L+WAaT)_‘Q?O(K%»T)4‘gga

with 7, or using the operators defined previously,

SX A= Npyx(D),  AeQl.

ng,J

By Lemma 6.6.6, if p is small, S has a bounded right inverse and we can rewrite this
equation as
A =T, x(A), A ey .

By Lemma 6.6.12, since ng > my, we have that 7y, x maps 27, into itself and is a contragtion.
Then it has a unique fixed point, A> € Qp . Note that this solution is unique once Kp, is
fixed. Finally we take A®(u,0,t) = A®(u,0,7), and then K = K,, + A® satisfies the
conditions in the statement.

The C! character of K at the origin follows from the order condition of K at u = 0. O
Proof of Theorem 6.3.2. Let mg be the integer provided by Lemma 6.6.12, and let ng =

max{mog, k+ 1}. If the value of n given in the statement of the theorem is such that n < ng,
first we look for a better approximation Ky, of the form

no
Ko (u,0,t) = K(u,0,t) + > Kj(u,0,t),

j=n+1
with .
Kol + K7, (0, t)ud Th1
f(j(u,H,t) — I_(]ﬂk_luj*k*l 1 Kﬁ%_g(aﬁuﬂ%*z :
KY oy gy PN L KT (0, 8?02
and

no
Vo (u,0,8) =Y (u,0,t) + > Yj(u),
j=n+1
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with

f Y7 (u) =0.

V() = 01 Yaj,_qu?t ! ?f n <k, 0
0 ifn >k,

The coefficients of Ky, (u, 0,t) and Yy, (u,0,t) are obtained imposing the condition
X (Kng(u,0,1),t) = 0,0y Ko (u, 0, 1) - Y (1, 0,t) — 0/Cp(u, 0, )
= (O ), 0(ur =), O(ue =),

Proceeding asin Proposition 6.4.1, we obtain such coefﬁcients iteratively We denote K (u, 0,t) =

K(u,0,t)+ Y7 _ i1 K (u,0,t) and Y;(u,0,t) = Y (u,0,t)+ 37 _ i1 Yim(u). In the iterative
step we have

X(Kj(u, 0,),8) =005 (1, 0,8)-; (0, 0,4) =0k (u, 0, 1) = (O F), O(u?t?F1), O (T2 1)).
Then,
X(ICj + Kjp1,t) = up)(Kj + Kja) - (V) + 1A/j+1) — (K + K1)
= X (Kj,t) — Ou,0)k; -J/j -
+ O(z,y,0)X (K5, 1) - Kjy1 — 3(u 0) Kiy1-Yj — u,0)Cjt1 - Vi1 — 0K

1
4 /0 (1= 5) 02, 0 X (G5, 1) + s(Ke1, ) ds (K1)

The condition
X(ICj+1(u7 9, t), t) - 8(u79)le+1(u, 9, t) . yj_H (U, 9, t) - 8t’Cj+1 (u, (9, t)
= (O(w*HH), 0(w? %), O(W/ 7)),
leads to the same equations (6.4.5) and (6.4.6) as in Proposition 6.4.1, which we solve in the
same way.

From this point we can proceed as in the proof of Theorem 6.3.1 and look for A € QF C
Zno X Zno+k—1 X (Zn0+2p_k_1)d such that the pair K = ICp,, + A, Y = Y, satisfies X (K, t) —
Oy K Y — 0K =

Finally, for the map K, we also have

K(u,0,t) — K(u,0,t) = Ky (u,0,1) — K (u,0,t) + A(u, 0, 1)

no
Z Kj(u,0,t) + Au, 0,t)
j=n+1

= (O(un—i-l)’ O(un+k), O(un+2p—k)) + (O(uno),O(un0+k_1), O(un0+2p_k_1))’
with n < ng. Then we have n 4+ 2p — k < ng + 2p — k — 1 and thus,
K(u, (9, t) — K(u, 9’ t) — (O(un+1)7 O(un+k)’ O(un+2pfk)).

For the vector field Y we have

(O(u?=1),0) if n <k,

Y (u,0,t) — Y (u,0,t) = Y, (u,0,t 0,t) Yj(u
(0 0:1) = ¥ 010 = g 0,0:1) = ¥ Z {mm if n> k.

j=n+1
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If n > ng we look for K*(u,0,t) = K (u,0,t) + Kny1(u,0,t) with

I_(ﬁﬂu"*l + Kﬁ+k(9, t)yuntk
kn-i—l(u? 97 t) == I_{g+kun+k —+ 'f{ryl+2kfl(07 t)un+2k_1

744 n+2p—k 0 n+2p—1
Ky oy g u™ P + Kpyop1(0,t)uP

and YV (u,0,t) =Y (u,0,t) + Vi1 (u) with

(u) = 0.

xX
0 if n >k, il

N vz u2kl ifn<k N
2k—1 = 0
n—i—l(u) = { ’

We determine the coefficients of K,,41(t,6) so that
X (K*(u, 0,1),8)=0u,0)KC* (u, 0,1)-Y* (u, 0,1) =0, K" (u, 0, £) = (O(u" 1), O(u"2F), O(u" ),
as in the previous case, and we look for A € Af, | C 2,411 X Zpqp X (Zn+2p_k)d such that
the pair K = K* + A, Y = Y* satisfies X o (K,t) — 9, 0K - Y — 0:K = 0.
Similarly as before we obtain
K(u,0,t) — K(u,0,t) = K*(u,0,t) — K(u,0,t) + A(u, 6,t)
=K n+1(u7 0, t) + A(uv 0, t)
— (O(un+1)’0(un+k)’ O(un+2p71)) + (O(un+1)’0(un+k)’ O(un+2pfk))
= (0@"),0u™™), O(u" k),

and

(O(u?~1),0) if n<k,

Y(u,0,t) — Y (u,0,t) = YV*(u,0,t) — Y(u,0,t) =Y, =
(u,0,t) =Y (u,0,t) = Y*(u,0,t) — Y(u,0,1) +1(u) {(070) P

6.8 Planar vector fields depending quasiperiodically on time

A particular case in the family of vector fields of the form (6.3.3) is the class obtained taking
the vector fields of such family that do not depend on the variable . Those are then planar
vector fields depending quasiperiodically on time with a critical point at the origin with

DX(0,0) = (g c%”) .

This class of vector fields are much simpler to study that the ones of the form (6.3.3). In this
section we present a bigger class of planar vector fields containing those ones and we recover
the three cases of the reduced form presented in Chapter 4.
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Let U C R? be a neighborhood of 0, and let X : U x A — R? be an analytic, non autonomous
vector field of the form

£\
X(z,y,t,\) = e(t: Ay (6.8.1)
p(z,t,A) +yq(z, 6, \) + u(z,y,t,\) + g(z,y,t,\)

with ¢(A) > 0,
p(z,t,\) = xk(ak(t, A) + -+ ap(t, )\)xr_k),
q(ac, ta A) = xl_l(bl<t7 )\) + -+ b?‘(ta )\)mr—l>7

for some k,l > 2 and r > k+ 1, r > [ + 1, and where u(z,y,t,A) is a polynomial on the
variables (x,%) containing the factor y? and g(x,y,t,\) = O(||(z,y)"||). Moreover, X depends
quasiperiodically on t with time frequencies v € R%.

We consider the following three cases for the class of vector fields of the form (6.8.1), depend-
ing on the indices k and [, analogous to the ones used in Chapter 4,

e Case 1: k <2l —1 and ax(A) # 0,
e Case 2: k=20 — 1 and ax()), bj(\) # 0,
e Case 3: k> 2l — 1 and by(\) # 0.

We note that the vector fields of the form (6.3.3) would correspond to case 1 once one removes
the dependence on the variable 6.

As in Chapter 4, to provide a uniform notation, we define the integer N as N = k for case 1
and N = for cases 2 and 3.

6.8.1 Approximation of a parameterization of the invariant curves

Similarly as in Section 6.4, we provide a parameterization of an approximation of an invariant
curve of a vector field of the form (6.8.1) and a representation of the dinamics inside this
invariant curve.

Conceretly, here we look for K, (u,t,\) and Y, (u,t, A) being approximations of solutions of
the invariance equation

Xo(K,t)—DK-Y — 8K = 0.

To do so we proceed similarly as in Proposition 6.4.1 removing the dependence on 6, that is,
we look for K, (u,t,\) and Y, (u,t, \) satisfying

X(Kn(u, t, M), 8, A) — 0k (s t, A) - Yoo (s, N) — K (u, t, A) = (O(u"F), O(uF2k-1Y).

We state three results corresponding to the tree cases defined above. The proofs combine the
techniques from Proposition 6.4.1 and from the proofs of Propositions 4.3.1, 4.3.3 and 4.3.4
of Chapter 4, and thus we will omit them.
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Proposition 6.8.1 (Case 1). Let X be a C* vector field of the form (6.8.1), with k < 2l —1.
Assume that v is Diophantine and that and ap(\) > 0, for A € A. Then, for all n > 2, there
exist two maps, K, : RxRx A — R? and two corresponding vector fields, Y, : RxRx A — R,
of the form

oty — [ i KE O+ S (e
o Z?+kk+11 KY(Nu' + S5 K (¢, A
and -
Vi (A uP if 2<n<k,
In(u,t,A) = 4 o ko vy 2k—1
Yk()\)u +§/2k_1(>\)u if n>2k+1,
such that

Gn(u,t, ) = X(Kp(u, t, ), t, X) — Oulln (uy t, A) - Vo(uy t, N) — O/ (u, t, )
_ (O(un+k)70(un+2k—l))'
For the first coefficients of K,, and V,, we have

! 2a,(A e ak(N)
Ki (A k1) k+1 (A) ==+ 20kt 1)

Ki o (t, ) At NEL (V) K, (t,\) = SD(a(t, A

(6.8.2)

Note that the expression for the restricted dynamics inside the invariant curves is independent
of the time t.

Proposition 6.8.2 (Case 2). Let X be a C* vector field of the form (6.8.1) with k =21 —1.
Assume that ai(\) # 0, bj(A) # 0 and ai(\) > — (ZZE((’}\)));, for X € A. If ag(\) < 0 assume also

that ag(\) # (31l ?l)g blE((/)\\)))Q. Assume that v is Diophantine. Then, for all n > 1, there exist

two maps, K, : R x R x A — R? and two vector fields, Y, : R x R x A — R, of the form

n K n+l—1 K;v )\ 7
Kn(u,t,A) = utgl:jf*y A §+2l 2 y( )Ui (6.8.3)
ST R Nt 4+ XS K (8 A
and
AN f 2<n<i—1,
V() = § 1 )“l _ - yozsm (6.8.4)
Yi(Mu' + Yo 1(Mu if n>1,
such that
Gn(u,t, ) = X(Kp(u, t, A), t, X) — Ol (uy t, A) - Vo(uy t, N) — O/ (u, t, ) (6.55)

_ (O(un+l),0(un+2l_1)).
For the first pair we have

Bi(A) — /()2 + 42N ax(M)

i) = 2e(\)1 ’
bi(A) = \/(bi(N)? 4+ 4E(N) ar(N) 1 _
By = 2 ¢u<g{% aO_ e

KP(t,\) = SDEtLNKY(N),  KY_ (t,\) = SD(ax(t, \) + bi(t, )V K} (\),
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and for the second one we have

(N) + /(B2 + 46N ar(N)
20(/\)1 ’

b 4e(N) ag(N)1 _
-+ AN o mn,

Kﬂm SDEtNEY(N), Ky (1)) = SD(ax(t, \) + hi(t, VEF (V).

K/ (M)

Yi(A

If ap(N\) = (311:?1)2 (Eé(a)))Q one can compute the coefficients of K, and YV, up ton =1—1.

Proposition 6.8.3 (Case 3). Let X be a C* vector field of the form (6.8.1) with k > 21 —1.
Assume that v is Diophantine and that bj(\) # 0 for X € A. Then, for all n > 1, there exist
a map, K, : Rx R x A — R? and a vector field, Y, : Rx R x A — R, of the form (6.8.3) and
(6.8.4), respectively, such that (6.8.5) holds. For the first coefficients of K,, and Y, we have

Kp0) = 290 viy = 1,

K{(t,A) = SDE(t, VKL (N), K3, (t,A) = SD(bi(t, VK ().

6.8.2 Existence results

We present an existence result and an a posteriori result for invariant curves of vector fields
of the form (6.8.1). These results come as a direct consequence of the combination of the
techniques used for the proofs of Theorems 6.3.1 and 6.3.2 and the setting and function
spaces used in Section 2.4.2 for planar maps. Therefore we will not write the proofs in detail.
We will state the results and we will sketch the proofs and expose how do they change when
dealing with cases 2 and 3 of (6.8.1) instead of case 1.

Theorem 6.8.4. Let X : U x R x A — R? be an analytic vector field of the form (6.8.1).
Assume the following hypotheses according to the different cases, for A € A,

(case 1)  ax(\) >0, (case 2)  ai(N) >0, b(\) # 0, (case 3)  by(A\) <O0.

Then, there exists a C* map K : [0, p) x R x A — R?, analytic in (0,p) x R x A, of the form

(u,t,\) = (u?, Kllg/+1(>‘)uk+1) + (0O(u?), O(uF*t?)),  case 1,
(u, K (\)u') + (O(u?), O(u*1)), cases 2,3,

W SOV for case 2 and
YA = E(( for case 3, and a one-dimensional vector field Y of the form Y (u,t,\) =
(u

) = YW + Yan_1 (W u2N-1, with V() = 2 )KZH( ) for case 1 and Yi(\) =
e(N)K} (N) for cases 2, 3, such that

) = — 2a5(N\) for case 1, Ky()\) _ (N —v/ (Br(\)2+42(\) ar(N) 1
N

XK (u,t,\), 8, A) — K (u, 8, \) - Y (u, 8, 0) — K (u, t, ) =0, (u,t,\) € [0, p) x R x A.
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Theorem 6.8.5. Let X : U x R x A — R? be an analytic vector field of the form (6.8.1),
and let K : (—p,p) x Rx A - R? and Y = (—p,p) x R x A — R be an analytic map and an
analytic vector field, respectively, of the form

it = | G RLL )+ 065).0057)  aase 1,
u,t, = ~
(u, K/ (A\)ul) + (O(u?), O(ult1)) cases 2,3,
and Y (u,t,\) = Yy(Nu¥ + OuN*1), Yy (X) <0, such that
X(K(u,t,A), ¢, 0) = 0uK (u, £, 0) - YV (u,t, ) — 0K (u, t,A) = (O(u™™N), O(u" N 1)),

for somen > 2 in case 1 orn > 1 in cases 2, 3.

Then, there exists a C* map K : [0,p) x R x A — R2?, analytic in (0,p) x R x A, and an
analytic vector field Y : (—p,p) Xx R x A — R such that

XK (u,t, ), 1, A) — 0K (u,t, \) - Y (u, t,\) — K (u, 6, \) =0, (u,t,\) € [0,p) x R x A,

and

K(u,t,\) — K(u,t,)) = (O™, 0(u"*M)),

R O 2k—1 . < k
Y(u,t,A) — Y (u,t,\) = W™ i case 1,
0 if n>k
R o) 20—1 . < 1—1
Y(u,t,\) =Y (u,t,\) = A cases 2, 3.
0 if n>1—-1

To prove Theorem 6.8.4, take 7 = vt, with 7 € T?, and let

X(z,y, 7, \) = X(z,y,t, ), Kp(u,7,\) = Kp(u,t,\), Y(u,T, A) =Y (u,t,\),
Y(u,, A))

14

and J(u,7,\) = (

We look for a O function, A = A(u, 7, \), A : [0, p) x T?x A — R?, analytic in (0, p) x T? x A
satisfying
Xo(Kp+A,7)— DK, +A)-J=0. (6.8.6)

Therefore an invariant manifold of X will be given by K(u,t,\) = Kn(u,t,\) + A* (u,t, ),
where A*(u,t,\) = A*(u, 7,\) and A*(u, T, ) is a solution of equation (6.8.6).

From Propositions 6.8.1, 6.8.2 and 6.8.3, given n there exist ,, and Y = ), such that
X o (Kn,t) = 0ue)n Y — Oy = En,

or equivalently,
X o (Kp,7) — DKy - J = &, (6.8.7)

with &,(u, 7, ) = (O(u™™), O(u"+?N=1)), where we denote N = k for case 1 and N = [ for
cases 2 and 3.
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Hence, we look for p > 0 and a map K = K, + A : [0, p) x T x A — R2?, analytic on
(0, p) x T x A satisfying (6.8.6), where K,, and .J satisfy (6.8.7). Moreover, we ask A to be
of the form A = (A%, AY) = (O(u™), O(u"*N=1)).
Using (6.8.7) we can rewrite (6.8.6) as
DA™ - J = AV ¢(1) + EZ,
. . . (6.8.8)
DAY .- J=Po(K,+A,7)—Po (K, 7)+ &Y

mn?

which is the functional equation that needs to be solved, and where P(x,y,7) denotes the
second component of X.

We fix 0 < 8 < %7 and we consider the sector S(f3, p) for some 0 < p < 1. Here we take the
Banach spaces, for n € N, defined as

Zn:{f:SngxA@—»(C | f real analytic, ||f]], := sup W<oo}
(urNeSxTdxAe Ul

We consider the product spaces
Qe = 2Zn X Zptk—1 (case 1),

and
Qi =2n X Zpq1 (cases 2, 3),

endowed with the product norm. Also, given o > 0 we define

Won ={f=0U%7") e Qun [ Ifllo,n <o}

We choose the values for o, ¢/, @ and p as we described in Section 6.6 without taking into
account the dependence on 6.

Then we can define operators S, ; and Nn, x, analogously as in in Section 6.6 as the left hand
side and the right hand side of (6.8.8), respectively.

Definition 6.8.6. Letn > 0, 8 < {5, and let J : S(B3,p) x ’]I‘g, —Cx ']I‘g, be an analytic
vector field of the form

J(u,t) = (Ynu™ + 0™, v) = (J%,v), (6.8.9)

with Yy < 0, and where the terms O(uN*1) do not depend on 7.

Giwen J, we define Sy, 5 : Z, — 2y, as the linear operator given by
Spgf=Df-J=0,f-J"+0-f v

Definition 6.8.7. Let X be a vector field satisfying the hypotheses of Theorem 6.8.4, and
let X(z,y,7) = X(x,y,t), defined in the complexr domain V x T¢, V € C2. Given n > 3, we
introduce Ny x = (N7 xs N )+ Q5 v — ZnyN-1 X Znyan—2, given by

wx(f) = fre(r) + &,
N x(f) =Po(Kn+ f,7)— Po(Kn,7)+ &Y.

n
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Definition 6.8.8. For each n € N we denote by SnXJ QN — Qp N the linear operator
defined component-wise as S,f“] = (Sn,7» SnenN-1,7)-

With the introduced operators, equation (6.8.8) can be written as
’f>l<7J A = Nn’X(A)-
Moreover, the operators Srj 7 have a bounded right inverse.

Definition 6.8.9. Given n > 3, we define T, x : O y — QN by

Tnx = (S;;])_l oNp x.

Lemma 6.8.10. There exist mg > 0 and pg > 0 such that if p < pg, then, for every n > my,
we have %,X(Q%N) C Q%N and T, x is a contraction operator in Q%,N-

As a consequence of the Lemma 6.8.10, and provided that we computed an approximation /C,,
up to a high enough order, we obtain that equation (6.8.8) has a unique solution, A* € ,,.
Hence, we take A®(u, 6, t,\) = A(u, 0,7, )), and then K = K,, + A® satisfies the conditions
in the statement of Theorem 6.8.4. We use this same setting to prove Theorem 6.8.5.

6.9 Applications

In this section we present some applications of the results of this chapter. The first one is a
toy-model example, while the second one is motivated by a chemistry problem.

6.9.1 A quasiperiodically forced oscillator

As an example of a family of systems with a parabolic nilpotent singularity at the origin
of the form (6.8.1), we consider a generalization of a perturbed one-dimensional harmonic
oscillator.

Consider a particle moving along a straight line under the action of a potential V' (z), with
V(z) = cx®®, ¢ > 0, n € N. If n = 1, the system is a harmonic oscillator. The equation of
motion for this particle is

i=-V'(z) = —2nca®" !,

where % is the acceleration. Denoting y = & the velocity of the particle, the equations of
motion are written

T =y,

i o (6.9.1)

2n—1

This system has the first integral H (z,y) = %yQ +cz®™, and hence, the phase space is foliated
by periodic orbits around the origin, corresponding to the closed curves %yg + cz®™ = h, for

each energy h > 0.

Next we will see that perturbing system (6.9.1) with an external force one can break the
center behaviour of the system and introduce a parabolic stable invariant manifold. Assume
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now that the particle moving under the action of the potential V' (z) is also submitted to a
force that depends quasiperiodically on the time ¢ with frequency v € R%. Then the equation
of motion for this particle is given by

i=-V'(x)+ F(x,i,t),

where F' is the one dimensional quasiperiodic applied force, that may also depend on the
position z and the velocity ©. We assume also that F' is an analytic function of x, y and ¢
around (z,y) = (0,0), and that F(z,y,t) = O(||(x,y)|?).

Now the equations of motion read
T =y,

6.9.2
§ = —2ncx®™ 4 F(x,y,t), ( )

and the origin of (6.9.2) is a parabolic critical point with linear part of the form

o)

That is, system (6.9.2) is of the form (6.8.1). Since V' and F are analytic around (0,0),
with F(z,y,t) = O(||(x,y)|?), to study whether the origin of (6.9.2) has a stable invariant
manifold one can apply Theorem 6.8.4. One can write

~V'(z) + F(z,y,t) = p(z,t) + yq(z, t) + u(z,y,1),
with u(z,y,t) = O(y?) and
p(x,t) = 2F(ap(t) + - + ar(t)z"F), p(z,t) = 2y (t) + - - -+ b ()",

for some k,l > 2 and r > k+ 1,7 > [ + 1, and then classify system (6.9.2) to case 1, 2 or
3. Then, Theorem 6.8.4 provides the existence of a stable curve asymptotic to the origin,
K(u,t) : [0,p) x R — R2 analytic in [0, p) x R, provided that v is Diophantine and that
ap > 0 (cases 1 and 2) or b; < 0 (case 3).

As a concrete example, we take n = 2 and we assume that the particle is subject to the
external force F(x,y,t) = dx?g(t), with d > 0 and where g is a quasiperiodic function of ¢
with g > 0 and frequency v € R%, v Diophantine. This system is modelled by the equations

T =y,

6.9.3
y = —dex® + da?g(t). ( )

System (6.9.3) corresponds to case 1 of the reduced form (6.8.1) with ax(t) = a2(t) = dg(t),
and moreover we have as = dg > 0.

Therefore by Theorem 6.8.4 there exists a solution of system (6.9.3) asymptotic to 0, and
analytic away from 0, for any d > 0. Moreover, Proposition 6.8.1 gives an approximation of
a parameterization of such curve, which is located in the lower right plane.

To look for an unstable invariant curve of system (6.9.3) we consider the vector field obtained
after changing the sign of the time, ¢ — —t, in (6.9.3). The stable curves of such system,
namely

i.:_y7

6.9.4
y = 4ex® — dx?g(t), ( )
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will be unstable curves of system (6.9.3). Performing the change of variables y — —y to
system (6.9.4) we can apply again Theorem 6.8.4 to obtain the existence of an analytic stable
curve of such system. Finally, by undoing the last change of variables, we conclude that for
all d > 0, system (6.9.3) has a stable invariant curve in the lower right plane and an unstable
invariant curve in the upper right plane, both of them analytic away from the origin.

As a consequence, the system (6.9.3) seen as a family of systems depending on d undergoes a
bifurcation from a center to a stable and an unstable invariant manifolds. That means that
for every d > 0, any external force applied of the form dx?g(t), with the conditions stated
before, breaks the oscillatory behavior of the system and induces a solution that brings the
particle to the origin.

6.9.2 Scattering of He atoms off Cu corrugated surfaces

In [35], the authors study the phase-space structure of a differential system modelling the
scattering of helium atoms off copper corrugated surfaces. Concretely, elastic collisions of “He
atoms with corrugated Cu surfaces are considered, in particular those made of Cu(110) and
Cu(117). The system, which can be adequately treated at the classical level, can be modeled
by the following two degrees of freedom Hamiltonian describing the motion of a *He atom,

2 2
Py +p
H(m,z,pm,pz) = z2m z

+ V(z,2), (6.9.5)
where z is the coordinate parallel to the copper surface and z is the coordinate perpendicular
to it, p, and p, are the respective momenta, and m is the mass of the atom. The potential
energy V (z,z) is given by

V(z,z) = Viu(z) + Vo(z, 2),

where Vs (z) = D(1—e~%*)? is the Morse potential and Vi (z, 2) = De™2*?g(x) is the coupling
potential, with D = 6.35 meV, a = 1.05 A~!, and g(x) being a periodic function. Thus the
variable x can be thought as an angle. For more information on the coefficients of the Morse
and coupling potentials, see Table 1 of [35].

The equations of motion derived from the Hamiltonian function (6.9.5) are

p=22 =P = _De2%(z), p,=—2Dae " +2Dae 2*(1+ g(z)). (6.9.6)
m m

We will use the results presented along this chapter to show that system (6.9.6) has a parabolic
periodic orbit at infinity (concretely for z — oo) and that such periodic orbit has stable and
unstable invariant manifolds. This means that for certain initial conditions the helium atom
leaves the copper surface and moves away spiraling asymptotically to a periodic orbit, and
vice-versa, for certain initial conditions with position close to infinity, the atom leaves the
periodic orbit and goes down to the surface.

Since (6.9.6) is a Hamiltonian system, the energy H is conserved, and thus each solution of
the system is contained in a level set H(x, z,ps, p.) = h. Therefore we can reduce system
(6.9.6) to a three equations system restricting it to an energy level, H(x, z, p,,p,) = h, and
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removing the equation for p,. The obtained system reads

1

&= —(2m(h — D(1 - e™*)* = De~**g(a)) - p2) """,
m

. Pz

Z==,
m

P, = —2Dae”** + 2Dae (1 + g(x)).
Next, to study the motion at z — oo we perform the change of variables given by y = —e™ %,

Now the set ¥y = 0 corresponds to infinity distance with respect to the copper surface. To
adapt the notation to the one of rest of the chapter we write # := x and p := p,. The obtained
system reads

p=2Day + 2Day2(1 +9(0)),

.«
y=—_py (6.9.7)
.1 1/2
6= —(2m(h — D(1 —y)* = Dy’g(0)) = p*)'"*,
with y <0, p€ R and § € T =Sk

Therefore system (6.9.7) models the dynamics of a *He atom off a Cu corrugated surface for
a fixed energy value h. The set p = y = 0 is invariant, and corresponds to a periodic orbit at
the infinity of system (6.9.6). For system (6.9.7) we have the following result.

Theorem 6.9.1. Let X be the vector field associated to system (6.9.7), and assume that h >
D. Then, the set v = {p =1y = 0} is a periodic orbit and it has stable and unstable invariant
manifolds. Concretely, there exist p > 0 and two C* maps, K—, KT : [0,p) x T — R? x T,
analytic on (0, p) x T, and two analytic vector fields, Y, Y+ :[0,p) x T — R x T of the form

K (u,0)=| K> +0(?) |, Y (u,0)=
Kfu + O(u?)

u+ O(u?) (

—You? + Yau?
2 A ) , (6.9.8)
w

corresponding to the stable manifold, and

—u+ O(u?) Vou? 4 Vo

U u
K*Y(u,0) = | K2 +0@d) |,  Y*H(u,0) = ( 2 N ’ ) , (6.9.9)

Kfu + O(u?)
corresponding to the unstable manifold, with
1 1 @ 2(h— D)

KY — _ K9 — _ - Yo=— =4 —— 6.9.10
2 477’LD7 1 o Zm(h—D)’ 2 2ma w m ) ( )

such that

XoK (u,0) = DK™ Y (u,0) and XoK™'(u,0) = DK'-YT(u,0), (u,0) €[0,p) xT.
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Proof. We perform the following analytic change of variables to system (6.9.7),

p=p G=y+0+g0)y 0=9, (6.9.11)
and we develop the right hand side of the third equation Taylor series around (p,y) = (0,0),
so that the new system reads, writing the new variables without tilde,

p=2Day, y= — Py + O(y?), 0=w—diy+0(|py). (6.9.12)

- _ D

whith d; = Jom(=D)’

It is clear that system (6.9.12) has a periodic orbit, v, at p = y = 0 parameterized by
~(t) = (0,0, wt). Moreover, such system satisfies the hypotheses of Theorem 6.3.3 with d’ = 0,
c(0,\) =2Da, b(0,\) = —, and d(0,\) = d;.

Then, the stated results are a direct consequence of Theorem 6.3.3, which provides the exis-
tence of an analytic stable invariant manifold, K, of system (6.9.12). An analogous argument
to the one of the proof of Proposition 6.4.1 provides an approximation of a parameterization
of K~ and Y. In particular one obtains the expressions given in (6.9.8) and (6.9.10).

By undoing the change of variables (6.9.11) we recover the original parameterizations, K~
and Y 7, of the stable manifold of 7 and the restricted dynamics on it, whose first coefficients
coincide with the ones in (6.9.10).

The existence of the unstable manifold is obtained simply through the study of the system
obtained after applying the change ¢t — —t to (6.9.12). Indeed, performing such change of
variables and p — —p, we obtain

. . (0% H
p=2Day, §=-—py+O(y"), 0=-w+dy+0(lpyl) (6.9.13)

Then we can apply again Theorem 6.3.3 to system (6.9.13), which provides an analytic stable
invariant manifold, K *, asymptotic to v = {p = y = 0}, and an expression for the restricted
dynamics, Y+, parameterized by

K*(u,0) = Kiu?> +0(u?) |, Y (u,0) =
—K%u+ O(u?)

—W

2
u~+ O(u?) (—Y2u2 N }73u3>

Finally, by undoing the changes ¢t — —t and p — —p we recover the parameterizations of
the unstable manifold of v and the restricted dynamics on it, namely K and Y, given in
(6.9.9). O
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Part 11

Periodic orbits of maps and vector fields
on manifolds
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Chapter 7

Introduction

This second part of the thesis is devoted to the study of periodic orbits, both for discrete and
continuous dynamical systems.

Let U C R” be a domain and let f : U — R"™ be a continuous map. We denote by f™ the
m—th iterate of f. That is, f™ is the m-fold composition of f with itself. A point x € U such
that f(x) = x is called a fized point, or a periodic point of period 1 of f. A point xz € U is
called periodic of period k > 1 if f*(z) = x and f™(z) # z for allm = 1,...,k — 1, and the
set formed by the iterates of z, i.e. {z, f(z), ..., f¥71(x)}, is called the periodic orbit of the
periodic point z.

Given a map f : U — R", the set of periods of f is the set of natural numbers such that f
has a periodic orbit with its period that natural number.

Understanding the periodic orbits and the set of periods of a map is an important problem
in dynamical systems. Concretely, knowing the set of periods of a map f, or even a subset
of it, allows us to determine the existence of periodic orbits for f for a given period, and in
particular the existence of fixed points.

The Lefschetz numbers are one of the most useful tools to study the existence of fixed points
and periodic orbits of self-maps on compact manifolds, and it is based on understanding the
connection between the dynamics of the map and its action induced on the homology groups
of the manifold. In Chapter 8, we use this tool to obtain information on the set of periods of
certain diffeomorphisms on compact manifolds using the Lefschetz zeta function, which is a
generating function of the Lefschetz numbers of the iterates of a map.

Concretely, we study a class of maps called Morse-Smale diffeomorphisms. Morse-Smale
diffeomorphisms have a big dynamical interest because they form a structurally stable family
among the class of all diffeomorphisms. This means that given a Morse—Smale diffeomorphism
f, there is a neighborhood around f where all diffeomorphisms are topologically equivalent

to f.

We consider the class of Morse-Smale diffeomorphisms defined on the n-dimensional sphere
S™, on products of two spheres of arbitrary dimension S™ x S with m # n, on the n-
dimensional complex projective space CP", and on the n-dimensional quaternion projective
space HP", the latter ones taken as real manifolds of dimension 2n and 4n, respectively. Then,
we describe the minimal sets of Lefschetz periods for such Morse-Smale diffeomorphisms,
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which is a subset of the set of periods that are preserved under homotopy equivalence.

In the last quarter of the 20th century there appeared some papers dedicated to understanding
the connections between the dynamics of the Morse-Smale diffeomorphisms and the topology
of the manifold where they are defined. Without trying to be exhaustive, see for instance
[28, 57, 65, 66, 68]. This interest continues during this first part of the 21st century, see for
example [9, 11, 33, 34, 51].

The set of periods for Morse-Smale diffeomorphisms on a product of any number of spheres
of the same dimension has been studied in [9]. For the particular case of S, we give more
detailed results considering the orientation of the diffeomorphisms. The set of periods of
Morse-Smale diffeomorphims on the two-dimensional sphere has been studied with more
details in [8, 38].

In [32] the authors study the Lefschetz periodic point free self-maps on S™ x S", CP" and
HP™. Our results give extended information in the same direction for the Morse—Smale dif-
feomorphisms.

Contrary to Chapter 8, in Chapter 9 we focus on continuous dynamical systems, namely,
dynamical systems defined by vector fields. In that chapter, the main goal is to show that
linear vector fields defined in manifolds different from R™ can exhibit limit cycles.

Given a differential system @ = X (z), with x € R” and X : U C R” — R", we say that a
solution of the system, x(t), is T — periodic if there exists T" > 0 such that z(t + T') = z(t),
and z(t + s) # z(t) for all s € (0, 7).

A limit cycle is defined as a periodic orbit of a differential system that is isolated in the set
of all periodic orbits of the system.

The study of periodic orbits and limit cycles of differential systems play an important role
in the qualitative theory of ordinary differential equations. There are many works concerning
the study of limit cycles and their applications (see for instance [19, 41, 44] and the references
quoted therein).

It is well known that linear vector fields in R™ can not have limit cycles, because either they
do not have periodic orbits or their periodic orbits form a continuum. But this is not the case
if one considers linear vector fields defined in other manifolds different from R™.

The objective of Chapter 9 is to study the existence of limit cycles of linear vector fields on
the manifolds (S?)™ x R™. In that chapter we show that such linear differential systems can
have limit cycles and we consider the question of how many limit cycles can they have at
most.

The problem of studying limit cycles of linear vector fields on manifolds different form R”
was already treated in [53], where the authors consider linear vector fields on (S')™ x R",
and they conjecture that such vector fields may have at most one limit cycle.

Linear autonomous differential systems, namely, systems of the form & = Az 4+ b, where A is
a n x n real matrix and b is a vector in R", are the easiest systems to study because their
solutions can be completely determined (see [1, 69]), but still they play an important role in
the theory of differential systems. Also, it is well known that when a nonlinear differential
system has a hyperbolic equilibrium point, the dynamics around that point is determined by
the linearization of the vector field at that point (Hartman—Grossman theorem, see [43]).
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Moreover, linear differential systems of the form & = Ax+ Bu, where = are the state variables
and u is the control input, are applied in control theory for the modeling of hybrid systems
(see [47, 46]).

Given a family of differential systems, @ = X,(x) = X(a,x), where a is a real parameter, we
say that the family undergoes a bifurcation at a = ag if for any neighborhood V' of ag, there
is a value a1 € V such that X,, and X,, are not topologically conjugate, that is, they exhibit
a big difference in the behavior of their solutions. An example where this kind of behavior
appears is to consider a differential system having a continuum of periodic orbits, namely a
center, that is perturbed and so it bifurcates to a system with limit cycles.

In the same direction, linear vector fields having invariant subspaces of periodic orbits can
be perturbed inside a concrete class of nonlinear differential systems to obtain limit cycles
of these nonlinear systems bifurcating from the periodic orbits of the linear system (see for
instance [49, 52]).
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Chapter 8

Periods of Morse—Smale
diffeomorphisms on manifolds

8.1 Introduction

In this chapter we study the set of periods of the Morse-Smale diffeomorphisms on the n-
dimensional sphere S™, on products of two spheres of arbitrary dimension S™ xS", with m # n,
on the n-dimensional complex projective space CP™ and on the n-dimensional quaternion
projective space HP™. More precisely, our goal is to describe the minimal set of Lefschetz
periods, MPer (f) (see Definition 8.3.1), that those diffeomorphisms can exhibit for arbitrary
values of n and m.

Along this chapter, let M denote a compact, C', Riemannian manifold, namely, a C' compact
manifold endowed with a metric d: M x M — R.

As usual N denotes the set of all positive integers. Given a continuous map f : M — M, we
define the set of periods of f as the set

Per(f) := {k € N : f has a periodic orbit of period k}.

In order to define what a Morse—Smale diffeomorphism is, we introduce some more definitions.

A fixed point z of a C! map f: M — M is called hyperbolic if all the eigenvalues of D f(z)
have modulus different than one. A periodic point x of f of period k is called a hyperbolic
periodic point if it is a hyperbolic fixed point of f¥.

We denote by Diff(M) the space of all C! diffeomorphisms on M. We say that two maps
f, g € Diff(M) are topologically equivalent if there exists a homeomorphism h : M — M
such that ho f = go h. A map f € Diff(M) is called structurally stable if there exists a
neighbourhood U C Diff(M) of f such that every g € U is topologically equivalent to f.

We say that x € M is a nonwandering point of f if for any neighborhood U of x there is a
positive integer m such that f™(U) N U # (. We denote by Q(f) the set of nonwandering
points of f. Clearly if v is a periodic orbit of f, then v C Q(f).

Let d be the metric on M and suppose that x € M is a hyperbolic fixed point of f. We define
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the stable manifold of x as the set
W) = {y € M : d(z, [™(y)) — 0 as m — oo},
and the unstable manifold of x as the set

W z)={ye M : d(z, fT™(y)) — 0 as m — oo}.

In the same way we define the stable and unstable manifolds of a hyperbolic periodic point
x € M of period k as the stable and unstable manifolds of the hyperbolic fixed point x
under f*, respectively. We say that the submanifolds W*(z) and W¥(z) have a transversal
intersection if at every point of intersection, their separate tangent spaces at that point
together generate the tangent space of the ambient manifold M at that point.

Definition 8.1.1. A map f € Diff(M) is Morse-Smale if

(1) Q(f) is finite,
(2) all the periodic points of f are hyperbolic, and

(3) for every x, y € Q(f), W5(xz) and W¥(y) have a transversal intersection.

Clearly, condition (1) implies that Q(f) is the set of all periodic points of f.

The dynamical importance of the Morse-Smale diffeomorphisms relies on the fact that they
are structurally stable inside the class of all diffeomorphisms. That is, the set of Morse-Smale
diffeomorphisms defined on a manifold M is structurally stable inside the set Diff(M) (see
for details [29, 59, 61, 68]).

The main results of this chapter are Theorems 8.4.1, 8.5.1 and 8.6.1, where we characterize
the possible sets for MPery(f) depending on the action of f on the homology and on the
parity of the numbers n and m. Those results are stated in Sections 8.4 — 8.6. The main tools
that we use are the Lefschetz zeta function and the fact that Morse-Smale diffeomorphisms
are quasi-unipotent on homology. In Sections 8.2 — 8.3 we introduce the rest of definitions
and basic theory that will be used to prove the main results.

Related with our results the reader can look at the set of periods for homeomorphisms (respec-
tively continuous maps) on S” and on S™ x S" which have been studied in [39] (respectively
[40]).

We also remark that the results obtained along this chapter hold in any compact manifold
with the same homology as the manifolds considered here. More precisely, they hold for any
manifold homotopy equivalent to S™, S x S", CP™ and HP", respectively.

8.2 Lefschetz numbers and the Lefschetz zeta function

Let f: M — M be a continuous map on a compact manifold of dimension n. We denote by
Hy(M, Q), ..., Hy(M, Q) the homology groups of M with rational coefficients. A continuous
map f: M — M induces n + 1 morphisms on the homology groups of M, f.; : H;(M, Q) —
H;(M, Q),i€{0,...,n}. For more details, see [73].
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A map f € Diff(M) is said to be quasi unipotent on homology if all the eigenvalues of
the nontrivial induced maps on the homology groups of M with rational coefficients, are
roots of unity. We denote by F (M) the set of elements of Diff(M) being quasi unipotent on
homology and having finitely many periodic points, all of them hyperbolic. Among the maps
in F(M) there are the Morse-Smale diffeomorphisms (see [29, 65]). Therefore Morse—Smale
diffeomorphisms are quasi-unipotent on homology.

In fact, even if we will refer to Morse-Smale diffeomorphisms along the chapter because of
their dynamical interest, all the results hold for any map in the class F(M).

Definition 8.2.1. Let M be a compact manifold and let f : M — M be a continuous map.
The Lefschetz number of f is defined as

zn: t’/’ f*z

=0

where tr(f«;) denotes the trace of fu;.

A very important result which relates the Lefschetz number of a map f and the existence of
fixed points of f is the Lefschetz Fixed Point Theorem, which says that if L(f) # 0, then f
has a fixed point. For a proof, see [12].

In order to obtain information about the set of periods of a map f it is useful to have
information of the sequence {L(f™)}>°_, of the Lefschetz numbers of all the iterates of f.

Definition 8.2.2. Let f : M — M be a continuous map on a compact manifold. The
Lefschetz zeta function of f is defined as

Z¢(t) = exp ( Z tm>
m=1 m

This function generates the whole sequence of Lefschetz numbers of f, and it may be inde-
pendently computed through

1)k+1

= ﬁ det (I, —t fur) "V, (8.2.1)
k=0

(see [27]) where n is the dimension of M, ny is the dimension of Hy(M, Q), I, is the ng x ny
identity matrix, and we take det (I, — ¢ fur) = 1 if ny, = 0. Note that the expression given
n (8.2.1) is a rational function of ¢.

For a C! map f having a finite number of periodic points, all of them being hyperbolic, we
give another characterization of the Lefschetz zeta function introduced by Franks in [27].

Let f : M — M be a C' map on a compact manifold without boundary, and let v be a
hyperbolic periodic orbit of f of period p. For each = € ~, let E¥ denote the linear subspace
of the tangent space T, M of M at z, generated by the eigenvectors of D fP corresponding to
the eigenvalues whose moduli are greater than 1, and let EJ denote the linear subspace of
T, M generated by the remaining eigenvectors. We denote by u and s the dimensions of the
spaces EY and E7, respectively.

We define the orientation type A of v to be +1 if DfP(x) : E¥ — EY preserves orientation,
that is, if det DfP(x) > 0 with = € 7, and to be —1 if it reverses orientation, that is, if
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det DfP(z) < 0. Note that the definitions of A and u do not depend on the periodic point z,
but only on the periodic orbit ~.

For a C!' map f : M — M having only finitely many periodic orbits, all of them hyperbolic, we
define the periodic data, ®, as the collection composed by all triples (p, u, A) corresponding
to all the hyperbolic periodic orbits of f, where a same triple can occur more than once
provided that it corresponds to different periodic orbits. The following result was proved by
Franks in [27].

Theorem 8.2.3. Let f : M — M be a C' map on a compact manifold without boundary,
having finitely many periodic points, all hyperbolic, and let ® be the periodic data of f. Then
the Lefschetz zeta function of f satisfies

Zty= ] (1— A=Y
(p,u, A)ed

u+1

Note that the Morse-Smale diffeomorphisms satisfy the hypotheses of Theorem 8.2.3. Then
that theorem will be useful to obtain information on the set of periods for Morse-Smale

diffeomorphisms from the comparsion of the expressions of the Lefschetz zeta functions in
Theorem 8.2.3 and in (8.2.1).

8.3 Minimal set of Lefschetz periods of Morse—Smale diffeo-
morphisms

Definition 8.3.1. Let f be a map satisfying the hypotheses of Theorem 8.2.3. The minimal
set of Lefschetz periods of f, MPerr(f), is the set given by the intersection of all sets of
periods forced by the different representations of Z¢(t) as products of the form (1 & tP)*!.

As an example, consider the following Lefschetz zeta function of a Morse-Smale diffeomor-
phism f on the four-dimensional torus T4,
A-321+) A-)1-t% (1-)(1 -1
24(t) = = =
(1—=0)8(1+¢)3 (1-t)501+¢t)2 QA-1t)301—-1t?)3
(1= 821 +#)
(1 —1¢)3(1 —¢2)3’

(8.3.1)

which can be expressed in four ways as a product of factors of the form (14¢?)*! as a quotient
of polynomials of degree 9.

By Theorem 8.2.3, the first expression of the Lefschetz zeta function (8.3.1) ensures the
existence of periodic orbits of periods 1 and 3 for f. In the same way, the second expression
of Z¢(t) provides the periods {1, 3, 6} for f, the third expression of Z(t) provides the periods
{1, 2, 3, 6}, and finally the fourth expression provides the periods {1, 2, 3}. In this case we
have that the minimal set of Lefschetz periods of f is

MPer,(f) = {1, 3} n {1, 3, 6} N {1, 2, 3, 6} N {1, 2, 3} = {1, 3}.

Note that if Z¢(t) is constant equal to 1, then MPery(f) = 0.
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Remark 8.3.2. Even if the minimal set of Lefschetz periods of a Morse-Smale diffeomor-
phism is empty, one can still obtain some information on the set of periods from Theorem
8.2.3. For example, suppose that the Lefschetz zeta function of a map f satisfying the hy-
potheses of Theorem 8.2.3 is Z¢(t) = 1+ t. It can be expressed as products of terms of the
form (1 +¢?)*! in infinitely many ways,
5 11—t 11—t 11—
14t = = = )
1—¢ (A+6)1—-t) A+ -t)(1+1tY)

and so on. In this case we have clearly MPery(f) = 0, but each of the infinitely many
expressions of Z¢(t) forces either the period 2 or the periods {2, 4}, or the periods {1, 4}.
Then, f has either a periodic orbit of period 2, or periodic orbits of periods 2 and 4, or
periodic orbits of periods 1 and 4.

Remark 8.3.3. By Theorem 8.2.3 an even period n, can never be contained in the set
MPery(f). Indeed, the following expressions
1— ¢ 1— ¢

1—t" =1+t (1 —t"?), 1+t"= -
(L4275 o = T S AR e — )

show that if the term 1 —¢" or 14", with n even, appears in one of the expressions of Z(t),
one can always obtain a new expression of Z¢(t) where the period n does not appear.

Remark 8.3.4. Along the chapter, for every possible Lefschetz zeta function of a given map
[, in general we will write only one of the possible equivalent expressions of Z;(t). We will
provide the expression of Z¢(t) that forces a smaller set of periods, and consequently it will
be sufficient to describe the set MPery(f). From remark 8.3.3 we note that providing an
expression of Z¢(f) that forces only even periods is sufficient to ensure that MPery (f) = 0.

Finally note that MPery,(f) is contained in the set of periods that are conserved under homo-
topy. Indeed, for a Morse—-Smale diffeomorphism f : M — M on a compact manifold consider
the set MPerps(f) := (s Per(h), where h runs over all the Morse-Smale diffeomorphisms
of M which are homotopic to f. Then it is clear that

MPGI"L(f) c MPerms(f)a

because two homotopic maps on a manifold M induce the same Lefschetz zeta functions.

8.4 Periods of Morse—Smale diffeomorphisms on S”

Let n € N and let S™ be the n—dimensional sphere. The homology groups of S™ over QQ are

Q if k€ {0, n},
Hi(S", Q) =
HE Q) {0 otherwise.
For a continuous map f : S® — S” the nontrivial induced maps on the homology can be
written as the integer matrices f.o = (1) and f., = (d), where d is called the degree of f.

Let f : S* — S™ be a Morse-Smale diffeomorphism. As we already mentioned before, the
linear maps induced on the homology are quasi unipotent, which means that all their eigen-
values are roots of unity. Then we must have either d = 1, or d = —1. Also, the orientation
of f is constant on S™ and is determined by the sign of d.
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Theorem 8.4.1. Let f : S™ — S™ be a Morse-Smale diffeomorphism. Then,

(a) If n is even and f preserves the orientation, then MPerr(f) = {1}.
(b) If n is even and f reverses the orientation, then MPerr(f) =0 but {1, 2} N Per(f) # 0.
(c) If n is odd and f preserves the orientation, then MPerp(f) = 0.

(d) If n is odd and f reverses the orientation, then MPerp(f) = {1}.

Proof. Computing the Lefschetz zeta function for f using equation (8.2.1), we get
n
Zy(t) = [ det (In, —t fur) V" = (1 = )71 (1 — td) "V,
k=0

and so for n even we have

1

2t = Q-0+t 1-

1 .

and for n odd we have

if d=—1,

141
Zi(t)=1if d=1, ZAQZTégﬁd:—L

It is clear that f satisfies the hypotheses of Theorem 8.2.3. Then the statements follow directly
applying Theorem 8.2.3 to each of the expressions obtained for the Lefschetz zeta function

Z;(t).
Indeed, for 1/(1—%)? and (1+t)/(1—t) we have MPery(f) = {1}, because any other expression

of the same Lefschetz zeta function as a product of terms the form (1 4 #?)*! would provide
at least the period 1.

For the function 1/(1—#2) = 1/((1—t)(1+41t)) it is clear that MPer(f) = (), but by Remarks
8.3.2 and 8.3.3, we can ensure that {1, 2} NPer(f) # 0. Finally we have MPery(f) = () when
Zf(t) =1. O

8.5 Periods of Morse—Smale diffeomorphisms on S x §"

Let m,n € N, m # n, and consider the product of spheres S™ x S, with m # n. Applying
Kiinneth’s formula, the homology groups over Q of S” x S™ can be easily computed and are
given by
if k€0
Hy(S™ x S, Q) = {@ if k€ {0, m, n, m+n},

0 otherwise.

Then for a continuous map f : S™ x S" — S™ x S" the linear maps induced on the homology
are given as the integer matrices fio = (1), fum = (a), fan = (b), fem+n = (d), where d is the
degree of f. The rest of the induced maps are the zero map.

Let f:S™ xS™ — S™ x S” be a Morse-Smale diffeomorphism. Since the linear maps induced
by f on the homology are quasi unipotent, in this case we have a, b, d € {—1, 1}. Moreover,
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by the structure of the cohomology ring of S x S™, one has always that ab = d (see [32])
and hence the possibilities for these values are restricted to a =b=d =1, {a,b} = {—1,1}
andd=—-1,anda=b=—-1,d=1.

Theorem 8.5.1. Let M = S™ x S™ be with m #n, and let f : M — M be a Morse-Smale

diffeomorphism.

(i) If m and n are even, then

(a) If a =b=1, then MPerr(f) = {1}.

(b) Otherwise, MPerr(f) =0 but {1, 2} N Per(f) # 0.
(ii) If m and n are odd, then

(a) If a =b= —1, then MPerr(f) ={1}.
(b) Otherwise, MPerr(f) = 0.

(iii) If m is even and n is odd, then

(a) If b= —1 and a = 1, then MPerp(f) = {1}.
(b) Otherwise, MPerr(f) = 0.

(iv) If m is odd and n is even, then

(a) If a = —1 and b =1, then MPer(f) = {1}.
(b) Otherwise, MPerp(f) = 0.

Proof. Computing the Lefschetz zeta function for f using equation (8.2.1) we obtain

m-+n

Zp(t)y =[] det (Ln, —t fur) Y
k=0

k+1

= (]_ — t)—l(l _ at)(—l)erl(l . bt)(—l)nJrl(l . dt)(_l)m+n+l,

Depending on whether m and n are even or odd, and for each allowed value of a, b, d €
{-=1, 1} with ab = d, the expressions obtained for the Lefschetz zeta functions in each case
are displayed in Tables 8.1, 8.2, 8.3 and 8.4.

The proof follows directly from the information obtained from the mentioned tables and
applying Theorem 8.2.3, taking into account the considerations of Remarks 8.3.2, 8.3.3 and
8.3.4. .
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Values for a, b Z(t)

1
a=b=1 W

{a,b} = {-1,1} (1—1t)2 (1Jit)2 - (1—11t2)2

Table 8.1: Z¢(t) for a quasi-unipotent diffeomorphism f on S™ x S", with m # n and m, n
even.

Values for a, b Zg(t)

o (1+t)?

a=b=-1 (=02
{av b} = {_1? 1}

Table 8.2: Z¢(t) for a quasi-unipotent diffeomorphism f on S™ x S", with m # n and m, n
odd.

Values for a, b, d Zg(t)

_ _ (1+41)2

b=-1,a=1 (=02
{b,d} ={-1, 1} 1

Table 8.3: Z¢(t) for a quasi-unipotent diffeomorphism f on S™ x S", with m # n and m even,
n odd.

Values for a, b, d Z(t)
a=b=1 1

1+t)2

a=-1,b=1 El_t}z
{a, d} ={-1, 1} 1

Table 8.4: Z¢(t) for a quasi-unipotent diffeomorphism on S™ x S", with m # n and m odd,
n even.
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8.6 Periods of Morse—Smale diffeomorphisms on CP" and HP"

Let n € N, n > 1 and let CP™ be the n-dimensional complex projective space and let HP" be
the n-dimensional quaternion projective space. Along this section we consider these manifolds
as real manifolds of dimension 2n and 4n, respectively.

The homology groups of CP™ over Q can be easily computed applying Kiinneth’s formula
and are given by

Q ifkef0,2, ..., 2n},

0 otherwise.

For a continuous map f : CP" — CP", the induced linear maps on the homology can be
written as integer matrices as f,r = (d*/2) for k € {0, 2, 4, ..., 2n}, with d € Z, and f,;, = (0)
otherwise (see [73]).

Similarly the homology groups of HP" over Q are given by

Q if ke{0,4,...,4n},

0 otherwise,

Hy,(HP", Q) = {

and for a continuous map f : HP™ — HP", the induced linear maps on the homology can be
written as f,, = (d¥/4) for k € {0, 4, 8, ..., 4n}, with d € Z, and f,; = (0) otherwise (see
[73]).

Let f : CP" — CP" (respectively, f : HP" — HP") be a Morse-Smale diffeomorphism. Since
the linear maps induced on the homology are quasi unipotent, we will have either d = 1 or
d = —1, which determines also whether f preserves or reverses the orientation.

Theorem 8.6.1. Let f : CP" — CP" (respectively, f : HP" — HP") be a Morse-Smale
diffeomorphism. Then,

(a) If n is odd and f reverses the orientation, then MPerr(f) =0, but {1, 2} N Per(f) # 0.
(b) Otherwise, MPerr(f) =1.

Proof. We develop the proof for CP", being the proof for HP" completely analoguous.

We start with the case d = 1. Computing the Lefschetz zeta function for f using (8.2.1), we
get

2n
o _ (_1)k+1 o ].
Zi(t) = k]:[odet (In,, —t fur) =
since we have f. = (1) for each k € {0, 2, ..., 2n}.
We consider next the case d = —1. As before, we have n + 1 nontrivial induced maps, with

fsr = (1) if k/2 is even and f., = (—1) if £/2 is odd.

For n even, computing the Lefschetz zeta function for f using equation (8.2.1), we get

2n
_ 1 1 1 1
Zp(t) = [ det (I, —t fu) V""" = - =
k=0

(1—t)EtD (1482 (1—2)5 (1—t)



and for n odd we have

2n
1 1 1
Z:(t) = [T det (I, —t fur) D = _ S .
! ,E) ‘ -0 F a+0%  1-)F

It is clear that f satisfies the hypotheses of Theorem 8.2.3. Then the results follow directly
applying Theorem 8.2.3 to each of the expressions obtained for the Lefschetz zeta function
Z(t). For Z4(t) = W and Zf(t) = mﬁ we have MPery(f) = {1}, since any

other expression of the same Lefschetz zeta function as a product of terms the form (14#P)*!
would provide at least the period 1.

For Z¢(t) = L L— L it is clear that MPerz(f) = 0, but taking into
1-" 14" q-)" T
account the considerations of Remarks 8.3.2 and 8.3.3, one has {1, 2} N Per(f) # 0. O

Remark 8.6.2. A map f is called Lefschetz periodic point free if L(f™) =0, for all m € N.
In [32] is claimed that there are no Lefschetz periodic point free maps on CP" and HP",
that is, all self maps of CP™ and HP" have periodic points. Here we see that in particular
Morse—Smale diffeomorphisms in CP" and HP" always have fixed points, unless when n is
odd and d = —1, where in this case they always have either fixed points or periodic points of
period 2.
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Chapter 9

Limit cycles of linear vector fields
on manifolds

9.1 Introduction

The objective of this chapter is to show that linear vector fields defined on manifolds different
from R™ can exhibit limit cycles. Concretely, we study the existence of limit cycles bifurcating
from a continuum of periodic orbits of linear vector fields defined on manifolds of the form
(S?)™ x R", when such vector fields are perturbed inside the class of all linear vector fields.

Let M be a smooth connected manifold of dimension n, and let T'M be its tangent bundle. A
vector field on M is a map X : M — TM such that X (x) € T, M, where T, M is the tangent
space of M at the point x.

A linear vector field in R™ is a vector field of the form X (z) = Az + b, with z,b € R™ and
where A is a n X n real matrix. As it is well known linear vector fields on R™ either do not
have periodic orbits or their periodic orbits form a continuum, and therefore they do not
have limit cycles.

We consider linear vector fields on some manifolds of the form (S?)™ x R”, where S? denotes
the unit two-dimensional sphere. Here the sphere S? is parameterized by the coordinates
(0, ), where 6 € [—7, ) denotes the azimuth angle and ¢ € [—m/2,7/2] is the polar angle.
Hence the curve {¢ = 0} is the equator of the sphere.

Let (01,01, .0m,m, 1, - ,T,) denote the coordinates of the space (S?)™ x R™. Then we
say that a vector field X is linear on M = (S?)™ x R™ if the expression of X in the coordinates
2= (01,01, Om,om,x1, - ,Tpn) € M is of the form X (z) = Az +b, with b € M and where
Aisa (2m+n) x (2m + n) real matrix.

A simple example in which a linear differential system on the manifold (S?)™ x R™ has a limit
cycle is the following. Take m = 1, n = 0 and consider the linear system on the sphere S?
given by
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for ¢ = +m/2. Then, clearly the equator of the sphere {¢ = 0} is the only periodic orbit of
the system, and therefore it is a limit cycle.

We will deal with systems that, as the one above, may not be continuous in some points of
the phase space. However, we are interested in the behavior of those systems in some domain
that contains limit cycles, and where they are continuous systems.

The main results of the chapter are Theorems 9.3.1, 9.3.2, and 9.3.3. The key tool that we
use for proving those theorems is the averaging theory. For a general introduction to this
theory, see the books [64, 72]. In Section 9.2 we present the basic results that we will need in
order to prove the main results of the chapter.

As it will be shown through the proofs of Theorems 9.3.1 — 9.3.3, our method based on the
averaging theory can produce at most one limit cycle for the studied systems. Therefore the
following open question is natural:

Let m and n be two non-negative integers. Is it true that a linear vector field on the manifold
(S™)™ x R™ can have at most one limit cycle?

A similar open question was stated in [53] concerning linear vector fields on the manifold
(SHm x R™.

9.2 Basic results on the averaging theory

In this section we state some basic results from the averaging theory that will be used later
on.

Let M be a smooth connected manifold of dimension n, and let Fy, F; : R x M — R" and
Fy:Rx M x [0,69) — R™ be C?, T-periodic functions. Given the differential system
z(t) = Fo(t, ), (9.2.1)

we consider a perturbation of this system of the form

i(t) = Fo(t,z) + eFy(t,x) + 2 Fy(t, x,€). (9.2.2)

The objective is to study the bifurcation of T-periodic solutions of system (9.2.2) for € > 0
small enough. A solution to this problem is given by the averaging theory.

We assume that there exists k < n such that M = M, x M,,_, where M}, is a manifold of
dimension k and M,,_; is a manifold of dimension n — k, and that the unperturbed system,
namely system (9.2.1), contains an open set, V C My, such that V is filled with periodic
solutions all of them with the same period. Such a set is called isochronous.

Let x(t, z,€) be the solution of system (9.2.2) such that (0, z,e) = z. We write the lineariza-
tion of the unperturbed system (9.2.1) along the solution z(¢, z,0) as

§ = DaFo(t, 2(t, 2,0))y, (9.2.3)

and we denote by M. (t) the fundamental matrix of the linear differential system (9.2.3) such
that M (0) is the n x n identity matrix, and by £ : M = My, x M,,_ — M}, the projection
of M onto its first k coordinates, that is, £(x1,...,2,) = (21,. .., Tk).
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The following results give sufficient conditions for the existence of limit cycles for a system
of the form (9.2.2) bifurcating from the periodic orbits of system (9.2.1).

Theorem 9.2.1. Let V C Mj, be an open and bounded set, and let By : V. — M,,_1 be a C?
function. Assume

(i) Z = {za = (a,Bo(r)) : « € V} C M and for each 2, € Z the solution z(t,z4,0) of
system (9.2.1) is T-periodic.

(ii) For each zo € Z, there is a fundamental matric M (t) of system (9.2.3) such that the
matriz M 1(0) — MZ1(T) has the k x (n — k) zero matriz in the upper right corner, and a
(n— k) x (n— k) matrix A,, in the lower right corner with det(A,) # 0.

Consider the function F : V. — RF defined by
T
Flo)=¢( [ MR (b alt,20,0)) dt).
0

If there exists a € V with F(a) = 0 and with det(DF(a)) # 0, then there is a limit cycle
x(t,e) of period T of system (9.2.2) such that £(0,&) — z, as € — 0.

The result given by Theorem 9.2.1 can be found in the books of Malkin [55] and Rosseau [62].
For a shorter proof, see [13]. There the result is proved in R™, but it can be easily extended
to a smooth connected manifold M.

The next result allows to determine the existence of limit cycles in a system of the form
(9.2.2) in the case when there exists an open set, V' C M, such that for all 2 € V, the
solution z(t, z,0) is T-periodic.

Theorem 9.2.2. Let V. C M be an open and bounded set with V. C M, and assume that
for all z € V the solution z(t,z,0) of system (9.2.2) is T-periodic. Consider the function
F:V — R" defined by

T
J—“(z):/o M) Fy(t, 2(t, 2,0)) dt.

If there exists a € V with F(a) = 0 and with det(DF(a)) # 0, then there is a limit cycle
x(t,e) of period T of system (9.2.2) such that z(0,e) — a as e — 0.

For the proof of Theorem 9.2.2 see Corollary 1 of [13].

9.3 Existence theorems for limit cycles

9.3.1 Limit cycles on S? x R

In this section, let M = S? x R and consider the linear differential system in M given by
=1, $=0, r=r—1, (9.3.1)

for r € R, 6 € [-m,7) and ¢ € (—7/2,7/2), and with § = 0 on the straight lines Ry = {¢ =

—m/2} and Ry = {p = 7/2}.
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The general solution of system (9.3.1) is given by
0(t) =0 +t, @(t)=wo, r(t)=(ro—1)e" +1.

Thus the sphere {r = 1} is an invariant manifold with two equilibrium points at the north and
the south poles, and is foliated by periodic orbits of period 2, corresponding to the parallels
of the sphere, except at the poles. Moreover the straight lines Ry and Ry are invariant.

We shall study the bifurcation of limit cycles when we perturb system (9.3.1) inside the class
of all linear differential systems, and we shall see that one of the periodic orbits contained in
the sphere {r = 1} may bifurcate to a limit cycle under certain hypotheses.

We consider the class of differential systems

=1+ e(ap + a10 + axp + asr),
® =€(bo + b10 + ba + bsr), (9.3.2)
F=r—1+¢e(co+ c10+ cap + c3r).

where a;, b; and ¢;, for ¢ =0, ..., 3 are real numbers and with £ > 0 being a small parameter.

Note that this is a generic linear perturbation of system (9.3.1). For the class of systems
(9.3.2) we have the following result.

Theorem 9.3.1. For sufficiently small € > 0 the linear differential system (9.3.2) has a
limit cycle bifurcating from a periodic orbit of system (9.3.1) provided that aiby — agby # 0.
Moreover this limit cycle bifurcates from the periodic orbit of system (9.3.1) parameterized by

(0@t), (1), 7(t)) = (o +t, 0, 1), with

0 az(bo—f—bg—i-blﬂ')—bg(ao—l—ag—i-alﬂ')
0= s

albg — CLle

bl(ao + as + CL17T) — al(bo + bg + b27T)

¥o = .
a162 — CLle

We remark that the existence of the limit cycle for system (9.3.2) does not depend on the
perturbation of the 7 equation.

As an example of the previous result, consider the system
0=1+cap, @p=cbh, 7=r—1, (9.3.3)

with a,b € R and & > 0. In this case the sphere {r = 1} is still an invariant manifold. Appliying
Theorem 9.3.1 with as = a, by = b and the rest of the coefficients of the perturbation being
zero, we find that system (9.3.3) has a limit cycle bifurcating form the periodic orbit of
system (9.3.1) parameterized by (6(t), p(t),r(t)) = (=7 + ¢,0,1). That is, there is a limit
cycle bifurcating from the periodic orbit corresponding to the equator of the sphere {r =1}
of system (9.3.1). Moreover this limit cycle is still contained in the sphere {r = 1}.

Proof of Theorem 9.3.1. We use the result from averaging theory given in Theorem 9.2.1
to deduce the existence of a limit cycle of system (9.3.2), for some € > 0 small enough,
bifurcating from a periodic orbit of the same system with € = 0.

Since the general solution of the differential system (9.3.1), corresponding to system (9.3.2)
with € = 0, is given by

e(t) = 90 +1, QO(t) = o, ’I”(t) = (TO - 1)et +1,
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it is clear that all the periodic solutions of that system are parameterized by
H(t) =00 +t, (,0(75) = {0, ’I“(t) =1,

with (6o, o) € S?\{wg = £7/2}. Then, all the periodic solutions have period 27 and they
fill the invariant sphere {r = 1} except for the poles, which are equilibrium points.

Therefore, for applying Theorem 9.2.1 we take M = S? x R and

k=2 n=3,

My =M, ={0,¢,r)eM:r=1}=2§?
z=(0,0,r),
a = (6o, ¥o),

Bo(a) = Bo(bo, o) = 1,
za = (a, Bo(a)) = (6o, po, 1),
V={0,pr)eM :r=1¢c (=5 +0,5—d0)}
with g > 0 small enough such that
. bi(ag + a3+ aim) — ai(bo + b3 + ba)
7T arby — azby

(9.3.4)

€ (=5 +do, 5 — do),

Z=V x{r=1},
x(t, 20, 0) = (60 + t, 0, 1),
Fo(t,z) = (1,0,7 — 1),
Fi(t,x) = (ap + a10 + azp + asr, bg + b10 + bap + bar, co + 10 + cap + c3r),
Fy(t,z,e) =0,
T =2,

where we took V' C M, as an open subset that contains the periodic orbit for which it
bifurcates a limit cycle, as we shall see next.

The fundamental matrix M. (t) with M,_(0) = Id of system (9.2.3) with Fy and x(¢, z4, 0)
described above is the matrix M (t) = exp(D,Fyt), i.e.

Mz, (t) =

t

o O =

0 0
1 0
0 e
Note that since Fy defines a linear differential system, the fundamental matrix M, () is
independent of the initial conditions z,.

We also have
0

00
MIH0)-MII2m) =10 0 0 ,
0 0 1—¢e2r

and therefore, all the assumptions in the in the statement of Theorem 9.2.1 are satisfied.
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With the described setting, the function F(a) = F(6p, po) from the statement of Theorem
9.2.1 associated with system (9.3.2) is

2T
F (0o, o) = f( ML) Fi(0o + t, 00, 1) dt)
0
= 27T(a0 + al(eo + 7T) + agspo + b3, by + bl((go + 7T) + b2<,00 + bg).

We have det(DF) = 47%(a1bs — asby), and therefore det(DF) # 0 for all (6g, o) € V. Thus,
the only solution of F = 0 is given by

P az(bg + b3 + bym) — ba(ag + a3 + arm)
0= )

albg — CLle
9.3.5
bl(ao—f—ag—i—am)—al(b0+b3+b27r) ( )
Yo = .
albg — a2b1

Note that such solution (6, ¢o), where pg = ¢*, is contained in the set V' described in (9.3.4).
Hence, by Theorem 9.2.1, if ¢ > 0 is small enough, there is a periodic solution, (6(t,¢), ¢(t, €),
r(t,€)), of system (9.3.3), which is a limit cycle, and such that

(‘9(07 5)7 90(07 5)7 T(O’ 5)) - ('907 ©o, 1)7

when ¢ — 0, and where 6y and ¢ are given in (9.3.5). O

9.3.2 Limit cycles on (S?)? x R

Next we consider linear differential systems defined on higher dimensional manifolds. In this
section we take M = (S?)2 x R and we consider the differential system

=1, =0, v=1, ¢=0, F=r—1, (9.3.6)
for (0, 0,v,¢,7) € M, with 6,v € [—m,7) and ¢,¢ € (—7/2,7/2), and with 6 = 0 when
¢ ==xm/2 and v = 0 when ¢ = £7/2.

The general solution of system (9.3.6) is

0(t) =60 +t, @) =0, v(t)=w+t, ot)=¢o, r(t)=(ro—1)e +1,

and thus the product of spheres {r = 1} 2 (S?)? is an invariant manifold foliated by periodic
orbits of period 2w, except for the four points {r = 1,¢ = +7/2,¢ = £7/2}, which are
equilibrium points.

We consider the most general perturbation of the differential system (9.3.6) inside the class
of all linear differential systems, namely

=1+ e(ap + a10 + agp + asv + asd + asr),
© =¢e(by + 10 + ba + bsv + by + bs7)
v=14c¢e(co+ 10 + cop + c3v + cad + c51), (9.3.7)

¢ = e(do + d10 + dop + d3v + dy + d57)
T=r—1+e(ep+ el + eap + e3v + esd + e5r),
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with a;, b;,¢;,d;,e; € R for ¢ = 0,...,5, and with € > 0 being a small parameter. In the
following result we give sufficient conditions on the coefficients of system (9.3.7) in order
that there is a limit cycle bifurcating from a periodic orbit of the corresponding unperturbed
system.

Theorem 9.3.2. For sufficiently small € > 0 the differential system (9.3.7) has a limit cycle
bifurcating from a periodic orbit of system (9.3.6) provided that

air a2 az a4

by by b3 b

det b £ 0.
cL Co Cc3 ¢4
di do d3 dy

Moreover this limit cycle bifurcates from the periodic orbit of system (9.3.6) parameterized

by (0(t), o(t),v(t),p(t),r(t)) = (o +t, 0,0 + t, ¢0,1), where (By, o, Vo, ¢o) is the unique
solution of the linear system

a16y + aspg + asvy + agpg = —ag — a1 ™ — azw — as,
b16y + bao + bsvg + badg = —byg — by — bsw — bs,
c100 + copo + c3vp + capg = —cg — 1T — 3T — C5,

d16o + dapo + d3vg + dapo = —do — dim — dzm — ds.

Proof. We use the result from averaging theory given in Theorem 9.2.1 to prove that, for some
e > 0 small enough, there exist a limit cycle of system (9.3.7) bifurcating from a periodic
orbit of the same system with € = 0.

Since the general solution of system (9.3.7) with € = 0 (that is, the one of system (9.3.6)), is
0(t) =00 +1t, @(t)=wo, v(t)=w+t, ¢)=do, r(t)=(ro—1)e +1,
then all the periodic solutions of that system are
0(t) =60+, @) =wpo, v(t)=w+t, o)=q¢o, r(t)=1,

with (6o, @0, V0, d0) € S*\{po = £7/2} x S*\{pp = £m/2}. That is, the periodic solutions fill
the invariant manifold {r = 1} except for the four equilibrium points {¢ = +7/2, ¢ = £7/2},
and they have all period 2.
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For applying Theorem 9.2.1 we take M = (S?)2 x R and

k=4,n=25,
Mk:M4:{91(pal/a¢7reM : Tzl}g(gz)Qv
T = (9,¢,IJ,¢,T‘),

a = (6o, o, v0, $0),
Bol(a) = Bo(bo, o, 10, ¢0) = 1,
za = (a, Bo(a)) = (6o, ¥0, 10, ¢o, 1),
V={0,p,v,0,r)eM :7=1,p€ (=5 4+, 5 — o)}
with dp > 0 small enough such that ¢g, ¢ satisfying (9.3.9) satisfy
©o, ¢o € (—5 + do, 5 — do),
Z=Vx{r=1} (9.3.8)
x(t, 24,0) = (0o + t, o, vo + t, ¢, 1),
Fo(t,z) = (1,0,1,0,7 — 1),
ag + a1 + axp + azv + as + asr
bo + 0160 + ba + b3v + by + bsr
Fi(t,z) = | co+c10+ cop+ csv+cap+esr |
do + d10 + dop + dsv + dyd + dsr
eo + €10 4+ eap + esv + eqp + esr
Fy(t,z,e) =0,
T = 2m,

where we chose V' C My as an open subset that contains the periodic orbit for which it
bifurcates a limit cycle, as we shall see next.

The fundamental matrix M (t) with M_(0) = Id, of system (9.2.3) with Fy and z(t, 24, 0)
described above is the matrix M, (t) = exp(DzFot), i.e.,

1000 0
01000
M. t)=10 0 1 0 0
00010
0000 ¢
We also have
0000 0
0000 0
M) -MIem)=|o 000 0 |,
0000 0
0000 1—e?

and therefore, all the assumptions in the statement of Theorem 9.2.1 are satisfied.
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With the described setting, the function F(a) = F (0o, ¢o, V0, ¢o0) in the statement of Theorem
9.2.1 associated with system (9.3.7) is

2
F (0o, o, o, ¢o) = f( M) F1 (0o + t, 00, v0 + t, o, 1) dt) = (F1, F2, F3, Fa),
0
with
F1 = 2m(ag + a100 + a1 + a2 + azvp + a3m 4 asgo + as),
Fo = 2m(bg + b10y + by + bao + bz + bam + bao + bs),
F3 = 2m(co + c16p + c1m + capo + c319 + 3™ + cado + ¢5),
Fu= 27T(d() + d10p + dim + dQQDO + dsvg + dsm + dagpg + d5).

Also, we have

air a2 az a4

by by b3 b
det(DF) = 167 det G #0,

Cl C2 C3 (4

di dy ds dy

by assumption. The initial conditions (6, o, Vo, ¢o) such that F (6o, o, 0, ¢o) = 0 are the
solutions of the linear system

a16y + aspg + asvy + agpg = —ag — a1 ™ — azw — as,
b10y + bao + bsvg + badg = —bg — by — bsw — bs, (9 3 9)
c100 + copo + c3vp + capg = —cg — 1T — 3T — Cs, o

d100 + dQC,OO + dgl/() + d4¢0 = —do — d17T — d37r — d5.

Since det(DF) # 0, system (9.3.9) has a unique solution. Note that such solution (g, o, 10, ¢o)
is contained in the set V' described in (9.3.8).

Hence, by Theorem 9.2.1, if € > 0 is small enough, there is a periodic solution,

(0(t,€), p(t,e),v(t,), 0(t, ), 7(t, €)),

of system (9.3.7), which is a limit cycle, and such that

(9(075)’ (p(()?e)’ V(()?e)’ d’(oa 5), T‘(O,&)) - (907 ©0, V0, ¢, 1),

when ¢ — 0, and where 6y, ¢, 19, and ¢ are given by the unique solution of system (9.3.9).
O]

9.3.3 Limit cycles on S$? x R?

In this section we consider the linear differential system defined in the manifold M = R? x S?,
for (z,y,0,¢p) € R? x §?, with 0 € [-7,7) and ¢ € (—7/2,7/2), given by

t=—y, Y=z, 0O=1, $=0, (9.3.10)
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and with @ = 0 in the planes P, = {p = —n/2} and P, = {p = 7/2}, which are invariant.
The general solution of system (9.3.10) is

x(t) = wogcost —ypsint, y(t) = xgsint +ypcost, O(t) =60y +t, @(t)= po,
and therefore the whole phase space is filled by periodic orbits of period 27, except for the
two equilibrium points (x,y, 6, ¢) = (0,0,0, —7/2) and (z,y,0,¢) = (0,0,0,7/2).

We consider a generic linear perturbation of system (9.3.10) and we study the existence of
limit cycles bifurcating from the periodic orbits of system (9.3.10).

Let
& =—y+e(ap+ a1z + agy + asl + asp),
y=x+ E(bo 4+ b1z + boy + b30 + b4(p),

=1+ e(co + a1z + coy + 30 + cup),
(,b = S(do +dix + dgy + d3€9 + d4(p),

(9.3.11)

be the perturbed system, with a;, b;,c¢;,d; € R for i = 0,...,4, and where ¢ > 0 is a small
parameter. For this linear differential system we have the following result.

Theorem 9.3.3. For sufficiently small € > 0 the linear differential system (9.3.11) has a
limit cycle bifurcating from a periodic orbit of system (9.3.10) provided that

b —-b
det 2 A a2 = h #0 and det B #0
by —as by +aq d3 dy
Moreover this limit cycle bifurcates form the periodic orbit of system (9.3.10) passing through
the point (g, yo, 6o, po) where

(2()2 + 2a1)b3 — 2a3b1 + 2asa3

T 2402+ ad + a2 + 2a1by — 2a0by
(2b1 — 2(12)b3 + 2asbs + 2a1a3

Lo

Yo = _b% + b% —I—a% + a% + 2a1by — 2(12[)1’
(71'63 + Co)d4 — meyqdsg — cqdp
90 = - ’
63d4 — C4d3
cods — c3dp

0~ 03d4 — C4d3.
As an example consider the system
i=—y+eay, y=x—+ecbr, O0=1+ccp, ¢ =-edf, (9.3.12)

with a,b,c,d € R, and € > 0. Applying Theorem 9.3.3 with as = a, b1 = b, ¢4y = ¢,d3 = d
and the rest of the coefficients of the perturbation being zero, we obtain that system (9.3.12)
has a limit cycle bifurcating form the periodic orbit of system (9.3.10) passing through the
point (zg, Yo, 00, v0) = (0,0, —7,0), provided that (a — b)ed # 0. That is, here the limit
cycle bifurcates from the periodic orbit corresponding to the equator of the invariant sphere
{z =y =0} of system (9.3.10).
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Proof of Theorem 9.3.3. Since the general solution of system (9.3.11) with € = 0 is given by
x(t) = zgcos(t) — yosin(t), y(t) = xosin(t) +yocos(t), 6O(t) =00+1t, @(t) = o,

the whole phase space is filled by periodic solutions, except form the equilibrium points
(x,y,0,0) = (0,0,0,—7/2) and (z,y,0,¢) = (0,0,0,7/2). Hence, the periodic solutions of
the differential system (9.3.10) fill an open set of the phase space M = R? x S2.

To prove Theorem 9.3.3 we use the result given in Theorem 9.2.2 to deduce that there exist
a limit cycle of system (9.3.11), for some £ > 0 small enough, bifurcating from the periodic
orbits of the same system with £ = 0.

To clarify the notation, here the solution x(t, z,0) from the statement of Theorem 9.2.2 will
be denoted by x(t,z,0), and x will denote the first variable in the phase space.

To apply Theorem 9.2.2 we take M = R? x S? and

= (z,y,0,9),
= (w0, Y0, %0, o),
x(t, z 0) ((t),y(t),0(t), ¢(t)) given by (9.3.3)
Fo(t,x) = (-y,2,1,0),
ag + a1x + axy + azb + asp
Fi(tz) = bo + brx + boy + b36 + by
co + c1x + coy + c30 + cap
do + dix + doy + d36 + dyp (9.3.13)
Fy(t,z,e) =0,
= 2m,

T =
V:{(‘T’y79ﬂ0) eM: H(xay)H < 1+"£7 wE (_g+507g_50)}7

2,/a3 + b3
\/a% + a% + b% + b% + 2a1by — 2a2b1’
and with dg > 0 small enough such that

€ (=5 +do, 5 — do).

with x =

« _ cods — c3do

c3dy — cads

where we chose V' C M as an open subset that contains the periodic orbit for which it
bifurcates a limit cycle, as we shall see next.

The fundamental matrix M (¢) of system (9.2.3) with M (0) = Id and with Fy and x(, 2, 0)
described in (9.3.13) is given by

cos(t) —sin(t) 0
M.(t) = sir;(t) coz(t) (1)
0

0 0

— o O O

Therefore all the assumptions in the statement of Theorem 9.2.2 are satisfied.

170



With the described setting the function F(z) = F(xo, Yo, 6o, po) in the statement of Theorem
9.2.2 associated with system (9.3.11), namely,

27
F(x0, Yo, 00, po0) = M) Fy(t,x(t, z,0)) dt,
0

is given by F = (F1,F2, F3,F4), which after some straightforward computations can be
written as

F1 = (wag — wby)yo + (mwby + may)xo — 27bs,
Fo = (mby + waq)yo + (wby — wag)xo + 27as,
F3 = 2mce3bg + 2meqp0 + 2m2es + 27cy,
Fy = 2ndsby + 2mdypg + 272d3 + 2mdy.

Assuming that

W(bg—l—al) 7['((12—()1) 0 0
b1 — b 0 0
det(DF) = det | 01 ~2) b2 Far) £0, (9.3.14)
0 0 271'63 271'64

0 0 2mds  2mdy
the linear system (Fi, Fa, F3,F4) = (0,0,0,0) has a unique solution, given by

(2b2 + 2(11)b3 — 2azb1 + 2asa3

1o = b% + b% + CL% + a% + 2a1by — 2@2[)17

B (2b1 — 2&2)[)3 + 2agbs + 2a1a3
Yo = b% + b% + a% + a% + 2a1by — 20,2()17 (9315)

(71'63 + Co)d4 — meqds — cqdp
00 = - y
ng4 — C4d3
N C()dg — ngo
63d4 — C4d3.

Note that such solution (zg, yo, o, ¥0), where ¢o = ¢, is contained in the set V' described in
(9.3.13).

The condition (9.3.14) is clearly satisfied for all (xq,yo, 00, v0) € V taking into account the
assumptions in the statement of Theorem 9.3.3.

Hence, by Theorem 9.2.2, there is a periodic solution (z(t, ), y(t, ), 0(t,€), p(t,€)) of system
(9.3.11), which is a limit cycle, and such that

((L‘(O, €)a y<07 5)7 6(07 5)7 90(07 8)7 T(Ov 5)) - (3707 Yo, 007 900)

when ¢ — 0, and where xg, yo, 6p and g are given in (9.3.15). O
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