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Abstract

In [Féj04] Jacques Féjoz completed and gave the details of Michel Herman’s proof
of Arnold’s 1963 theorem on the stability of planetary motions. This result pro-
vided the existence of C'*> maximal invariant tori for the planetary (n + 1)-body
problem, with n > 2, in a neighborhood of Keplerian circular and coplanar move-
ments, under the hypothesis that the masses of the planets are sufficiently small
with respect to the mass of the “Sun”. In this thesis we prove an analogous re-
sult in analytic class, i.e., we prove, under the same hypotheses listed above, the
existence of real-analytic maximal invariant tori for the planetary (n + 1)-body
problem. The proof is based on the cited article by J. Féjoz and on a 2001 paper
by H. RuBmann. First we prove a general quantitative theorem about existence
of maximal KAM tori for nearly-integrable Hamiltonian systems near elliptic
lower dimensional tori. Then, using [Féj04], we obtain a set of initial data, in
the phase space of the Hamiltonian model for a planetary system, with strictly
positive Lebesgue measure, leading to quasi-periodic motions with 3n — 1 fre-
guencies.

In appendix A and B we give a complete and detailed proof of Kolmogorov’s
original 1954 KAM theorem. In appendix C we briefly review Rulmann’s theory,
contained in [RURMO1], about lower dimensional elliptic invariant tori for nearly-
integrable Hamiltonian systems.
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0.1 Notations

1. Let z € R" or C*, || always means |z|, = \/|x1|2+---+ |2, if not
otherwise specified.

2. Let Q C C" and T¢ the usual d-dimensional torus R? /27 Z4, we define for
rand o > 0 the following sets:

Q, ::Q+T::U{y€(C" Dy — x| <},

€N
T¢:={reC’:|Imaj|<o, Rex; €T Vj=1...d};

we will also use sometimes the notation T¢ (o) instead of T¢; if 2 C R" we

denote
Q+r=Q+r)NR".

3. Let A C C? adomainand f : A — C™ a real-analytic function, we put
|fla := sup | f(2)|
T€EA
and if f can be holomorphically extended on a A + r we denote

[l = flasr = sup [f(z)].

rEA+Tr

4, Let B C K*, with K = Ror C, adomainand g : B — K% x K99 a
v-times continuously differentiable function. We denote

(a1,...,a,) € (K*)” — D"g(b)(ay, ..., a,) € K x K*1

as the v-th derivative of g in b € B (with the convention D”g(b)(a) := ¢(b)

for v = 0); moreover we write |D”g(b)(a”)| = |D"g(b)(a,...,a)| and
define
[D"g(b)] := _max _[D"g(b)(a")]
a€Kn, lal2=1
where | - | is some norm in K¢ x K9<?. For any A C B we write

|D”g(b)| 4 :=sup |D"g(b)] < ¢ .
beA

The Banach space of all u-times continuously differentiable function g
B — R? x R?*%, (where B is an open subset of R"), with bounded deriva-
tives up to order . is defined by C*(B, R¢ x R?*?) provided with norm

|g|’;B = Orgyagil |D"glp < oc.



5. Ja,, for n € N, denotes the standard symplectic matrix

0o —I,
e (00
6. Forany p,j € N, we define

2= {ne 2| lnl, = j}.

Other definitions or notations that are used only in some parts of the thesis will
be introduced when necessary.



Chapter 1

Summary

“ ...I’Amor che move il sole e I’altre stelle.
Dante Alighieri. Divina Commedia, Paradiso, Canto XXXIII.

The main body of this thesis is divided into four chapters and three appendices.

In chapter 2 we review H. Riiimann’s theory about existence of analytic max-
imal KAM tori for nearly integrable Hamiltonian systems. All results provided
are obtained from the paper [RUBmMO1] where, actually, Rimann proves a much
more general result about existence of lower dimensional invariant tori.

At the beginning of section 2.1 we introduce two definitions of weak non-
degeneracy conditions; the term “weak” is used here to underline the difference
with respect to the classical non-degeneracy conditions in the history of KAM
theory (see for example A.N. Kolmogorov’s 1954 theorem in appendix A). The
first definition presented is the so called “Arnold-Pyartli condition”, used by M.
Herman to prove a very general and elegant theorem about existence of invariant
tori for C'*° nearly-integrable Hamiltonian systems. Immediately after the def-
initions of non-degeneracy, weak non-degeneracy and extreme non-degeneracy
in the sense of RuBmann are given. Some simple examples and remarks follow
together with a brief discussion of the relations between the two different non-
degeneracy conditions.

In section 2.2 we prepare for the statement of RifZmann’s theorem on maxi-
mal invariant tori; we introduce the concept of approximation function, used to
control in a more general way (than the classical diophantine inequalities) the
small denominators appearing in the problem and give the fundamental definition
of index and amount of non-degeneracy of a real-analytic function. Soon after,
we present a somewhat quantitative statement of RufRmann’s theorem obtained
putting together different results contained in the article cited above.



In section 2.4 we provide an explicit estimate for the size of the perturbation
in RuBmann’s theorem. We remark that this estimate has been deduced consid-
ering the case of maximal tori all along RiBmann’s paper and simplifying some
numerical values with the imposition of more strict upper bounds.

As ending to this chapter, in section 2.5 we discuss with some more details
RlRmann’s theorem about existence of non-resonant frequencies under the hy-
pothesis of non-degeneration of the frequency application (i.e., the gradient of
the integrable part of the considered Hamiltonian function). We have chosen to
investigate this aspect of Rimann’s work (see [RUBMOL, Part IV] for complete
details) not only for its technical beauty, but to serve an important purpose. We
aim to prove that it is not necessary to use the literal definition of index of non-
degeneracy p given by RulRmann (see section 2.2 and definition 2.2.2); indeed, it
will be shown that this quantity may be replaced by any integer i > 1, as well
as the related amount of non-degeneracy may be substituted by the amount cor-
responding to 7z (see remarks in subsection 4.3.3). Actually, there is also another
reason for the exposition of this matter: by the construction described the reader
will understand how it is possible to control the non-resonant frequencies with
the classical diophantine inequalities instead of using an approximation function
(see subsection 4.3.5 for details). This aspect, apparently trivial, is fundamental
to apply Rumann’s theorem to properly degenerate Hamiltonian systems, i.e.,
nearly-integrable systems whose integrable part does not depend upon all the ac-
tion variables, as for example the Hamiltonian model for the many-body problem.

In chapter 3 we prove the first part of a general theorem about analytic and
properly degenerate Hamiltonian systems. We infer existence of a positive mea-
sure set of initial data, in the phase space of the considered Hamiltonian function,
leading to quasi-periodic motions laying on analytic Lagrangian (maximal) KAM
tori. This theorem is an analogous, performed in analytic class, of M. Herman’s
KAM theorem contained in [Her98] (a proof can be also found in [Féj04]). Her-
man’s theorem is extremely elegant and very general since it establishes also the
existence of lower dimensional tori for properly degenerate Hamiltonian systems
(while we will only prove the existence of maximal KAM tori in the general theo-
rem as well as in the application to planetary systems). A non-properly degenerate
version of Herman’s theorem is Riifimann’s theorem discussed in chapter 2 (case
of maximal tori) and appendix C (general case of lower dimensional tori). Indeed,
this last theorem is the one we will apply to prove our KAM theorem.

In section 3.1 we start introducing the general Hamiltonian setting. We con-
sider a real-analytic nearly-integrable Hamiltonian in the form H = h+¢€f, where
e is a “small” positive parameter; in particular we require that the average of the
perturbation with respect to the angles, we shall call f,, possesses an elliptic equi-



librium point, say, in the origin. Then we give general formulations of the results
proved in chapter 3 and 4; theorem 3.1.1 states the main result and is followed
by a brief description of the strategy of the proof made through theorems 3.1.2,
3.1.3 and 3.1.4. The first of this three theorems is proved in the whole remaining
of chapter 3. The scheme adopted is a classical one, as well as the majority of
the results used and applied, and reflects for most aspects Herman’s scheme in his
general KAM theorem (see [Féj04, theorem 60]). The proof runs as follows. Sec-
tion 3.2 contains the exposition of a well known theory of dynamical systems that
is averaging theory. Using the hypothesis of non-degeneracy in the sense of RuR-
mann of o := Vw, we localize the initial action variables in an open ball where
we can apply a corollary of a general result taken from [Val03] (theorem 3.2.1 in
this thesis). Averaging theory permits the removal of the dependence upon the
angle variables up to any chosen and fixed order greater than 1. Unfortunately,
it causes at the same time a little shift of order O(e) of the elliptic equilibrium
initially possessed by fy. Thus, in section 3.3 we find a symplectic transforma-
tion that restores the original equilibrium. Subsequently, we use a well known
result by K.Weierstral} to diagonalize the quadratic part of the function obtained
composing fy with the symplectic transformations made so far.

Next, in section 3.4, a general formulation of a classical theorem, usually
called “Birkhoff’s normal form theorem”, is provided. Following the ideas in
[Zeh94, pages 43-44], we give a detailed and quantitative proof about existence
of a symplectic map that puts an Hamiltonian into Birkhoff’s normal form up to
a certain arbitrarily fixed order. The most important aspect to underline is that we
give an explicit evaluation of the domains of the transformation.

In the first part of section 3.5 we perform the passage to symplectic polar coor-
dinates that represent angle-action variables for the integrable part of the Hamil-
tonian considered. Subsequently we make a rescaling of the new angle-variables
with a conformally symplectic map which casts the Hamiltonian in a simple form
very similar to that considered in Rufmann’s theorem 2.3.1. More precisely, the
Hamiltonian system obtained so far is a degenerate case of the system considered
in RiBmMann’s theorem, i.e., the Hamiltonian function obtained has the same form
of RuBmann’s Hamiltonian, with the difference that in the first the dependence
upon the small parameter e appears also in its integrable part.

Chapter 4 is dedicated to the application of Rifimann’s theorem and consti-
tutes the most original part of this thesis.

In section 4.1 we analyze the frequency application of the integrable part of
the Hamiltonian 7 obtained through the different steps performed in chapter 3.
This “new” frequency application is related to the initial one by the following two
aspects: their difference is O(e) and the last components of the new frequency
application (that is the components given by the first Birkhoff’s invariant) are



multiplied by a factor proportional to e. Thus, assuming sufficient condition on
¢, we prove that the frequency application of H is non-degenerate in the sense of
Rifmann. Moreover, imposing further upper bounds, we are able to control the
index and amount of non-degeneracy of this frequency application and relate them
to the index and amount of the initial one. This key passage, necessary to apply
RlRmann’s theorem and at the same time to give an explicit estimate for the size
of the initial perturbation, is performed in section 4.2.

The following section 4.3 describes with full details the application of RUR-
mann’s theorem for maximal invariant tori. We consider and analyze every single
quantity and constant involved in Rif3mann’s estimate for the size of the pertur-
bation; in particular we focus our attention on how they change order in ¢ when
our degenerate case is taken into consideration. This allows us to determine, in
subsection 4.3.11, a sufficient lower bound for the order to which we may remove
the dependence upon the initial angles (with averaging theorem) and the order up
to which we may apply Birkhoff’s normal form theorem. Particular attention may
be paid to subsection 4.3.5 where we explain the different choice, with respect
to RuRmann, for the control of the small denominators and show how our choice
is effectively possible in RiBmann’s theorem. In subsection 4.3.11 we determine
sufficient conditions on ¢ to apply RiBmann’s theorem and finally, in section 4.4,
we gather all other conditions imposed on ¢ in chapter 3 and in sections 4.1 and
4.2,

The main part of this thesis ends with chapter 5 where we review the re-
sults contained in [Féj04, pages 45-62]. In the cited pages J. Féjoz completes M.
Herman’s work on the spatial planetary (n + 1)-body problem proving the non-
planarity of the planetary frequency application. Then, applying Herman’s general
KAM theorem about C'*° invariant tori he finally obtains a proof of Arnold’s 1963
theorem on planetary motions in the C* case (theorem 63 in [F€j04] 1). In partic-
ular J. Féjoz proves that the spatial planetary frequency map «, formed by 3n — 1
frequencies, does not satisfy any linear relation on an open and dense subset with
full Lebesgue measure of the secular space (i.e., the “collisionless” space of the
ellipses described by the planets). This is equivalent to prove the non-degeneracy
of « in the sense of RUBmann on the same open set and is the fundamental re-
sult we use to apply our KAM theorem for analytic invariant tori to the spatial
planetary problem.

LActually, in [Arn63b] V.I. Arnold announced a somewhat stronger result: “If the masses,
eccentricities and inclinations of the planets are sufficiently small, then for the majority of initial
conditions the true motion is conditionally periodic and differs little from Lagrangian motion with
suitable initial conditions throughout an infinite interval of time co < ¢t < oo”. However Arnold
proved this statement only in the case of the planar three-body problem and gave indications on
how to generalize this result but, apparently, nobody has ever succeeded in implementing Arnold’s
indications.
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We can describe the structure of chapter 5 as follows. First we introduce the
general setting of the Hamiltonian model for the spatial planetary problem; start-
ing from Newton’s equation we pass to heliocentric coordinates and regard the
problem considered as a perturbation of n decoupled two-body problems. Further
on in section 5.1, we perform the passage to Poincaré coordinates and describe
their relations with the elliptic orbital elements.

In section 5.2 we define the secular Hamiltonian as the average, made with
respect to the angle-variables, of the perturbative function expressed in Poincaré
variables. Then we summarize how is it possible to put the secular Hamiltonian
into the form considered in the general KAM theorem stated in section 3.1. In
particular, results contained in [Poi07], [Rob95] and [Las91] (to which we always
refer for all the details) are used to express, with the help of Laplace’s coefficients,
the quadratic part of the secular Hamiltonian in a very remarkable and simple
form.

Section 5.3 starts with some preliminary lemmata and a proposition concern-
ing the eigenvalues of a symmetric matrix which is a “perturbation” of a diagonal
matrix. In subsection 5.3.1 we use the results just shown to check Arnold-Pyartli
condition for the planetary (n + 1)-body problem in the plane. First of all the fre-
quency map, composed by 2n frequencies, is complexified on a certain connected
domain, using the analycity of the Hamiltonian function expressed in Poincaré
variables and the holomorphic extension of Laplace’s coefficients. Then, the de-
velopment of the quadratic part of the secular Hamiltonian for small ratios of the
semi major axes yields the non-planarity of the frequency map on an open and
dense subset of the secular space with full Lebesgue measure.

In subsection 5.3.2 the non-planarity of the frequency application for the spa-
tial problem is discussed. It is immediately observed that the non-degeneracy
condition is not verified in this case. In fact, the spatial planetary frequency appli-
cation satisfies two (and only two) linear relations: the first is due to the presence
of a null frequency whereas the second is a strange resonance remarked for the
first time in his generality by M. Herman (indeed it is usually called “Herman’s
resonance”).

To suppress this two linear relations Féjoz follows an intermediate strategy
between Herman and Arnold. If we denote Hy; the Hamiltonian function of the
spatial planetary problem expressed in Poincaré variables, Féjoz’ idea is to con-
sider a modified Hamiltonian H; := Hy — 6C? where ¢ is a real parameter and
C', denotes the third component of the total angular momentum. The frequency
application of H; extends for all 6 # 0 the frequency application of H; and does
not verify “Herman’s resonance”. Moreover, the restriction to the symplectic sub-
manifold of vertical total angular momentum suppresses also the linear relation
given by the null eigenvalue so that the non-planarity of the frequency application
is satisfied for H;. Thus, theorem 3.1.1 gives an open set of initial data with full

11



measure, leading to quasi periodic motions for the flow of H; laying on invariant
analytic Lagrangian tori. Finally, since Hy: and H; commute, they possess the
same Lagrangian tori so that the result is established also for Hy;.

The second part of this thesis is constituted by three appendices: in appendix A
and B we review the classical KAM theory while in appendix C a summary of the
more recent RiRmann’s theory on the construction of analytic lower dimensional
invariant tori is presented.

In appendix A we discuss the result gave by Kolmogorov in his 1954 theorem
on the persistence of quasi-periodic motions for analytic nearly-integrable Hamil-
tonian systems. In [Kol54] the Russian mathematician stated a general theorem
and outlined a brief sketch of the proof; he showed how periodic motions for inte-
grable systems still persist under the addition of a perturbation, provided that this
last is small enough and assuming a non-degeneracy hypothesis on the quadratic
part of the integrable part of the Hamiltonian function. Using his brilliant ideas
we prove a quantitative version of his results (theorem A.1.2), providing also an
explicit estimate for the size of the perturbation.

In subsections A.1.1 and A.1.2 some useful preliminary estimates are given. In
section A.2 we describe Kolmogorov’s main idea and perform the first step of the
iteration process needed to put the Hamiltonian function considered into “Kol-
mogorov’s normal form”. Then, in section A.3 we discuss the iterative scheme
and finally prove the convergence.

Appendix B contains a classical result concerning the measure of maximal in-
variant tori carrying quasi-periodic motions (usually called “Kolmogorov’s tori’)
for nearly-integrable analytic Hamiltonian systems. A brief description of the
general setting is made in the first two sections. In section B.3 we use Whitney’s
extension theorem (formulated and proved in [Whi34]) to extend the symplectic
map gave by Kolmogorov’s theorem (i.e., the map that puts the given Hamilto-
nian function into Kolmogorov’s normal form) to a C'' map. From the regularity
of this extension, with the help of some classical diophantine estimates, we obtain
the main result in theorem B.4.1: the measure of the complement of the union
of maximal invariant KAM tori in the phase space of a nearly-integrable analytic
Hamiltonian system is proportional to the size of the perturbation.

The thesis ends with appendix C where we describe RiBmann’s theorem for
the existence of lower dimensional tori in nearly-integrable Hamiltonian systems.
This remarkable result, contained in [RURMO1], is obtained with the hypothesis
of weak and extreme non-degeneration in the sense of Rimann of the frequency
application. We remark once again how Riilmann’s theory for nearly-integrable
Hamiltonian system and his concept of non-degeneracy are fundamental in our
work (it is obvious!) but have also influenced Herman’s work on the matter and

12



vice versa 2.

The contents of appendix C can be briefly described as follows. Section C.1
contains a bit of preliminaries: we recall the definition of approximation function;
we expose with some details the complete theory of index and amount of non-
degeneracy for a weakly non-degenerate and extreme real-analytic function; we
define the amount of degeneracy for such functions and give a useful estimate
for the exponent of a matrix function. Then we state a quantitative version of
Rifmann’s main theorem and in subsection C.2.1 we give an explicit estimate
for the size of the perturbation. The two following subsections are dedicated to
a brief description of RiBmann’s strategy and iterative scheme. Subsection C.2.4
contains the survey of RiBmann’s conditions needed to carry out the n-step of the
iterative scheme for n = 0. It is motivated by our statement of RiRmann’s theorem
which is slightly different from the original. In fact, in our formulation we add
a term to the Hamiltonian function considered by Riimann; then, we verify that
the initial conditions indicated by Rimann hold for this new Hamiltonian so that
we are allowed to enter RiBmann’s scheme without any further modifications.

2In [RiIBRMO1] we read: “I thank M. Herman for his permanent interest in the realization of this
work and | thank him also that he has emphasized, at every turn, that the discovery of invariant
tori under the condition of weak non-degeneracy is my work, in particular in the case p = ¢ = 0.”
(here p = ¢ = 0 means the case of maximal tori).

13



Chapter 2

RuRmMann’s theory on maximal
KAM tori

2.1 Non-degeneracy conditions

In this section we give definitions of some different kinds of non-degeneracy con-
ditions under which invariant tori for an unperturbed Hamiltonian system persist
with the addition of a small perturbation. In particular we are interested in the
weak non-degeneracy conditions defined by A. S. Pyartli (and widely used and
developed by M.Herman and J.Féjoz in [F€j04]) and by H. Ruf3mann.

Definition 2.1.1. Letw : I C R — R™ a parametrized curve of class C™~'(T),
where I is a compact interval, w is said to be non-planar at ¢, € I if

det [w(to),w'(to), ..., w™ D(te)] # 0 ; (2.1.1)

w is said to be non-planar (homogeneously non-planar for Herman) if it is non-
planar at all points ¢ € I (or equivalently if it is not contained in any vectorial
hyperplane). w is said to be planar at ¢, € I (in I) if it is not non-planar at ¢, €
(in 7). Instead w is called essentially non-planar (non-planar for Herman) if for
every open subset .J C I the image w(.J) is not contained in an affine hyperplane.

Let B C R" be a closed ball and w : B — R™ a parametrized curve; w
is called non-planar at the point ¢ € B if there exist an immersion ¢ : (I,s) —
(B, t), where I is an interval of R, such that the curve woc is non-planar at s; it is
non-planar if it is non-planar at all point ¢ € B while it is essentially non-planar
if its local image is nowhere contained in an affine hyperplane.

The so called “non-degeneracy condition of Arnold-Pyartli” consists in the
non-planarity of the frequency vector of the unperturbed Hamiltonian system. The

14



most important issues related to this non-degeneracy condition and the properties
of such non-degenerate functions, are extensively discussed in [Pya69].

Definition 2.1.2 (RuBmann non-degeneracy condition). Let B a domain (a
non-void open connected set) of R™:

e a real-analytic function v = (wq,...,wy,) : B — R™ is called non-
degenerate if for any (cy,...,¢,) € R™ ~ {0}

Wy + -+ Cpwm # 0

(if and only if the range f(B) of f does not lie in any (m — 1)-dimensional
linear subspace of R™); we call w degenerate if it is not non-degenerate;

e areal-analytic function (w, Q2) : B — R™ xRR? is weakly non-degenerate
if w is non-degenerate;

¢ defining the following subset of Z?

Lo = {lez’|(1,)#0,[lh <2},
Zh, = {1€Z|(kw)+(LO)#0, VEeZ"0<l <2}
we call a weakly non-degenerate function (w, 2) extreme if Z7, = Zg,,.

We remark that in this chapter we will use exclusively the hypothesis of non-
degeneration since we discuss RiRmann’s theory only in the case of maximal
tori. On the other hand, in appendix C, the condition of weakly and extreme non-
degeneracy will be considered since Rimann’s complete results in the case of
lower dimensional tori are exposed.

2.1.1 Remarks and examples
We now make some simple but important remarks:

1. We start remarking the equivalence of the non-planarity ofacurvew : I —
R™ and the fact that w is not contained in any vectorial hyperplane (or any
linear subspace of positive codimension in R™).

In fact if w is contained in a linear subspace V' C R™ there exists a # 0 in
R™ such that a - w(t) = 0 for every ¢t € I; by derivation

a-w(t) :Oza-w/(t) — ...:a,w(m—l)(t)
and therefore

a-wt)+a-W'{t)+-+a-wmIt)=0
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for every t € I; then, since w,w’, ..., w™ Y verify a linear combination
we have
det [w(t),w'(t),- - ,w™ ()] =0. (2.1.2)

for every t € I that is the definition of planarity.
On the other hand if w is planar on I, since it verifies equation (2.1.2) there
exists b = (b, ..., bnm—1) € R™, b # 0, such that

bow(t) + by’ () + -+ -+ by 1™ V(1) = 0.
forallt € I. Let jo := max{j = 0,...,m — 1]b; # 0}, then, by the last

equation, w verifies on I the ordinary differential equation of order j,

. 1 ;
w(]o)(t) — _b_ (bgw(t) + blw’(t) + -4 bjoflw(”*l)(t)) . (2.1.3)
Jo

Choose now v € R™ in the orthogonal space generated by the vectors

.....

(2.1.3) with the initial conditions
v . W(t(]) = 0 = - wl(to) = e =7 w(jo_l)(to)
and therefore v - w(t) = 0in I.

. It can be easily observed that the essential non-planarity implies the non-
planarity since w is essentially non-planar from definition 2.1.1 if for every
openJ C I

vew(t)+c#0, YVveR" VceR Vteld (2.1.4)

therefore by taking ¢ = 0, J = I ~. 91 and using the continuity of w we
have
v-w(t)#0, YVveR" Vtel (2.1.5)

that is, by the previous remark, the non-planarity of w

. By remark 1 and definition 2.1.2 we obtain foracurve w : I C R — R™
the equivalence

w isnon-planarin t € I <= w is non-degenerate in I. (2.1.6)

This equivalence underlines very well the different aspect of the two defini-
tions which, nevertheless, describe the same geometrical property of a func-
tion. In particular, the non-planarity describes a local behavior of the con-
sidered function while Rifmann’s non-degeneracy condition has a global
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nature. This is also clear from the two different settings in which this defi-
nitions are given.

The same equivalence in (2.1.6) holds if w is defined on a closed ball B C
R".

4. As far as an analytic function w is considered, the notion of essential non-
planarity can be expressed by

v-w(t)+c#£0, YVoeR" VeceR Vtel. (2.1.7)

To be as much clearer as possible we provide some elementary examples of
functions belonging to the different categories of non-degeneration:

1. A non-planar (or non degenerate) but not essentially non-planar curve is
w(t) = (1,t) € R?; in fact det[w(t),w'(t)] = 1 for every ¢t € I while
w(t)-(1,0)—1 = 0. An example of a non-planar curve that is not essentially
non-planar but whose (global) image w(7) is not contained in any affine
plane is

w:it€[=1,1] = (¢, D)x-1,0 + (& 14+ ) x(0,1-

2. A degenerate function that is weakly non-degenerate but not extreme is
(w,€) : (0,1) — R? x R defined by w(t) = (1,¢) and Q(¢) = 5¢; in
fact Z¢, = Z1 U Z} while Z! , = Z1 (since (0, +1) - w(t) F 2Q(t) = 0).

3. A degenerate function that is weakly non-degenerate and extreme is given
by (w, Q) = ((1,7), 5t) since Z,, = Z¢, = Zi U Z3;
an example of a degenerate function, weakly non-degenerate and extreme
with Z2, = 234 C Z2 U Z3is (w, Q) = ((1,1), (3, 51)).

Next we state some simple results that will help to better comprehend the
strong relation between non-planarity and non-degeneration. As already observed,
the main difference consists in the regularity of the functions considered in this
two definitions. In fact, both may be regarded as geometrical properties with
the only difference that local properties of analytic functions may become global
properties (for instance the property of being not contained in any vectorial hy-

perplane) while this is not true for finitely many times differentiable functions.

Lemma 2.1.1. Let I a non-void interval of R and v : I — R™ a parametrized
curve of class CP~1(I). If the image of v is contained in a vectorial hyperplane of
R™ then function

D(t) = det [v(t), (), ...,V (@)]
is constantly vanishing on 7. On the other hand, if D(¢) = 0 for every ¢ € I, there
exists an open set .J C I such that v(.J) is contained in vectorial hyperplane.
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Proof The proof of this result is quite immediate and can be found in [Féj04,
page 33] o

Proposition 2.1.1. Letw : B ¢ R* — R™ (where B is a domain) a real-
analytic function; if w is non-planar at y, € B then w is non-degenerate in B.

Proof By definition 2.1.1 if w is non-planar at I, in B there exists an immer-
siony : I ¢ R — (where [ is a compact interval) such that ~(¢,) = o and
w o 7y(t) is non-planar ¢,. Therefore, denoting v(t) = w o y(t), we have

det [v(to), V' (to), - - -, z/(m’l)(to)} #0;
by continuity there exists 0 < T, < dist(¢y, 9I) such that
det [v(t), V' (t),...,v™ V()] #0

forevery ¢t € Iy = (to — To, to + Tp). This implies, by the preceding lemma, that
v(1y) is not contained in any vectorial hyperplane, i.e., for all ¢ € R™ it results
that ¢ - v(t) is not constantly zero for ¢ € I,. By the definition of v we have that
for every ¢ € R™ the function c- w(y) is never constantly vanishing for y € v(/o);
it follows that for every ¢ € R™ ¢ - w does not constantly vanish on B which the
statement

Another simple observation that will turn out to be fundamental is the follow-
ing:
Remark 2.1.1. Letw : y € B C R™ — R™ a non-degenerate (non-planar)

functionthen@ : (y,p) € B x V C R™ x R? — R™ defined by w(y, p) = w(y)
for every p € V, is non-degenerate (non-planar) on B x V..

2.2 Preliminaries to RiURmMann’s theorem

Definition 2.2.1 (Approximation function). A continuous function @: [0, c0) —
R is called an approximation function if:

1. 1=2(0) > ®(s) >P(t) >0for0 < s <t < oc;
2. d(1) =1sothat &(s) = 1forany 0 < s < 1;

3. s*®(s) =3 0 for any A > 0 so that SUP4>1 s’\q)(s)i < oo forall >0
and A > 0;

4. [Flog (D%s) % < oo,
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In his work [RUBRMO1], RUmann uses an approximation function to perform
in a most general way the control on the small divisors; in fact, since invariant tori
have to be constructed requiring a priori certain arithmetical properties that the
frequencies of quasi-periodic motions lying on this tori should have, it is necessary
to establish in advance a certain control on the small divisors appearing in the
construction. This is done in the proof of Kolmogorov’s theorem (see appendix A)
by requiring for the frequency vector w the diophantine condition |k -w| > ~v|n| .
However it would be clearer in the statement of theorem 2.3.1 the role played by
the approximation function. As a possible choice of an approximation function

we indicate
1 0<z<1
®(z) = { “@DT >

for a chosen o < 11.

Lemma2.2.1. Let f; : B — R™ be real-analytic and non-degenerate functions
defined on a domain B C R?, foreach j = 1... N. Consider

C=R™ x---xR™

and let ¢ = (¢q,...,cy) € C be some parameters. If we define f : C x B— R
as the real-analytic function (with respect to the y variables)
N
fle,y) = T¢e £iw) (2.2.1)
j=1

and S as the following subset of C
S={c=(c1,...,en) €Cllcjla=1Vj=1...N},

then for any non-void compact set X C B there exist numbers jo = uo(f, K) € N
and 3 = g(f,K) > 0such that

max |D'f(c,y)| >0 VeeS, Vyek (2.2.2)

0<u<ho
(here the derivatives are obviously taken with respect to the y variables).
Proof The proof of this lemma can be found in [RUBmMO1, page 185]

Observe that if we consider a function f as in (2.2.1), then the function

(¢,y) € C x B— max |D"f(c,y)|
0<v<p

1We remark in advance that when we will try to apply RiiBmann’s theorem for our purposes,
we will not be able to use an approximation function to control the small denominators but we will
be forced to use classical diophantine inequalities. Details can be found in section 4.3.5.
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Is continuous in C x B for every p € N. Therefore the number

O(f, . K) = min_ max |D"f(c,y)]

YEK,|c[,=10<v<p

is well defined for any compact set X C B and verifies 5(f, 1, K) < B(f, pa, K)
for every 0 < py < pso. Then by Lemma 2.2.1 we can well define the numbers
wo(f, K) and B(f, po, KC) as follows

Definition 2.2.2. We call index of non-degeneracy of f with respect to K the first
integer o such that 5(f, po, K) > 0 (while G(f, u, ) = 0 for every pu < pug); we
call the number 3(f, 1o (f, ), K) amount of non-degeneracy of f with respect to
K.

Now we give the definition of the index and amount of non-degeneracy of
the real-analytic function w. In RlBmann’s theorem such function will be the
“frequency map” of the unperturbed Hamiltonian system considered.

Definition 2.2.3. Let £ C R"” be a compact set, B C R" a domain containing
Kandw : y € B — R™ a real-analytic and non-degenerate function. Let
S = {c € R : |c|, = 1}, we define po(w, L) € N;, the index of non-
degeneracy of w with respect to £, as the first integer such that

— : v 2
f:= min  max |D"[{c,w(y))l| >0 (2.2.3)

where 5 = ((w, K) is called amount of non-degeneracy of w with respect to .

We just observe that this definition is well posed since |(c, w(y))|” is a function
in the form considered in (2.2.1) with N =2, m; = my =mand f; = fo = w,
with the only difference that the parameters ¢, ¢, are not independently varying
inS xS CR" x R” but have been chosen to coincide.

2.3 Statement of RURmann’s Theorem on maximal
KAM tori

As far as we consider only the case of maximal tori (p = ¢ = 0 in Rimann’s
notation), the main theorem contained in [RGRMO1] can be formulated as follows:

Theorem 2.3.1 (RiBmann’s theorem for maximal tori). Let ) be an open con-
nected set of R” and
H(z,y) = h(y) + P(z,y) (23.1)
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a real-analytic Hamiltonian defined for
(z,y) e T" x Y

endowed with the standard symplectic form dy A dxz. Let D a complex domain
on which H can be holomorphically extended; let K be any non-empty compact
subset of ) with positive n-dimensional Lebesgue measure meas,, K > 0 and let
A C D be an open set such that

TxKCA. (2.3.2)
Choose ¥ € (0, 1) such that
T¢(9) x (K +49) C A (2.3.3)
and (K +, 20) C Y. Define w(y) = 5-h(y),
Ch = |k (2.3.4)

and assume that the function
w:YCR'"—R"

is non-degenerate. Then for any ¢* with 0 < ¢* < meas, K there exist positive
numbers ¢, and ~ (see section 2.4 for details) depending on w, KC, ¢*, A, @, such
that assuming

1
|Pla < 560 (2.3.9)
and taking real numbers o, ro verifying
og = v (2.3.6)
6079 %
= | —= 2.3.7
n= () @37)

there exists a compact subset # C K with meas,, > meas, ) — ¢ and a
bi-lipschitz mapping

X:(b&n)eHXxT" xU — D (2.3.8)
where U/ is an open neighborhood of the origin in R™ such that

e the mapping
(&n) — (2,y) = X(b,&,m) (23.9)
defines, for every b € 7, an holomorphic canonical transformation on
T (%) x U, and
0o

X (HxT (€) xU,) €T, x D

for sufficiently small p > 0;
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e the transformed Hamiltonian is in the form:
H (X(b,&,n)) = h*(b) + (w*(b). n) + O(|n[*) (2.3.10)
forevery b € Hand (&, ) € T" (%) x U,;

¢ the new frequency vector w* satisfies for all b in  the diophantine inequal-

ity
[(k,w*(0))| > v@(lkl,), V ke Z"~{0}.

Finally, we observe that the transformed Hamiltonian system possesses the
solutions

E=w(b)t+c
n=0 (2.3.11)

so that the system described by H in (2.3.1) possesses the invariant torus

(z,y) = X(b,&,0)

for £ in T¢, with quasi-periodic flow (2.3.11) for all b in A .

2.4 Estimate for the size of the perturbation in RUR-
mann’s theorem

We now display an admissible value of ¢, (the size of the perturbation) in 2.3.1
remarking that the result we give here is obtained by RiBmann’s estimate in
[RURMO1, page 171] considering the case of maximal tori (p = 0) all along the
procedure followed to reach such an estimate; moreover the presence of some nu-
merical quantities (just absolute numbers) has been simplified by imposing more
strict upper bounds.

To be as much clearer as possible we recall briefly the role played by the dif-
ferent quantities involved in the estimate, always referring to C.2.1 for definitions
and further explanations:

e (3= f(w,K) is the amount of non-degeneracy of the real-analytic and non-
degenerate “frequency map” w, while g = po(w, ) is its index of non-
degeneracy; observe that for a non-degenerate function the amount of de-
generacy «(w, K) equals 1.
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e ¢* 1 and C, are chosen as in the statement and d, is defined as the diameter
of KC,i.e., dy = sup, yexc |7 —y

e let @ : [0,00] — R the chosen approximation function, in according with
definition 2.2.1, we choose and fix T, > 1 such that ®(73) < e~ ™+ and
the following inequality holds

o 1 dT Jlog 2
log —— 22 < : 2.4.1
/TO BT T2 = 12p0nlog(3%n) (24.1)

moreover we define
1
D, = sup s"P(s) 0 < o0
s>1

(that is bounded by hypothesis on ®);

e We define
M* = 2#0+2/,L0!197#0(01+1) (242)
41 po+2
o =y Vg () (243)
and

ko
2 mo+1 Jao]

= 373 (2me) s dn (n’%+2d0+19’1d0) c*r 5 T (2.4.4)

and set
v = min{2,%} (2.4.5)
~O(Ty)T, "My
to = 2.4.6

e Letg: R? — R defined by

we consider



and then define for N € N

C(n,N) =3"N! / Dig(s)(a’)|d
(n.N) sup Rd2| $)(a)|ds

a€R™ | \a|2 1
with C(n,0) = 1,

then a possible value for ¢, is given by

U
€y 1 — C (mln{El,EQ,Eg,})
1
where
(n+1)
‘ fyq)(TO)T . 1
E, = 228 +n min < 19, 37
e 1Ty (n+1) 1 1
2 = 322 L= 90 L— 5.2
27 no
ﬂtouo

E3 =

3192Ty M*C'(n, o)

2.5 Existence of non-resonant frequencies

(2.4.7)

(2.4.8)

(2.4.9)

We now follow RuRmann’s work to show how maximal invariant tori for the
nearly-integrable Hamiltonian system considered in 2.3.1 can be constructed. We
always refer to [RUBmMOL, pages 178-203] for further details and for the proofs of
results we just cite here as well as for the complete result concerning the construc-

tion of lower dimensional invariant tori.

2.5.1 Description of the iteration process

The initial condition of the iteration process are:

1. w:Y — R" is a real-analytic function defined on a domain (an open and
connected set) Y C R” that is non-degenerate in the sense of Rimann (see

definition 2.1.2);

2. K C Y isachosen and fixed compact set with meas ., > 0;
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3. ¥ € (0,1) is chosen small enough to verify
K+ 20CY

and w. € H(K+30) is the holomorphic extension of w|_,; it follows that
w, Is bounded on K + 24 so that we can well define

Cr = |walyap > 0. (2.5.1)

We will often use the same notation w to identify both the real function and
its holomorphic extension when there will be no ambiguity.

4. Ko := K, By := Ko +to With tg € (0,9) to be determined and wq := w |, -

At the beginning of the iteration process we take 6 := (12)*” < 1 and

0<L0§m1n{LTa7L§}a 0<T<T*§TO Z:%

(2.5.2)
t, =10, L, = Lyo™ forv =0,1,...

where positive numbers L%, L2, v*, 7 will be later determined. Moreover & is a
chosen approximation function (see definition 2.2.1), and ¥(7T') = T-("*)®(T)
forany 7" > 1; Ty > 1 is a fixed real number and

T, = U~ (WU(Ty)6™) (2.5.3)

for v > 0 (observe that by the properties of ® we obtain 7, < 7,, < T,, for any
0 < v <ip).

With the framework described the general step of the iteration process works
out recursively as we shall see now; if £, # 0, B, = K, +t, and w, € H(B,)
are given for some v > 0 (where Ky, By and w, have been set before) then we
determine K., B,4; and w, 1 € H(B,1) as follows: we choose an arbitrary
function Aw, € H(B, ) such that

Buls, < 72 (2.5.4)
and define
K= {be Kl a0 = 120(T) Vo<l <T}:  @59)
then we take K, .1 = K and if K% # () we set
Boi1 =Ko +tyi, w1 =w, + Au),,|BU+1 ) (2.5.6)
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2.5.2 Theorem about existence of non-resonant frequencies

The following theorem ([RUBRMO1, theorem 16.7]) states the possibility to carry
out the general step of the iteration process infinitely many times, assuring the ex-
istence of non-resonant frequency vectors at each step as well as the convergence
of the scheme.

Theorem 2.5.1 (Existence of non-resonant frequency vectors). For any
€* € (0, meas ,K) (2.5.7)
there exist positive real numbers L7, L3, v*, 7* such that choosing

O<r<1, O0<vy<y*
(2.5.8)
0<L0§LT, L()S’}/L;

the iteration process described above can be carried out for any » € N with the
resulting sets C,, and the functions w,, possessing the following properties:

Koo =Ky # 0; (2.5.9)
v=1

2. the sequence {w, },, converges uniformly on K, to a function wy (that is
therefore continuous on KC..);

3. let
H={be K| [(k,we(b))| >yP(|k|,) VEkeZ"{0}} (2.5.10)

then
meas , K, > meas,H > meas, K — €. (2.5.11)

Furthermore let 1o € N, and 5 > 0 be such that

min max ‘D”|<c,w>|2‘ > (2.5.12)

yeK 0<v<po

for any ¢ € R” with |¢|, = 1, C; as defined in (2.5.1), dy = diam KC and C'(n, N)
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as defined in (2.4.7); then, we can take
S (2.5.13)
Ho

Ho L HQ

v = [32(2me) 5 dn (n*% + 24, +19’1d0> c*] e (25.14)

Bty

If = —— 9 (1 —¢§mowoT 2.5.15
! 2M*C(n, o) ( ) ( )
1
Ly = ————®(Ty)(1— 6™ 2.5.16
with
M* = 2802 0197H0 (O + 1) (2.5.17)

ﬂ0+2 | 2
cr = 2#0%%& <M(Cl+1)> (2.5.18)

YJro+1 nio Jro

accordingly to section 2.4.

We dedicate the remaining part of this section to the explanation of the proof
that RUBmann gives to this theorem. We will focus our attention on some parts
and underline the fact that we are searching for the existence of maximal tori
performing some proofs of intermediate results in the case p = 0 (with refer to
RlRmann’s notation).

2.5.3 Theorems on the measure of a set defined by small divi-
sors

We start citing an important result given and proved by Rimann in [RGRmMO1,
pages 180-183]:

Theorem 2.5.2. Let £ C R" be a non-empty compact set with diameter d, =
sup, ,ex |2 —y| > 0 and define B = K+, 9 for some ¥ > 0. Let g € C**!(B,R)
(for some 1o € N) be a function such that

min max |D"g(y)| > f (2.5.19)

yeK 0<v<po

with 8 > 0. Then for any function g € C*°(B,R) satisfying |g — ¢/, < 3/ and

any
O<e< b
210 + 2

(2.5.20)
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we can estimate

meas, {y € K : |[§(y)| <&} < Bdj ! (n’% 1 2dy + 1971d0) <%> g |uo+1
(2 5.21)

with .
B = 3(2re)3 Vo (2.5.22)

(p10 +1)!

A proof of this theorem, in the case g = g, can be found in [Pya69] where it
appeared for the first time.
Here we state a simple lemma that we are going to use in next theorem’s proof:

Lemma 2.5.1. Let F,G € C*(B,R™*™) for some open set B C R” and i € N,
then it results
|FGls < 2" F[5]Gl3

where | - |} is defined in 0.1.4.
Proof The proof is immediate and can be easily obtained by Leibniz rule
D*(FG)(b)(a") = Z WD F(b)(a")D’G(b)(a’)
1+j=v
for any a € R with |a|, = 1 and b € B. Therefore

D(FQ) (@) < 3

i+j=v

Wi \D F(b)(a')| [DIG(b)(a’)| < 2"|F [5G

which gives the statement if we take the sup over a,b and v.

Letw : Y € R* — R" a real-analytic and non-degenerate function, let
K C Y be a compact set with diameter dy = sup, ,x [* — y| > 0 and take

v € (0,1) such that B:=K +, ¥ C Y. We recall that by lemma C.1.2 there exist
numbers o € N and 3 > 0 such that

min max |D"|{c,w( )>|2‘ > (2.5.23)

yek 0<v<puo
for every ¢ € R". Then we can state the following result:

Theorem 2.5.3 (Measure of a set defined by small divisors). Let w as consid-
ered above and @ € C* (B, R"), satisfying the estimates

W, @k < My, |wli™ < My (2.5.24)

s

g > m (2525)

jw — @5
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for some Mg, M, > 1 and let ® the chosen approximation function (see definition
2.2.1). Moreover let 0 < ¢* < meas, K and

_ko .
0 <<y :=|3""(2me) iy (n‘% + 2do + 0—1do) C’} 2 gHot
(2.5.26)
with
1 po+2
¢'= 2’“J“M(@DWO)?JWE ; (2.5.27)

(o + 1)!
then the measure of the set
H(w) ={be K : [(kw®)| = y(kl,), VkeZ"~{0}}  (25.28)
can be estimated by
meas, H(w) > meas, K — ¢ . (2.5.29)
Furthermore if |w[%;* < M’ we can take M, = 2M".
We remark that a complete proof of this result, even in the case p # 0 and
w: R" — R™ with m # n, can be found in [RGURMO1, pages 189-193].

Proof Let Fy(y) = i(k,w(y)) and Fi(y) == i(k,&(y)) by hypotheses we
have Fy, F}, € C*°(B,R). Setting

W) = ko) k" = F ()K"

@(y) = Kk o)kl = F(y)lkl,”

(accordingly to (C.1.7) in which we consider also the case of frequencies xy =
(w, Q) of lower dimensional tori) it results

~ o~ Ho
], — [l e = |Lhfee Ex Fok
£oTNE [Ely [kly 1Ly (KL, |
Fk ka Ho
Wl = ||
mB |k|2 |k|2 B

Now for every 0 < v < pg, b € Band a € R" with la], = 1 we have

D"Fi(0)(@”)| _ (ks D"wO) @] | w1 (a| < Josli
‘ = T < D" w(b)(a”)| < |w|4

having used the definition of | - |g° in 0.1.4. Since analogous estimate can be done
for F, and F, — F}, instead of F}, taking the sup over a, b and v we obtain

[kly " 1Fl < lwly [kl

~ MO _ 1 ~ |HO _
Bl <loly kBB < lw-ol
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observe that for what concerns the estimate regarding w only, we can replace 1
with any integer (i + 1 for instance) since w is real-analytic. \We now write the

identity
F, F, F, F, (Fk Fk>F_k £ (F_k F_k>

[kly [kly Tkl (K], \ [kl [kl K], KL

[kl (Kl

obtaining by the preceding estimates, the definition of [w]; and [@]; and lemma
2.5.1 for the C'*o-norm of a product
~ |HO ~ KO | ~
ol — [ o < oo e Tl IFelg’ o, [P ™ g [T
w|, — W], |5 <280 + 210
£ |1, |1, |1, |1,

Ho
B

< 20w — DRl + 20w — Bl =2 (w0 + D1 ) lw - DI

. 1
< 2#0+1M0|w _w‘go < 56

Furthermore if we consider the two cases w = 0 and w = 0, which imply respec-
tively F, = 0 and F, = 0, we have

Fk F,k Ho 9
WLty = |\GEE . <2 (lofie)” < 200
2 2 1B
~ ~ H
~1 (Mo Fy F_y i Ko Ko 2 Ko 12
Bl = |G| <2 (ltp) <20
2 2|5
B
F. F_ po+1 9
et = [ TETE <ot ((prtt) < gz
|k|2 |l‘7|2 B

Now we are in a position to apply theorem 2.5.2 with g = [w]| € H(B,R) C
Cro+(B,R), § = [@]x € C*(B,R) and B = B obtaining

meas {b €B: @] < s} < Meia (2.5.30)
whenever
0<e< Mﬂ o (2.5.31)
and with M given by
n 1 Ho+2 1 14+ L
M = 3(2ﬂ6)2%d8_1 (n_% + 2dy + ﬁ_ldo) <B " 2M0+1M12

(2.5.32)
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(see (2.5.21), (2.5.22) and the estimate on |[w]k|2°+1). Now by the definition of
H(w) in (2.5.28) we have

KNH@) = {bek : [(kuw®)| <v2(kl,), VEkeZ"\{0}} =
= {be K [(kw®)l < (@(k],)*, VkeZ"~{0}} =
= {bEK:I ‘Fk
_ g o (22UER)Y =
= {belC.H ]k|<< 0, ),VkeZ {0}}-

Then in view of (2.5.30) applied with

e = (“ﬁgib))? (2.5.33)

‘ 2

< (yO(k],))?, V ke Zn - {0}} _

it results

meas , (K \ #(@)) < meas, | J {belc @] < (7¢(|(€|2)>2} <

|k
keZn~{0}
o(|k[,)\?
< Y measn{belc @7 < (7 g |2)> }g
keZn~{0} | |2
2
2 P(|ky) \ #o
<t 3 (%)
keZn~{0} 2

To estimate this last sum we observe that the function s € (0,00) — ®(s)s™!
is strictly decreasing because @ is itself decreasing (see condition 1 in definition
2.2.1); therefore in view of |k|_ _ < |k|, for any & € Z" we have

SO ) B )

k#0 [k k0 v=1 \|k|_=v

X}

Denoting now N, =37, ., 1= (2v+1)" —1forv € N, and N, = 0, we
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can continue the above chain of equalities writing

] ( 2. 1) (?) = i(NV—N,,_l)(@f/”))i“ -

v=1

-3 (M) S (D)

v=1

T Qn/loo (25 +1)""! <@(S)> %dg -

1

o0 P =
=3"—-1+ Qn/ (2s + 1)n_1< (S)> ds
1

S

= @5+ 1) — 1] (B(s)s V)T

having used in this last equality the property s*®(s) =3 0 for A € Rand ®(1) =
1 (recall once again definition 2.2.1). Now since (2s + 1)" < (3s)" — 1 we may

write
00 ) 2
m
3 1+2n/ (25+1)"—1<ﬂ> " ds <
1 S

c0 2 1\ 2
<314 2n3"1/ s i (s%(s)%) ds < (2.5.34)
1
< 3" 1+ 2p3n! (@nuO)Q/ s e ds =
1

ny

— 3n + 23n—1
n + 2

(q)nﬂo)2 S 3"'1‘1((1)””0)2 .

Finally we come back to the beginning of this chains of inequalities estimating
meas,, (K ~ H(©)) = meas, K — meas, H(0) < 3"“]\/[75_0(@"#0)2. (2.5.35)

Therefore in order to get (2.5.29), that is meas ,,H(w) > meas, K — €*, we must
require
2
3n+1M7%(¢n#0)2 S e
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which is satisfied by means of v < ~' as in (2.5.26) together with (2.5.27) and in
view of M as taken in (2.5.32).

To complete the proof we still have to assure that condition (2.5.31) is satisfied
with our choice of ¢ in (2.5.33). From the property verified by w in (2.5.23) (which
IS a consequence of its non-degeneracy as we show in appendix C) we have

B < |[w]k|l§0+1 < 2#0+1M12

B <|[w] i < 2M0M§ (2.5.36)

having used the estimate done before during the proof. From this two inequalities,
the definition of C' in (2.5.27) and ®,,,, > 1 we derive

(po + 1)+
(f1o + 1)!
and by hypothesis we have

O = gHotl (e ) M2 > (1o +1)20T M2 > (o +1)3. (2.5.37)
€* < meas, K < (2dy)". (2.5.38)
Now observe that the first terms that constitute 4’ in (2.5.26) verify
312 (27re) % ! (n—% +2do + 19‘1d0) C' > (2dy)"2C"
so that we obtain, together with (2.5.33), ® < 1, (2.5.26), (2.5.37) and (2.5.38),
e < S0 S @d)20] T ) =

[ ¢ ]““[(uwl)ﬂ]““ B8
(2dg)" C' (20 +2)M° = 2po + 2

To complete the proof we observe that if |w|’§0 < M’ from (2.5.25) and 5 >
210 M2 we obtain

. M
— < =2
w—al <
which gives
M
@ < |wlif + |w -l < M+ TO (2.5.39)

Thus, taking M© = M, > rM’, with r := % we have that also M) = M’ +
1My > rM' is a common upper bound for |w|%” and |@| as shown. Continuing
this procedure we obtain a sequence of common upper bounds M) > rM’;
moreover, from the recursive relation A0 +) = A’ + 1 M) we can infer that the
sequence tends to M’ so that we can effectively take 2M’ as a common upper
bounds for the two norms considered
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2.5.4 Links and Chains

In the following pages we complete the proof of theorem 2.5.1 displaying RuR-
mann’s theory of links and chain for the construction of non-resonant frequencies
on an arbitrarily non-empty compact set contained in the domain of the action-
variables. The full detailed construction of non-resonant frequencies (in the case
of lower dimensional tori) can be found in [RGRMO1, pages 198-203].

Definition 2.5.1. Let £, C R™ a non-empty set and w, € H(B,,R") where
B, =K, +t, (see (2.5.2) for t,), we call £, = (K,,w,) alink.

The initial link in our iterative scheme is given by £, = (Ko, wg) with Ky and
wo as in subsection 2.5.1.

Definition 2.5.2. Alink £, = (K,,w,) is said to be open if K£* # @ where we
recall

1
K = {bem [ (B)] > 5790(T,) V0<|k|2§T,,} (2.5.40)

(see subsection 2.5.1 for the definition of T,,).

Definition 2.5.3. If a link £, is open, we call a link £,,; = (K,41,w,41) @
successor of £, if

,Cu—i—l = ,CZ y Wyl = (w,, + Awl,)|3u+l s Bu—i—l = Ku—i—l + t,,_|_1 (2541)

where Aw, is an arbitrarily chosen function in #(,, R™) satisfying the estimate

L,
[Aw, s < (2.5.42)

0

(according to the framework described in subsection 2.5.1).
Finally we denote A < v if A < v < oo or A < v = oo and give the following
Definition 2.5.4. A collection of links

(EU,EI,---,EV) if v < ¢
(ﬁx\)og/\ju -
(Lo, L1,...) if v =00

is called a chain if £, is a successor of £, for any 0 < A < v. The initial link
L, is itself considered as a chain. A chain is said to be maximal if » < oo and
L, isnotopen (i.e., K = @) orv = o
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Since we would like to work with C*°-functions wg, wy, ... defined on the
same open set (say B := K -+, vJ), we give here the following result:

Theorem 2.5.4. Let £ C R" be anon-empty set, ¢ > 0Oand f : L+t — C™
be an holomorphic and bounded function assuming real values on R™ (we will
always think n = m). Then there exists a C*-function f : R* — R™ such
that f(z) = f(z) for every z € K and the following estimates hold for every
v=0,1,...:

pi@) @) < € 15()] (25.43)

v e+t

sup  sup
2€R™ a€R™ [a],=1

<

with C(n, v) not depending on f and increasing in v as defined in (2.4.7).

Let £y = (Ko, wo) the initial link, we define its extension Lo by
E(] = (’Co,u)g,a)g) with Wy = (.¢}|B~

where Z’S’~ := K 4 ¢. Thus we may attach to the chain (£y) = L, the extended
chain (Ly) = Ly.
We want now to define the extended chain of any assigned chain (£») _ _ .

Consider Aw, € H(B,,R"), for 0 < X < v, i.e., the functions defining the chain
(EA)(KM, we may apply to each of this functions theorem 2.5.4 with f = Awy,,

K = Ky, t = ty, obtaining ﬁvwl, &sz, e € COO(Z’S’]R") such that
AAJ”,CA :AcuA|,CA for 0<\<v.
Moreover by the estimate in (2.5.43) we have

— L
|D*Aw,| < C(n, u)t;“% (2.5.44)
0

in view of (2.5.42). Now we are in position to define recursively C>°-functions on
B = K +, v as follows

Bo = wlg , G = Dx + Awy (2.5.45)
forany 0 < A < v. Furthermore by induction we can easily obtain
w~/\|’c/\ = (.d/\|]CA for 0<A<v. (2546)

As this recursively construction shows, each link £, of the chain (L)<, Pos-

sesses a well defined extension Ly = (ICx, wa, @y). Therefore, in the sense de-
scribed, we can call £y,; = (yy1,wrs1,@as1) @ successor of £, accordingly to
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definitions, and define the extended chain

(ENU,ENI,---,EU) if v < oo

(’CN)\)US/\ju = L
(‘CUVCI;---) |fl/:OO

as an extension of the chain (£) .,

Lemma 2.5.2 (Estimates for extended chains 1). Let 0 < u < ’°, (where
7 is chosen accordingly to (2.5.2)) and (£,),.,~, be a chain with extension

(E)\)Og/\ju'
Then forevery 0 < o < XA < v itholds

L(] 5(7’07#7)0 - 6(707;”'))\

| D*(0) — @) |5 < C(n,v) Toil 5 (2.5.47)
and consequently

Lo 1
Toth 1— gro#r

@r — G0l < Cln, ) (25.48)

where C'(n, 1) is defined in (2.4.7). Moreover, for any 0 < A < v it results

Lg 1

|
~ e« H U S
ol < (1+§CWMM€1_MWT

9u

Proof From the recursive construction described before we get ), — @, =
Awgy + + -+ + Awy_1 and with estimate (2.5.44) we have

A—1 C(TL /,L) A—1 I.
D@y = @0)|5 < Y ID"Awylg < =223
j=o To j=o tj
A—
L(] 5(7’07#7)0 - 5(7’07#7))\
< TO uT)j < C
- %tgj nm%% 1 — §ro—nt
As a consequence we get for everyj = 0, 1, e pu < TT—O

Ly 1
T(]t% ]- - 67—0_j7—

| D7 (@ = @o)lg < C(n, j)

I

now, since ¢6,t, < 1 and C'(n, j) is increasing in j, the right member of the above
inequality is increasing and therefore

. Ly 1
R (o — @)l <
|(@x wo)|B Olélfgi | D7 (@) — @o)|z < C(n“u)Tgtff e




From this last inequality and Cauchy’s estimate we infer

~ e ~ B |~ o M Ly 1
|Oalis < lwoli — lox — @olz < @CH— < C(n, p) 1o °
Lemma 2.5.3 (Estimates for extended chains 2). Let (EA)OSASKOO and extended

chain with £, = (K, w,, @) and assume that L, in (2.5.2) satisfies

~y
Lo < —————®(TH))(1 —6™). 2.5.49
o< 5 Ty BT - 07) (2:5.49)

Then we have
loalg < Ci+1 (2.5.50)

for any 0 < X < v; furthermore for any function @ € C“O(Z’S’, R™) verifying the
estimates

W< Cr+1 (2.5.51)
and L s
N 00"
2.5.52
|w w/\|B =~ To(l _ 67—0) ( )
forany 0 < A < v, we have
K=K¢2Ki2--2K,2K;2 () Hul@) (2.5.53)
kEZ™|k|,<T,

where
Hi(w) :=={be K : [k, o)) = v2(|k],)}

Proof To prove (2.5.50) it is sufficient to observe that from (2.5.4) with ;s = 0
we have

Lo gl

Oils < < —_—
g < O 15w R (Y

O(Ty) < C1+1

having used hypothesis in (2.5.49), v € [0,2] and ®(T) < 1.
For what concerns the remaining part of the statement we just have to prove

v

(H(@) Sk

i=1

since the other inclusions in (2.5.53) are given by the construction of the compacts
Ko, K1, ..., K, and the definition of £ in (2.5.40). We start showing

He(@) € Hir = {b € K2 |k, @n0))] 2 J9(T) | (2.5.54)
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for all & € Z™ with |k|, < Ty and [ € Ny such that A < v. If b belongs to H (@)
then |(k, & (b))| > v®(|k|,) so that it results
|

[k, 0x (D)) = [k, @(b))] — [(k, @A (b) — w(b))| = vR(|kly) — [Kly|on — @[5 =
Ty Lyd™* T

> y®(Ty) - m(%> (1) > %‘P(TA)

having used of hypotheses (2.5.52) and (2.5.49), inequalities 1 < T, < T) and
7 < 79 and ®(Tp)6 T = ®(Th)T¢ . So, we have proved inclusion (2.5.54)
which gives

A=Kn () M 2 Kan () Hi(@)

‘k|2§T/\ |M2§T>\
for A < v. Finally, from IC,,; = K, forany 0 < A < v, and induction we obtain
Ki2Kon (] @)= (] #(@) o
k|, <Ty k|, <T

Theorem 2.5.5 (Theorem on chains). Let ® be the chosen approximation func-
tion according to definition (2.2.1) and assume that

€* € (0, meas ,K) (2.5.55)

and
O<7<1™ 0O0<vy<y*

(2.5.56)
0<Ly<Lt 0<Ly<~L}

for 7*,~*, Ly and L} as in (2.5.13), (2.5.14), (2.5.15) and (2.5.16) respectively.
Then the following is true

1. Any maximal chain is infinite.

2. For any infinite chain (£ )y, <., With £, = (), wy), the limitw, — we
exists uniformly on -

Koo =) K, #0
v=0

so that w., : Koo — R™ is continuous. Furthermore, if we define
Hoo :=1{b € Ko : [(k,weo(b))| > v®(|k|,), V ke Z"} (2.5.57)
we have the estimate

meas ,, o > meas, Ho > meas, K — € (2.5.58)
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Proof Let (£1)j<y<,<0o P @ maximal chain (that is K} as in (2.5.40) is
empty) and let (EN)\)OS,\SV be its extension with L, = (K, wx.@»). By Cauchy’s
estimate and B = K -+, ¥ we have

jwlig" < pold w09 < po!dH(Cr 4 1) := M (2.5.59)
and analogously
[wF T < (no + VWO 1) = My (2.5.60)

then referring to estimates (2.5.24) and the last statement in theorem (2.5.3), we
can take
My =: 2M'" = 2pe!97H0(Cy + 1) (2.5.61)

From 0 < 7 < 7, and the choice of 7, in (2.5.13) we have
Mo < o
-
such that we can meet hypothesis in lemma 2.5.2 and obtain, with ¢ = 1, and
A\ =rvin (2.5.47),

Lo 1 L1

<C - -
Totgo 1 — §ro—nr — (na Mﬂ)tgo 1 _ gm0 nr

_ 8 _ 8
- 2M* 2M0+2Mg

@ — Gl < C(n, o)

where M, has been taken from (2.5.17) and M, is defined in (2.5.61). Moreover
@, is a C*°-function on B since it is a member of an extended chain (it is the
extension of w,) and it holds

M,
b <M +=2<M, (2562

~ Mo ~ |Ho ~ ~ _|HO /
|wl,|B~ < |w0|B~ +|wy—w0|8~ SM +m 4

where we used 3 < 20 M2 as we proved in (2.5.36). Then to apply theorem 2.5.3
with ©, = @ it is sufficient to observe that +' in (2.5.26), with C" in (2.5.27),
equals v* in (2.5.14) with C* in (2.5.18) once that M; has been inserted from
(2.5.60). Therefore it results

meas,, H(w,) > meas, K — e >0 (2.5.63)
where

H(@,) = {be K : |(ka,0)] > P(kl,), VEeZ'~{0}}. (2.5.64)
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Now by (2.5.56) and (2.5.16) we have

* v 7
Ly <~L; < ———P(Tp)(1 — 6™ 2.5.

such that we can meet hypothesis (2.5.49) in lemma (2.5.3) with & = @,,; more-
over @, | < C1 + 1 by (2.5.50) with A = v and (2.5.52) follows (always with
w = @,) from (2.5.47) with y = 0, A = v and ¢ = A. Then lemma 2.5.3 and
(2.5.63) yield

Ky 2 U Hi(@) = {be K [(k,a,(0)] > v®(kl,) VO <k, <T,} 2

|k|y<To
D H(wy) #0.

So, we have reached a contradiction to the maximality of the considered chain

(ﬁx\)og/\gu@o' ) ] o ]
Now 1o < 7°7~! permits once again the application of lemma 2.5.2, with

v=ocand 0 < u < py, to the infinite chain (L), by inequality (2.5.47)
we can infer that the extended chain (£,) is a Cauchy sequence in C* (B3, R")
(since § < 1and 7y — ur > 0). Then there exists @, € C*o(B,R™) such that

oy 2% G (2.5.66)

uniformly in C*o (B, R"). Thus, performing this limit in (2.5.62) and (2.5.62) we

get
~ |0 ﬂ
9o = S0l < Sang,

so that we are able to apply theorem 2.5.3 with @ = &, obtaining

|a)oo|g0 S MU

meas ,, H (W) > meas, K — e*, (2.5.67)
where as usual we denote
H(Woo) ={b € K : [(k,0(D))| > v@(|Kk|y), V k€ Z"{0}}. (25.68)

Now we want to apply once again lemma 2.5.3 with © = @.,. Clearly the
links £y, L4, ..., L, of the considered chain form a finite chain; the two estimates
(2.5.51) and (2.5.52) can be obtained by taking the limit for A — oo in the rela-
tions obtained before when we applied lemma 2.5.3 with @ = &@,,. Then, as above,
we have

ICV 2 ICZ 2 ﬂ ,Hk(‘DOO) 2 /H(‘DOO)

k|, <T,
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forv =0,1,..., where

() Hel@oo) = {b € K = [(k, Do (B))] = 4@ (|k],) VO < |k], < T}

k|, <T,

and H (@) is given by (2.5.64) with &, instead of ©,. Thus by means of the
definition of K, and (2.5.67) it results

Koo:ﬁKyQ?{(d)oo)séO;

v=1
Now, since Wy|,-. = wy|,., forany A € N, we have
K Ky y
~ A— ~
w,\|,coo = w,\|,coo = woo|,Coo = Weo (2.5.69)

where this convergence is uniform on K..,. As a consequence H(@oo) = Koo N
H(&oo) = Hoo and by (2.5.67) we finally obtain

meas ,, oo > meas, Ho > meas, K — e o
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Chapter 3

Properly degenerate Hamiltonian
systems

3.1 Statement of results

Let B be an open set in R¢, 2/ some open neighborhood of the origin in R?” and ¢
a “small” real and positive parameter, we consider an Hamiltonian function in the
form

H(p, I, u,v) =h(I)+ef(o,I,u,v) (3.1.1)

real-analytic for
(907 Ia (U, U)) S Td XBxU:=M (312)

endowed with the standard symplectic form
dI Ndp +du A dv. (3.1.3)
Let o, 7o, 71 > 0 be such that H possesses an holomorphic extension on
T¢ x B,y x Uy, := M,

We assume that f is in the form

f(@,[,’u,'l)):fO(I,U,'U)—Ffl(QO,I,U,'U) with fl(QO,I,U,U)dQOZO
Td

where
u u? + v?
folLu,v) = fooD) + Y (D=5~ + foll,uv)  (314)
=1
with
sup |fo(l,u,v)| < co|(u,v)|3, Vo (u,v) € Uy, (3.1.5)

I€B,,
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for some ¢y > 0.
Now, observe that the Hamiltonian ~ + €f, possesses for every I, € B the
invariant lower dimensional torus

T = T¢ x {Io} x {0} C M
with corresponding quasi-periodic flow

oh 0
o(t) = E(IO) + 6%([0) t+ ¢o I(t) =1, (u(t),v(t)) =0.
Disregarding the elliptic singularity in every single elliptic plane u,v;, we aim to
find Lagrangian invariant tori for H,, i.e., maximal tori in the form
Tho =T x {Io} x {(u,v) € R, |(ug,0;)| = w;, ¥j=1,...,p}

Io,w

for I, in Band w € R? with w; > 0.
The main theorem we are going to prove in this and next chapter is the follow-

ing.

Theorem 3.1.1. Let H.(p, I,u,v) = h(I) + €f(p, I,u,v) be the real-analytic
Hamiltonian described above. Assume that the *““frequency map”, i.e., the real-
analytic application

Ie€B— (VAI),%u(),..., () e RT xR, (3.1.6)

is non-degenerate in the sense of Rimann (definition 2.1.2). Then, provided that
e is sufficiently small, in any neighborhood of T¢ x {1y} x {0,0} C M there exists
a positive measure set of phase space point belonging to analytic maximal KAM
tori for H, carrying quasi-periodic motions.

We observe that theorem 3.1.1 is an analogous, in analytic class, of M. Her-
man’s KAM theorem in [Her98] (a proof can be also found in [F€j04]). This last
theorem is based on a C*° local inversion theorem on “tame” Fréchet spaces due to
F. Sergeraert and R. Hamilton which, in turn, is related to the Nash-Moser implicit
function theorem (refer to [Ham74] for an elegant proof given by R. Hamilton).
In [Féj04], J. Féjoz applies the cited KAM theorem by M. Herman to the plan-
etary (n + 1)-body problem; analogously, at the end of chapter 5, we are going
to apply theorem 3.1.1 to the results given by J. Féjoz on the non-degeneration of
the planetary frequency application (a discussion of J. Féjoz’ results is provided
in chapter 5 but we always refer to [Féj04] for more detailed proofs).

The proof of theorem 3.1.1 is performed in three main steps. The first step,
carried out in this chapter, consists in the proof of the following theorem.
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Theorem 3.1.2. Assume that the *““frequency map”’
I€B— (VAI),%u(),..., () € R x R

Is non-degenerate in the sense of Riimann. Chose and fix an integer N > 2 and
an open set V' C B. Then, there exists an open ball

BiIp,r):={l€eR : I-IL|<r}CV

so that, provided e is small enough (see inequality ((4.4.5)) and section 4.4), there
exists a canonical transformation

®.: (9,7,¢,p) €T x BY0,7/5) x T x B(0,¢) —

— (o, I, u,v) € T x B4(Iy,r) x U (3.1.7)

such that H, := H. o ®, assumes the form

QI+ er) - (p° + €p)

(NN

N 1
He(ﬁa C: T, p; 6) = E [h(IO + 67") + 6g(IO + 67")] +

+Qe,]o+er(p0 + Gp) + €N Fl (C? T, py €, po) + FQ (197 Ca T, p; €, po) (318)

where p° in (R, )? is a chosen point having euclidean norm 2¢, Q. 1, is a poly-
nomial of degree N — 1 depending on e and I, + er, §, 2, F} and F, are
real-analytic functions.

Furthermore it results

sup |2 —Q] =0(e) (3.1.9)
Bd(Io,r/4)

(see (3.3.30)) and proposition 3.3.1 for details).

The proof of this theorem is performed in sections 3.2, 3.3, 3.4 and 3.5. Chap-
ter 3 is then dedicated to the application of Rufmann’s theorem in the case of
maximal (Lagrangian) tori to H.. In sections 4.1 and 4.2 we prove

Theorem 3.1.3. For small enough e (see inequality (4.4.8) and section 4.4), the
frequency application of the torus ']F;‘fpp of the integrable part of H., i.e., the real-
analytic function

) J .0
. d 2p e i
V. : (r,p) € BY0,7/5) x B*(0,¢) — ((91"F68,0F€> (3.1.10)
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where F, := ﬁe - eN(Fl + FQ), Is non-degenerate in the sense of RiBmann.
Furthermore if z and 3 denote the index and amount of non-degeneracy of
the initial frequency application in (3.1.6), with respect to a compact set K c
BY(Iy,r/5), then /i, and ., the index and amount of non-degeneration of ¥, with
respect to a suitable compact set S € B%(0,r/5) x BP(0, €), verify
fi+2
je<nand > Eﬂgﬂ

(3.1.11)

To conclude, in section 4.3 we will control how the quantities involved in the
estimate of the size of the perturbation in RiBmann” theorem 2.3.1 change their
order in e when H, is considered, obtaining

Theorem 3.1.4. If we take
N = 20i(fi+ 1)> 4 pfi® + 2(2a + 2d + 2p + 5)ji + 10

in theorem 3.1.2 and ¢ is small enough (see (4.3.53) and subsection 4.3), then it
is possible to apply Rifmann’s theorem for maximal KAM tori to H. obtaining
~ > 0 (whose final determination takes place in (4.3.39)) and a positive measure
set of phase space points corresponding to quasi-periodic motions with (v, a)-
Diophantine frequencies.

Observe that in this last results the frequencies w = (wy,ws, . ..,wq) Of the
KAM tori obtained are (v, a)-Diophantine, i.e.,

lw - k| > a,%a>0

||
while in Rifmann’s theorem 2.3.1 the control on the frequencies is performed
in a more general way through an approximation function (definition 2.2.1); we
display the details of this difference in subsection 4.3.5 and give a complete expo-
sition of the application of Rimann’s theorem in section 4.3.

3.2 Averaging theory

Let f be a real-analytic function for (¢, I, u,v) in T¢x Bx E x F where B C R? is
an open setand E and F' are two open neighborhoods of the origin in RP. Assume
that f admits an holomorphic continuation on T¢ x B, x E,, x F,, and possesses
the following Fourier’s expansion

flo, I u,v) = kaluv

kezd
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then we denote with || f||5.r,.», the norm given by

kezd By X Epy X Fyy,

We now display a well known issue of classical theory of dynamical systems,
providing a general formulation of what is known as “averaging theorem”:

Theorem 3.2.1 (Averaging theorem). Let H(p, I,u,v) :== h(I) + f(¢, I, u,v)
a real-analytic Hamiltonian function on

D:=T¢x B, xE,, xF, (3.2.1)

where E and F' are two neighborhoods of the origin in R?, and denote w(7) :=
h'(I). Let A be a sub-lattice of Z¢ and suppose that w satisfies the non-resonance
condition

lw()- k| >a>0

forall |k| < K,k ¢ Aandforall I € B,; suppose also that Ko > 6 and

ad

||f||rf,r,rum =€ S m (322)

where d' := min{rs, r,r,} and ¢, = e(1+ep)/2. Then there exists a real-analytic
symplectic transformation

U (p,1,0,0) € ’]I“% X By X Ery X Fro — (p,1,u,v) € D
such that ) .
H=HoV=h+g+f
where ¢ is in normal form
9(¢. 1, 0) = ge(l, i, 7)e™? (3.2.3)
keA

and the two following inequalities hold

ik 28¢c
lg— D fue® ez < a—dpez (3.2.4)
|k|<K keA
_ Ko
[ fllg,z mm <e €. (3.2.5)

Moreover the projections of ¥ (¢, I, u, v) satisfy the estimates

ol@ — |, r|I = I, ry|i — ul, ry|5 — v] < 9o e
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Proof A proof of this theorem can be found in [\Val03, Appendix A] o

Corollary 3.2.1. Lete < 1 and H. (¢, I,u,v) = h(I) + ef(p,I,u,v) a real-
analytic Hamiltonian function on D := T¢ x B, x E,, x F,, define

pe=f

Let N > 2 an arbitrarily fixed real number and

O3 Tus Ty

K= 9(N —1)log 1 , (3.2.6)
o €L
suppose that w = V h satisfies
lw() k| >a>0, VkeZ,0< |k, <K, VIEB,; (3.2.7)
then under the condition
€l logi < Cp(?\éfid’—l) (3.2.8)

where C, = 273e(1 + ep) and d' := min{ro,r,r,}, there exists an analytic
symplectic transformation

U, : (¢, 1,1,7) € T‘% X By X Erp x Frp — (p,I,u,v) € D (3.2.9)

such that . )
H :=H.oV=h+g+f
with )
g=g(I,i,) (3.2.10)
satisfying
C
lg = efolly e rp < — (ep)? (3.2.11)
where .
fO_fO(iaﬂa'ﬁ): d f(@ajaﬂaﬁ)dgp
(2m)" J1d
Is the average (with respect to the angles variables) of f; besides
1Nz e < ()™ (3212
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Proof The proof of this statement can be easily obtained by the preceding
formulation of averaging theorem; taking A = {0} in (3.2.3) we can derive the
independence of ¢ from the angle variables ¢ € T4 (equation (3.2.10)) and ob-
tain inequality (3.2.11) directly from (3.2.4). Moreover with the choice of & in
(3.2.6), estimate (3.2.12) holds by mean of (3.2.5); observe that hypothesis (3.2.8)
is needed accordingly with this choice of K in order to meet hypothesis (3.2.2) in
theorem 3.2.1

We state now a lemma showing how this corollary can be applied for I in an
open set (say an open ball) under the hypothesis of non-degeneration in the sense
of RiBmann of w = Vh.

Lemma 3.2.1. Let Z be adomaininR? and f : I € T — R™ a real-analytic
and non-degenerate function in the sense of RiBmann (see definition 2.1.2). Then
for any chosen and fixed K > 0 there exist a point I, € Z, aradiusr, > 0 and a
real number o > 0 such that for any I € D, (I,) C C? it results

If(I)-k|>a, YEkeZ™ with 0< |k], < K. (3.2.13)

Proof Enumerate as k1, ks, . .., k, (with n = n(m, K)) all the vectors with
integers coordinate in Z™ having norm less than [K], i.e.,

{kj}?zl = ZEnK}
and set
fity) = f(y) - k.

Under the hypothesis of non degeneration, f; is a non-vanishing analytic func-
tion on Z (because f does not satisfy any linear relation on Z) then there exists
I, € T such that | f;(I;)| > 0 and by continuity there exists a radius r; (we may
assume to be less than the analycity radius of f in I;) such that |f| > 0 holds on
D, (I1). Now since f, is also a non-vanishing real-analytic function there exists
I, in D,,(I;) N Z such that | f2(Iy)| > 0 Once again by continuity there exists 5,
which we may assume to be less than dist(/», 0D, (I;) NZ), such that | fo(1)| > 0
forevery I'in D,,(I5). Then we have both | f1| and | f2| greater than 0 on the whole
ball D,,(I5).

Applying recursively the scheme described we may find 4, I, ..., I,, in Z and
ry >1re > --->r, > 0suchthat

1. Ij € D,j_l(lj_l)ﬂI, V2§j§n

2. D,,(I;) €Dy, (Ij_1), ¥2<j<n

3. AWM. 5D >0, YI€D, (I;), V2<j<n,.
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In particular for every I € D, (I,) we have |fi(I)|,|f2(I)|,--.,|f.(I)] > 0. By
the open map theorem this functions assume their minima on 0D, (I,,) therefore
the proof of the statement follows taking 7, := I,, € Z, r, := " and

a:= min inf [f;()] o
Lemma 3.2.2. Let (w,Q) : B ¢ R¢ — R¢ x R? a real-analytic and non-
degenerate function; let s > 0 such that (w, Q) can be holomorphically extended
on By, and let K and K, two positive integers greater than 1; then there exists
r<s,a>0and I, € Bsuch that

inf I)-k| > <K
16}3‘1@)'“() k> a, VO<Ikl, <K

inf |Q(I)-k|>a, VO<I|k, <K,. (3.2.14)

IGDT(IO)
where D, (Io) = {I € C* : |I — Iy| < r} as usual.

Proof Since (w, §2) is non-degenerate in the sense of Rimann on B obvi-
ously both w and €2 are non-degenerate on B. Applying lemma 3.2.1 with f = w
and Z = B we obtain I; € B, r; < sand «; > 0 such that

inf |w(l)-kl>a1, VO<Ik|, <K
IeDrl(Il)

and we may assume D, (I;) C B,. Now with f = Qand Z = B,,(I;) N R? we
may find r < r,, a3 > 0and I, € B,,(I,) N R¢, with D,.(I;) € D,,(I;) , such

that
inf QL) -k| >0y, VO<|k], <K,.
IGDT(IO)
The proof ends taking & = min{ay, s} o
Consider now H, = h+e¢f asin (3.1.1) real-analytic on M, = T¢ x B,, xU,, .

Let V' be an open set contained in B (with the same notation of theorem 3.1.2) Let
N1, Ny > 2 two fixed integers to be later determined, we take

6 1
Kl = —(N1 - 1) log—
g gV

and apply lemma 3.2.2 (with B = V and s = rg) inordertofinda > 0,0 < r <0
and I, € V such that

lw(I) k| >a>0, VkeZ 0< |k|, <K, VIE¢€ D, () (3.2.15)
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and
Q) k| >a>0, VEe€ZP, 0< |k|, <Ny, VIeD,() (3.2.16)

where (w, §2) is the frequency application of H. (see (3.1.6)). Notice that under
the hypotheses made D,.(I;) C B,,. Then, assuming

1 ad'
eplog — <

o m (3.2.17)

and in view of (3.2.15), we may apply corollary 3.2.1to H. with £ x F = D C
R?,r, =71, =r and B = {[,} (which implies B, = D,(I,)). Thus, we obtain
a real-analytic and symplectic transformation

®; : (¢, 1,4,0) € Dy := T x By x Dy — (¢, 1,u,v) € Dy := Ty x B, x D,

(3.2.18)
where we denote from now on
B :={IeC":|I-1I|<t}=DI), (3.2.19)
that cast H, in the form
H':'=H od®' =h+g+f.
By equation (3.2.12) we have for the initially fixed N; > 2
1flloy < (em)™ (3.2.20)

where 4 is the Fourier’s norm of f

=1, (3:2.21)

Moreover g verifies (3.2.10) (i.e., it is independent from the new angles ¢) and
satisfies

c
g = efols n < a—fl, e (3.2.22)
(since| - | i= ||, < - ) where
cp = 2"3e(1 + ep) (3.2.23)
and
d :=min{or, 7%} ; (3.2.24)

therefore, we may write

o . =L . “/F o~ o~ . - &
g(I,u,v) = 6fO([aua,U) —I—g([,u,v) with |g|%,7’71 S Oé—fi’ (GM)2 (3225)
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obtaining
HN@, I, 0,9) = h(I) + efo(I,a,0) + (I, a,7) + f(p,1,4,7).

Now recalling the form of f, in (3.1.4) and using estimates (3.2.20) and (3.2.25),
we set e2g = g and ¢ f = f, and rewrite H! in the form

HY(@,1,1,7) = h(I)+e [fo(f,ﬁ,ﬁ)Jreg(i,a,@) + MR, T, a,0) . (3.2.26)

where
- O - U2+ 02 5
fO(Iaﬂa{)) = fOO(I) + ZQJ(I) ’ 2 ’ + fQ(Iaﬂalf)) (3227)
7=1
with i
sup | fo(1, 1, 9)| < col (i1, 9) [, (3.2.28)

IEB&

the functions g and f are real-analytic on D, and the following bounds hold:

|f0|§,%1 < u

flp, < ©™ (3.2.29)

(having used again | - | :== |- |, < || - ||).

3.3 Elliptic equilibrium for f, + €g
We now consider the real-analytic Hamiltonian function on D,
F(I,a,9,€) = fo(I,1,) + eg(I,,7)

as it appears in (3.2.26). As equation (3.2.27) together with (3.2.28) show, z =
(u,7) = 0 is an elliptic equilibrium point for @ ; since this equilibrium is per-
turbed by the presence of g our aim is to find an analytic and symplectic transfor-
mation ®2, 0(¢) close to identity, such that F'o ®? possesses an elliptic equilibrium
in the origin.
Define
G(I,a,7,¢) = (aaF(i, a0, €), 0 F (I, a,@,e))

51



and recall that from the definition of f; in (3.2.27) we have
G(I1,0,0,0) =0

and
p

det 9,/ G(1,0,0.0) = [T (¢ ) >

=1

where both equations are verified for every I ¢ B:. Then we can apply the
Implicit Function Theorem to find two real-analytic functions z and ©

(@, 9) : (I,€) € Bs x {Je| < e} — ( (I, e),@(i,e)) €D, (331
with €; and p to be later determined, such that
0uF (i, a(l,e), (1, e), e) —0=08;F (i, a(l,e),(1.¢), e)

for every I € B: and |e| < €. To determine a possible value of ¢, as well as
estimate the codomain of @ and © (which we expect to be 0(¢)), we are going
to use the estimates given by a quantitative formulation of the Implicit Function
Theorem (see for instance [Chi97, page 150]); setting X, = B: x {|¢| < ¢} and
Yy, = D, we have to choose €; and p in order meet the following two inequalities

sup Loy — T (1)) G(I, 1, 0, €)| < (3.3.2)

1
XoXYo 2

sup |G(I,0,0,€)

Xo

1
< §p|:r|*1 (3.3.3)

-1 -1

() = [a(ﬁ,ﬁ)G(f,o,o,o)} = [%mF(I 0,0 0)} =

= diag (Ql_l(f),...,Qp_l(f),ﬂl_l(f),...,Qp_l(I)) .

We start by (3.3.3) to see how small p can be fixed finding a lower bound for
the size of the image of the two implicit functions; since

we have

2
G(IOOG)‘<61 sup ‘au 3(1,0,0) < e 2
IeB (A1

sup
Xo
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where we used Cauchy’s estimate (with a loss of analycity %-) and the estimate on
|g| in (3.2.29). Now, to satisfy (3.3.3) we may take

PR LR T/ (1) (3.3.4)
=€ € u 3.
p ! o?d'ry — o ry I~63p£
since, in view of (3.2.16), we have
1 o
sup |T(I)| = max sup —— = min inf | (] < —. (3.35

This proves that p can be chosen of order e. Let now verify under which conditions
on ¢; inequality (3.3.2) can be satisfied:

sup |Iy, — T(1)0a.0G(I, @0, 9,€)| =
X0><Y0

= sup [T, — T(D)Rs (fo(f, i, ) + eg(l, uv))‘ -
X0><Y0

= sup [Loy— T(0) [T7(D) + ) fol L0, 5) + 0By 9 (1, ,7)] | <

X0><Y0
1 ~ -

< = {sup 8(2“)1‘2( , U, )| + € sup 82“)51(1,&,17)}
a | XoxYo ’ XoxYp

having used the particular form of f, in (3.2.27). Then it is sufficient to require
that both members in the last expression are smaller than i By (3.2.28), the usual
Cauchy’s estimate and assuming 2p < %, we obtain

1 L 2 = .
— sup |9 f2(1,0,0)] < — sup |fo(l, 0, D)
aXoXYO 05,0 B%XDgp
2
Co ~ 13 Cop 6
< —=sup|(w,v)|" =16— = 2°c,co———
T~ ap? DQIp)|( ) Q g 0043d'7"161

and this is bounded by i if we impose

a2d'ry -1

. o8
€1 < ap CUMQ with a) ‘= (2 Cp) (336)
Now if we assume
2dl 2 _
6 < a2a ;1 with a9 = (27cp) ! (3.3.7)
1
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with the definition of p in (3.3.4) we obtain 2p < 7% and applying Cauchy’s
estimate once again and (3.2.29) we have

€1

— sup |53 0,0)| < — sup |59, 4,0)| <
(07 X0><Y0 (07 B%XD%
2%¢; Ve, 1

< gl < -2 -

= a2Vl T 2d? < g

For clearness and further references we display here what has just been proved:
Lemma 3.3.1. Let e < ¢; with

B 2dl7"2 Qa
= (2%,) " min {21 338
€1 ( Cp) M2 min COTl’ ( )
(that is both conditions (3.3.6) and (3.3.7)) and define
depp?
= 0422’7“%6 (3.3.9)

(with o as in (3.2.15), d', ¢, and y defined respectively in (3.2.24), (3.2.23) and
(3.2.21)). Then there exist two real-analytic functions

a,v: (I,€) € Br x {le| < e} — a(I,€),o(I,¢) €D, (3.3.10)
such that
0, F (f, a(l,e),o(1,e), e) —0=0,F (f, a(l,e),5(1,e), e) . (3311

Consider now the real-analytic symplectic transformation ®2 generated by

y@—F(p—}-ﬂ(y,E))(’lN)—@(y,E)) :

We claim that 2 is the desired transformation, that maps the f, + €g into an
Hamiltonian which possesses an elliptic equilibrium in (p, ¢) = 0. The following
lemma shows how the domain of ®. can be well controlled for small enough e.

Lemma 3.3.2. Let ¢ < min{es, € }, with

B 2d12
&= (2V,) 12 (3.3.12)
ol
and ¢ in (3.3.8), then we have
®?: (2,9,p,9) € Dy :=T¢ x By x Dry — (¢, 1,0,7) € Dy
where
D, = ']I“% X By x Dry . (3.3.13)
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Proof As it can be seen by the definition of its generating function, ®2 is
given by:

~n
Il
NS

¢ = x+0;0(y,€)(p+u(y,e) — o5y, €)q
u = p—F’LNL(y,E)

v o= qg+0(y,e).

Now, since (7(y, €),9(y, €)) belong to D, with p < L, having assumed ¢ < ¢;
(see the claim after (3.3.6)), it results

- . T T
[u(y,pie)] < |p|+|a(y, )| < Zl +p< 51

~ - T 71
oy, o)l < ol + oy, el < F+p< o
The estimate for the domain of the angles ¢ runs as follows :

2@z, 9, p, ;)| < |2 +1070(y, )] (Ipl + [aly, 1) + |97y, €)l¢| <

g - T - T
< Z+1070(y,0)| (7 + ) +19rily, ) 7 <

7 4
o . . r
< L (10r0ly, ) + Dpaly. ) 2

having used once again p < %; then by Cauchy’s estimate we obtain

_ 4 4
sup  [Opu(y,€)| < sup  —a(y,€)| < — sup p(e) (3.3.14)

yEBﬁ,‘dSEg yGB%,k‘SGQ r r le]<e2

where the same estimates holds for o(y; €); therefore, recalling the definition of
p = p(e) in (3.3.9) and using (3.3.12) we have

i} o 4r o 2c,p?

» Y, P, 4, S__'—— = -+ >
(@, yp gl < =+ —=ple) = =+ — -6
o d o o o

< 2496l 2,2 2
= 7Tt ST TR T

having used d' < ro o
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In view of this lemma and of the particular choice of ®2 the new Hamiltonian
H? = H! o ®? has the form

H(x,y,p,q) = h(y) + €d(y,p, q) + €" f(x,9,p, ) (3.3.15)
where § = (fo + €g) o ®? and f=7fo ®? are real-analytic functions for
(z,9,p,q) € ’]1“% X Bz x Dz = D;. (3.3.16)

Moreover, denoting as done before F' = f, + eg, H? satisfies, in view of (3.3.11),

9,d(y,0,0) = 9, F (f, a(l,e),o(1,e), e) —0

aqg(y’()’(]) = aﬂF (i,ﬂ(i, e)a{)(la 6);6) =0.

Therefore we can write

9y, p,q) = goly) + %((p, q), A(y)(p, @) + 43(y. p. @) (3.3.17)

where

2 @ (p,q)*. (3.3.18)

N Foo~ —(F o~ o~ c y
|g(y7p; q)|D2 S |f0(I,U,U) +69(I,U,U)|D1 S M+ a—plu,2 = Ml (3319)

|§0(y)|£ < M
R 5 25
|A(y) z < r_2|g(yap7 Q)|132 < r—QMl-
1 1
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By definition of g5 in (3.3.18) we have for (p, ¢) in Dy

- |8écp7q)§(y, 0,0)

sup |gs(y,p, q)] < X Li(p, Q)" <
yEB;I k3 .
<> <E> 19(y. 9, )|, | (0. 0)|* | (p, @) ” <
k=3
53 R o0 4 k . 53 . ;
< EM1;<5> [(p,@)|” < E3M1I(p,q)| : (3.3.20)

From equation (3.3.17) we obtain

2
~ ~ “ T, 2
195y, Do, < 19,2, @), + 190()|: + 551 AW)]

~

<3M,. (3.3.21)

r
4

We now focus on the 2p x 2p matrix function A real-analytic on B: to show
that it admits a diagonal form O(e) close to diag (€2, €2) where Q@ = (©4,...,€,).
By definition of 4, g, F = fy + eg and ®? it results

A(y) = 8(2p,q)§(y, O; O) = a(prq)‘(p,q):o F ((I)e(xa Y, D, q)) =

Rl o F Wep + iy, €).q + 8(y,€)) =

= 8(212,17) [f(] (ya Ia(ya 6)7 6(y7 6)) + GQ(?J, ﬂ(ya 6)’ @(ya 6))] =
= diag (y), Q) + 0.5 fo(y, u(y, €), 0(y, €)) +

+ gy, Uy, €),0(y,€)) .

As already shown during the estimates needed to prove the existence of u(y, €)
and 9(y, ¢) and to find them suitable domains, the two following estimates are
true

92 0 0] < 2%¢,——
ySGL]lBI; ‘ (u,v)f2(yau(yﬂ6)7U(y76))‘ — Cpa2dlr1€

82" g ) u ) bl v b < 25
4 1Oy 90, 1y, ©), 0y, )| < 26, -
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having used condition (3.3.6). Then, if we define the following 2p x 2p matrices

~

Aly) = Aly)Joyp

B(y) = diag(Q(y), 2y))Jo
Cly) = 0% (fo(y,0,0) +€g(y,0,0))J (3.3.22)
it results
A(y) = B(y) +€C(y) (3.3.23)
with
. 25
|A£ S |A£ S _2M1
4 1"1

|B|£ < max sup 1 (y)| := M,

|C

< 2T¢, 1 —
r =
T Padr?

max {%, } = Mj. (3.3.24)

Here is a preliminary lemma which will be useful also later:

Lemma 3.33. Let B,C : y € D c R¢ — R™™ be two matrix functions,
0 < e < 1 areal parameter and assume | det B(y)| > m, for every y € D. Then
if

Mg -n
€< max {|| B[, |C[]} ™, (3.3.25)

~ nl2"n
where here we denote || M || := sup,cp max; j—1,._n Mi;(y), it results

|det(B(y) +<Cy)| = 5

foreveryy € D.

Proof Denoting by S,, the group of permutation on n elements, we have

det(B+€C) = Z (b1p(1) + €Clp(1)) T (bnp(n) + 6Cnp(n)) -

PESn
= > by Gy + Y D> (1= 0u)biyr) + €cipy) -+
PESH k=1 peS,
((1 — 6nk)bnp(n) + ecnp(n)) =det B+ d(e) . (3.3.26)
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Calling d;(e) the j-th term in the sum that constitutes d(e) and using e < 1,we
obtain forevery j =1,....n

i) < D (bl + lewpml) [ecipi| (Bupm] + lenpom]) <

PESn
< el (Bl + e < enl2n! (max{|| B, [|C]I})" .
PESn
Therefore
|d(e)| < n|d;(e)| = en!2" 'n(max{||B||, |C||})" (3.3.27)

so that with the hypothesis on e
|det(B + €C)| = | det B + d(e)| > | det B| — |d(e)| > % >0 g
Observe that from equation (3.3.26) and inequality (3.3.27) we also get
|det(A’ + eB')| < |det A'| + en!2" 'nmax{|| 4|, || B'||}" (3.3.28)

for every n x n matrices A’ and B’.
We are now ready to state the following

Proposition 3.3.1. Consider A, B, C' as defined in (3.3.22) with A = B + «C for
0 <e<1, M, My, M3 as defined in (3.3.24) and assume

< min {a(QMg)_l, aM; !, 1}2p
€ .

< (p+ D2 (3.3.29)

Then the eigenvalues of A(y) are 2p purely imaginary analytic functions , with

sup [Q(y) — Q(y)| < 227(2p)!12p min{a(2M5) ', ongl}onze (3.3.30)

:UGB%I"I

Proof First of all, from classical arguments about symplectic quadratic forms
of Hamiltonian, we can infer that the symmetric matrix A = Asz has an ellip-
tic equilibrium point at the origin or equivalently possesses all purely imaginary
eigenvalues iz’Qj forj =1,...,p. What follows is the proof of estimate (3.3.30),
that is €2; is O(e) close to ©; for every j = 1,...,p. Let \y, ... Ay, be the eigen-
values of B, i.e.,

i (y) if 1<k<p

A(y) =
— i (y) if p+1<k<2p
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as it can be easily seen by definition of B = diag (2, 2).J5,. Consider the real-
analytic function

f(y, e, A) = det (A(y) — Allp) = det (B(y) + eC(y) — Alyy) -

Observe that f(y,0, \x(y)) = det(B(y) — Ax(y)I2,) = 0 and

a3/ 0N = 55| T00 - 00 -
= ] )= X)) #0
J=L1j#k

foreveryj =1,...,pandy € B: inview of (3.2.14). Therefore for every fixed £,
it is possible to apply the Implicit Function Theorem in order to find two positive
numbers ¢, p and a real-analytic function

Mit (y.€) € Br x {le] < e} :=Xo — {]A= M| < p} =1}

such that f(y, e, \i(y, €)) = 0 for every (y,¢) € X,. We now proceed as already
done previously to determine possible values of ¢, and p with the aim to prove
that p can be taken of order e obtain the statement. Let

16) = 5500 0nw)] = IT () -rw)™ @33
J=L1j#k

in view of (3.2.14) it results [\, (y) — \;(y)| > a > O forevery j # kand y € B:
which leads to

sup [T(y)] < o'
yGB%

Furthermore the definition of f and inequality (3.3.28) applied with A’ = B —
Ailop and B' = C give

[f(y. e Al < [det(B = Mllyy)| + e(2p)12p 2% 'max{|| B — Al ||, [|C]1}*

< €(2p)12p 2% 'max{2My, M3}
for every (¢,y) € X, since

M, > max sup [Ag(y)].

7=1,...,2p yEBﬁ
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Therefore the inequality sup x, [ f(y, €, Ax)| < %p|T|_1 can be satisfied by taking
p = (2p)!12%2p max{2M,, M5} o' 2Pe

which proves, for sufficiently small ¢, to be next determined, the estimate in
(3.3.30).
The second inequality to met is

0
sup |1 —=T(y)=+
X0><I;0 (y) a)\

(3.3.32)

we start observing that by the formula in (3.3.26) we have f(y,e, A\) = det(B —
Als,) + g(e, bii(y), ¢ij(y)), therefore

0 i o 2p 2p
ﬁf(y,e, A) = 5det(B — M) = ﬁjl_[l()\ —\j) = ZH()\ — )

i=1 ji
and it follows
0
1—T()a)\f(y,e)\)‘ = &1 ZHA \))
J#k i=1 j#i

= 1—H<k >+ZH o= ) -] =

j#k i#k j#k ji
= 1—H SR | . (3.3.33)
j#k Aj ik j#k,i
Define now
_ AMy) — M)

%) = S = A0)

and observe that from (3.2.14), definition of Y;, definition of p and condition
(3.3.29) it results

laj(y)] < = = (2p)!(2p)22pmax{2M2,M3}2poz’2”e <1

Qv

forany y € B:; then

11 (;\k__);fj) :g ()\_);\kktx_)\j> =[[(+a)=1+6(a)

i#k

61



p

with
[6(aj)] < (2p = DI = Dlay| < (2p - D!

and the following estimate holds for every i # k

I (%) - o

JFk JFki

<1+ (2p—2)Yaj| < (2p—1).

< [+

JFki

We now come back to (3.3.33) and obtain
A= Ak
CTG) TG () -
H Ak — A ;17;[ Ak — A Ak — A
<l6(a)l+> |1

A=A
i2k j£k.i

M= \;
< (2p— 1)!5 +@-1Y
i#k

A— A
Ak — A

A= Ak
e — A

< (2p— 1)!5 +(2p—1)I(2p - 1)§ _ (2p)!§

so that estimate (3.3.32) holds by means of the definition of p and hypothesis

(3.3.29) 4
This easy corollary runs as a consequence:

Corollary 3.3.1. The eigenvalues of Asz = B + €C (see (3.3.22)) verify

(6
n£0,00) 2 it 19,0)] 2 5 >0, (3:334)

A o
19, () — Q)| > = > 0; 3.
min yg}g 2, (y) = . (Y)] = 5 > 0 (3.3.35)

under hypothesis (3.3.29) on e.
Proof The first inequality is given by

inf [Q(y)] > inf |2;(y)] - sup IQ( ) = Q)] =
yEB Y Bi_ yEB

1 14~ 2p « (67
,aM31} aEe>a——=—
2

> a — (2p)!12%P2p min{a(2M5) 5
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having used (3.2.14), (3.3.29) and (3.3.30). For what concerns the second prop-
erty, let j; # js then, using the same inequalities we just referred to, it results

inf €, (y) = Qu(y)| > inf (Iﬂjl(y)—%(y)l— 14, (y) — 25, (9) 1+

yeB yeB

— 195.0) = 2 )]) > a2 max sup [(y) - (y)| >

J=152p yeBz

> a— (2p)122P 1 2p min{a(20Ms) T, a M5} ? e >a— % = % O

Now, as already observed several times before, we may consider the quadratic
form associated to the matrix A to be definite positive (up to establishing every
result for —A and then change the sign). Therefore, we can now perform the
symplectic diagonalization of the matrix A, i.e., the quadratic part of Hamiltonian
g in (3.3.17), through the following well-known classical result by K. Weierstral

Proposition 3.3.2 (Weierstral3 Diagonalization). Let g, be a real-analytic func-
tion on D, (see (3.3.16)) in the form

92(y,p,q) = %((p, 7). A(y)(p.q))

where A(y) isa 2p x 2p symmetric and positive definite matrix for every y € B:,
then there exists a real-analytic and linear symplectic transformation

Q)g : (jag;ﬁa q~) € Tl‘i’g X B% X D%l :=D3 — (xayap; q) € D, (3336)
a

such that y = y and

1 i}
G200 = (3 =3 Z ) (77 + ) (3.3.37)

where €, ..., €, are uniquely determined by g,; indeed +i€),, . .., +i€), are the
2p eigenvalues of the matrix A.Jy,.

With this results we obtain that the Hamiltonian function /2 in (3.3.15) can
be transformed into an Hamiltonian
HX(%,9,p,q) = H? 0 ®}(%, 7,5, 7) = h(G) + €do() +

p
€ A - o N e e e e
+ §Zﬂj(y) (97 + @7) + €g3(9. 5, @) + €™ f5(2,9,5,4)  (3.3.38)
=1
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where, in view of (3.3.20) and (3.3.21), g3 = g3 o ®? verifies
135(5, . 4)|p, < 3M, (3.3.39)

. (3.3.40)

5

RS 5% .
sup [3(4, 5, 4)| < 53Mi|(5,d)° V¥ (5,4) € D
ﬂEBg rl

<

(see (3.3.19) for M;) and f5 = f o ®? is bounded by
| flp, < 1™ (3.341)

3.4 Birkhoff’s normal form

Now, we want now to put the real-analytic Hamiltonian function g3 appearing
(3.3.38) into Birkhoff’s normal form up to any chosen order N, > 3. More pre-
cisely we aim to find a real-analytic transformation ®# such that g; o ®? is an even
polynomial of degree [%} in the new elliptic variables plus a remainder of order
greater than N,. Here is a preliminary lemma that proves how the first Birkhoff’s
invariant of g3 are non-resonant up to order N, for sufficiently small e:

Lemma 3.4.1. Let £ (5), ..., £, (j) the eigenvalues of A(3).Jo, for j € B:
as found in proposition 3.3.1, we define the real-analytic function

@) = (@: 20, @) ; (3:4.2)
if we assume 1 )
min {a(2Ms) ™, aM; 1} o
.
then €2 is non-resonant of order N, and in particular it results
0@) -kl =5 ¥ ke Z¥ with 0.< [k, < N, (34.3)

and for all g in B:.

Proof The proof runs as a consequence of the following chain of inequalities
that hold for any k in Z?" and 7 in B: in view of (3.2.14), (3.3.30) and hypothesis
(3.4.2):

[Q7) - k| 2 197) - k] = |2§) = Q(7) - k| % —19(9) — Q@)1+,

> % — 2p 2% (2p)! min { (2M>) e, M;la}72pae|k|1 >

a |k| >a (0%
(2p+ 12N, ' T2 4

[m]

R

«
4
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We now provide a general formulation of Birkhoff’s normal form theorem:

Theorem 3.4.1. Let H be a real-analytic function on D,, C C? of the form

p

HQ) =3 2 (€ +12) +9(0) (34.4)

J=1

near the elliptic equilibrium point { = 0, where ¢ = (&1,..., &, 1, - - ., 1), With
19()| < Cs[¢) forall ¢ e Dzv for some C3 > 0. Let M be such that

sup [H()| < p?M , M >1 (3.4.5)
¢eD,
for every p < ry. If we assume that the linear invariants Q = (€,...,9Q,) are

non resonant of order s, that is
(Q,k) >a>0 Vjez’ with 0< [j|, <s, (3.4.6)

for some @ < 1, then there exist numbers 0 < r, < r < 79, Cs > 0 and an
analytic symplectic diffeomorphism

T:2=(p.q) €D, — (=(§n) €D, (3.4.7)

leaving the origin and the quadratic part of H invariant (i.e., 7(z) = 2+ 0(|z]?)),
such that

Hor=F(IL,...,I,) + Rs(2) (3.4.8)
where
e Fisapolynomial of degree [£] in the variables I = (I, ..., I,), with
1

forall j =1,...,p, having the form
F(I) = Q1) + S(TL 1)+ -+ (3.4.10)

for some p x p matrix T’;

o |Ry| < M|(p,q)|""".
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In addition the polynomial F' is uniquely determined by H and does not depend on
the choice of 7. From this we infer that the coefficients of F" are local symplectic
invariants of H usually called Birkhoff invariants.

Furthermore r, and r can be determined as follows:

. 1 a \3
ro= 6rg  with  §i= 26(28+1)p(5M) (3.4.11)
3 §—2
- <16> o (3.4.12)

Proof The proof we provide here follows [Zeh94] for what concerns the main
idea and the algebraic part (existence and of 7) and consists of an additional an-
alytic part for the determination of » and ' (the radii of the complex domains on
which 7 can be well defined). We proceed with an iterative scheme and assume
that H is already in normal form up to order m — 1, for some m > 3, that is

H=-Hy,+H;+---+H,, +H,, +---

where H; is an homogeneous polynomial of order j. We look for an analytic
symplectic map 7, with 7(0) = 0 and d7(0) = id that puts H into normal form
up to order m. Let P be an homogeneous polynomial (to be determined later) of
degree m > 3, we take

7(2) = exptX,|,_, (3.4.13)

as the 1-time map of the Hamiltonian vector field X »; in other words, let ¢(¢; 2) €
H(]0, 1]) the solution of the Cauchy’s problem

a(t) = JVP(u(t))
(3.4.14)
’LL(O) =2€ Dy

we have 7(z) = ¢(1; z). As it can be immediately seen 7(z) is a symplectic trans-
formation because it belongs to the flow of an Hamiltonian vector field, 7(0) = 0
and dr(0) = id since 7(z) = z + JVP(z) + ---. By Taylor’s expansion of
Hotexp Xpintatt= 0 we obtain

Hor = Ho eXthp|t:1:H+{H’P}+{{H7P}’P}...:

= Hy+---Hy 1+ (Hyn+{Hy, P})+--- (3.4.15)

where this last dots stand for terms of order higher than m and {-, -} denotes the
usual Poisson brackets. As it can be easily seen through the map 7 it is possi-
ble to modify H, and in particular H,,, by terms of the form {H,, P} that are
homogeneous polynomial of degree m.

66



Let P,, the vector space of homogeneous polynomial of degree m and let L
the linear operator defined by

L: P, — Py
P+ {Hy, PY.

We first infer that K (L), the Kernel of L, and R(L), the range of L, are supple-
mentary, i.e., K(L)+ R(L) = Py, and K(L)NR(L) = {0}; in addition, if m < s
we can described K (L) by:

K(L)={0} for m = 2k,
(3.4.16)
K(L) =span{I* = If* ..., | >0 _ kj =m} form=2k+1.

To prove this two sentences we start by diagonalizing L in P,,,; we make a change
of symplectic coordinates going to complex variables

1 ,
a = ﬁ(ﬁﬂ““?)
1 ,
g = ﬁ(n—kzg). (3.4.17)

In this new set of symplectic coordinates we have «;3; = %(5}-’ + 77]2-), Hy, =

P20 Q(a, ;) and it results

L(a*p") = {H,,a*f'} = %ZQJ{%‘@‘:O‘%Z} =
j=1

= %ZQJ [ﬂj(akljﬂl*e(j)) - Oéj(kjoékfe(j)ﬂl)] =
j=1
= O,1- Ry (34.18)

for every k,1 € Z», where ¢\) € R? is given by ¢!’} = 4. By this last chain of
equalities we obtain that & (L) consists of monomials o3’ with [ = k (since Q is
non-resonant up to order m < s) that is, in terms of the old symplectic variables
(&,7m), what stated in (3.4.16) (with I as defined in (3.4.9)); this obviously proves
also the complementarity of K(L) and R(L).

Let ' = > 4 1=m fuc®p* € P, then we have the decomposition F' =
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FE + FE with FK € K(L) and F* € R(L) given by

FR = > fuap (3.4.19)
|| +|l|=m, k£

FE = Z fklOékﬂl-
|k|+|l|=m, k=1

With F' = H,, (with refer to equation (3.4.15)) we have
H,, + {Hy, P} = HEY + HF + {H,, P}
therefore we just need to solve
HE+{H,, P} =0 (3.4.20)

since the elements of the Kernel of L have exactly the desired normal form (as
stated in (3.4.16)). Using equalities in (3.4.18) we obtain

{Hy, P} = {H, > puctfy= Y pu{Hs s} =

|+l =m k|+|l|=m
1
= Z puL(a*g') = B Z P 1 — k)ok gt =
k| +[l|=m |k|+]l|=m

1
— Z P21 — k)a* B';
|k|+l[=m, k£l
then, if
HY(a,f)= > bud"p (3.4.21)

|k|+l|=m, k£l
we can solve equation (3.4.20) by taking

Pla,f)= Y —millyik_lmakﬂl . (3.4.22)
|| 4-|1|=m, k#l ’

We have so proved the existence of a map 7, defined by (3.4.13) and (3.4.22),
which puts H,, into normal form; we shall call this map 7,,, so that the wanted
final map 7 in (3.4.7) is

T i=TgOTs 10---0T3. (3.4.23)

The proof of the uniqueness of the map 7 is quite simple and can be found in
[Zeh94].
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We now focus our attention on one single step of the iteration process needed
to obtain 7 and on the analytic determination of the domain and codomain of 7,,,.
For easier notations we put H® := H and define H™ 1 as the Hamiltonian
function after m — 3 (m > 3) steps, which means

H(mfl) = H(m72) o) Tmfl — ... = H(2) fe) Tm o) Tmfl O-+++-0 7-3
is already in normal form up to order m — 1. Let
T 2= (p,q) € DY (0) — ¢ = (&) € D (0) ; (3.4.24)

the map that casts Z ™1 into H™ in normal form up to order m + 1, we aim to
estimate 7/, and r,,, and in particular their dependence on the coefficients of order
m of H™ 1 and on « (as in (3.4.6)).

We have already shown before that 7,,, can be obtain through the analytic so-
lution of Cauchy’s problem (3.4.14) at the time ¢ = 1, where now ' and P have
to be replaced respectively with ! and

o (m1)
Pn(a, )= ) —ébklli_makﬁl (3.4.25)

||l =m, kA

where («, ) have to be considered as functions of (£,7) (see (3.4.17)) and the
apex m — 1 on by, indicates that H(™=") is taken into consideration. Now, to
obtain such a (relatively) wide time of existence for the solution ®%,(z) as ¢ = 1,
we are forced to make some strong requirements on r,, and r;, in order to assure
that that the norm of P is sufficiently small as well as the domain of the initial
data D,. . We search ®%(z) (solution of (3.4.14)) as the solution of a fixed point
problem. Let E := H (D;(0), D? (0)) provided with |u| := SUPye pi (o) [u ()],
consider the map

T: F —FE
u(t) l—>z+/ JV P (u(s))ds

where P} is a suitable homogeneous polynomial of degree m such that

We initially show that 7" is a contraction for sufficiently small r,,,: let u, v be in E
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and P as determined in (3.4.25)

T (u) = T(v)| = /0 J[V P (u(s)) = VP (v(s))] ds| <

< /0 [J[VE; (u(s)) = VP (v(s))]| ds < sup [V (u(t)) = VB (v(t))[<

D{(0)

< sup |D*Pj|lu— v
D%, (0)

where D? P stands for the 2p x 2p matrix of the second derivatives of P* and
this last equality holds because of Lagrange’s Theorem. In view of (3.4.26), to
estimate the norm of P on Dgfm it is sufficient to estimate the norm of P on
D? _ (according to (3.4.17)); then we obtain

2\/§rm
wp [P < swp Paled)s Y A (g o
Darp, Dy /zrm k| +|l|=m, k=1 |<Q7l - k>|

1 o - 1
< — sup |b§cl)|(8rm) Z 1<-Cp, "

@ |k|+[1|=m
in view of the non-resonance condition (3.4.6) satisfied by €2 and having defined

Cp = 8"2m + 1) sup [p"Y). (3.4.27)
|k|+l|=m

By Cauchy’s theorem it results (always with refer to the original variables { =

(& n))

\V]

2 _
|VP7¢L|7'T77, S |VP7¢L|%7'777, S ;|P7:1|27'n1 S acm TTTZ !
9 4 4
2 -2
Dbl < —IVEaly,, < awﬁ@lgm < Cmrm

since we need |D?P%| < 1 to have a contraction it is sufficient to impose

Tm

1

a m—2
<|— . 4.2
< (5) 3429

Now we have to find sufficient conditions on the domain of the initial data
(i.e conditions on 7/ ) under which T'(E) is contained in E; let u € E, by the
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preceding estimates and using (3.4.28) it results

t P
T(u)| = z+/ JVP;L(U(S))‘ <rl + VP <il o+ M
0 m
< r'_|_lc 7am—1<r/_|_7“_m
- m a m,p'm — 'm 4
and therefore it is sufficient to take
3
T < JTm- (3.4.29)

To conclude we need to show that the choices of » and r in (3.4.11) and
(3.4.12) are possible. From what proved before, every single map 7,,, for m =
3, ..., s can be defined from Dgﬁw and have its image contained in Dﬁi provided
this radii verify

_1

. a \m2 3.
Pm < ol and Pmt1 < 1 Pm (3.4.30)

(that is inequality (3.4.28) and (3.4.29) with a simple change of notation) where

C,, is defined in (3.4.27). If we set H®® := H and define recursively H™ =
H™=Y o1, form=3,...,s,assuming (3.4.30) and

Pm < Pm (3.4.31)

it is easy to see that the maps 7,,, for m = 3,..., s can be well defined and com-
posed as in (3.4.23). Now by the assumptions made each function H ™ is real-
analytic on D2 where we define

p3 =Ty (3.4.32)

Furthermore we infer that (™ has its norm bounded by Mp?, ., (for M in
(3.4.5))on D, .. . Indeed, every Hamiltonian function H (™) can be written in the
form H™)(z) = H™)(z)-z- z for some appropriate H(™ real-analytic on D%

moreover if H is a real-analytic function on D, such that H(() = H(C)-C-¢, it
results H™ = Hor30---01,_1 o T, and therefore

|H(m)|pm+1 < p7271+1|}~‘[(m)|pm+1 < P3n+1|ﬁ|p3 < P?nﬂM
having used (3.4.5). Now, by Cauchy’s estimate, the definition of ', in (3.4.27)
and the preceding inequality we have

1
Cp=8"2m+1)* sup —
( ) k| +|l|=m k!

o™ H™=1(0,0) -
ockont

(m=1))

< 8™(2m + 1)2p|7mpm < 8M(2m 4 1)%

g pm=2’
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Thus, we may fulfill the first condition in (3.4.30) by requiring

- ~ s Pm . ~ 1 a
Pm S Cm ? with Cm = 82(2m n 1)2p 50 . (3433)

Now our aim is to find a sequence of p,, and p,,, verifying

(3.4.34)

Observe that 5m < 1 since we assumed a < 1 and M > 1; thus the first condition
in (3.4.34) as well as (3.4.31) can be satisfied for every m = 3, ..., s taking

with 6, := 1 a4
pm L8225+ 1) 5M

Pm = (3.4.35)

(o)
Oo|’—‘m|>-A

while the second condition in (3.4.34) can be met simply defining

3 . 3 1
Pm+1 = me = 62pm W|th (52 = gél .

This definitions permit the construction of the map 7 as described before and give
as a consequence the definitions of » := p3 in (3.4.11) (with (3.4.32)) and

Ty 1= pey1 = O2ps = 05 2py =85 7 (3.4.36)
asitisin (3.4.12) since 6 = ;87! 5

We now apply theorem 3.4.1 with

H(3,p,q) = Zﬁj@) (52 + @2) + §s(3., 5, 4) (3.4.37)

[N

where (p, ¢) play the role of (£,7) and g3 of g, the y-variables are considered as
fixed parameters varying in Bz, g = %, s = Np and a = ¢ in view of lemma
3.4.1. Then there exists a real-analytic symplectic transformation

. (0,7,u,v) € 'JI“% X Bz X Dy := Dy — (Z,,,4) € T‘% X B: x D,y :=Dj

(3.4.38)
where (u,v) are the variables (p, ¢) in (3.4.7), 0 = z and r = g (i.e., if f(u,q)
is a generating function of the map 7 then f(u, ¢) + 0 - ¢ is a generating function
of &%), which puts H into Birkhoff’s normal form up to order N, (that is into the
form (3.4.10)).
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To determine the two radii of the elliptic variables’ domains we need to find a
suitable value for M in (3.4.5). We start estimating

o T .
|H(y7p7 Q)|D3 S |:M25_; +3M1:|

in view of (3.3.39) (see (3.3.19) for M;). Now, since H possesses only terms of
order greater than two in (p, ¢) (see also (3.3.40)), we may write for any (p, ¢) in
D

6

k ~
‘a(ﬁ,ii)H(y’ 0,0)

r

o0
sup [H(7.5.9) <D 0.9 <

o 5 k o k,
<> (2) 116G Dla 00 0F <
k=2

(o)

2 r2 R < /5\* R

<2 IpMyll 4 301 2 2<6[M 75 *2} 2,
< [p 257 T 1};(9 [(p, @) < o+ T5Mir " | (P 9)|”;
since - > r; for any choice of M > 1 (see (3.4.11) where r plays the role of g
and remind ¢ < 1), we may consider p < 7 (instead of p < 7o = %) in (3.4.5),
so that we are allowed to take

M := max {pM2 75N, 1} . (3.4.39)

Then, equations (3.4.11) and (3.4.12) give the following suitable definitions of 7,
and r’ in (3.4.38) (respectively r and r, in theorem (3.4.1))

T1 3 N2_2T1
. 5= -2 — 4.4
o 55 and r (46) E (3.4.40)
with
1 a \3
0= ) 3.4.41
27(2N2+1)p<5M> (3:4.41)

in view of all the agreements previously made.
With the domains just defined, from theorem (3.4.1) we obtain that A can be
transformed into

N(r,u,v) := H o ®X0,r,u,v) = Q(r,u,v) + Ry, (r,u,v) (3.4.42)

for any (0, r,u,v) in D, (see (3.4.38)), where @ is a polynomial of degree k :=

[22] in the variables I = (Iy,..., I,) with

1
I; = §(u§ +07),
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depending also on € Bz, in the form

Qr,u,v) = Q(r)- I+AP (r)Q(I)*+A¥ (r)@(I)*+- - + AW (r)®(I)* (3.4.43)

where AU)(r) is a real-analytic tensor of order j in R?, and Ry, is a real-analytic
function on B: x D, verifying

sup | Ry, (r,u,v)| < MN2|(u,fu)|N2+1 , YV (u,v) € Dy (3.4.44)

T‘GB%’

for some My, > 0. Then the new Hamiltonian function H! := H? o & (see
(3.3.38) for H?) assumes for every (6, r, u,v) € D, the form

HYO,7,u,v) = h(r) +ego(r ZQ (u? +v7) + €Q(r,u,v) +

+ Ry, (r,u,v) + €V f4(0, 7, u,v) (3.4.45)

where f4 = f3 0 &,

Now we aim to estimate the coefficients AY) of () and the constant M ap-
pearing in (3.4.44). For the uniqueness of the Taylor coefficients, for every j =
2,3,..., [22] we have

AO(r) _ a3 ,Q(r,0,0) _ a5, N(r,0,0)
2 (25)! (25)!

where this last equality holds because of (3.4.44) and the definition of 1. Therefore
Cauchy’s estimate and easy calculations, together with (3.3.39), yield

sup |A(J)(r)| < sup ‘8 N(r,0,0)| < —2.|N(7",u,v)|734 <
reBy 25! reBy (r')¥
2J o 9J o
< BE [H (9, P, 4)|p, < 7 |H(9,,4)|p, <
i - 2 r2M
-2 2 1
< (7“’)2‘7 2" "pMyry + 3M1] < W 52 (3.4.46)

where M is defined in (3.4.39). Moreover, from equations (3.4.42), (3.4.43) and
(3.4.44), we can write

x 3, N(r,0,0) .
Ry, (Ta u, U) = Z (w.0) 7 ® (U, ’U)]
j=Na2+1 J:
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whence for every (u,v) in D, it results

o ‘a{u’v)N(T, 0, O)

sup | Ry, (r,u,v)] < ) - 5 (u,0) <
reBy j=Np+1 J:
© N 1\ J—(N2+1)
S |(’LL,’U)|N2+1 | (T,U,?})|D4 7"_ S
2 (7)) 2
j=Na+1

B A =N B
_W‘%&J (y,p,q)bgm_
J=1N2

< |H(g’ﬁ’ q~)|D3|( )|N2-|—1 < 2T%M |(u’v)|N2+1
— u, — 52 (T,)NQ—I—I

ER

so that we can take 201
2 U

in (3.4.44).

3.5 Symplectic polar coordinates

We aim now to find a symplectic transformation casting H? in a simpler form than
(3.4.45) and that serves three main purposes:

¢ the new variables are action-angle variables for the integrable part of the
new Hamiltonian function;

e the domain of the new actions is a neighborhood of the origin in R4*?
(which will allow a further rescaling);

e under some hypotheses we are going to make, the elliptic singularity in
every symplectic plane (u;, v;) can be avoided.

Let o := I, the center of the ball B; = D‘é (Io) (see notation (3.2.19) and section
3.2) and take

. 1,
P=(ph ) R with )< ()" (351)

GO (3.5.2)
v = - . o
1756
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Now we consider the transformation

@f:(@,r,C,p)ET‘% ng x Th x DV :=Ds — (0,19 +r, 2) € Dy

|
2

2z 1= \/pg + pj e~ 21 (3.5.3)

forevery j = 1,...,p and Dy denotes for ¢ > 0 and n = d, p the open ball of
radius ¢ and center 0 in C, i.e.,

D} ={xeC" : |z| <t}. (3.5.4)

where z = u + v with

As it can be easily seen ®° is a symplectic map with generating function

2

P
fO,r,¢v)=0-(ro+7)—p"-C— Z—%cot(%rcj);

i=1

from its image is effectively contained in D, (see (3.4.38)) since, from (3.5.1) and

(3.5.2)
1o \/g 0\/T 7! !
2020 <\ [2) = =_.
e <\ [5VIFl g R

The transformed Hamiltonian function, real-analytic on Ds, is given by

2| < |0 + p;

H2(0.7,C,p) = H!o®=h(ro+r)+egolro+7)+

p

€ A
+ 3 ZQj(ro +7)(0) + 05) + Q' (ro + 1, 0" + p) +

j=1
+ Ry, (ro +7,¢p0°) + €V f5(0.7,C. p) (3.5.5)
where, in view of 2I; = u? + v? = |z|* = p0 + p;, we have
[%] A(j)(T0+T) j
Q(ro+r,p"+p) =Qod =) —— e+ (3.5.6)
j=2

(see (3.4.43) for Q(r, u,v)) and R}y, := Ry, o ®? verifies (in view of (3.4.44))

Sl;p |RI]V2(TU +7,¢, p; :00)| < SUBp |RN2(7",U,U)| < MN2|(U,’U)|N2+1 <
reEbr r€Br
5 5
No+1
0 No+1 3 2 0 No+1
< Mwlp"+pl 2 < Mw,{ 5 a . (35.7)
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moreover fs = fy o ®35 is bounded on D5 by .
We now choose and fix p° in (3.5.1) in order to have

10 = 2 (3.5.8)

and consider the homothety A, on D5 = T% x D¢ x T x Df, given by
8 5 PT

A (0,7m,.¢,p) — (B,er,(, ep) . (3.5.9)

It is well known that though A, is not a symplectic change of coordinates (unless
e = 1), it is conformally symplectic, i.e., it preserves the structure of Hamilton’s
equations (and therefore of the solutions of the dynamical system considered), if
we take as new Hamiltonian function H¢ := 1 H? o A.. Explicitly we have

1 1.
H)(0,7,(,p) = Zh(To +er) + go(ro +er) + 5(2(7“0 +er)-(p° +ep) +
+ Q(ro+er p’ +ep) + Ry, (ro +er,ep, G p°) +

+ M fo(0,7,¢p) (3.5.10)
where fs = f5 o A, and @’ is defined in (3.5.6). Besides inequality in (3.5.7) and
the choice made in (3.5.8) give

N.

R, (ro + er,Cep; p°)| < Miy,e 2 (3.5.11)

for every (r,(, p) € D‘,«é x TP x DP, having defined

No+41

My, =377 My,. (3.5.12)

Therefore we can move Ry, to the perturbative part of H?; more precisely we
choose Ny = 2N; — 3 and define NV as

N:=N—1= . (3.5.13)
Then the perturbation of H¢ can be written as
P0,7,¢, pye) = Riy, (ro + er, C,ep; p°) + €V fo(0,7,(. p) (3.5.14)
which can be estimated by
|Pelp, < (M, + p™ e (3.5.19)

where My, is defined in (3.5.12) (together with (3.4.47), (3.3.19) and (3.3.24))
and p is defined in (3.2.21).
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Chapter 4

RuRmMann’s tori for properly
degenerate systems

4.1 Non-degeneration of the frequency application

Define F. as the integrable part of the Hamiltonian function HS in (3.5.10), i.e.,
1
F.(ro+er,p” +ep) == Eh(?“(] +er) + go(ro +er) + (4.1.2)

N—-1 ;
5 2 Qlro+er) (0 +epy) + Y % ® (" + ep)’
Jj=1

j=2

where we wrote the explicit expression for Q'(r¢ + er, p° + €p) in (3.5.6) using
(2] = [N 1] = N—1(inview of (3.5.13)); recall that in view of ¢ < 1 and the
choice of p° € (Rp ) with |p°| = 2, F. is real-analytic on Dd D? where here and
from now on, we are coherent with notation in (3.5.4). our aim is now to show
that the frequency application of the torus T‘(i“’) of F, is non-degenerate in the
sense of RiRmMann under the hypothesis of non-degeneration of the “unperturbed

frequency application”
U:TeDHIp)NR — (w(I), U(I),...,9() € R xR (4.1.2)

where w(I) := Vh(I) and D¢(1,) (denoted before with B,) is the ball where we
localized initially in order to have conditions in (3.2.14) satisfied simultaneously
for any fixed Ny, Ny > 2.

We start trying to establish a relation between W, the frequency application of
the integrable part of the Hamiltonian H, considered initially, and the frequency
application of F, that we shall call W_; we will show that W, is 0(e)-close to a
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slight modification of W that is still non-degenerate, obtaining as a consequence
the non-degeneration of ¥, for small enough e.
The frequency application of F. is given by

. 0 0
W (ro+er,p’ + ep) := (-Fe(To +er, p° + ep), a—pFe(To +er, p” + 6P)>

or
(4.1.3)
forany (r, p) € Dagl x DP; more explicitly we can compute
9o

%,
—F(ro+er,p’ +ep) = w(rg+er) +¢ B

5 (ro + er) +

/

€ o ) 0Q
+§ ; 8—;(7"0 + €T)(P? +epj) + GW(TQ +er,p’ +ep)  (4.1.4)

where Q' (rq + er, p° + €p) = Z;V:_Ql W ® (p° + ep)’ (see (3.5.6)), and

/

dp

o) R
—F.(ro+er,p’ +ep) = =Qrg+er) + e—=—(ro +er,p” +ep)  (4.1.5)

dp

[Nl e

~

with Q = (Qy,...,,) as usual. We can immediately notice that 9, F, is O(e)-
close to w(ry + er), that is a non-degenerate function on D‘é NR? since 7, as been
chosen to coincide with I, and therefore

{ro} +¢ (Dg N ]Rd) C D,(I) NRY.

Analogously 2719, F, is O(¢)-close to the non-degenerate function Q(rq + er) =
(Q (ro+er),...,Q(ro+er)) since Q is O(e)-close to © and 9,Q" is a function of
order 1in p = O(e) (being Q' a function of order |p|*). The following proposition
displays the details of this observations:

Proposition 4.1.1. Let

o) 20
U (rg + er, p° + €p) :== <—F€(r0 + er, p° + €p) —a—Fe(TQ +er, p° + €p)

or "edp
(4.1.6)
then for any (r, p) € D‘fT_O x DY it results
|We(ro +er, p° + €p) — U(rg + er)| < Ae. (4.1.7)
where e
(6]
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with M defined in (3.4.39), d’ in (3.2.24),

By, = (2p)ipl2°(N — 171"
A; = max {%, 1} (4.1.9)
k = {4N —5,2p} .

Proof First of all we translate the domain of ¥ in (4.1.2) considering ¥(r) =
U(ry + er) given by

Wire D‘é — (w(ro+er), U (ro+er),...,Q(ro+er)) € R xRP (4.1.10)

real-analytic and non-degenerate on D‘,«é since ry = Iy and € < 1. Now we define
0 d 0
Gi(ro+er,p” +€p) = EFG(TO +er, p’ +ep) —w(rg+ er)

20
Go(ro+er, p” +ep) = Za—pr(ro +er, p° +ep) — Q(ro + er) (4.1.11)

so that it results

W (ro + er, p° + ep) — W(r) = (Gi(ro + er, p° + €p), Ga(ro + €r, p° + €p))
(4.1.12)
In view of (4.1.4) and the definition of G; we have

Giro + er, p° + €p)] < eldrro + er)| +

p
€ ~
+5 E 10,2 (ro + €r)| | (0 + €p;)| + €|0, Q' (10 + €r, p° + €p)] .
i=1

Then we can estimate

R 10 X 10M
sup |0ygo(ro + er)| < . sup |go(ro + er)| < !

reDd, reD4 r
To z

in view of (3.3.19), while from (3.3.24), (3.5.8) and (3.5.1) we obtain for every p
in DP

. 10 .
sup 9,8 (ro + er)| [ (0] + €py)| < ~ sup 1€ (ro + €r)] (10°] + €|p]) <

'rGDdL reD%
10 5
100 10M5 1 M. 2 Myr?
< 10Mag) oy < 10V L 50 e Marf
T r 6 3r \b5 157
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Furthermore the definition of @’ in (3.5.6) and the estimate of AY) in (3.4.46)
yield for every p in D?

10
sup [0,Q'(ro + er, p° + €p)| < o Sup Q' (ro + €r, p° + €p)| <

'rGDdL 'rGD‘é
10 5
N-1 ; N-1
10 ‘A(])(TU + 67“)‘ 0 ;10 Mr? ond
< — su - —+ < — (2 <
5
2(N —2)Mr?
- 5r

having used 2|p°| < (+')* from (3.5.1). Putting together this three estimates we

obtain
1 N Myr?  2(N — 2)Mr?
sup |G1(r, p)| < - <1OM1 + 125T1 + ( 5 ) Tl) €<

reD%.
10

N-1 (N +19)M

1 ~
< —(10My + ——Mr?)e< —r— ¢ (4.1.13)
2 2r

,
where we used M > pM, > M, and Mr? > 75M1 > 10M1 from the definition

of M in (3.4.39) and r? < 1.
Analogously from (4.1.5) and the definition of G5 it results

. 1
|Gyo(ro + er, p° +ep)| < |Qrg + er) — Qrg + er)| + §|8,,Q'(r0 +er, p° + €ep)|;

for what concerns the first term, from (3.3.30) we have
sup |Q(ro + er) — Q(ro + er)| < 2%2(2p)!12p min{ (2M) o, Mgla}_Qpae
reD¢

’ (4.1.14)

while 9,Q" can be estimated for every r € D‘é as follows:

1 1
5 Sup ‘BPQ’(TU +er, p° + ep)‘ < —sup |Q'(ro +er, p° +ep)| <
pGD% € peD?
N1 (i N-1 :
1 AV (ro+er)]) o i _ 1 Mt (200°)
< Lap SO SR

- Cpent 5 =2
N-1 -
@) ey (V-2 it
R P S ) B



where we used once again 2|°| = ¢ < (1),
Now we search for an easy expression as an upper bound for |G4|. First of all
from the definitions of M in (3.4.39) and A/, in (3.3.19) we obtain

526 M, p? 1
M > > 526 > o7 :
- 2= K ad'r? — “ ad'r?’

(4.1.16)
thus, from the definition of A4, in (4.1.9), M3 in (3.3.24) and M > M,, we obtain
MAl Z maX{MQ,M3}. (4117)

Therefore the second member in (4.1.14) can be estimated by

My My M\
2'7(2p)!12p max {;27 73} ae < 24p(2p)!2p<g> A e,

For what concerns the last member in (4.1.15) we recall the definition of »’ in
(3.4.40) and ¢ in (3.4.41) and compute

Mri M54\ ME 202N, + 1P s\t
52(r1)* 2 \36 2 3 o =
2N2—3
9 aNo—7 (M Q
< [2°(2N2 + 1)) (E) 7

Putting together this two last estimates with (4.1.14) and (4.1.15) and observing
that 2471 < [29(2N, + 1D)]"™“™ 7 (remind N, > 3), for any (r, p) € D% x D

10 2
we obtain

1 | (M\T
(Galro + er, o + €p)| < (2p)!p[2°(2N; + 1)) [(;) AP+

. =
T a

M\" «
SBA?I)<—> —26

(0% U

(V-2 <M>2N2_3

ae < (2p)'p[2° (2N, + 1)p]4N2_6Afp <%> —e <

2_
a ) ry

having used A, > 1, r? < 1, the definition of « in (4.1.9) and taking

B = %(Qp)!p [22(an — 1)P]*" 7 = %BN,,, (4.1.18)
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in view of Ny, = 2N — 1 from (3.4.42). Now, combining this last result with
(4.1.13) we have

sup |G(ro+er,p” +ep)| < sup  (|Gi(ro + er, p° + ep)|+

D% xD% D xD%
10 2 10 2
N +19)M M\" «
s [Gatr+en g +epll) < | T g (A1) 4] <
2r a ) i

M\ « M\" « M\"«
<BA* |[— | =+ (=) 5| < By,4%( — | =
<oar|(3) 5+ (5) 7 <me(T) 3

since B>N+19, 4, >1,a<1landd < min{ro,r?} witho <1 ¢

We now cite a result by Rifimann concerning the relation between non degen-
eracy and Taylor’s coefficients of a real-analytic function:

Proposition4.1.2. Let f : B C R* — R™ (where B is adomain) a real-analytic
function. If the Taylor series

ORI ED

of f in some point b € B contains m linearly independent coefficients, i.e., exist

Jis---,Jm In N" such that

det [f9)(b), ..., f9m)(B)] #0,

then f is non-degenerate. Conversely, if f is non-degenerate then in any point b €
B there exists a set of m linearly independent coefficients (obviously depending
on b).

We now use this proposition to prove that the non-degeneracy of W implies the
non-degeneracy of W, for small enough ¢

Proposition 4.1.3. Assume ¥ in (4.1.2) is non-degenerate in the sense of RUR-
mann then there exist 6 = 6(¥,ry) > 0 and v = (¥, o) € N such that if

5 r\G@r 1 1) @)

with
C=2"P(d+p+1)

then W, in (4.1.6) is non-degenerate.
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Proof Let ¥? be the real-analytic and non-degenerate function for r in ngf
considered in (4.1.10), then from (4.1.12) we have

W (ro + er, p° + ep) = W(r) + (Gi(ro + er, p° + €p), Ga(ro + €r, p° + €p))
with G, G, defined in (4.1.11) and verifying
|(G1, G2)| S Ae

for A in (4.1.8) with (4.1.9). Now, from proposition 4.1.2 there exist d + p vectors
40, ) e N¢ such that

det |07 w0(0), ..., 07" WO(0)] #£ 0

and we may additionally assume without loss of generality

|j(1)|1 < |j(2)|1 - = |j(d+p)|1-

(4.1.20)

Recalling the definition of ¥, we define for p in DY the following matrices:

A= [0, 0+ ep), o DT, 4 €p)
B = [BZ(I)W(TO), LT ()
1. (@
C = - [ai(l)(Gh Ga)(ro, p° +€p), ..., aﬁ(ﬂ )(Gh Ga)(ro, p° + €p)| .

From what initially observed, it results A = B + ¢C'; we may then apply lemma
3.3.3 obtaining | det A| > 1| det B| # 0 for small enough ¢, and as a consequence
the non-degeneration of W (r, p) in view of proposition 4.1.2. By lemma 3.3.3 a
sufficient condition to impose on € is

| det B|

—(d+p)

Observe now that each element b,,;, of the matrix B verifies, by Cauchy’s estimate
and (4.1.20),

5|'U|1|'U|1!

r""‘l

5|”|1 |
<L G e <

rED‘% (ro)

(My + My)

r""‘l
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where v := j(@*?) (the multi-index with greatest norm), M, := |w]|, and M, :=
|€2],.. Furthermore we can estimate the norm of C' = (c,;) observing that for every

1 5Mhy! 5lvlg)
|an| S Z sup |G1(T0 + er, pO + 6:0); G2(T0 + er, :00 + 6:0)| S Tl
TED%

T|”|1

inview of (4.1.6), (4.1.11) and (4.1.12). From this two estimates and the definition
of || M|| given in lemma 3.3.3, we obtain

51V |v],!

1Bl < sup  [bul < T (Mo + M)
n,k=1,....d+p rivh
510 |y], !
[C) £ swp ol < 21k
n,k=1,...,d+p rh
The statement follows taking in (4.1.19)
(W, o) := |57 (4.1.22)
5(W, 7o) = ‘det[aﬁ(l)\I’(ro), 8T ()] (4.1.23)

and using (4.1.21) o

In view of this last result we prove, through an immediate corollary of propo-
sition 4.1.2, the non-degeneracy of ¥, in (4.1.3):

Lemma 4.1.1. Let F = (F,F;) € RY x RP a non-degenerate function on a
domain B C R¢ x RP, then for any fixed € in R~ {0}, (F}, eFy) is non-degenerate
on B.

Proof Let b be any chosen point in B, since F' is non-degenerate, by proposi-
tion 4.1.2 there exist 51, ja, - - -, jarp € N?*P such that

det [FU)(b),..., FUs)(b)] #£0
that is , ,
Fl(Jl) F2(J1)
det : : #0.

Fl(jd+p) F2(jd+p)

Now observe that for every e € R it results
Fl(jl) GFQ(jl) Fl(jl) F2(j1)
: : = €’ det :

det : : : :
Fl(jdﬂ)) 6F2(jd+p) Fl(jd+p) Fz(jd+p)
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which proves, together with proposition 4.1.2 and ¢ # 0 the statement

Proposition 4.1.4. Under condition (4.1.19) the frequency application U, (see
(4.1.3)) of the integrable part of H® (that is F. in (4.1.1)) is non-degenerate in the
sense of Rifmann.

Proof The proof is immediately obtained by proposition 4.1.3, which gives
the non degeneracy of W, and lemma 4.1.1 applied with F; = w9, for j = 1,2,
together with definitions (4.1.6) and (4.1.3) o

4.2 Index and amount of non-degeneracy

In the preceding section we proved the non-degeneracy of U, (defined in (4.1.6)
with F; in (4.1.1)), i.e., the frequency application of the integrable part of the
Hamiltonian function HE. This means that H® meets the main hypothesis in the-
orem 2.3.1 but since ¥, depends on ¢ (for instance it possesses p components of
order 1 in ¢), a direct application of RiBmann’s theorem for maximal tori is not
possible unless the perturbative part of H° is of a certain higher order in ¢ than
simply 1. Actually, we showed that the perturbation of H° (see (3.5.10)) can be
moved to order N > 2 in ¢, where N can be chosen arbitrarily and fixed at the be-
ginning of the process that conjugates the initial Hamiltonian H, to HS. Therefore
we are now concerned in establishing a suitable value for NV so that it is possible
to apply RuRmann’s theorem to HS with yy = (r, p) and = = (6, ¢), finding maxi-
mal tori for H, as a consequence. We shall see how each quantity involved in the
estimate of ¢, the size of the perturbation in Rimann’s theorem for Lagrangian
tori, changes order in e when W, is considered instead of a frequency application
independent from e so to be able to determine a priori a lower bound to impose
on N (or equivalently on N; and N,). In this section we focus on the index and
amount of non-degeneracy.

Let £ C R" be a compact set, B C R" a domain containing £ and f : y €
B — R™ a real-analytic and non-degenerate function. Moreover, let S = {c €
R™ : |c|, =1} and F(c,y) : S x B — R the following function

F(e,y) = (e, /). (4.2.1)

We observe that F'(c, y) is a function in the form considered in lemma 2.2.1 (equa-
tion (2.2.1)) with N =2, m; = my = m and f; = fo = f, with the only differ-
ence that the parameters ¢y, ¢, are not independently varying in S x § C R” x R”
but have been chosen to coincide; however this will not influence our purposes as
it might be easily noticed. If we define now numbers

B(f,pu, K):= min max |D"F(c,y)] (4.2.2)

yeK, |e[,=10<v<p
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verifying obviously
B(f,0,K) < B(f,1L.K) < ..., (4.2.3)

we stated in lemma 2.2.1 (actually for a much wider class of functions) that there
exists a first integer o = p0(f, KC) such that

B mo(f, K), K) > 0; (4.2.4)

we called this integer the index of non-degeneracy of f with respect to /C while
B(f, mo(f, K), K), denoted with an abuse of notation §(f, ), is the amount of
non-degeneracy of f with respect to K.

We now consider the real-analytic application W in (4.1.2) and fix a compact
and convex set X C R? with positive d-dimensional Lebesgue measure and a
number 9, € (0, 1) such that

ro=IeK and K+, C D (lo) (4.2.5)

(which implies K +, 9, C D?LO (Io) N R%). Then we define

I = (¥, ) = index of non-degeneracy of W with respect to C
B = pB(¥,K) = amount of non-degeneracy of ¥ with respect to K .

In this section our aim is to see how the index and amount of non-degeneracy of
U, are related to z and 3, with respect to suitable compact sets in their domains of
definition. For further details on the index and amount of non-degeneracy refer to
lemma C.1.2, definition C.1.3 and proposition C.1.2, where in this last issue only
the condition with j = 1 has to be considered since we take w = W and A = 0
establishing the correspondence

DR = 1Kl [k D
Let 0(r) = W(ro + er) asin (4.1.10) (we remind 7o = I, and ¢ < 1) and

Ko:={reR":rg+rek} (4.2.6)
it results

min max & (c \IJO(T)>‘2 = min max —V|<c U(ro +er))?| =

reko 0<v<p |Or't € reko 0<v<p |Or
v 2 v 2

= min max €” 0 |{e, ¥(ro + en))| > min max €” —8 [, ®(r))] >

r€ko 0<v<fi or rek 0<v<pi or
i 0 {e. U (r))|? L
> ¢ min max M =B >0
rek 0<v<p or
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where we used the convexity of &, (deriving from the convexity of ) and 0 € &g
(since r¢ € K) to obtain » € K, implies ry + er € K. Therefore, denoting

1) = (W2, KCo) = the index of non-degeneracy of W with respect to K,
we have just proved
pe<pand BV, K) > € (4.2.7)

according to the definition in (4.2.2).

Consider now ¥, as in (4.1.6), with F, in (4.1.1) and its derivatives computed
in (4.1.4) and (4.1.5). Let K1 C R? be an arbitrarily chosen and fixed compact set
such that

0e Ky and Ky C Bg ; (4.2.8)

then we define
S = IC() X }Cl (429)

where K is in (4.2.6) for K verifying (4.2.5). Notice that his compact set S has
nothing to do with the domain of the parameters ¢ in the previously reminded
definition of index and amount of non-degeneracy (in fact, from now on we will
explicitly write the space of parameters each time they appear).

Now, we denote

te = po(¥,, S) = index of non-degeneracy of W, with respectto S.

and state a preliminary lemma:

Lemma 4.2.1. Let

.....

a tensor of order m in R™ "2 defined for 2 in a compact subset S of R™ x R"2
(for instance B is an m-th derivative of an m-times continuously differentiable
function from S to R). Consider

B'(z) = (bi..q,, (m))1gi1,...,imgm € (Rd)m

then
|B(z)| > |B'(z)|

for every x € S, where the norms of the tensors are the same defined in 0.1.4 for
the m-th derivatives of m-times continuously differentiable functions.
Proof Letv € R™ with |v|, = 1 such that

|B'(z)| == max |B'(z)(a™)] = |B'(z) (v")]

a€R4 |al,=1
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setw = (v,0,...,0) € R™ x R"; obviously |w|, = 1 therefore

|B(z)] = max —|B(x)(a™)| > |B(x) (w™)| =

a€R™1F72 |g|,=1

= g bilig...imwilig...im

1<t tm <ni+n2
= [B'(z) (v") [ = [B'(z)|

where we used w;; =0 foranyi; > ni 4+ 1o

= g bilig...z’mwi1z’2...im =

lgila"wimgnl

We are now ready to obtain the following result

Proposition 4.2.1. If we assume

B 1 1) 9

€< — _ — b — 4.2.10

TN CTRV A VAR (T (4.2.10)
then it results o
_ _ '3

He S M and ﬁ(\llea Hs 8) 2 7 (4211)

Proof By inequality in (4.1.7) we have ¥, = ¥ + ¢G with
|G (ro +er, p° +ep)| < A

forany (r, p) € D4 x D%. Thus, forany 0 < v < ji it results
10 2

L 107 (e, ¥ + 6G)|2
or

5 ‘C\If r+er,p’ +ep))| ‘:e

(e, O)[* 6”’|<C,‘If><c,G>|+€26”’|<C,G>|2

=€ + €

or or or -
v 2 v
R T8 7 R A 8 XX [
or (r,p)eS or
v 2
|2l
(ryp)€S or

where the omitted arguments of W and G are (ro+er) and (ro+er, p°+€p) respec-
tively, and we agree to use this notation during this proof. Now using Cauchy’s
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estimate and the uniform estimates on the norms of ¥ and G we obtain for any
¢ € RP with |¢], = 1

" |{c, \I’><C,G>|‘ < V!

max

<< U {e, QY| <
(r.p)€ES or Sup [{c, ¥){(c, G)| <

v
1 (Ko+91)xK1q

"
< — sup |¥| sup |G|< —(MO + My)A < —(MO + M)A
1 Ko+91 (Ko+91)xK1 01 01

and analogously

v 2 | ! !
MB*’TGHU—; s eGP < s 6 < LAl

max
= = o
191 (Ko+91) %K1 191 (Ko+91)xK1 19

(r,p)es

where we have used 0 < v < g and v; < 1. Substituting this last two estimates
at the end of the first chain of inequalities and using hypothesis (4.2.10), it results

, |0 e W)
‘a‘c\Il o +er, p° +ep))‘ > € T+
il 0"|(c. U)?|  €f
21/—1—1“_ M, MIA — 1/+2M__A2> v ) =M
gr Mo M)A = TG AT = < >

forany 0 < v <, (r, p) € S and ¢ € R**? with |c|, = 1.
Therefore we obtain

0" (e, Welro + er. pf +ep>>|2‘ N

min max
(r.p)€S 0<v<p or
o (e, W) B
> min max €’ (e, )| — é >
(r.p)ES 0<v<]i or 2
0", )| B '3

> e {min max 5

re€lo 0<v<p

——}27?>0 (4.2.12)

for any ¢ € R*” with |c|, = 1. We now apply lemma 4.2.1 with = = (r, p),

ny=d,nmo=p,m=v=12,..., 1 (in the case » = 0 there nothing to prove
since there are no derivatives) and
" (e, We(r, p))[* dp\V
B, = ’ ’ € (R
ardp ( )
9" |{c, T, 2 y
lez — |<C, 8(Ta p)>| c (Rd)
T
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in order to obtain

" [{e, W(r, p))|”
ordp

|l v o P
- or

forany 0 < v < i, (r,p) € S and ¢ € R?*P with unitary Euclidean norm. This
inequality, together with (4.2.12), yields

5W@%%+mﬁ+wmw>

(rp)es 022 arop
v ] 0 2 e
> min max 0 |<Ca e(TO +er,p +610)>| > 6_ > 0
(r,p)€S 0<v<[i or 2
which implies the statement
Now recall that we defined (in equation (4.1.6))
2
T, = (v, 0 = 2R, 29 ) er! xR (4.2.13)
ar " €dp

(where the argument of the functions involved is (ro + er, p° + €p) as usual) and
consider

\i}e - (lilgl)a @9)) = <§Fea §F€> (4214)
r " 9p

the frequency application of the integrable part of H §. We can trivially observe
that W, is obtain from W, by rescaling its last p components by a factor ; this fact
allows to formulate the following results

Proposition 4.2.2. Let ¥, be the real-analytic function for (r,p) € D¢ x D%
5 2
considered before and define

fi. = the index of non-degeneracy of ¥, with respectto S ; (4.2.15)

then, for any 0 < ¢ < 1 we have

. [+2 73
pe<pand (b, p8) > S

Proof Letc = (c1,c) € R x R? with |c|, = 1 define

(4.2.16)

2
o <cla \IJEI)> + <C2a \Il£2)>

0<v<ji ordp

& [{e, U
ordp

f(ryp,cr,e2) = orgfgxn
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for (r, p) € D‘,«é x D¥; by definition of ¥, we obtain
2

‘ 2

¢ & |(c, We(r, p))
f (Ta P, C1, 502> — Orélllagxﬂ 87“8/)

Observe now that for any (r, p, ¢1, ¢3) and t € R the following equality holds

f(ra P tcl;tc2) = t2f(7da P ClaCQ) : (4217)

Set now for any given ¢ = (¢, ¢2) With |¢|, =1

€? €
te:=1 el + Z|Cz|g Z 5

(&1 - €Co
Cl i=— — Cy i=— —
2t,

and

so that it results

_ 2 _ 2 2 €’ 2 2\—1

ey + [ealy = (el + Z|62| (t;) =1.
Then by the definition of f we obtain for any (r,p) € S

L2
9"[{c, V)|
ordp

max
0<v<p

€
‘ = f (Ta P, C1, §C2> = f (Ta P teélatGEQ) =

0[((1, @), U)|”
ardp

>0
2 - 8

= Qf(npjﬁﬁh):tznmx

> ¢
0<w<ji

having used |(¢1, ¢2)|, = 1; this proves (4.2.16).

4.3 Determination of N and sufficient conditions to
apply Rufmann’s theorem

We now refer to the estimate of ¢, (the admissible size of the perturbation in RUR-
mann theorem) given in section 2.4 and analyze each quantity involved, focusing
in particular on how they change order in ¢ when H? is considered. Our aim is to
apply the above mentioned estimate to the perturbative part of HS, that is P, as it
appears in (3.5.14). Recall that we estimated

|Pelp, < (My, + p™*)e (4.3.1)
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where
D5 =T% x DY x T x DV,
8 5 P2|

with v defined in (3.5.2), M}, in (3.5.12) (together with (3.4.47), (3.3.19) and
(3.3.24)), v in (3.2.21), N > 2 is an arbitrarily fixed integer and 0 < ¢ < 1.
Thus, understand how ¢, depends on e will make possible a suitable choice of N
imposing

(My, +p¥ eV < Ze. (4.3.2)

N | —

We take into consideration the Hamiltonian function H¢ (which plays the role
of H in theorem 2.3.1) real-analytic for (0, r,¢, p) € T? x Bg x TP x BP, where

B :=D!NR"={zeR" : |z| <t} (4.3.3)

(see notation (3.5.4)), having holomorphic expansion on D5. As a consequence,
with refer to the statement of theorem 2.3.1, we have the following correspon-

dences
T? =T¢ x T? , B:B%ng’, D = D;
5

A= Ds , T = (7", p) ) Y= (9’ C) ’ (434)

N=F,, P=P..

4.3.1 Choice of the initial compact set
First of all, we fix
K= Bg = {x eER : |z] < g} (4.3.5)

accordingly to condition 4.2.8. Now, we need to fix a compact set C C B‘%i x BP,

with positive (d + p)-dimensional Lebesgue measure, and a number ¥ € (0, 1)
satisfying (2.3.3). We take L = S, where

S = IC() X }Cl
is taken as in definition (4.2.9), with K, verifying
Ko+, C D% (4.3.6)

(see (4.2.6) and (4.2.5)) and the arbitrary choice of K, is replaced by the above
definition. Then a suitable value for 19 could be
€

Y= —. 4.3.7
16 (4.3.7)
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In fact, assuming ¢ < 49, (which is implied for sufficiently small 3 by inequality
(4.4.8)), it results

:(/c0+§> ><<IC1+§) c(lco+z91)x<lcl+§) -

C Df}_o x D? . (4.3.8)
Moreover, to completely satisfy inclusion (2.3.3), we need to verify T + ¢ C

T< x TP . For this purpose we assume ¢ < o and observe that by (3.5.1) and
8

(3.5.8) we have 2e < 1(r')* which trivially implies 2 < L (r)?; thus, using the

definition of v in (3.5.2) with (3.5.8) and ¢ < 1 < 41og 2, we obtain

e 1 1. (" 1, 20)
< T og2< Slog -l =21 =
16 =1 B°=1%% 3¢ T 1 B30

Therefore we can conclude

d+p c (T¢ P — (e & v € C TY D
T 49 C (T +9) (TP +9) (’]I‘ + 16)><(1r + 16) CT.L T, (43.9)
which gives, together with the inclusion obtained before,
(TP +9) x (S+40) C A. (4.3.10)

where the choice of ¥ has been made in (4.3.7).

4.3.2 Parameters related to the initial compact set
The diameter of S = Ky x Ky is given by ds := sup, s |2 — y| and verifies

. . 1 2
ds < dlamng + dlamlC1 < 57" + 56.

By (2.4.5) and (2.4.4) we notice that the estimate given in (2.4.8) is decreasing in
dy (that is the diameter of the compact set /C in theorem 2.3.1); therefore we may
take

do:=r-+1 (4.3.11)

in the definition of ¢,.

Now, referring to theorem 2.3.1 we have to choose and fix a parameter 0 <
€ < meas 44,S. A well-known formula for the volume of a p-ball with fixed
radius gives

-1
meas ,K; = measpBg = cpe’ with ¢y = I (—) . (4.3.12)
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Therefore, if we consider the compact set Ko (which is directly determined by the
choice of the initial compact and convex set K in (4.2.6)), we have to fix ¢} such
that _
0 < e < cymeas Ky = ¢, meas K (4.3.13)
and consider
€ = ey’ (4.3.14)
in the estimate for the size of the perturbation of H?.

4.3.3 Choice of index and amount of non-degeneracy

The frequency application of the integrable part of HY is the real-analytic function
U, (rq + er, p° + €p) for
(r,p) € DY x DI (4.3.15)

defined in (4.1.3) (see also (4.1.1), (4.1.4) and (4.1.5)). In section 4.1 we proved
that U, is non-degenerate, for small enough e (condition (4.1.19)). Moreover, let
fic denote the index of non-degeneracy of U, with respect to S, i and 3 denote
respectively the index and amount of non-degeneracy of W (defined in (4.1.2))
with respect to the compact set X C B: (1) initially considered, we proved

23

pe<pand BV 8) > —

(4.3.16)

(see section 4.2 for definitions and details).

Remark 4.3.1. In section 2.5 we showed how it is possible to construct an itera-
tive process to obtain non-resonant frequencies as stated in theorem 2.5.1. Now
observe that the numbers 7*, g*, L}, L5 appearing in the cited theorem can be
found as function of ;o € N, and # > 0 verifying (2.5.12). Two such numbers
can be obviously the index and amount of non-degeneracy of U.. However this is
not necessary: in fact, as section 2.5 clearly explains, it is possible to choose any
integer i > uo(\TJe,S) (= index of non-degeneracy of W, with respect to S) and
andany 0 < § < ﬂ(\ile, i, S) to obtain the same results. Therefore, accordingly
to (4.3.16), we can take

2[5
8

Lo = [ and b=

(4.3.17)

in the estimate for the size of the perturbation.

Remark 4.3.2. Apparently the choice of z > i, and the associated value 5 <
ﬁ(\ife, i, S) could increase the estimated value of ¢y; however, this advantage
brings the necessity to compute a greater number of derivatives when an explicit
value for ¢, is searched.
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4.3.4 Norm of the frequency application
Since we defined

2
T, = (ﬁfi”,w(”)z(agﬂ,—gm)
r edp

b= (W0, 69) - (BEF a%p)

(where the argument of all the functions considered is (ro + er, p° + €p)) it results

sup | (r + er, p° + ep)| < sup | (r + er, p° + €p)] . (4.3.18)
S+39 5+39

Furthermore by (4.3.8), lemma 4.1.1 and the definition of Iy in (4.2.6) we have

sup [Uc(r+er, 0’ +ep)| < sup  |W(r+er, p’ +€p)| <

S+39 D% x D
10 2

< sup [¥(rg+er)| + Ae < My + My + eA.

DY,
10

Therefore, in the estimate for ¢, we may take
Cl = MO + M2 + A (4319)

as upper bound for |, |s. .

4.3.5 Approximation function and control on the small divisors

In his work [RUBmMO1] RiRmann uses what he calls an “approximation function”
to control the small denominators appearing in the problem with diophantine in-
equalities of the form

w - k| = y®(|k],)

where w = (wy, we, -, wy,) is the “frequency map”. We remark that w- % are the only
kind of small divisors appearing in the problem when we consider the maximal
case, i.e p = 0 = ¢ with refer to Rilmann’s notation at the beginning of his work
[RGRMO1, page 123].

On page 125 of his work, Rilmann defines an approximation function as a
continuous function @ : [0, oo] — R verifying the following four properties

1. 1=2(0) > ®(s) > P(t) >0for0 < s <t < oc;
2. (1) =1sothat ®(s) =1forany 0 < s < 1;
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3. $*®(s) =X 0 forany A > 0 so that

D), :=sup s)‘d)(s)% < 00 (4.3.20)
s>1
forall x> 0and A > 0;
4. the following integral is finite
e 1 ds
1 — . 4.3.21
[ torgis G <o (43:21)

However this definition of approximation function would create an unsur-
mountable problem in the application of RiBmann’s theorem to HS. Without
going into details, we just observe that the choice of ¥ = O(e) as in (4.3.7) would
force the choice of T, = O(e~) for some a > 0 in order fulfill the second con-
dition in (2.4.1). Then, in view of condition 4.3.5.3, ®(7;) would be of order
greater than ¢® for any b € N. Now, since we have a perturbation of order ¢V for a
fixed N € N (see (4.3.1)) and the definition of ¢, in (2.4.8) together with (2.4.9)
requires ¢ < C'®(Ty), we reach a contradiction.

To overcome this problem we claim, and prove next, that the control on the
small divisors can be performed with a function in the form

B 1 0<s<1
D(s) = (4.3.22)
s s>1
with
a>(d+p)i (4.3.23)

instead that with an approximation function as defined by RiBmann.
First of all observe that @ is continuous and trivially verifies properties 4.3.5.1,
4.3.5.2 and 4.3.5.3 while it does not fulfill condition 4.3.5.3.

Remark 4.3.3. In RulBmann’s work the property 4.3.5.3 of the approximation
function @ is used only in the second inequality on top of page 174 and in the
chain of inequalities at the beginning of page 193 (inequality (2.5.34) in this the-
Sis).

Lemma 4.3.1. The two inequalities just cited can be obtained with ® in (4.3.22)
(and a in (4.3.23)) instead of ®.
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Proof On page 174 of [RURMO1] we find the following inequalities

k=29

K29 6} T
T2t 20w < TS 52w o ( ax ) 4.3.24
where §, ¥ and 7, with v € N, are defined in subsection 2.5.1, 7 := - (see

8%
[RGRMO1, 14.10.6] accordingly to (2.5.2) with 7* in (2.5.13) and 7y, = % as fixed
in (13.1) by RuBmann), ¢ := £, k := 2, T, > 1 verifies (4.3.27), ®,, is defined

in (4.3.20) and X is sufficiently large. The inequality formed by the first and the
last member in (4.3.24) is used immediately after to obtain

k=29

o0 @ P o 1
T, 60207 < < AL ) — < oo (4.3.25)
Uz; \I](TO) Vz; Tl/

where the convergence of this last sum is proved in lemma 13.2 on page 156 in
RlRmann’s paper. First of all observe that in the first inequality in (4.3.24) it is

sufficient to take 5 995
-
= —1=—-1 43.2
A= LT 2) 1447 (4.3.26)

inview of 7,, > T, > 1. Now we consider ® instead of ® and consequently define
\I](T) = T—(d-l—p-l—l)(/i;(T) — T—(d—l—p—l—l—l—a)

Ty = \/I;_l (Ef(ﬁ)(y—y) —= ﬁ67a+d7—:p+1

where T, verifies (4.3.27) (with ® instead of ®). We claim that an analogous
estimate as in (4.3.24) can be obtain to make the series in (4.3.25) converge (with
U instead of U for U = ¥, T,). Indeed

K—2¢

TE(S(K_Qw)V < TU)\+1)N;.,21£5(,‘-;—2¢)1/ — le\—l—l&)(Ty) ~57V
o(T,)

j:’/\—l—l—a N—TM f)\—l—l—a N—TM 1 ‘ p
< — _v S [ — S
- q)(TV)TV_(d‘H"i‘l) —TV \I](Ty)éfﬂ/ <\II(T0)>

having used the definitions of ¥ and Tl, > 1and

225 225
>

i T
4a = Taap T

a>(d+pp>2>
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Thus we obtain

v=0

]2
=
o,
=
g
N
g e
=
_
V]2

~ —K72d) ~ TV
=U(Ty) 7 Iy ) S < oo

v=0

in view of § < 1and 7 > 0. It should be noted that we did not need lemma 13.2
on [RURMO1, page 156] to prove the convergence of the considered sum since our
choice of @ as approximation function permitted an explicit expression for T,.
The second inequality in which RUBmann uses property 4.3.5.3 (inequality
(2.5.34) in this thesis, on page 193 in [RUBmMO1] with m = n) is the following

00 2 o0 .
/ g~ (d+p+1+2) <3d+pq>(s)%> ds < (<I>(d+p)u)2/ §TUPIHD) g
1 1

12 2
<P (.,

once we have replaced o with zz accordingly to (4.3.17) (see (2.5.12) in theorem
2.5.1 for yi0), n with d 4 p and where ®,; is defined in (4.3.20). Now we consider,
as already done before, ® in (4.3.22) as approximation function in the place of ®;
then, in view of (4.3.23), it results

% (dtpait2 TN = 2 a)?
/ g (dtpHlts (Sd+pq)(8)u> < / S*(d+P+1+§)<Sd+P*§> ds <
1 1

N 24 (d+p)p

We observe that a different estimate for this integral could have been obtained if
we were not searching for an estimate similar to Rimann’s one

Remark 4.3.4. The second inequality considered in lemma 4.3.1 is fundamental
for the choice of y in theorem 2.5.3. In fact the term (n = d+p and po = fz in our
notation) that exists in RiBmann’s determination of ~ (see for instance [RURMOL,
14.10.8]) does not appear in our choice of v (see section 4.3.7). and has to be
replaced by 1 in theorem 2.5.3 with the choice of ® as approximation function.

Remark 4.3.5. We conclude this part observing that if @ is defined as in (4.3.22)
for some a > (d + p) i we have

lim $*&(s) =0 forany 0<A<a

§—00
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and

sups*®u(s) =1 forany 0<\<
s>1

(confront with property 4.3.5.3).

=

4.3.6 Determination of T

Let ® be a given approximation function as in (4.3.22) then, according to RuB-
mann’s theorem, we have to choose and fix a number 7, > 1 such that

~ ~ o 1 dT Jlog 2
O(Tp) < e~ (dtptD) and / log =——— <
To) < 7 ®(T)T* ~ 12a(d +p)log(3*(d + p))
(4.3.27)
(see for instance section 2.4 where n plays the role of d + p).
With our definition of & the first condition on TO becomes
1 ~ p+1
= <o) o o > T (4.3.28)
Ty
For what concerns the second condition, we set
log 2
= 4.3.29
= 192(d + p) log (3% (d + p)) ( )
so that we have to fulfill
o 1 dT €
/TO o) T2~
in view of ¥ := % as in (4.3.7). Now we assume To > 4 so that logT < T for
any T > To; then, by definition of it results
e 1 dT *logT <dr 2
/ 10g~——2:a/ Og2 dTSCL/ —3:~—?
To o(T) T 7 T % T> T2
so that we may fulfill both conditions in (4.3.27) with
~ 201\ 1
T, = (—“> <. (4.3.31)
Cd-l—p €

Furthermore, also TO > 4 is satisfied as the following chain of inequalities shows:

2ap\ " 1
(ﬂ> - = > (2af1)* > 4a® > 16 > er > ¢ >
Cd+p €
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having used €,cqy, < 1, t,d,p > 1 and (4.3.23) which gives 2 < d + p <
(d+ p)ir < a. We conclude this subsection defining

_ 2aji \ 2
Ty = <—“> (4.3.32)
Cd+p
and observing that with our choice of @ and Ty it results
2(atd+p+1)
~ o~ o~ dioid € . _
(P(To)TO (d+p+1) = W with a > (d—}-p),u (4333)
0

4.3.7 Determination of ~

Let C' be the constant defined in (4.3.19) and jz the index of non-degeneracy of W
(see (4.1.2)), we set

Cf = 2M (4 1)"2(Cy + 1) (4.3.34)
(confront with C* in (2.4.3) taking into consideration remark 4.3.4 and the absence
of the term 9~ (+1) because of its dependence on e that will be considered next).
Now refer to (2.4.4), replace d, and 1) respectively by equation (4.3.11) and (4.3.7)
and observe

_1 16 _1
(d+p) 2 +2r+2)+—(r+2) > (d+p) > +18(r+2).  (4335)
Thus, considering
6ﬁ+2 A € * *
p= Tﬁ ; V= 6’ € = ey€l (4.3.36)

(asin (4.3.16), (4.3.7) and (4.3.14)) and referring to the definition of ~ in (2.4.5)
with 7, in (2.4.4), we take

_ d+p+3 L dtp—1 -3 78
Fo = |3 (2me) T (r 4 2) ((d+p) 2 +18(T+2)> C'U]
. 2—(§ﬁ+3)(u+1)63%3ﬁ§1 ’ (4.3.37)
set
%1 == min{%o, 2} (4.3.38)

and finally define

|

P

=
+
—
=
M
+
Wl

S (4.3.39)
For clearness we remark that the exponent of ¢ in this last expression, is given by
the three contributions
(L+2)(p+1) (n+1)pu PH
2 ’ 2 ’ 2
given respectively by the presence of 3, ¥ and ¢* as in (4.3.36).
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4.3.8 Definition of M*

Accordingly to the definition of M, in (2.4.2), our choice of 19, uq and C; (respec-
tively in (4.3.7), (4.3.17) and (4.3.19)) we define

M = 2P P20 (Mo + My + A + 1) (4.3.40)

and consequently
M* = Mje " (4.3.41)

4.3.9 Determination of ¢,

Let v be as in (4.3.39) (with 7; and 7, in (4.3.38) and (4.3.37)) and let ® be
the chosen apprOX|mat|on function in (4.3.22) with a in (4 3.23). Recalling the
expression found for & (T,)T, ““***) in (4.3.33) (where T; and T, are defined in
(4.3.31) and (4.3.32)) and accordingly to the definition of ¢, in (2.4.6) we may put

to := €1 with ny = (i+1)° +%+2(a+d+p)+3 (4.3.42)

and lerdips)
E — /VITU ?
T 9T (My+ My + A +1)

having used also (4.3.19) and (4.3.7).

(4.3.43)

4.3.10 The quantities E1, Es, Ej3

In the preceding subsection we have analyzed the behavior of all quantities in-
volved in the estimate for the size of the perturbation in RiBmann’s theorem (see
section 2.4) when we consider HS as Hamiltonian function (see (3.5.10)) and @ as
approximation function (see (4.3.22)). Let now see how what happens to E1,FE5
and Ej5 in (2.4.9). A suitable choice for the first of this three quantities may be

=T —(a+d+p+1)
B, = 110 e (withn, in (4.3.42)) (4.3.44)

335+d+p
in view of the definition of ~ in (4.3.39) (together with (4.3.38) and (4.3.37)), the
choice of 9 in (4.3.7), equation (4.3.33) and min{e27*, 3717} > 3717,
For what concerns E, as it appears in (2.4.9), we have to substitute v, ® and
T, as taken in section 2.4 with ~ in (4.3.39), ® in (4.3.22), To in (4.3.31) and
consequently define

—(a+d+p+1)
T 1 1 )
E2 = %— <1 — —_) (1 — —2> e with Ny :=n1; — 1

322 of 95— %
(4.3.45)
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in a totally analogous way to what done before for E;.

Finally, accordingly to the definition given in (2.4.9), the choice of 3 and 1
in (4.3.17), the definitions of ¢, in (4.3.42), Tj, in (4.3.31) and M* in (4.3.41), we
define
Bty ns

€ with nz :=mp+2(a+2) (4.3.46)

E3 = —

3924T MFC(d + p, 1)
where ¢, is in (4.3.43), T, in (4.3.32), M in (4.3.40) and C'(d+p, 1) can be found
in (2.4.7).

4.3.11 Determination of N and conditions on e

We recall that in (2.4.8) we defined a possible value for ¢, as it appears in (2.3.5)
(and analogously in (C.2.8)) by

€y — iIIliIl{Ewl, EQ, E3}2
Gy

where F;, F, and E3 may be defined as in (4.3.44), (4.3.45) and (4.3.45). We
remark once again that the values we have given are a simplification of RUR-
mann’s estimates in [RUBRMOL, page 171] concerning the size of the perturbation
in lower dimensional tori theorem (see theorem C.2.1 with estimate for ¢, in C.2.1
in this thesis). On the other hand in the maximal case the simplifications are made
through his whole work considering the case p = 0 = ¢ (in RUfSmann’s notation)
in parts 11 (Construction of Invariant Tori) and IV (Existence of Non-resonant
Frequency Vectors), where this last is also discussed in its major aspects in sec-
tion 2.5.

Now accordingly to the preceding subsections, the choice of ¥ in (4.3.7) and
(1 in (4.3.19), we take

€
2'(Mo + M + A)

min{Ey, By, F3}>. (4.3.47)

€y —

Moreover, from the definitions of F;, F; and E5 in subsection (4.3.10) and € < 1
we infer

2
V' min {Efo), B E§°)} < min{E,, By, B, (4.3.48)

if we put N(© := 2max{ny, ny, n3} = 2ns, that is

NO = 20(i+1)° +pii® +2(2a 4+ 2d +2p+5)ji + 8 (4.3.49)
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and

_ == —(a+d+p+1)
E(o) Mo
1 335+d+p
_ —(a+d+p+1
po — BTy (1
2 322 20 95—2
i
570
EVY = Bty (4.3.50)

3924 MEC (n, )

accordingly to (4.3.44), (4.3.45) and (4.3.46).
Now, in view of (4.3.1) with correspondences (4.3.4), (4.3.47) and (4.3.48),
we may fulfill inequality (2.3.5) by

(0)
6N +1

MI N+1 N<
My, + 170" < 513G, 4 3 1 )

2
min {E{‘”, BO), E§°)} (4.3.51)
which requires N > N + 2 and e sufficiently small as it will be described later.
Thus, a suitable value for N is

N = 2fi(fi+ 1)* 4 pfi® + 2(2a + 2d + 2p + 5)ji + 10 (4.3.52)

where d + p is half of the dimension of the phase space of the Hamiltonian system
considered (2p denotes the number of the initial elliptic variables), / is the index
of non-degeneracy of the frequency application and a > (d + p)f is the exponent
of the chosen approximation function.

Finally, in view of inequality (4.3.51) (which implies (2.3.5)) and equations
(4.3.52) and (4.3.49) which give N = N© 2, we obtain the following sufficient
condition to impose on ¢ to be able to apply Rulmann’s theorem:

2
min {Efo), EO, E§°)}
< 4353
€= 24(My + pN+) (Mo + My + A) ( )

where B, ES” E{") are defined in (4.3.50) (accordingly to all definitions given
previously in this section), y is defined in (3.2.21) and M is a positive number
greater than M},. We conclude observing that from the definition of A7}, in
(3.5.12) together with (3.4.47), (3.4.39) and (3.3.19), (3.4.40) and (3.4.41), we
have

9 52N?~N-2 - M 2N?—3N
My, = 22 N — 1y (-) M (4354)

— 2
r%N 234N2-5N a
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(see (3.4.39) for M) so that we may define

M

T%NfQ

M Nk
My := By, (-) M (4.3.55)

«

with By, and & in (4.1.9).

4.4 Conditions on € in theorems 3.1.2 and 3.1.3

In this section we initially gather all the conditions on e contained in chapter 3
and needed to conjugate the initial Hamiltonian H to H? in (3.5.10); then we
will synthesize the conditions imposed in sections 4.1 and 4.2 to prove the non-
degeneracy in the sense RiBmann of the frequency application and to control its
index and amount of non degeneracy.

The first condition is formulated in (3.2.17) in order to apply averaging theo-
rem and in particular corollary (3.2.1). Observe that if ;1 > é then we have

1
elog— < €(1 —loge).
€p
Moreover we infer that ¢(1 — loge) < /e for every 0 < ¢ < e %; indeed the
function f(e) = /e(1 — loge) equals zero in e = 0 and is increasing for 0 < e <
e~ 'sothat f(e) < f(e™) = 5e 2 < 1 forevery 0 < e < e~*. Then we can fulfill
(3.2.17) by requiring
o?(d')?
<
~ prciN?

in view of N; — 1 = N from (3.4.42). Now notice that the condition ¢ < e~ is
superfluous in view of (3.3.29) and p > 1 which give e < 127%;

For what concerns condition (3.3.29), it can be immediately seen that it is
implied by

(4.4.1)

min {Oé(QMQ)il, aM;’, 1}2]004
22(2p 4+ 1)1*(2N — 1)
that is condition (3.4.2) once that [V, has been replaced by means of (3.4.42). To-

gether with o < 1 the definition of M3 in (3.3.24) and N > 2, this last inequality
implies

aM;! 1 o2(d)? «
e < < minq —, 1, <

(4.4.2)

220(2p + 1)IP(2N — 1) — 23(2p + 1)1* 27¢pp? cort
2( 2
< a (d) min i, 1 (4.4.3)
210¢, 12 coT1
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that ¢ < min{e;, €5} with ¢; in (3.3.8) and ¢, in (3.3.12) as required in lemma
3.3.2.
Now, from (3.2.23) and p > 1 we have

2 =c23e(1+ep) < 23" (p+1) < 2" (p+ 1) < ,2"°(2p + Hr
so that condition (4.4.1) can be fulfilled taking

aM;!
e < 5
22+1(2p + 1)1° N2

(4.4.4)

using the definition of M; in (3.3.24) as in the first inequality in (4.4.3). Thus, we
may finally satisfy conditions (4.4.1) and (4.4.2), that is all conditions in sections
3.2, 3.3 and 3.4, assuming

< min {a(QMg)fl, aM; 1}2]004
- 220+1(2p 4+ 1)1° N2

(4.4.5)

where M, and M35 are defined in (3.3.24) (together with (3.2.24), (3.2.23), (3.2.21)
and (3.1.5)), « < 1 is characterized by inequalities (3.2.15) and (3.2.16) and NV is
defined in (4.3.52).

Another upper bound on the parameter e is given by the choice of p° in (3.5.1)
verifying |p°| = 2e¢ (equation (3.5.8)) which leads to require
<L

Y

By the definition of ' in (3.4.40), ¢ in (3.4.41) and substituting N, with 2N — 1
(see (3.4.42)) we can compute

i(r')2 — i %5 4N76:i # 4N6<i>2N3>
24 600 \ 4 600 \ 29(4N — 1)? 5M -

= ((;l(l))o <29(4Nl—1)”> 7 (%)21” =

9 1 a \ 2N-3 (d’)2 o \2N-3
O oyl > Ua ()

(r')? (4.4.6)

where By, is defined in (4.1.9). Then we can fulfill (4.4.6) taking

< @) (ﬁ)n (4.4.7)




since < 1, M > 1 (see (3.4.39)) and from (4.1.9) k > 4N — 5 > 2N — 3.

The two last conditions on ¢ are those needed to control the index and amount
of non-degeneracy of the frequency application ¥ (see (4.1.3)) in terms of the in-
dex and amount of non-degeneracy of ¥ (see (4.1.2)); namely this are inequalities
(4.1.19) and (4.2.10). Since A > 1 (see (4.1.8) with (4.1.9)) the two minima ap-
pearing in this two estimates are less than 1 and this means that we may replace

both of them with
. 1 1 d+p
win{ 557 5

putting a factor 2~ (¢+7+1) in second member of (4.2.10) instead of 4~ *. Thus, both
inequalities hold if

1 1 AR R (L B L AN (2o
€= gampm M { My + My’ K} e {u'—A ()" 5) (4.4.8)

where recall My = supp, |w|, My = sup;_, _,supg, || (With B, = D¢(I) C
R?), iz and 3 are respectively the index and amount of non-degeneracy of ¥ =
(w, Q) with respect to an initially chosen compact set K (see (4.2.5)), A is defined
in (4.1.8) with (4.1.9) and

5 = 5*(W,rg) = ‘det[ag“)\pg(m,...,ag““’)\pg(())] 40 (4.4.9)
(4.4.10)

v=uv(V,rg) := . max ‘j(k)‘

accordingly to definitions (4.1.22), (4.1.23) and (4.1.10), o = I, and propositions
412and4.1.3.
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Chapter 5

The spatial planetary (n + 1)-body
problem

In this chapter we expose the results contained in [F€j04, pages 45-62] about the
non-planarity (definition 2.1.1) of the frequency application of the spatial plane-
tary (n + 1)-body problem Hamiltonian. The cited work in his entirety, is one of
the highest achievement KAM theory applied to celestial mechanics. In fact, in
[Féj04] a complete proof of Arnold’s theorem on planetary motions (contained in
[Arn63Db]) is provided, more than 40 years after Arnold’s statement. In that pa-
per Jacques Féjoz has completed, with the help of other mathematicians in Paris,
Michel Herman’s work whose untimely death in 2001 had interrupted.

With the results we are going to show, we will be able to apply theorem 3.1.1
to the spatial planetary (n + 1)-body problem giving an analogous result, in ana-
Iytic class, to Herman and Féjoz’ theorem formulated in class C* (theorem 63 in
[Féjo4]).

As a remark, we say that the first section is the only one in this chapter where
we do not follow [F€j04]. In fact, for the classical and well-known description of
the Hamiltonian model for the planetary (n + 1)-body problem, we use notations
from [Chi05a]. There, beyond more recent numerical results from the authors, the
reader may also find a precise historic description of how KAM theory and celes-
tial mechanics have interacted through the years, from Kolmogorov’s theorem in
1954 (see appendix A in this thesis) until Féjoz’ 2004 paper. For more detailed
historical remarks about KAM theory and celestial mechanics see also [Chi06].
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5.1 Hamiltonian models for the planetary (n + 1)-
body problem

The movements of » + 1 bodies (point masses) interacting only through gravita-
tional attraction are ruled by Newton’s equations

() — 4@
i =3 m, uo—u —
u\’ = Mj—— — 1=20,...,n (5.1.1)
o<i<n |u(l) — u(J)|
J#t

where u® = (u!" u{? u{) € R? are the cartesian coordinates of the i"-body of
mass m;, (once that the physical space has been identified with the euclidean space
RR? through the choice of an inertial frame), |- | is the standard euclidean norm and
the gravitational constant has been renormalized to one by rescaling the time ¢.
As it can be easily seen, equations (5.1.1) expressing the universal gravitational
attraction law, are invariant under change of inertial frames, that is under change
of variables of the form u(® — u(® — (a + ct) for any chosen a, ¢ € R. Therefore,
taking

1 : 1 :
a:=—> mu0) and c:=—> myu(0)
i=0 i=0

Mot = Mot =

with my := Y- 7m;, We may restrict our attention to the manifold of initial data
given by

> mau?0)=0, > ma?(0)=0. (5.1.2)
=0 =0

Now observe that the total linear momentum M (t) := Y1, mul)(t) is con-
stant along the flow of (5.1.1), since it has vanishing derivative), so that we have
M (t) = 0 along trajectories using (5.1.2). This implies that also the position of
the barycenter B(t) := >, m;u(?(t) is constant and equals 0, again by (5.1.2).
This means that the manifold of initial data given by (5.1.2) is invariant under the
flow newton’s equation (5.1.1).

As it is well know, the integral curves of equations (5.1.1) are the integral
curves of the Hamiltonian vector field generated by the Hamiltonian function

- KU i,
Hyen = Z Ere 0<;<n a0 — 0]

where U® = ;1 is the momentum conjugated to u(¥, (U®, u(?)) are standard
symplectic variables and the phase space considered is the open domain in R6(»+1)
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given by

—{U ) e RS - (i)#u(j)’()gz’;éjgn} (5.1.3)
endowed with the standard symplectic form
S AU A dut = 3" du® A du?. (5.1.4)
] 0<i<n
7j=1,2,3

Notice that considering M as phase space we do not only exclude collisions be-
tween the bodies but also intersection between their orbits. As shown before we
may assume that the motions governed by Hyey lie on the symplectic submanifold

ﬁ&:{@uoeM §:mz —O—}jmz } (5.1.5)

10

which corresponds to equations (5.1.2).

Now, the flow of Hyey ONn M, can be best described in terms of heliocentric
coordinates. Let ®ny : (R,7) — (U, u) be the linear symplectic transformation
given by

u©® = 70 u® =rO 400 vi=1_...n
U®=RO " RO UD=RD Vi=1,...n;

in the new variables (R, r), M, becomes
{R DeR:RY =0, 0 mtoth% ,

O#T( 7é7ﬂ )a V]-SZ#]}a

the restriction on it of the 2-form (5.1.4) is 37, R®) A () and the new Hamilto-
nian function Hyey := Hyew © (I)hel|/(/70 is given by

(RO mem, RORY i
H = —— — _’ _ T ‘
- z; (2—72@1"2; o] ) 1<§<n < Mo |r® — r(])|>
- (5.1.7)

Thus, since R = 0 and r(*) does not appear, the dynamics generated by Hyew
on M, are equivalent to the dynamics on the phase space

M, = {(R,T) — (R(l),...,R("),T(l),...,r(")) c RO -
0£7r 700 V1<isj<n}
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endowed with the standard symplectic form 3" R A r(®; to recover the whole

dynamic on the manifold M, it is sufficient to take R (¢) := 0 for all ¢ and
rO(t) := migd Y1, v (t) (see the definition of @pg in (5.1.6) and the equations
of My in (5.1.5)).

Now, motivated by the planetary case, in which one mass is much bigger than
the others (for instance in our planetary system the biggest i*”-planet/Sun ratio is
103 in the case of Jupiter), we perform a simple rescaling of masses by a positive

small parameter e:

m():mo, m1:%m1(221)
(5.1.8)
X0 .= LRO  50) .= Q)
If we take Hyi (X, z) = %HNeN(eX, x) as new Hamiltonian function, this rescal-
ing clearly leaves unchanged Hamilton’s equations; thus, denoting
maom;

M =

=—— M;:=mg+em;. (5.1.9)
mg + em;

we may write explicitly

n (2
(XO" M
Hye(X, ) :Z< TP

i=1

mim; X@ . x0)
2 <_|1;<i)_m<j>|Jr ™o )

1<i<j<n

whose phase space is
M= {(X,z) = (XD, ... XM 0 2y e R
0420 £20 Vi<i£j< n} (5.1.11)

with respect to the standard symplectic form > | d X A dz®.
When ¢ = 0 the Hamiltonian function Hy; becomes simply the Keplerian

Hamiltonian ,
— (X9 M,
Fxep := — : 5.1.12
Kep Z ( 211 |x(1)| ( )

i=1
that is the Hamiltonian of n disjoint 2-body problems; we shall call the first order
of Hy; in € the perturbative function denoted by

M X@ . x0G)
Fwi= > (— ML B— ) (5.1.13)

1<i<j<n ) — 20| Mo

and decomposed in the sum of a principal Hamiltonian

m;m;
Frie == »_ “71 (5.1.14)



and a complementary Hamiltonian

X@ . xG)
Fompi= Y ——. (5.1.15)

— my
1<i<j<n

Now we introduce Poincaré variables denoted by
(ANAE DD, q) €T x (0,00)" xR x R* x R* x R”.

If we define the elliptic elements of the j — th orbit by

e [; is the average anomaly,

e g, is the argument of the perihelion,

e 0§, is the longitude of the node,

e a; is the semi major axis,

e ¢, is the eccentricity,

e i; is the inclination,

e ), isthe average longitude,

e C is the vector of the kinetic momentum,

e A; is the circular momentum,

e and g; + 0; is the longitude of the perihelion,

then the Poincaré variables are related to them by the following formulas:
f )\j ::lj+gj+9j

A]' = /Lj Mj(lj

rj =& ting = /Ay [1— /1 = et
| 2 =y + gy = /Gy T cos e
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In the limit we are interested in, i.e., small eccentricities and inclinations (¢ ;,7; —
0), it results

|Tj| = \/Aj/QEj (1+O(€§)) and |Z]| = \/Aj/2 (1+O(€§)+O(Z§)) .
(5.1.17)
In [Poi07, chap. I11] the following theorem is stated and proved:

Theorem 5.1.1 (Poincare). Poincaré coordinates are analytic and symplectic,
with respect to the standard form -, _ . dA; A dA; +d&; Adn; + dp; A dg;, ina
neighborhood, diffeomorphic to T x R, of the union of Keplerian circular direct
and coplanar orbits. Moreover, they are angle-action variables for the Keplerian
Hamiltonian (5.1.12) that assumes the form

Fiep = Z

1<j<n

3 2
_Nij

2
212

(5.1.18)

(we still denote Fke, the new Hamiltonian function).

We define the average movements by

y o Ve _ M} /M, (5.1.19)
A TV L

Slolw

a

having used the equation for A; in (5.1.16), where this expression implies the
Kepler’s third law: the square of the revolution period of a planet is directly pro-
portional to the cube of its semi major axis.

We are now ready to state Arnold’s theorem contained in [Arn63b], which
initially turned out to be true only in the case of the spatial three body problem
until Herman and Féjoz’ proof in [Féj04].

Theorem 5.1.2 (Arnold’s theorem on planetary motions (real-analytic case)).
For all values of masses mg, m1, ..., m, and semi major axes a; > a, > --- >
a, > 0, there exists a real number ¢, > 0 such that, for all 0 < ¢ < ¢, the flow
of the Hamiltonian function Hy; in (5.1.10) possesses a strictly positive measure
set of phase space points, in a neighborhood of circular and coplanar Keplerian
tori with semi major axes (ay, as, . . ., a,), leading to quasi-periodic motions with
3n — 1 frequencies. Furthermore, such quasi-periodic motions lay on (3n — 1)-
dimensional real-analytic Lagrangian tori.
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5.2 The secular Hamiltonian and its elliptic singu-

larity
To prove Arnold’s theorem our aim is to apply theorem 3.1.1 with H, = Hpy,
1
fo = (Fper) := W /aner dM,...dN\, (5.2.1)

and f; = Fpe — (Fper) (with refer to the first part of section 3.1). The aver-
aged Hamiltonian (Fpe) is well defined on the “collisionless” manifold M (see
(5.1.11)) and, unless to rearrange the planets, we may assume that the semi major
axes belong to the open subset of R”

A:={(a1,a9,...,a,) ER" : 0< a, < ay_1 <---<ay}. (5.2.2)

Since A and A are standard symplectic conjugate variables, the Hamiltonian func-
tion (Fper) possesses the n first integrals Ay, A, ..., A, (that is Laplace’s first the-
orem of stability). Thus, we may consider (Foe) parametrized by (A1, Ag, ..., A,,)
and defined on the space (diffeomorphic to R*"*) of Keplerian tori with fixed semi
major axes and coordinates (£, n, p, ¢). We still denote this Hamiltonian function
by (Fper) and call it the secular Hamiltonian of the first order of the planetary
system and A is called the secular space. This system describes (at the first order
in €) the slow variations along the centuries of Keplerian ellipses which change
their shapes under perturbations due to the other planets.

Lemma 5.2.1. Each term of Feonp in (5.1.15) has vanishing average along Kep-
lerian tori, i.e.,

XU X®dx, . d, =0 (5.2.3)
’]l‘n
for every 1 < j < k < n. This implies in particular, that Fismp does not give any
contribution to the secular Hamiltonian: (Fpe) = (Fprinc)-

Proof By (5.1.18) and Hamilton’s equations we obtain

| OF(h) _ mM
7T A, A3

and A = 0 = € = i) = p = ¢, while from (5.1.12) it results

X 0) o
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Thus, considering XYW (\;, A}, &5, m5,p4,¢;) and U (N, Ay, &, mi, pjs q;), from
the chain rule we get
92l . 1012 94l)
:Nj_x Aj = & 3] i
o; AT N

X0 = ;60 (5.2.4)

and since z¥) does not depend on ), (j # k), we obtain the statement with the
help of Fubini’s theorem

The Hamiltonian (Fper) = (Fprinc) IS an even function of secular coordinates
(ryz) = (r1,...,7n, 21,,2n). AS a consequence the origin of the secular system is
a critic point for the secular Hamiltonian (F,s) corresponding to direct, circular
and coplanar movements. The following lemma explains this fact from the point
of view of the dynamics generated by the secular Hamiltonian:

Lemma5.2.2. The Keplerian torus having vanishing eccentricity and inclination,
le,ri=---=r, =2 =...2, = 0 (see formulas (5.1.17)), is a fixed point for
the flow of the secular Hamiltonian function (Fje).

In view of this result we are going to study Birkhoff’s normal form of (Fpe)
in (r, z) = 0 at the first order (the first Birkhoff invariants), i.e., the quadratic part
of (Fue) in Poincaré coordinates r; and z; for j = 1,...,n. For this reason we
introduce a key aspect of the planetary many-body problem that is the coefficients
of Laplace:

Definition 5.2.1. The coefficients of Laplace bgk)(oz) are Fourier’s coefficients of
the function

1 - ;
(1+a?—2acosd)’ Z b (@)™ (6:2.5)

fora €[0,1),9 € Rand s > 0.

Lagrange and Laplace proved that the quadratic part of the secular Hamilto-
nian can be written in a remarkable form through the coefficients b%") () where «
is a function of the semi major axes. The calculations are quite long and difficult
and we refer to [Rob95] for a complete and detailed proof of the results provided
next.

Lemma 5.2.3. Let m := (mq,...,my), a := (a1,...,a,), & = (&1,---, &)
n= "0, M) p= (P1,--.,pn) @and ¢ = (qi, - - ., q,). There exist two bilinear
and symmetric forms D, = Dj(m,a) and D, = D,(m,a) defined on the tan-
gent space in the origin of the secular space, called respectively horizontal and
vertical, depending analytically on the masses and the semi major axes, such that

(Fpar)(€,1,0,9) = Co(m,a) + Dy, - (€2 +n?) + D, - (p* + ¢°) + 0(4)
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where

& .
D& = 3, mym (Cl(aj,ak) (A_ i’;>+202(aj,ak) gjilj\)

1<j<k<n
2
) (5.2.6)

DU . p2 — Z m]mk01 a], Qg (\/T

1<j<k<n
with
m;m

Co(m,a) = — > —=b0 (ar/ay)
1<j<k<n G072
a

Cr(ajan) = =55 b (ax/ay)

J

a

C’g(aj,ak) = 2—0126(%2) (ak/aj). (527)
J

From now on we will identify the two bilinear forms D, and D, with the
matrices representing them with respect to the canonic bases (d¢y, . .., d&,) and
(dp,...,0py,). Let the masses and the semi major axes be fixed, then there exist
two matrices py, and p, in SO(n) that put respectively D, and D, into diagonal
form, that is

piDwon= Y o0& and  pDupn= Y G} (52.8)

1<j<n 1<j<n
foroy,...,o,and ¢, ..., g, inR. The application

p:(&np.q) — (pn =& pn 0. py D, Py Q)

is symplectic and it results

(F)op=Co(m,a)+ > o;(&+n)+ > G +4])+0)

1<j<n 1<j<n

Definition 5.2.2. Let A be the open set defined in (5.2.2), v; the average move-
ments in (5.1.19), o; and g; the eigenvalues of the matrices D, and D, respec-
tively, we will denote with o the multivalued application

a:a€Ar—{0o1,...,00,, - Sn, Vi, Vn} CR?

and call it the ““frequency application™.
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In the following pages we will prove the following facts

1. for all values of masses and in a simply connected neighborhood of almost
every value of the semi major axes, there exists an analytic determination of
the frequency application that we will denote by

a:a€Ar— (01, .., 00,Sl e Sus Vi ns Uy) CR™ (5.2.9)

2. this newly defined application does not meet the non-degeneracy hypothesis
in theorem 3.1.1

3. it is not even possible to obtain the non-degeneracy condition considering
an auxiliary Hamiltonian function.

We observe that the development of the secular Hamiltonian with respect to
the ratio of the semi major axes of the different orbits, will be a key passage. Then,
the analycity will permit the generalization of results obtained only for small ratios
of semi major axes.

We first recall some well known facts about the ellipse: let u; and v; be respec-
tively the eccentric and the true anomaly of the ellipse described by the motion of
the j-planet, ; be the eccentricity of this ellipse, a; its semi major axis and denote
with r; := |z;| the distance between the j-th planet and the “Sun” (one of the foci
of the ellipse). Then the following equalities hold

[ r; = a;(1+¢5cos0;) (1 — )

r; = CL]'(]_ — & COSUj)
3
d\; = (1+¢;cosv;) " (1 — £%)2dv;

definition of v;)
definition of u;)

Kepler’s second law)

A~ N N N

Y @ = (1—¢;cosuy) Kepler’s equation) (5.2.10)
rjcosv; = aj(cosu; — ¢;)
7 sinv = Gstin u;
\
where ,
Aj(v;) = ———— meas ,& (v;) (5.2.11)
a? 1— 6?

with &(v;) representing the following region of the ellipse

E(vy) = {z =x(r},v]) : 0< 7l <r(vy), 0 <vf <wj} .

We now state a lemma concerning the development of the secular Hamiltonian
for small ratios of the semi major axes:
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Lemma 5.2.4. When the ratio a;/a; tends to 0 we obtain following formulas

2 4
_ m;my 1w ar
Co(m,a) = Z o <1+4<aj> +O<aj>)
1<j<k<n

1 3 Qe 2 Qg 4
J J J

1 ag 3
C’Q(aj,ak) = —O(—) .

aj \aj
(compare with definitions in (5.2.7))
A complete proof of this result can be found in [Las91].

5.3 Verification of Arnold-Pyartli condition

We start this section proving some technical results that we will later apply to the
matrices of the bilinear symmetric forms D,, and D, (defined in (5.2.6)) and their
eigenvalues.

Lemma 5.3.1. Let §y,...6, € R, D = diag (1,...d,) and A an n x n matrix;
then, if o is an eigenvalue of the matrix D + A it results

min |o —d;| < [[A]
1<j<n

where || A|| := max|,),— |Az].
Proof If o =, forsome j = 1,..., n then the statement is trivially verified.

Assume o # 0, forevery j = 1,...,n, then D + A — oI, is not invertible and
this implies

_ _ 1
L= (D= oL) 74| < [|(D = L) ™! Al = max 4]
=)= J
which proves the lemma

The following lemma shows that the preceding estimate can be improved if
the eigenvalues of D are distinct and the terms on the diagonal of A are zero.

Lemma 53.2. Let §; < &y < -+ < 0, € R, D = diag(dy,...0,), 0 :=
min<jzx<p |0; — 0| and A € matg(n) with diag A = (Ay1,..., Apn) = 0.
Then, if e is sufficiently small, the eigenvalues 67 < d,--- < ¢, of the matrix
D + €A satisfy

, 3 D
5 -1 < 2age (1120) e 5.3
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Proof Consider the matrix M = ¢ V(D + e¢A)eV = D + 0(¢?) for some
n x n matrix U. Developing M in power series of ¢, one finds that there exists a
unique matrix U € matg(n) with null diagonal such that

e V(D +eA)eV =D+ 0(*) = D+ O(e?); (5.3.2)

U is the solution of A = UD — DU (i.e., u;; = 5-aij5- for i # j) and verifies
] 7

|U|| < ||A]l/o. Developing e=<V up to the second order it results
e eU(D+eA)eV = D+ A, + O(€)

where .
Aﬂ:§WD+DW%HWFUA—UMI

Therefore we may apply the preceding lemma with D as diagonal matrix and
€2 Ay + O(¢€?®) instead of A obtaining

85 =0l < llfAL+0(E) < 1+ 0D Al < @IUIPIIDI +

+ 2o+ o) < 2l (1+ 120) ea o)

which proves the statement for sufficiently small €

Proposition 5.3.1. Letd1,ds,...,0,—1 € R, 6, = 0 and o := miny<z<n |6,
—0k] # 0; let Dbea(n—1) x (n— 1) symmetric matrix with eigenvalues
01, ...0, 1, cOnsider the symmetric matrix D given by

D (O)nxl
D =
©1><n 0

where Qy,,, represent a null matrix £ x m. Moreover let A, be an n xn symmetric
matrix whose last coefficients is in the form

(Ae),,, =c1+ co€?

with ¢;, ¢ € Rand 0 < 8 < 2. Then, when ¢ tends to zero, the matrix D + e A,
possesses an eigenvalue in the form

on(€) = e(c1 + caé?) + O(?) . (5.3.3)

Furthermore, if D is diagonal, then D + €A, is conjugated to a diagonal matrix
through a matrix p € SO, (R) verifying p = I, + O(e).
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Proof Let p € SO,,_;(R) such that
ﬁtbﬁ = dlag (617 teey 5n—1)

we define p € SO, (R) by
ﬁ (O)nxl
p = .
®1><n 1

Now observe that p'(D + eA.)p possesses the same eigenvalues of D + €A,
(they have the same characteristic polynomial) and p’(D + e diag A.)p possesses
€(A.),,, = €(c1 + c2e”) has last eigenvalues. Thus, for sufficiently small ¢, we
may apply lemma 5.3.2 together with the identity

p'(D +eAd)p = p'(D + ediag Ac)p + ep' (A — diag A.)p

obtaining, by inequality (5.3.1), that D + e A, possesses an eigenvalue o,,(¢€) veri-
fying
|on(€) — €(c1 + )| < O (5.3.4)

5.3.1 Arnold-Pyartli condition in the plane

We now provide some preliminary results we will use to prove that the bilinear
form Dy, in (5.2.6) is definite negative

Lemma 5.3.3. Let bgj)(a) be Laplace’s coefficients defined in (5.2.5); then, for
anya € (0,1),s € Ry ~Nand j € Nwe have

b9 (@) > bt (a) (5.3.5)
Proof We proceed by recurrence on s. Let s € (0, 1), denote
, (s+j5—1)!

in [Poi07] the following development of Laplace’s coefficients is given

4 o j 1 j i+ 1
(0 = S0 (14250 o S FDEEN6 I 0 Y,
4! 117+1 2! G+ +2)

from this formula we get

b () — pUHD (o) = 44 [(1 _5 > +

. -
+§S+]a2<1—%a>+...]>o. (5.3.6)




Furthermore the two following relation (to be found always in [Poi07]) hold

s+l s(1—a?) °° s (1—a2)?"’
ity — _IHL (Y ey T ES )
s j—s+2 al ® j—s+2°

so that we may infer

W)y _ % Gt b 6t
s e s(1+ )’ (14 a)?

this last equality shows that (5.3.6) holds for every s € R, ~ N as stated
Lemma 5.3.4 (Hadamard). Let ) be the matrix of a bilinear symmetric form

in R?, whose coefficients (¢;;) satisfy the following proprieties: ¢;; < 0 for all
1<j<m,q>0forall1 <j# k <nandthe quantity

(Sq]' = —ij — Zq]'l >0
1]

(that is @ is a matrix with strictly dominant diagonal). Then the bilinear form
associated to the matrix @ is negative.

Proof Letwv = (vq,...,v,) avector in R”, by the hypotheses made it results
U QU Z qjkVjVk = Z (5% j Z%k < 0 o
7.k=1 <k

We are now ready to state
Proposition 5.3.2. The bilinear form D,, in (5.2.6) is definite negative

Proof Define A := diag(v/A4,...,v/A,) and consider the matrix D), =
A'"D,A. Let gji, for j, &k = 1, < n the coefficients of D, from the first equation
in (5.2.6) and the definitions in (5.2.7) we get

G o= =) mﬂm’“z 20 Jai/a) = 3 iy _2(% (ax/a;)
1<k<j J<k<n “
Qjk = mkmkﬁbg (ak/aj), if j<k
CL] 2
a; e
Ge = mymys50 (aj/ar), if j> k.

2a3 3
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Thus, g;; < 0foreveryj =1,...,n,while g, > 0foreveryl < j # k < n; now
denoting dq; = qﬂ > i<kzj<n 4jk: DY the preceding formulas and inequality
(6.35)withs =2, j=1and a = Z’? “J it results d¢g; > 0. Therefore D, isa
matrix with strlctly dominant dlagonal from which we infer (using lemma 5.3.4)
that D), negative. To conclude we need to prove that D, is definite. Letv € R" any
vector such that D, -v = O and let j € {1,...,n} such that |v;| = max;_; __, |vg].
Observe that we may suppose v; > 0, eventually considering —v instead of v; then
the j-th component of the vector D, - v is given by

0 = gj;v; + Z qikvr < (qﬂ + Z q]k> vj = —0q,v; (5.3.7)
k#j k#j

which yields a contradiction to v; > 0 in view of d¢; > 0. Therefore v; = 0

which proves v = 0. As a consequence D,, is definite negative and so is Dy, o

Now let mg, mq, ..., m, be fixed and consider the open set A in (5.2.2); we
need to prove that the subset of .A where the horizontal form D,, does not possess
double eigenvalues is connected, and for this purpose we are going to complexify
the application a € A — Dy (m, a).

Lemma5.3.5. Laplace’s coefficient b (av) can be extended to meromorphic func-
tion on Riemann’s sphere possessing the only four poles 0, +1 and oco.

Proof This lemma runs as a consequence of the differential equation satisfied

by Laplace’s coefficients that can be found in [Poi07, page 252]:
42 o dbP
T + (a— (4s+ 1)« ) .

From this lemma we obtain that Laplace’s coefficients b can be holomor-
phically extended for on the complex set {ox € C : |a| < 1, Re a > 0}. Then,
from formulas (5.2.6) and (5.2.7) we get that the quadratic form D,, can be holo-
morphically extended on the following connected subset of .A:

A:={(ar,....a,) € (C~A{0})" : |ax/a;] <1, Re (ax/a;) >0, Vj<k}.
(5.3.8)

Proposition 5.3.3 (Arnold-Pyartli condition in the plane). For all n > 2 there
exists an open set of U C A (defined in (5.2.2)) with full Lebesgue measure
on which the matrix D,, verifies the following property: for any open and sim-
ply connected set V' C U, the eigenvalues of D, define n holomorphic function
o1,...,0, : V. — C such that the frequency application of the planetary system

(1 — a?) — (45*a? + K*(1 - a?) bH) =0 ¢

S

a€Vi— (01,...,00,V1,..., V), (5.3.9)

where the average movements v; are defined in (5.1.19), is non-planar on V.
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Proof We proceed by induction on the number of planets. For n = 2 the first
formula in (5.2.6) gives

Ci(ay, a2)A1_1 Cy(ay, az)(A1Ay) 2
Dh(m, a) = miMms ;

Cy(ay, ag)(A1Ag)~ Ci(ay, az)AEI

N

thus, for a; = O(1) and a; — 0, equations (5.2.12), together with A, = O(,/a3)
from (5.1.16), yield

_ 3/4
3 a3/2 [ Vaz ! 0 as aQ/ -|
Dy(m,a) = EUCUC e + )
S ACIVTe ay/t Ja J

If we write this last expression as follows

3032 [ [ VEAT +0(a) 0 0 a
—mlmz——3 +
8 aj 0 \/@Agl 4 O(\/@) ag/4 0

we are in a position to apply lemma 5.3.2 where the role of A is played by the
second matrix in the sum, (symmetric with all zeros on its diagonal), while the
first matrix obviously possesses distinct eigenvalues. Thus, if a, is sufficiently
small, we obtain that also D;, possesses distinct eigenvalues in the form

3 a?
o1 = —m1m2§?il(1+0(\/a2))
3 ai
g9 = —m1m2§3—(1+0(\/a2)). (5310)

In particular the discriminant of the characteristic polynomial of D}, is not a con-
stant function as holomorphic function on A (defined in (5.3.8)). This implies that
the subset of A where D;, possesses a double eigenvalue has strictly positive codi-
mension (in the complex plane). Denote with A’ its complementary in A. Then, A’
Is connected and contains, in view of what we have proved before with a, — 0
and a; = O(1), a subset having the form {(a1,as) € (R.)* : 0 < ay/a; < €}
for some 0 < € < 1. The eigenvalues of D,, define two holomorphic functions
01,09 : Al — C where A/ denotes the universal recovering of A’.
Now we consider the frequency application

a:a€ A — (v,1m,0,00) ER
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where v; is defined in (5.1.19). Suppose that there exists an open subset 1 of A,
where the frequencies satisfy a linear relation

C1V| + ColVy + C301 + €409 = 0

for some ¢; € R. Since A/ is connected, the principle of analytic continuation
states that this linear relation is satisfied on the whole A’ . Now, from the definition
of v; in (5.1.19) and the form of ¢; in (5.3.10), if a, tends to zero, we see that
¢ = ¢ = ¢3 = ¢4 = 0. This means that the frequency application o does not
satisfy any linear relation on any open set V' C A!; therefore, from lemma 2.1.1
(negation of the second part) we obtain that the holomorphic function

[ do d*a d?’a]

det |«

) ) 929 3
day " das” da;

is not constantly vanishing on any open set contained A’ . This implies the ex-
istence of a dense and full Lebesgue measure set U C A, where the frequency
application defined almost every and mapping continuously a € U in o € R* is
non-planar in the sense of definition 2.1.1.

Now consider n > 3 and suppose that the statement is verified up to order
n — 1. Consider the case ay, . ..,a,_1 = O(1) and a,, —> 0; using the formulas
in (5.2.12) and denoting D, the matrix of the horizontal form at the order n — 1,
we have

Dy + O(a))?) O(a))?)
Dy =
O(aiﬂ) bon

for some b,,, € R. Applying proposition 5.3.1 we obtain that D, possesses an
eigenvalue o,, # 0 that tends to zero with a,, while the other eigenvalues are in the
form o; = 6,4+0(aj/*) where 6; denote the eigenvalue of D, for j = 1,...,n—1.
Proceeding analogously to what done before in the case n = 2, we will obtain that
the eigenvalues o4, . . ., o, are distinct on an open and dense subset U of A with
full Lebesgue measure; moreover o4, . . ., s,, together with the average movements
v, ..., v, define a frequency application that is non-planar on every open set V'
contained in U ¢

5.3.2 Arnold-Pyartli condition in the space

We now show that the frequency application in (5.2.9) satisfies only two linear
relations. Before stating this result we need a bit of preparation.

Lemma 5.3.6. The bilinear form D,, is positive.
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Proof It is a direct consequence of formula (5.2.6) together with (5.2.7)

Lemma 5.3.7. The bilinear form D, possesses a null eigenvalue we will denote
Sn = 0

Proof As it can be easily seen by the formula in (5.2.6), the vector v =
(v/A1, ..., v/A,) belongs to the Kernel of D,, indeed

ATY O (AA) Y VA,
Dy-v = Z —m;miCi(a;, a) . =0ng
i<k (AA)TY2 AT VAL

J

Lemma 5.3.8 (Herman). The trace of the matrix D;, + D, is null.

Proof This property can be immediately verified through the formulas for
Dy, and D, in (5.2.6). Curiously this fact has not been remarked in its generality
before Herman

Proposition 5.3.4. For all n > 2 there exists an open and dense set with full
Lebesgue measure U C A where the eigenvalues of D, and D, are distinct two
by two and satisfy the following property: for any open and simply connected
set V' C U, the eigenvalues of D, and D, define 2n holomorphic functions

O1yevvyOnyG1y...,6n ¢ V. — C which together with the average movements
v, ..., Uy, satisfy this linear relations only:
 (oj+¢)=0 and ¢ =0. (5.3.11)
j=1

Proof We start with the case n = 2 observing that the sum of the eigenvalues
of a 2 x 2 matrix A = (a;;) is given by its trace a;; + ag. This fact, together
with lemmata 5.3.8 and 5.3.7 shows that both relations in (5.3.11) are satisfied.
Besides, from proposition 5.3.3 we may infer that this are the only linear relations
satisfied by o1, 09, <1, 2, V1, 5 (@n any open set V' contained in an open and dense
subset U C A with full measure), since o1, 09, 1, v, do not verify any linear
relation, ¢; = 0 and ¢; equals the trace of D,. Now let n > 3 and suppose that
the statement is verified up to order n — 1; as done in the induction in proposition
5.3.3 we consider the semi major axis a,, tending to 0 and denote D,, the matrix of
the form D, at the order n — 1; thus, with the application of proposition 5.3.1 we
obtain what stated

If we consider the submanifold of the phase space obtained by choosing the
total angular momentum to be vertical, we lose the frequency ¢, related to the
invariance under rotation. Arnold in [Arn63b] infers that the frequency application
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(01,+-,0n,61,---,5a—1), cOnsidered as local function on the phase space with
values in R*~! is a submersion; the preceding proposition shows that this is not
true, since this frequency application verifies a linear relation and is therefore
contained in a linear subspace of R3"~! with codimension 1.

As proposition 5.3.4 shows we are not in a position to apply theorem directly
3.1.1 since the frequency application is degenerate in the sense of definition 2.1.2.
Denote now C' = (C,, C,;, C,) € R? the total angular momentum of the planetary
system; in [Poi07] it is shown how the components of C' can be expressed in
Poincare variables (see (5.2.10)) as follows

. 1
Cx +ZCy = Z Zj\/2Aj — |7“j|2 — §|Zj|2

1<j<n

C.= ) [Aj—§(|rj|2+|zj|2)] - (5:3.12)

1<j<n

To avoid the degeneracy of the frequency application shown before, Arnold, in the
case of the three-body problem, choses to consider the symplectic submanifold
with vertical total angular momentum. On the other hand, Herman seems to add a
linear combination of C? , C7 and C? to avoid the null trace relation (first equation
in (5.3.11)). Féjoz, in the paper we are reviewing, choses an intermediate strategy
which consists in considering first a spinning reference and then fixing vertically
the total angular momentum (C, = C, = 0).
Consider the Hamiltonian function

Hy := Hy, — 6C, (5.3.13)

where ¢ is a real parameter and Hy; is defined in (5.1.10). H; is the Hamiltonian
function of the planetary problem in a reference spinning with speed § with respect
to the initial Galilean reference. The origin of the secular space is an elliptic critic
point for C, (as it is for Hy:) whose quadratic part in this point is

1
Do=—5 > (Inl +1z0) (5.3.14)
1<j<n

as it can be easily seen by (5.3.12). Denoting by D the quadratic part of (Fpe), we
have that the quadratic part of H; is given by

Ds =D — 6De . (5.3.15)

Similarly to the quadratic part of (Fpe ), Ds possesses 4n eigenvalues with double
multiplicity, corresponding to 2n frequencies that form an “extended frequency
application” (4, a) — «(4, a) extending « in (5.2.9) for every ¢ # 0.
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Lemma 5.3.9. The image of the extended frequency application a(d, a) satisfies
the only linear relation

Proof The expression of D¢ in (5.3.14) is equivalent to (D¢),; = —30;
(where ¢,; are the classical Kronecker symbols); this implies that the trace of D¢
equals —2n, which together with proposition 5.3.4 proves the lemma

Now denote by M the symplectic submanifold of the secular space de-
scribed by the equations C, = 0 and C, = 0, locally diffeomorphic to R*"~2.

Let (H5> be the restriction to M of the averaged Hamiltonian (Hj) and Ds =

%D2<H(5>(0, 0) its quadratic part in (r, z) = (0,0). The bilinear form Dj define
4n — 2 eigenvalues which corresponds to 2n — 1 frequencies described by the
following lemma:

Lemma 5.3.10. For all n > 2 the eigenvalues of D; define 2n — 1 frequencies
given by o1,...,0,,¢1,--.,%,_1, With the same notation of proposition 5.3.4. In
particular they do not locally satisfy any linear relation.

Proof In view of proposition 5.3.4 and lemma 5.3.7, the eigenspace associ-
ated to the eigenvalue o,, = 0 is generated by the values of the Hamiltonian vector
fields C,, and C), in the origin (r, z) = (0, 0) of the secular space, i.e.,

Z\/_ and  C,( Z\/_a

0
1<j<n 4 1<j<n Pj

Moreover, the tangent space in the origin of symplectic submanifold M ¢ is de-
scribed by the equation

D(C, +iC,) = Y V2A0z (5.3.17)

1<j<n

and is therefore orthogonal to the eigenspace associated to the null eigenvalue of
the form D. Thus, the eigenvalues of D; coincide with the eigenvalues of D except
Zero

From this last result, the facts that Hy; is real-analytic and the space of param-
eters is connected we can infer

Proposition 5.3.5. For all n > 2 there exists an open and dense set U € A x R
with full Lebesgue measure such that the 2n — 1 frequencies associated to the
eigenvalues of D;, regarded as function of « € A and § € R, are all distinct
and satisfy the following property: for every open and simply connected V' C U
this frequencies define 2n — 1 holomorphic functions o1, ...,0,,¢1,...,6, 1 :
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V' — C which, together with the average movements v, ..., v,, do not satisfy
any linear relation. In particular the frequency application

G:(NS)€R)"XR — (01,..., 00, V1senyVnySlsen s Spat) € R¥T!
(5.3.18)
is non-degenerate in the sense of RiUmann on an open and dense subset of A x R
having full Lebesgue measure.

5.4 Proof of Arnold’s theorem

Now we fix the masses m = (my, . .., m,), the semi major axes a = (aq, . .., a,)
and the parameter § so that the frequency application of the planetary (n-+1)-body
problem defined in (5.3.18), regarded as function of A € (R, )" and depending
on parameters a, m € R" and § € R, is non-degenerate (it is sufficient to avoid a
closed set in A xR having null Lebesgue measure). We aim to apply theorem 3.1.1
to Hy, in particular with h = Fyep, f = Fper, fo = (Fper) and fi = Fper — (Fper),
under the notations of section 3.1. We first need two preliminary results. This
first lemma is an extension of theorem 3.1.1 in the case H depends on additional
parameters.

Lemma 5.4.1. Suppose that the Hamiltonian function H described at the begin-
ning of section 3.1 depends on an additional parameter § € R and assume that
the frequency application

(1,0) € BXxR — (w(I;8),2(I;6),...,9(I;0)) € R? x R

Is non-degenerate in the sense of RiBmann. Then, if € is sufficiently small, there
exists a subset A C R with strictly positive Lebesgue measure such that for every
fixed o € A the set of phase space points leading to quasi-periodic motions, laying
on analytic Lagrangian KAM tori, has strictly positive Lebesgue measure.

Proof Under the hypothesis of non-degeneracy formulated here, theorem
3.1.1 assures the existence of a strictly positive Lebesgue measure set B x .J C
R4+P x R giving rise to quasi-periodic motions laying on analytic Lagrangian tori.
Therefore, by Fubini’s theorem, there exists a subset A C .J, with strictly positive
Lebesgue measure, such that for any § € A the measure of the points in B leading
to quasi-periodic motions is strictly positive. o

Lemma 5.4.2. Since the two Hamiltonian function Hy and H; commute (because
C, is an integral for the system described by H ), a Lagrangian ergodic invariant
torus for the flow of H; is automatically invariant for the flow of Hy;
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Proof Let T be an Hs-invariant ergodic torus and denote @, and W, the flows
of Hy: and H; respectively. Let ¢ > 0 be a sufficiently small fixed time and con-
sider T := ®,(T). Since T is a Lagrangian (maximal) torus and @, is symplectic,
then T is Lagrangian too. Moreover, since the flows ®; and ¥; commute, Tis v, -
invariant. A classical argument of Lagrangian intersections shows that TN'T # (.
Finally, since 0| is ergodic it results T = T which implies that T is invariant for
the flow of Hyi o

Let M.t the symplectic submanifold of the phase space of Hy; corresponding
to vertical total angular momentum. From proposition 5.3.5 and lemma 5.4.1 the
Hamiltonian function H; (see (5.3.13)) possesses a strictly positive set of points
in Mgt leading to quasi-periodic motions with 3n — 1 frequencies. By lemma
5.4.2 we obtain that H; (see (5.1.10)) possesses the same positive measure subset
of points in M, belonging to quasi-periodic motions laying on real-analytic
maximal invariant tori with 3n — 1 frequencies.
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Appendix A

Proof of Kolmogorov’s 1954 theorem
on persistence of quasi-periodic
motions

A.1l Introduction

In 1954 A.N. Kolmogorov showed evidence of the following theorem:

Theorem A.1.1 (Kolmogorov). Let H be an Hamiltonian in the form H(y, z) =
E+w-y+Q(y,x) + eP(y,z) where Q and P are real-analytic functions over
B4 x T (here B is an euclidean ball in R?) with 95Q(0,z) = 0 for || < 1,
weR, EeR
Assume that p
X

det(@,, (0,-)) = det /T Qu(0.2) g 79
then for almost all w € R? there exists ¢, such that for all |¢| < ¢, there exists
®, symplectic diffeomorphism which maps H into the Hamiltonian N, = E, +
w-y' + Qc(y',2'), with 95,Q.(0,2") = 0 for [a| < 1 and where we have denoted
(2,y) = @y, 7).
Besides we have that |E. — E|, ||Qc — Q||c: and ||®. — id||c1 are all O(e).

Our aim is to give a proof of this theorem following the original ideas gave by
Kolmogorov itself and focusing our attention on the estimate, in terms of some
constants depending on different parameters, of the size of ¢,. We are interested
in particular in the dependence of ¢, from the diophantine constant + because
it is strictly related to the dimension of invariant tori in the phase space for the
perturbed Hamiltonian H (we will discuss this matter in appendix B). For an
elegant and extremely authoritative proof performed adopting a slightly different
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scheme refer to [Arn63a]; our proof is instead inspired by the original scheme
suggested by Kolmogorov and is based on [Chi05b].

In order to explain how we are going to proceed, we want now to give an
equivalent, but in some way more “quantitative” version of Kolmogorov’s theo-
rem. Let Q € C? we define the following sets:

Q, = U{xE(Cd:|x—x0|<r},
To€ES
T¢ = {zeC’:|Imaj|<o, Rea; €T Vj=1...d},
DﬁT = {wGRd:|w-n|>ﬁ,Vn€Z};
) nT

we shall refer to an element w € D;lﬁ as a Diophantine ~, 7 vector. Let f : 2 — R
be a real-analytic function on an open set 2 C R¢ with analytic complex extension
on
Q, = U{xG(Cd D — x| <1}
ToEN
we put
|l = sup | /];
Q

if f: T? — R is real-analytic with complex extension on T¢ we define

|f|0 = sup |f|1
Td

if f: QxT¢ — Ris real-analytic with complex extension on the cartesian product
Q, x T2 we naturally put

|f|r,0 = sup |f].
Q, xTd
The same definitions can be obviously given if f is a function whose analytic
extension assumes values in C" or matc(n x n) , where in this case | - | is some
appropriate norm in the space considered. The theorem we are going to prove is
the following:

Theorem A.1.2. Let H(y,z) = E+w-y+ Q(y, z) + ¢P(y, x) be a real-analytic
Hamiltonian over B¢ x T with analytic extension for P and ) on the complex
domain BY x T¢, for some » > 0and 0 < ¢ < 1 and w € DJ_ . Suppose
Q(0,z) = 0,Q(0,z) = 0 and

det(Q,,(0,-)) # 0 .
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Let oo < 0,75 < r take

Ho= |P|r,a

1
M = max {;|Q|r,o‘7 |Qy|1",(77 T|ny|r,g}

1 1
A= max{—, }
O 0 — O

and define

r = max{]\/[fyfl, 1}
'y = max{M§S, 1}
s = max{ZS, 1}
r, = max{]\/[*l, 5’}

there exist a positive constant ¢(7, d) > 1 such that if
eCDp <1

where
C = e\~ '3y

and D = 212(7+4)+30 then there exists a symplectic diffeomorphism
®:(y,2") € BY. xT¢ — (y,2) € B x T¢
which puts the Hamiltonian H into Kolmogorov’s normal form
Ny, 2'5¢) = E'(e) +w-y' + Q'(¢',2';¢) = H o ;

we also have that |E' — E| , ||Q' — Qllo;x < eCDuMr and ||® — id|l. <
eCDupur.
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A.1.1 Some useful estimates

We now define H(€2,), H(T¢), H (), x T%) as the spaces of real-analytic functions
having holomorphic extension on the prescribed domain and finite norm (respec-
tively | f],, | flo or | f]r.c < o0). We now state the following lemma:

Lemma A.1.1 (Cauchy’s estimate). Let f € H(2,), Vp € Nland V0 <
p < r we have:

|
2 f ()], < (T_pwmr

Proof The proof of this lemma can be easily obtained by Cauchy’s integral
formula for analytic functions

Observe that Lemma A.1.1 can be immediately generalized to f € H(T<) or
H(Q, x T).

We now define , for w € DY _, the operator

d
Yjw ::j£:<ui8$,
i=1

Suppose to have a function f € #H(T¢), we are interested in solving the equation
Dou=f. (A.1.1)

First recall that f (y, z) € C(BP(j)xR?, R™), 2r-periodic in the second variables,
is analytic if and only if there exist positive numbers M, r and & such that its
Fourier’s coefficients fj,,, satisfy

| femllye < My~ Fhemlnie, (A.1.2)
Now observe that if u(z) = 3", ;. u,e™? is the Fourier series for u, then
Dou = Z in - wi,e™®
nezd

so it is easily verified that (D,u) = 0 (the Fourier coefficient corresponding to
n = 0 is zero). So to solve equation (A.1.1) we must necessarily require (f) = 0.
We can now expand f in its Fourier series obtaining f(z) = Znezd\{o} fnei"'x S0
that equation (A.1.1) becomes

E n - wi,e™t = g fne™®

neZ\{0} neZN\{0}
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and hence

We observe now that

neZaN\{0} m

converges absolutely by equation (A.1.2) (here p = 0 so that £ does not appear)
and by the diophantine estimate satisfied by w. We can now state

LemmaA.1.2. Let f € H(T¢) andw € DY _; if u is the only solution to D,u = f
with (u) = 0, then there exists ¢ = ¢(r, d) such that

¢ |fls
/y5d+7'

|u|a—6 S

Proof We have the following inequalities:

m - w
n#0

n|” —|njo o— f o - T
< S peecnen ey ey,
n#0 n#0

|u|075 S

< Z |f|0' e—|n\a|ein~x|gi5

o—§ n#0 |nw|

where we have used equation (A.1.2) for f with p = 0 and £ = 4, while it
effectively results by calculus that we can chose M = |f|, . We want now to
estimate . e~/"’|n|” . Approximating the sum with an integral we have

/
Ze"”|5|n|7 = c'/ e 102" dx = C—/ e 9|5z | da =
Rd (57— Rd

n#0
d c(t,d)
= =1yl |7 — )
T §T+d /Rde ly|" dy = ST+

and the lemma is proved o
Combining this two preceding lemmata and simultaneously generalizing the
result in Lemma A.1.2 to further inversions of the operator D, we obtain

Lemma A.1.3. Let f € H(T¢) with (f) = 0; for every choice of « € N? ,p € N
we have :
|fl,

¢} -Pp - &
|a D, f|a—6 < 0(7—7 d, p, CY) ,ypépT—l—d-HOth ’
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A.1.2 Diffeomorphisms on T¢

Consider a € H(T¢) and the following analytic function on T¢:

¢p:x €T — ¢(x) =z +a(x) € T;
we want to give sufficient conditions on a in order to obtain that ¢ is an analytic
diffeomorphism on T¢. Our aim is to provide an inverse analytic function for ¢,

that is to say, ¢(z') = 2’ + a(a’) such that ¢ o ¢ = id = ¢ o ¢. Let’s see what
does this mean in terms of ¢ and a:

pod(z) =1 = @) +ad)) =2 —
— 2 +ad)+a(pz) =2 = a(z') = —alz’ +a(z")).
We now state the following lemma:
Lemma A.14. Let a € H(T{) and take ¢ < ¢ such that |a|¢ < & — ¢ and
|a.|e < 1; then 3! a € H(T) with |ale < € — &' such that:
—a(z' +a) = a.
Proof We initially define the following space
X ={be H(T¢): |blg <&—¢&}
X is a closed non-empty subset of the Banach space ’H(’]Fgl,) and therefore is a
Banach space itself. Let @ : b(2') € X — —a(2' + b(z")) € H(T¢ ) we state that
® is a contraction in X’; in fact for every choice of b and ¢ € X we have:
1] Imaz' +b(z")] < | Ima|+[b(z")| < &+ |b(z')| < &and this implies, by
the hypotheses done on a, that |®(b)|¢ = |a(z’ + b(2"))|e < £ — &
2. [®(b) = ®(c)|e = la(z"+b(2)) — a2+ c(2"))|e < |azle[b—clg < |b—c|g
by the fundamental calculus Theorem applied on a .

Thesis follows from Banach fixed point Theorem o

Observe that for any a € H(Tg), with & > ¢, by Lemma A.1.1 we can estimate
|az|, as follows:

aai
al']'

d |a|g |a|g

_ = d= .
Sswd e =de g

) j:l

d
up su
peur )

T 1

|a$|§ = supla,| =s
T

Now combining this last estimate and Lemma A.1.4 taking £ = £, we have

Proposition A.L.1. Leta € H(T¢) and let & < ¢ such that [ale < 55 then
3 a € H(TE) with |ale < |ale and —a(a’ + @) = a; therefore ¢(z) = = + a(x)

is an analytic diffeomorphism on T¢.
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A.2 Kolmogorov’s idea and first step of the proof

A.2.1 Reduction of the perturbation to order 2

Let HO = NO 4¢P = E+w-y+ QO (y, z) +eP© the analytic Hamiltonian
in Kolmogorov’s theorem on the phase space 4 := B? x T¢, with refer to the
standard symplectic form

d
dy N\ dz = Z dy; N dzx;
i=1

(that is to say that Hamilton’s equations are © = H,,y = —H,). Recall that
w e DI and P,Q € H(BY x T%) with Q quadratic in y. The first step (and main
idea) to prove the theorem, is to find a symplectic transformation & which maps
H© into HM that is still the sum of an Hamiltonian in Kolmogorov’s normal
form and a perturbation, but whose perturbative part is of order 2.

Proposition A.2.1. Consider H© as previously defined and suppose to have

det(Qy,(0,-)) # 0 (A.2.)

There exists a symplectic transformation ® : (y’,z') — (y, z) generated by the
second species function F'(y', x) = ' - x + eg(y', =) where

/!

g, x)=b-x+s(z)+a(z)-y
forsomeb € R?,s: T¢ — Randa : T¢ — R? both analytic functions, such that
HY6d=HU = g® 4. Y+ Q(l)(yl, x') + GQP(I)(y', x')

with Q") quadratic in ' and Q"), P™") real-analytic functions.

Proof By the definition of F'(y’, x) we have the implicit definition of ® given
by:

x' :g—f, =z + ea(x)

T

Y :(?9_5 :y’+€(b+3x(x)+(ax(x)) 'y’)

Assume that ¢(z) = 2’ = z + ea(z) is a diffeomorphism on T¢ with inverse

¢(2') = x = 2’ + ea(x’). Following the Hamilton-Jacobi proceeding we aim to
express H((y, x) in the new variables (y', z'); notice that we will often leave x
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instead of ¢(z') for simplicity, and we will not sometime use the apex 0 since
there’s no ambiguity for the moment. By Taylor’s formula we have:

H(y,x) = HY +egpr)=H( 2) +eH,(y,2) - g, + €P1 (Y, 2) =
= H(y,z)+ €[Ny, 2) + Py (v, 2)] - gu + P (¢, 1) =
= H(y,z)+ eNy(y’, x)- 9.+ 62]52(y’,x) =

= N, z)+e[P(y,z) + N,(y,x) - g] + Py, 2)  (A2.2)

where we have put P, (i/', z) fo (1—t)Hy, (y'+1tegs, ©){gs, g2) dt and obviously
Py(y, x) = P,y x)- g, + Pi(y', ). We now focus our attention on H (y/, z) +
eNy(y',x) - g, in order to put it into the desired Kolmogorov’s normal form with
at least a perturbative part of order ¢2. Recalling that for an analytic function f we
have D,f = w - f, we obtain:

Ny w) - go = (W+Qy)'(b+3x+(am)T'yl) =
= wobtwsptwe(an) Y +Qy (b+5,)+Q,(a)" -y =

= w-b+Dys+Doa-y +Qy- (b+5,) + (¥, ).

with .
Q1Y 2) =Qy - (a;)" -y

Now by Taylor’s formula applied on @, (v, =), and recalling that ), (0, z) = 0,
we have

Ny(y,z) gz =w-b+Dys+Dya-y + Quy(0,2) -y - (b+ s5) + Qa(v, x)

where we have naturally put

Qay',2) = (Y z) + (/01(1 — 1) Qyyy (ty', 1) dt) (', 9, b+ s4) .
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Combining the expression found for N, (y, z) - g, and equation (A.2.2), reorganiz-
ing the terms and applying Taylor’s formula on P(y’, x), we obtain:

H(y,x) = N(y',z) + €[P(y,x) + w-b+ Dys+ Dya-y +
+Quy(0,2) -y (b + 8,) + Qo (¢, 2)] + EPo(y, 7) =
=E+ew-b)+w -y +Q, z)+e[P0,z)+ P,(0,z) -y +
+Qs(y,2) + Dys + Dua -y + Quy(0,2) -y - (b+ 5]

+e2Py(y, x) (A.2.3)

having defined

Qs(y' x) = Qa(y',x) + </01(1 — )Py (ty', x) dt) v,y

Starting from the equation (A.2.3) we want now to determine b, s and a. Observe
that since Q3(0, z) = 0 we have:

[ ]y— = P(0,2) + Dys = (P(0,2) — (P(0,2)) + Dys) + (P(0,))

so taking
s() = D ' (P(0,2) — (P(0,2))) (A.2.4)

itresults [...],_, = (P(0,)).
For what concerns the linear part in %' we want to maintain the same frequency
w of H© | Since the term w - ¢/ is already given by N(y/, z) we have to require

Py(0,2) + Dya - +Qyy(0,z) - (b+ s5) = 0. (A.2.5)
By averaging we have
(Py(0,-)) + (Qyy(0,-) - b) + (@yy(0,-) - 52(-)) = 0
and by hypotheses (Q,,, (0, -)) is invertible so that we can take
b= —(Quy(0,)) (P[0, ) + Quy(0,) - 5(-)) (A.2.6)

in order to have the average of the left member in (A.2.5) to be 0. We are now
able to solve equation (A.2.5) taking

a=-D," (P,(0,2) + Qyuy(0,7) - (b+s,)) (A.2.7)
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In conclusion by (A.2.3), (A.2.4), (A.2.6) and (A.2.7) we have:
H(y,z) = Ho®(y',a') = HV(y', 3(z)) = NV(y/', 3(a"))

+PW(y, ¢(2") = BEY +w-y' + QW (Y, ¢(2") + €PY (Y, 3(2")) .
where:

EW = FE 4+ e(w-b+ (P(0,-))); (A.2.8)

QU (Y, ¢(2") = Qly, ¢(2)) + €Qs(y, ¢(2")) ; (A.2.9)

+ /0(1—t)Hyy(y'+tegm,95(33'))<9m(<ﬁ($')),91-(85(3«"')»dt- (A.2.10)

More expressly we recall that Q; = Q1 + Q2 + Q5 with
QY. o(2") = QY. ¢(a) = Quy, a(x") - (ax)"(¢(2)) -

Quly. p(a") = ( / <1—t>nyy<ty',¢<x'>>dt) Worfb+ sa(6()))

1
Qo) = ([ 0ol paa) o), (A2.11)
0
To end the proof we observe that Q) (y', 3(z')) is quadratic in ¢’ so that N(V is
effectively in the desired Kolmogorov’s normal form

Lemma A.2.1. The non-degeneracy condition holds for N (y/, 3(z')) as found
in proposition A.2.1, that is:

det(Q'})(0,-)) # 0

Proof QW(y',3(2")) = Q(y,¢(a")) + eQa(y', ¢(a")) so by derivation and
averaging we have

(@5 (4, )) = (Quy (¥, ) + €8yQa(y'. ) = (Quy (¥, ) + 0(e)

Thesis follows for small enough €, since det(Q,, (v, -)) # 0 by hypotheses. We
postpone for the moment the discussion with full details on the estimate of how
small must ¢ be in order to have (Q™) (3, ¢(z'))) invertible o
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A.2.2 Control on the domain of ®

Recall that HO = N© 4+ cPO = E+w -y + QO(y,z) + P withw € DI |
for some fixedy € R,and P,Q € H(BZ x T?). Let 00 < 0 < land ro, < r We
define

1
M = maX{;|Q|r,aa |Qy|r,mr|ny|Taf’}
1 -1
S = ;‘<ny(0’) >‘
1 1
A= max{—, }
Ox O —0x

T r
vV = max4q — ,
Too T — Too

Z = |u

po=|P

We want now to give estimates on |g| in order to apply proposition A.1.1 to
g(y',x) =b-x+ s(x) + a(z) - ¥ obtaining that the application

r,0

oz )I—>£—x—|—€a( )= o
is effectively a diffeomorphism on T¢ and by consequence so is @¢(z') — 2 +
ea(x') = x, the first component of ® . Recall that we have b € R¢ and by definition
of s and a in equations (A.2.4) , (A.2.6) , (A.2.7) and lemma A.1.2 there exists
0 <6 < osuchthat s € H(T¢ ;) and a € H(T? ;) ; here § is the loss of
analycity due to the inversion of the operator D,,,.

Remark A.2.1. Let p < r and § < o respectively the losses of analycity in
the action and angles variables; combining lemmata A.1.1 and A.1.2, for any
f € H(T%) or H(B¢ x T¢) this two estimate hold:

c a
0.D, " f(x)]_, < —% (A.2.12)
gl
» 2l |f|7“,f7
‘88 Y ‘r po—s = © plpli e (A.2.13)

where we take the same constant ¢ > 1 for both inequalities and for any f scalar
or vectorial function, matrix or tensor and where ¢ = d + 7 + 2 (since we will
have at the most |{|; = 2).
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Lemma A.2.2. There exists a constant ¢; > 1 depending on ¢ = 7 + d, and
By > 1 depending on Q and P, such thatforall 0 < 0 < 0 — 04

max {|sl, s [s:l, 5 10] al, 57, Jaal, 57100l 5} < c1Bi8 207

Proof Using inequalities (A.2.12) and (A.2.13) we estimate separately all
terms, reminding the definitions of s , b and a in (A.2.4), (A.2.6) and (A.2.7).
First of all we have

21579 P(0,z) — (P(0,2))], <

C

|S|07§’ |S$|07§ S -

2 2 fy

< So0H§79|P(0,2)|, < =6 |P(y, )|, < &5 Uy
Y Y ’

with ¢ = ¢29+1 .
Furthermore we may estimate

[B] = KQyy(0,)) (B (0, ) + Qyy(0,) - 52 ()] <

< Srsup (|Py(07$)| + |ny(0,x) : Sm(x)D <
Td

<Sr ( sup |Py(y, z)| + sup [Qyy(y, 7)||5:(7)|,_ ) <
BdxTd BIxTE

NS

M
< Sr <C 2 e 65"W1> <ceSprt(1+ Mr o9yt <
T T

< ceSpd™ 1 (1+ My™") < dSpus™14,
where we define the first auxiliary constant
A= max{Mfy_l, 1}

and ¢ := 2cc = 22912,
Using (A.2.12) and (A.2.13) once again, from the definition of a in (A.2.7) we
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get

where

c 29
ol gl s < T IP0.2) + Quy(0.2) - (b ), <

o
<S50 | sup [Py, 2)| + sup [Quy(y,0)] (b + [sa(@)], 5) | <
Y | B4xTd Bl xTd 2
C [ M
< St ol o (1 bl | <
¥ | T T 2
< Co-a [epr™" + eMr™' (Spd™9A; + 69y ™")] <
.

<cedd My 14+ (MSA + My )] <
<eced Py T 1T+ Ay (MS +1)] <

< ed 2y T Ay Ay

Ay == max{MS5, 1}

and we take ¢ := 2ccc’ = ¢*2%24+4, By using the preceding estimates we have

where

19:(y" )|, = 10+ s2(2) + au(2)" -4/, .5 <

< (bl + [saly—s + laal,_s Y| <

< ESpudTIAy x @6y 4+ ey T A Agr <
< ed P [SpAy + py 4y AL Ay <

< 266 HrA A, [S,ur’l + ,ur’lv’l] < G0 r A Ay Ag

As = /M“_l max {S, ’y_l} :

observe that A3 is linear in ; and so is the final estimate that proves the lemma
with cp = 4¢c = ¢3224+6 gnd B, = A1A2A3 O
We can now state the following

142



Proposition A.2.2. There exists c; > ¢; such that if
€coBip~ 67 %r < 1 (A.2.14)
then

1. p(z) = = + ea(x), with a as in (A.2.7), is an analytic diffeomorphism on
T,

2. If ¢(a') = 2’ + ea(a'; €) is its inverse, we have
|€l| < |a|[,,5 S C1672qu .

07%5—
3. 953TZ,%5'—>T§—5’ gp:'ﬂ‘g_%l—fﬂ'gi%dandcﬁocp: id =¢o@on
To—25-

4. Letp < rthen Vy' € B,_,, v € T¢ ,5 we have y + teg,(v,z) €
B, p, Yt €0,1];inparticulary = ¢’ + eg.(y', ) € B, ¢

Proof The first three statements follow directly from proposition A.1.1 with
E=oc—dand ¢ =0 — %6 and by taking ¢; = 2¢;(d + 1) so that the condition
lalg—s < % = 2(511) holds by the estimate in the preceding lemma. Again by
lemma A.2.2 and by hypotheses we obtain €|g, (', 7)|r—p.0—25 < § S0 that the last
statement is also proved o

By this proposition we are now able to control domain and codomain of &;

therefore we may use the following estimates:
|PY o | < |P|

r—p,0—20 —

r—5,0-6

|Ql © q)|r7p,(7725 < |Q1‘|r7§,07(5 for i = 17 2’ 3

A.2.3 Estimateson EV — EO M — Q) and pM

To complete the first step of the proof of Kolmogorov’s theorem we want now to
estimate the difference between the energies and the quadratic parts of N(® and
N and the size of the new perturbation P,

Lemma A.2.3. There exists ¢ > ¢, , constant depending on ¢ = 7 + d, and
Bs > B; such that:

max { ‘E(l) — EO©

, € ‘P(l) (yla @('II)) ‘r—p,a—Q(S ’
(0/2) 1105 (@, 2(2) = QU ()], s, 05} <
< 603,073674‘174382#
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forany |a|, < 2.

Proof ldentity (A.2.8) and lemma A.2.2 yield:

|[EW — EO| = €lw- b+ (P(0,-)] < €(|w| |b] + |Pl..) <

<e(ZdSoT A+ p) < ed A (ZS +1) <eddpAL Ay

with
Ay :=max{ZS, 1}

Moreover, by identity (A.2.9) we have Q) — Q) = eQ® = ¢(Q1 + Q2 + Q3) ;
thus, we may estimate separately the three terms using definition in (A.2.11) and
the inequality proved in lemma A.2.2; it result

|Q1(yl7()5(x’))|rfgp,af25 < |Q1(y’?x))|1"7%p,075 <

< |Qy(ylam)|r—p,a—6|a:v(x)|a—6|yl| < CCIP_I(S_QQ’Y_IMMAIAQT

and

|Q2(yl7¢(ml))|r—%p,a—26 < |Q2(ylﬁx)|'r—%p,a—5 <

8
< o= MpTr? (] + [szlo-s) <

< cMp~3r3 (clsué_qu + clé_q;w_l) <

< ccip PP M (S,uAl + ;w’l) <cerp 30 MM A Asr?
analogously, for what concerns ()5 we have:

|Q3(y,ﬂ¢(xl))|1"7%p,0725 < |Q3(yl7x)|r7§p,075 <

2

y'|? < cupr®.

< |Py(ylail7)|r—p,a
Now recall that A3 = pr—! max {S,7 '} and then

MA; = pr~ " max {MS, Mfy_l} < pr~tmax {Ag, A1} < purm A Ay
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besides observe that obviously pr—! < 1 and therefore we have:

(p/2)* 105 (QM (', (@) = QO (@)))|, 50 ss <

<€ <|Q1|r—§p,a—25 + |Q2|r—gp,a—25 + |Q3|r_gp,a—26) <

<e (cclp’lé’qu’luMAlAgr +ceip B0THM A Agrt + c,up’2r2) <
< eccip 2o %y? (v’luMAlAg + MA Asr + u) <

< eccip307%y3 (uA12A2 + A2 Ay + ,u) <

< ecep 20T A A
It remains now to be proved the estimate for P; by identity (A.2.10) we have

|P(1) (yl7 @(ml))|r—p,a—26 S |P(1)(ylﬁx)|r—p,o'—6 S

2

< ‘Py(())(yla xl)‘ |g$(x)|af5 + ‘H?Sg) (y” x)"r—g,a—6|gm($)|‘7*5 <

r—p,o—6
<cp tpend *Bir + (1Q0) W),y

+ PO D), ) Loy <

<ccip Yo HMuByr + (40,0’2M7" + 640,0’2;1) (015’2q31r)2 <

< cerp 0 By + e 20 BAAM (14 ) <

< 4cc%p‘25_4qr231 [u + MrB; (1 + EML ] <
r

< AdecpT2 67’ By [1 + A2A,2 (1 + GML>] <
,

S 12CC?,072574117'2A12A22BLLL

if we impose on e the condition



The lemma is so proved taking
ey = 12¢c? = 3c72%H (A.2.15)

and
BQ - A13A23A3A4 [m] (A216)

A.3 lteration and conclusion

A.3.1 Inductive step and convergence of the scheme

In lemma A.2.1 we have proved that Kolmogorov’s non-degeneracy condition
holds for QM = Q(® o & and hence we can iterate proposition A.2.1 obtaining by
consecutive symplectic transformations the following scheme:

H = HO— NO L p@ 2% g0 _ yO 4 2p0) 2N o) _
— N ptp@ . W g — NO 4 2 p0) (A.3.1)

(notice that here ®(®) = & in proposition A.2.1); to prove theorem A.1.2 we must
therefore provide in some way the convergence of the scheme.

With proposition A.2.1 we have reduced the analycity domain from BZ x T¢
to B¢ ,, x T¢_,; , where this loss is due to the inversion of the operator D,,
and to the necessity of estimating the derivatives of some analytic functions (see
lemmata A.1.1 and A.1.2) . Let r; and ¢, be the losses of analycity at each step
and Bﬁj X ’]I‘ﬁj the analycity domain after j iterations; to iterate infinitely times the
proceeding shown, obtaining a non-empty analycity domain, we must then require
that the sequences o¢ = o, 01 = 0g — 20¢, 03 = 01 — 201 ...0j41 = 0j — 20; =
00 =2 40k andrg =17, 71 =70 = 2p0, Ta = T1 — 2p1. . T = 15— 2p; =
ro — 2> 7 _, pr admit a strictly positive limit. For any oo, < op and 7, < ro we
put

1 09 — 0 1 70— 7o
IT9 T 2 Pi=5i 73

in order to have a final analycity domain B¢_ x T¢_.

Recall that in lemmata A.2.2 and A.2.3 we defined

(A.3.2)

A = maX{Mfy_l, 1}

Ay = max{MS§S, 1}

Az = ,umaX{S, ’y_l} = pA,
Ay = max{Z85, 1}
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and took B; = A;A,A; and B, = A A,° A3 A,. We now define iteratively the
following quantities

1

1 . , -1 ;
M; = ;|Q(]) 505 Sj = r <Qéi)(0’ ) > My = |P(]) Tj>0]
J J
and the following real numbers
R 41 Jp— r r
Aj = max{aoo , Uj_aoo} vj = max{roo ; rj_roo}
AV = max {M;y 1, 1} AY) = max {M;$;, 1}

Aéj) = ujAéj) = ,ujr;l max {S;, v '} Aflj) = max{ZS;, 1}
. . . . . 3 N3 . .
B{J) — Agj)Ag)Agj) Bé]) — Agj) Ag) Agj)AEIJ)
with the notation My = M ,Sp = S, Ao = A, vy = v, g = p. We are now
ready to state

Lemma A.3.1. There exist positive constants ¢, > ¢3 and ¢4, depending on ¢ =
T + d, such that if
eCDp < 1 (A.3.3)

with C = ¢\ LATALA max{M 1, S} , D = 2%, then it is possible to
define iteratively (by the scheme described) Hamiltonians H) = NU) 4 ¢ pU)
analytic on By x T¢ and ®U) symplectic transformations such that HU*! =
HG) o U

Besides, referring to the previously defined quantities, for every j € N we
have

Mr < M;r; <2Mr (A.3.4)

Sir; < 2Sr (A.3.5)
9

vy < DI (A36)

and by mere consequence

2A,v

4A51°

QA3V2

Asr?

2A4v

1

IA A

ml\.')
=
VAN VANRIVAN

IN
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and

62j Bij )

e Béj )

B

<
< Bs.

Furthermore, it results that the symplectic transformation @) : B¢ x T¢ ——

, Tj+1 Tj+1
Bl x T4 generated by Fj(y',z) = ¢' - = + ¢’ g;(¢/, ) (we denote Fy = F),
where ¢;(y',x) = b; -+ sj(x) +a;(z) -y, is a symplectic diffeomorphism since
€2j02B§j)pj—15j*2qu <1 (A37)
forall j € N.

Proof We want now to prove by induction inequalities (A.3.4) to (A.3.7) . For
j = 0 condition (A.3.6) is trivial and (A.3.4) and (A.3.5) are obviously satisfied.
For what concerns (A.3.7) observe that

S ™ = <%> < gm\m

_ -m m
o= (05) =)
2 T

and therefore we have

602B1p61562q7" S €C2A1A2A32l/7"7122q)\2q7" =

= eucoy2? M T ATAZUN T < eCDp < 1

by hypotheses, taking ¢4 > ¢, C > ;M A2 A20 0?9~ and ¢, > 2¢ + 1 so that
(A.3.7) holds for j = 0. Notice that during the proof we will come across several
lower bounds on ¢4, g4 and C' and in the end we will take the worst in order to
have all conditions required satisfied simultaneously.

Assume now by induction that conditions from (A.3.4) to (A.3.7) hold for
i=0...7 — 1. Recall that by consequence of lemma A.2.3we have V |p| <1

. o N3 N3~ (9) ;
[PURD| < capy 8 i AV AY AT AP = g

rj,o'j -

‘E(j+1) _ E(j)‘ < €2juj+1

(r— Tj)‘ph ‘85 (Q(j+1) — Q(j))‘ < e Hj+1

rj ,(Tj
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where we have denoted 1o = p and hence
piy = csp 202 ABAS Az Ay
We now verify (A.3.6): V 1 <1 < j we have

. 3 .
Mi = C3p;_ 1(S & z2 1A§Z_1) Agz_l) A3 Az(f 1),“1271 <

-2 —4q
To—T Og — O ~
S 03< o . oo> <%> 7"22111/1214:;’14;143144/1,?71 S

X

< C3 24q+132(4q+2) i—1) 14)\4qA4A4A M ro ,U/?fl S C(]Dz]il/l?fl
taking Cy > c,v™M\ATAIA, M1 r—t with ¢y > c32%*13 and D, > 249+2 (that
is gy > 4q +2). Now let ji; = Cy D} 1; we have

fl; < (CUD6+1) (CoDéilﬂz{l) = CeDy iy = i 4

therefore by iteration we obtain V¢ < j

A9t
i < fig

thatis V C > Cy, D > Dy itresults (taking i = )
2i (6CDN)2j

CD*'p; < (CDp)” = € M S ~mpi

and hence condition (A.3.6) holds V j € N.
Using (A.3.6) and hypothesis (A.3.3) we can obtain
j
|Q(J')|r‘ s = QO 4 Z QW — QU1 <

=1 .
7,0

IN

Ti,0% S

J
|Q(0)|T1’U1 + Z |Q(1) _ Q(%l)
i=1

IN

i i—1
(eC'Du)?
TM"— E 6 IU”L 1 < TM+ E EC'iD)Z S
= =1

1
i = — <
rM+ZCD rM+CZD rM+C(D_1)_

rM+rM < 2rM .

IN

IN
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since C~! < CO‘1 < Mr, so that (A.3.4) is‘verified.
We now verify (A.3.5). Let B; := (Q%)(0,-)) fori = 0...j — 1, we want to
prove | B, '| < 25. Recall that if A € mat(dx d) then (14+A) " = 3777 (—1)kAF

and |(I +A) 1 < 1+|A\- So

J
Bj:BO+ZBi_Bi—1:BO+B:BO (I"—Bo_lé)
=1

where obviously we took B = 3>7_ (B; — B; ;). By hypothesis B, is invertible,
so to invert B; we have to invert I + B, ' B , that is we want to prove | B; ' B| < 1:

J
By'Bl < |By'| Y] IBi - Biyl <

=1

IA
N
=
—
(S5}
N
<
~
=
SN—
<
=
=
—
=
S—r

IA
N
=
o
i)
|
ol
1

VAN
@)
n
<
m[\')
=
N
AN
W
9}
RN
6N
Q
S
=

cSv e 1 B cSv < cSv <
rC & Dt 1CDy(Dy —1) = rC —

if we assume C' > 2¢Svr~"; the new condition on Cj is
Co > ey MNIATASAyr P max{ M, S} .
We just proved that B, is invertible and

-1 1
<I+ Bng) ‘ <|Byl——— <25

B:Y=r;S;, =|B;" -
B =185 = By 5 S

so that S;r; < 2Sr forevery j € N.
To end the proof of this lemma we have to verify (A.3.7) for : = j. Using
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(A.3.4) to (A.3.6) and hypothesis (A.3.3) we have

. , , Ly 9dtl 9j+1 2q
6216239)%715‘7—2% _ CQE2JMjA§J)A%7)A3(J) ( > r; <
To = Too \ 0o — Ooo

< 0262juj24A1A21432(2‘1+1)(j+1)1/6)\2‘1 <

(eCDp)*
CDj+1

Co

C Dt

if we take C' > ey M~ 1r=1 A2 A205020 with ¢ > ¢,2* and D > 2%+,
Hence the lemma is proved by taking

S Co 24A1A21432(2q+1)(j+1)1/6)\2(1 S

<

M A2 A20Ca DU 6\ 2 <

ey = g2t (A.3.8)
g = 4q+2 O

We are now ready to prove the convergence of the scheme described in (A.3.1)
with the following

Proposition A.3.1. Let ® = &, &M 1) the sequence of symplectic diffeo-
morphisms obtained iterating lemma A.2.1; if we define

U0 =0 oW o...000W . B¢« Td — B x T¢

Tj+1 Oj+1

then the sequence W) converges (uniformly) to a symplectic diffeomorphism
W = lim; o, ¥ such that

1. U=id+0O(e)
2. HO 0¥ = N = E(®) 4 .o/ + Q(OO)(y" ')
with V(=) (that is N' in theorem A.1.2) analytic on B¢ x T¢_.

Proof We prove the uniform convergence of ¥) which also guarantees the
analycity of N(*)_ Let’s write ¥4) through a telescopic series:

J J
) — g 4 Z Tl _ gl-1) — ¢ 4+ Z g _ gl-1)
i=1 i=1

By lemma A.2.2 we have obtained that

. —2
|q) —id |7"1,f71 < 662B150 Iy
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since
(@ —id)(y,2") =€ (b + 5.(2) + al (x) -/, EL(:E'))

and each term was estimated with ¢; B;6~24r and ¢, > 4¢; . By induction we can
therefore assume

z=¢(z')

2@ — id i < GQiCQBij)(Sj_Qqu
which implies, together with lemma A.3.1,

<

Ti+1,0i4+1

‘\I](i) — -1 — ‘@(i) o pli=1) _ yli-1)

Ti+1,0i+1

S €2i02B§j)6;2qu = CQGTLMjAgj)Agj)Ag(j)6;2qu S

S 0262i /Lj24l/5A1A2/i3)\2q22q(j+1)7‘ S

(eCoDop)*
CoDjtt

< 240 A2 A2 M T IN200200H ) < (eC’ODO,u)Qir

since in lemma A.3.1 we took Cy > ¢, MATASA,M~r=" and D, > 2%+2
(notice that » > 1) . Therefore we can estimate |¥ — id | as follows :

To0 3000

W id ]y <[ @ — ]y + S [UO WD <
=1

<|®— id|, . + Z [p® — gl
i—1

Ti+1,0i+1 —

S 60231(562(17" + Z (GCODU/L)QiT S

=1

S 6”02A1A214A36()_2qr + Z (GC(]D(]IU/)TLT S

i=1

o0
< epey MM ATAG2290HD N2 Z (eCoDop)'r <

1=2

S GC(]D(),MT + Z (ECODO/L)iT

=2

since always by lemma A.3.1 it results Cy > co M r—1)\2¢ and Dy > 229 . Then,
taking D > 2D,, that is to say the new hypothesis is eCyDu < 1 and hence

152



eCoDop < %, we obtain

|\If — |d |/roo’o'oo S GCUDU,UT + Z (GCoDou)iT S

i=2
(eCoDop)’

1= eCoDopi < €CoDopr + 2(eCoDopr)’r < €CoDypur.

S GC(]DOIUT +
Thus W) converges uniformly to ¥ and N = H© oW is analytic. To conclude

we trivially observe that

< GQij < (eCDp)? 2% 0

05, 05 —

& | P
so that V(> is effectively in Kolmogorov’s normal form o

A.3.2 Final estimates

To completely prove theorem A.1.2 we estimate | () — E®)| and |Q(>) — Q]
Recall first that in order to have all the inductive conditions satisfied we must take
eCDy < 1 for any

C>Cy = e\ "max{ M~ SYATAA, (A.3.9)

D> D, = 2%t (A.3.10)

with ¢, = 524913 | Now using the estimates done in the proof of lemma A.2.3
we have:
‘E(l) - E(U)‘ S Cl€6aq/j,A1A2

therefore by inductive hypotheses and lemma A.3.1 we obtain
B — BO)| < ¢e? 520,49 A <
S Cl€2jﬂj)\2q22q(j+l)23V3A1A2 S

< (eC Dop)?

= opit! 2200+ ¢ 2313\ A; Ay < (eC Dop)? Mr
0
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for any C' > C,. Now writing E(*) as a telescopic series and taking D > 2D, ,
in order to have eC' Dy < % , it results

‘E(OO) _ E(O)‘ < ‘E(l) _ E(U)‘ + i ‘E(jJrl) _ E(j)‘ <

< €6y "nAL Ay + Mr Z (eC’DU,u)Zj <
7j=1

S 016)\(12(1”141142 + Mr Z (GCDUIU,)j S

J=2

CDop)?
< eCDouMr + Mrw < eCDubMr .
1-— GCDUM

In a completely analogous way we can estimate |97 (Q©) — Q)| — in
lemma A.2.3 we obtained ’

\ph ‘8” Q(O))‘ < 03epg360_2qr3A§A§,u

T1,01 —
thus, by induction,

(r—r] \P\ ‘ap J+1 Q(j))‘ <

Tj+1:05+1

< ¢3¢ p73(5 2q 3A A /’[/j < 636 :U’ 2(3+2q (j+1) 3)\2(]26 6A2A2

27 ,
< -(Egﬁ—?-i? (20009 \20 390 AT A3 < (eC'Dopr)” Mr
0
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writing as usual Q> as a telescopic series we obtain for |p|, < 2

(r— 7noo)lpll ‘85(62(0") _ Q(U))‘ < (r— Tl)lpll ‘85(62(1) _ Q(U))

To03000 T1,01

o0

+ Z (7" _ ,r.j_+1)|p|l ‘aS(Q(jH) _ Q(j)) ‘T'j+1,0'j+1 <

j=1

< c3epy 05 I3 A2 A2 + Mr Z(ECDO/L)Qj <
j=1

< ecs2P TN AZ A2+ My Z(eC’Dgu)j <

=2

(eC Dop)?

< eC'DouM Mr—mm—
< eCDgpuMr + Tl—eCDgu

< eCDuMr

having imposed the same previous condition D > 2D .
We now conclude remarking that by the estimates done we cantake eC' Dy < 1
with (see (A.3.9), (A.3.10), (A.2.15), (A.3.8))

C4 30728q+27

C = e NATAJ A " max{ M~ S}

D = 24t
(where ¢ = ¢(7,d) in lemma A.1.2) that is

€< €= 3Lc_72_(12(7+d)+30)1/_3)\_4(T+d) (A1 Ay) " A7 min{ M, 571} .
0
(A.3.11)

A.4 Dependence on additional parameters

In this last section we are going to analyze what happens when the perturbed
Hamiltonian depends, in addiction to the action-angles variables, on some param-
eters belonging to a compact set of R™. The result is that Kolmogorov’s theorem
applies easily to such Hamiltonians if we assume some uniform estimates on the
norms of P and (. We can formulate our statement as follows:
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Theorem A4.1. Let H(y,x;8) = E(f) +w -y + Q(y,x; 8) + P(y,z; 3) be a
real-analytic Hamiltonian over B¢ x T¢ with w € D¢ . Assume that H has a C*
or C* for 0 < k < oo, Lipschitz or analytic dependence on the parameters (3 in
a compact subset B of R™. Suppose that P and () have analytic extension on the
complex domain B? x T¢ , for some 0 < o < 1. Suppose to have Q(0, z; 3) =
9,Q(0, z; ) = 0 and
det(Qyy (0, 5)) #0
forall g € B.
Leto, < o andr,, < r, take

po = sup|P(y,z;B)|re
BEB

M = s {10055 8)) s Q05 D)1 133 6

BeB

1 1
A= max{—, }
Oso O — O

r r
VY = max{q—,
Too T — Too

S > %sup‘<ny(0,-;ﬁ)>_1‘;
peB

and define
ry = max{My_l, 1}
I, = max{M§, 1}
I's = max{ZS, 1}
r, = maX{M_l, S};

there exist a positive constant ¢(7, d) > 1 such that if

CDu<1
where
C = e\~ {53y (A.4.1)
and
D= 212(T+d)+307 (A42)

then there exists a symplectic diffeomorphism

®:(y,2;8) € B xT¢ xB—(y,z;8) € B! x T x B
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with the same dependence of H on the parameters 3, which puts the Hamiltonian
H into the form

N'(y 2", ) =E'(B)+w- -y +QY,2";5) =Ho®

and we also have that |E' — E| , ||Q" — Ql|lc: < CDuMr and |[|® — id||cr <
CDupr.

Remark A.4.1. Notice that this is theorem A.1.2 ifwe take 6 = ¢, B = {|z| < €}
(with ¢ as found in (A.3.11)) and we make the substitution P — €P.

Proof The proof of this theorem is totally equivalent to the proof given in the
previous sections. The only difference is that we assumed uniform estimates on
the additional parameters /3 so that we are allowed to find, as done before, a sym-
plectic map, obviously depending on the parameters (i.e., a family of symplectic
maps parametrized by 5 € B) that puts the Hamiltonian H into Kolmogorov’s
normal form.

The only aspect we need to discuss briefly is the kind of dependence ® has
on the parameters. Recall first that in the first step of the proof of Kolmogorov’s
theorem we took

s(z;8) = Dy (P(0,2;8) — (P(0,2; §)))
b(ﬂ) = _<ny(07';ﬂ)>_1<Py(O7';ﬂ)+ny(0ﬂ';ﬂ)'Sm(';ﬂ»

a(‘r; ﬁ) = _’Dwil (Py((),.%’; ﬁ) + ny(O,x; ﬁ) ) (b + Sa:)) ;

it can be immediately seen that s , b and a have the same dependence of P and (?
on 3. Observe that equivalent formulations of lemma A.1.4 and proposition A.1.1
can be given in the case a € H(T¢) has an arbitrarily dependence on the parame-
ters 3. Therefore ¢(x; 5) = = + a(x; ) is a diffeomorphism in the angles (since
the estimates of lemma A.2.2 naturally hold also in this case by the assumption of
uniformity made on the norms) and so is its inverse ¢ , while they have the same
dependence of H on /3 . Hence the first symplectic transformation ®(®) generated
by
9, ;) = b(B) - x + s(x; B) + a(x; B) - o/

also depends in the same way on the parameters; this proves that () = H©) o
®© has the dependence of H® on /3 and so has H () since proposition A.3.1
still holds if we add the dependence on some parameters o
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Appendix B

Measure of Kolmogorov’s invariant
tori

B.1 Introduction

Let H'(y', 2') = E'+w-y'+Q(y', 2') areal-analytic Hamiltonian in Kolmogorov’s
normal form over BYxT¢, withw € D¢ _ fixed diophantine vector, and Q(0, 2') =
0,Q(0,2") = 0. Then, we have that the torus

T ={(0,2";w); ' € T}

is invariant for the flow ®%;, of H’ and the flow on 7 is given by &%, (0,z2) =
(0, z + wt). If we consider now an Hamiltonian H (y,z) = E+w -y + Q(y,z) +
eP(y, r) conjugated to H by the symplectic transformation

®,: (y,2";w) € B x T4 — (y,2;w) € BT x T¢,
as in Kolmogorov’s theorem, we naturally have that the torus
To = @(T) = {2 (0,2";w); 2" € T} (B.1.1)

is invariant for the flow ®, of H and the flow on 7 is given by & (0,z) =
(0,2 + wt)).
We now consider an Hamiltonian in the form

He(I,0) = h(I) +ef(1,¢)

real-analytic on a certain domain D x T¢ , D being an open bounded set in R¢;
we make the assumption that the “frequency map”

1
h':=wy: I €D — wy(l) = ag—(j) (B.1.2)
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is a diffeomorphism of class C* on D (up to restricting the domain this can be
made without loss of generality). Hamiltonians in this form are called “nearly-
integrable” and are of great interest since they often appear in problems dealing
with celestial mechanics. Consider now for a fixed > 0 the open subset of D

B=B(5)={IeD| dist(I,dD) > §} (B.1.3)

Let
Q = wy(B) (B.1.4)

the mapping of B through the frequency map and let
Q=0(y,7)={weQ|weD,,} (8.15)
for fixed yand 7 > d — 1, we define
B, = wo ™ ().

With an appropriate change of variables we will reduce the Hamiltonian H, into
a perturbed Hamiltonian H as in theorem A.4.1 in order to obtain for each w €
B,, as previously observed, an invariant torus for H and hence, coming back
to the original variables, an invariant torus 7, for H.. In this chapter our aim
is to give a result concerning the measure of this KAM tori, i.e., maximal tori
possessing quasi-periodic motions with diophantine frequencies, as consequence
of the results obtained in the previous chapter. More precisely we are going to
estimate
meas o, U T,

UJGB*

(here “meas,,” stands for the Lebesgue measure in R™ ) showing that the measure
of this union of invariant tori for H. is at least

(1 - O(e%)) (27)*( meas 4Q2) .

9 w)

inf
o

wes

We remark that a better result, more precisely 1 — O(e2) instead of 1 — O(e1),
can be obtained using V. I. Arnold proof of Kolmogorov’s theorem that is slightly
different from the one we gave in the previous chapter which is based on Kol-
mogorov’s original idea. Arnold’s formulation and proof of Kolmogorov’s theo-
rem can be found in [Arn63a]. We also remark that a famous generalization of
the first results on the measure of invariant tori obtained by V. I. Arnold and A. 1.
Neistadt, was given by J. Péeschel who established, in [P§s82], similar estimates
in the case of finitely many times differentiable perturbations.
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B.2 Kolmogorov’s normal form for H (I, ¢)

Let H.(I,¢) = h(I) + ef(I, ¢) the analytic Hamiltonian we are considering, wp
the frequency map and B, as defined in the introduction with the same assumption
already made. We now operate the following elementary change of variables:

I =J+y
Y =x.

So, by Taylor’s development we have

H(l,p) = H!(J+y,x)=h(J+y +ef(J+y,z)=

= MJ)+wo(J) y+Qy, w; J) + ef(J +y, )

having defined A’ := wq and

1 1
Qy,z;J) = 5/0 R(J + ty) dt (y,y).

Let w = wo(J), thatis J = wy™"(w) , it results
H(I,¢) = He(y, v;w) = Bw) +w-y+ Q(y,z1w) + ef (y,1;0)  (B.2.1)
with

Bw) = h(w '(w))

O ziw) = Qyaiwo ') =+ / WY (w0 (@) + ) di {5, )

fyzw) = f(w (W) +y,2) .

We now want to apply Kolmogorov’s theorem on the persistence of quasi-periodic
motions to H,(y, z;w). H. depends on parameter (w, €) € €, x {|¢| < €} (e
as in (A.3.11)). Let us verify that the hypotheses made in theorem A.1.2 hold for
H.(y, z;w) uniformly upon the parameters. By definition of Q(y, z; w) we have
that

Q0, z;w) =0 = ayQ(O,m;w);

moreover, it results
det (ny((], T w))pa = det (B (wo ™ (w)))a = det A" (J)
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where the average over T vanishes since () does not depend on the angles z = ¢;
observe now that J = wy !'(w) , where w € Q = wy(B) , hence J € B and
therefore , being 4’ a diffeomorphism on B by hypotheses, we have

det h"(J) # 0

so that we can effectively apply theorem A.4.1 to ]':Ie(y,x;w). Then for every
€ < €o(w) = (CDy)~" and for every w € Q, there exist a symplectic map

D (v, 25 w) = (yo(y, 2" w), 20y, 2" w)) (B.2.2)
having domain on BY_ x T¢_ and codomain in B¢ x T¢ (where B C B isan
open ball in R%), such that

H.oo®. (y,2;w) = N'(y), a";w,€) = B'(w; ) +w -y + Q' (), 2";w, €)
Then it results that
T, = {(y0(0,2"; w), 20(0, 2";w)) | 2" € T, w € Q,}
is an invariant analytic torus for H, and therefore
To = {1 = wy (W) + 50(0, 2";w), ¢ = 20(0,2";w) |2 € T, w € Q.}

is an invariant torus for H..

B.3 Extension of &,

By Kolmogorov’s theorem we obtained the symplectic transformation @, as in
(B.2.2), which is real-analytic for (y/,2') € B¢ x T¢ as long as |e| < €, (see
(A.3.11) for the estimate on ¢;). To estimate the measure of invariant tori for H,
we need that ®, possesses sufficient regularity as a map on {0} x T¢ x €. More
precisely we want to extend ®€|y:0, defined on T? x Q, to a C' function on the
whole space T¢ x ) (see (B.1.4) , (B.1.5) and (B.1.2) for the definitions of the
mentioned sets).
Let Ay C R” aclosed set and F a Fréchet space.

Definition B.3.1. A function f : A, — FE is said to be C™ in the sense of
Whitney (for m € N) if there exist m + 1 applications fq, fi,... fi , With f; :
Ay — LL(RP, E) (that is to say I-linear and symmetric applications on A,) such
that if R, : Ay x Ag — LL(R?, E) is defined by

)= 3 Shiala)y — ) + Rulr.y) B3

i<m—l
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then for all / = 0...m and for all =, y belonging to a compact subset of ICA,, it
results .
sup {L%n)l, |z —y|| < 5} 29
=yl

(that is to say Ry(x,y) is uniformly o (||lz — y[|™~") on compact subsets of A).
We will indicate with C the space of such functions and with f; the derivatives
in the sense of Whitney of f . Besides f is said to be C* in the sense of Whitney
if it is C™ in the sense of Whitney for all m € N.

The fundamental theorem we are going to use to obtain our result is

Theorem B.3.1 (Whitney’s extension theorem). If f is of class C"™ (A, E) in
the sense of Whitney, then there exists a function f : R — FE such that:

1. fisC™ (in the classical sense) ;

2. f(x) = f(z) Vz € Ay;

3. fO(z) = fiz) Yz €Ay, VIR with]l], <m.
We refer to [Whi34] for a complete proof of this theorem.

Remark B.3.1. If f isa function of C?""(A,) (we are merely interested in the case
m = 1) then by Whitney’s theorem it can be extended in particular to a C™(A)
function where A is an arbitrarily chosen open set in R” containing Ay. Since
the derivatives of the extension f coincide on A, with the Whitney’s derivatives
of f we will always indicate with the classical notation ), for |I|, < m, the
derivatives of a C""(Ay) function even if Ay is a closed set, referring to them as
the restriction of (™) to A,.

Remark B.3.2. In the proof of Whitney’s extension theorem it can be observed
that the norm of the extended function can be controlled as follows as far as a
bounded set B containing A, is considered:

sup | fO(z)| < CZ sup | fi(7)]
1=0

z€EB — TEAQ

for some c € R.

Definition B.3.2. We define C™(T? x Q; o) , with Q2 open set of R? and o > 0 in
R as the set of functions having values in R? for some p € N, such that

1. feC™(T¢xQ)
2. fOCLW EH(T) VweQ, V[|=0...m;
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C™(Td x Q; o) will indicate the linear subspace of C™ of function having vanish-
ing average ( (f(-;w)) =0)forall w € Q.

Our aim is to prove that the canonical transformation ®.(z', 3'; w) in theorem
A.4.1, considered for 4’ = 0, can be extended to a function belonging to C(T¢ x
0;000).

We start stating the following lemmata:

Lemma B.3.1. Let f(z,w) € H(T%) V w € Q and suppose that

sup |f(z,w)] < M . (B.3.2)

TdxQ

If f(z,w) =3, cz4 [n(w)e™" is its Fourier’s expansion, that is

1 27 )
f(l‘, w)efzn-m ’

fa(w)

then it results

sup | fo(w)| < Me "o
Q

Proof The statement can easily be obtained by Cauchy’s integral formula for
holomorphic function

LemmaB.3.2. Letw € O = {w € Q|w € D, .} and z € T?_g, consider the

function
1
In(w) = now’
for n € Z \ {0}; fixa > 1 in N and define

n
'(wia) = —a :
gn( ) (n.w)a—l—l

then

«Q « C OZ,Q* a (%a
|(gn(u) —|—h)) — (gn(w)) — g;(w;oé) . h| S |h|2 ( )|n| +1+7(20+1) :

,yZa—l—l
(B.3.3)
that is (g, (w))* € C! (£2,) and ¢/ (w; ) is its derivative in the sense of Whitney.
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Proof We first verify (B.3.3) in the case a = 1:
|gn(w + h) = gn(w) = gn(w;1) - h| =

1 1 n n-h
— — (8% —
ncoWt+h)  new o (n-w)?

‘(n-w)2—n-(w+h)(n-w)+n-(w+h)(n-h)‘ -
In- (w4 h)||n-wl -

< ‘(n-w)z—n-(w+h)(n'w)+”'(W+h)(n'h)‘|7::—|37

where we used the diophantine estimate satisfied by w and w + h in 2, C D, .
Then, simplifying the terms in the last expression we obtain

|9n(w + h) = gn(w) = gh(w; @) - b| < [n- b2 |0y < BP9 72
Now let o > 2 we have
|[(gn(w + 1) = (gn(w))® — gn(wi @) - h| =

B 1 1 ta n-h <
(R nw]® (n-w)aﬂ -

[(n-w)*™ [0 (@+h)]*n-w)* +aln-h)n- (w+ k)]

In - (w+h)|%n- cu|Cerl

< fnew)™ = @+ W) w0)* T a(n )o@+ R)] e

where we define c,, := |n|?*")7y =@+ \Wenowseta =n-wand b= n -k so
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that it results :

(n-w)* = [n-(w+h)]"n-w) " +am-h)n- (w+h)]" =

= "™ —ala+b)*+abla+b)*=

= "M —q (Z)akb“k+abz<z>ak6ak:
k=0 k=0

a—2
= a*t' —q ( “ ) af b F + aa® b+ a®| +

a—1
_ a kra—k Q kra—k
— —az<k>ab +abk§%<k>ab . (B.3.4)

Therefore, considering the absolute value and taking j = k-2, the last expression
becomes

a a+1
o j—lpa—j+2 @ J—2pa—j+3
Z(j_2>a b Za<j_2)a o343 <
7j=2 7j=2
a+1 . .
< P> (e Dlal bl (Jal + [B]) -
=2

We now take s > 0 such that 2, C Bs(0) in order to obtain |wl, [h| < s. Thus,
coming back to (B.3.4) considering the first and last member of the chain of equal-
ities, we have:

[(n-w)*™* = - (W+h)]" (- w)™ +an-h)n-(w+h)]| <

a+1
|n-h|22(a+ Dn-wf 2 n-h* 7 (n-w|+|n-h|) <

=2

IN

a+1
< RP Y (e + Dnf* P jwl A1 |n| (Jw| + [A]) <

Jj=2

IN

A0 (o + 3)1s% ! = e(a, Q)[R n|*!
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so that we can finally obtain

|(gn(w + 1))" = (gn(w))" = gp(w; @) - h| <

< Jn-w)*™ = (w+B)] (- w) T +am-h)n (w4 h)] e <

< [hfe(a, Q) n| TR TR
Corollary B.3.1. Let g,(w) as in lemma B.3.2 for w € D{ , then g,(w) can
be extended to g, € C*(R?); besides for every B open set in R? the following
estimate hold
sup ) ()| < ey (4D o[l (8.35)

Proof The proof follows immediately by the formula

1 np 1 1
(@) = () = )
for p € N* and where n? = (n}*,...,nk?), by lemma B.3.2 and theorem B.3.1.

The estimate (B.3.5) on the norm follows from remark B.3.2 and the diophantine
estimate satisfied by w o

We now come back considering the Hamiltonian

~

H(y,2;w) = B(w) +w-y + Qy, 7;w) + ef (y, 25 w) (B.3.6)

consistently with all the notations of the preceding section; in particular we recall
that H,(y,7;w) = H(w,'(w) + y,z) where H.(I,¢) = h(I) + ef(I,¢) €
H(D x T%) and

Bw) = h(w '(w))

~

Qly.ziw) = Q(y,z;wp (W) = —/0 W' (wo ™ (w) + ty) dt (y,y)

~

fly,z0) = f(wo ' (w)+y,2)

wherewy =h' : I € B C D — Q s, by assumption, a diffeomorphism between
the open sets B and 2 of R?. It can be immediately observed, by the assumptions
made, that H, (0, z; w) € C!. We remark that we are interested to analyze the case
y = 0 since we want to apply our following results to f(z;w) = ®.(0, z; w).
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Proposition B.3.1. For any f € CL(T¢ x Q; 0,) (see definition B.3.2) there exists

f € C(T? x Q;0y) such that

forany o, < oy .

Proof Let f € C! then by definition, f and £ are analytic over T¢ for any
[ € N* with |I|, = 1; this implies, as seen in lemma B.3.1, that they can be
expanded in Fourier’s series

flz,w) = Z fu(w)e™?®

neZaN{0}
f(l) (I, w) — Z fn,l(w)em.x
n€Z4{0}
where
1 [ .
falw) = o ; f(r,w)e™™" dx
1 [ .
fuaw) = — [ fO@,we ™ do = fP(w)
2m J,
and the following estimates hold
sup £ (w)] < My, eInleo (B.3.7)

with M, = max)|, = SuPrd g | fO(z,w)|.
Consider now for w € €2,

- fnw in-T ; mn-z
DM )= Y Do S i @)gw)en
neZ4~{0} neZ4~{0}

By lemma B.3.2 g,, can be extended to a C''(€2) function g,whose derivatives
coincide on €2, with the derivatives in the sense of Whitney of ¢,, and verifies the
estimate in (B.3.5). Now define d,,(w) = —if,(w)gn(w) € C*(£2) obtaining

D(z,w) = Z dp(w)e™®

n€eZ4~{0}
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that extends D, ' f(x; w). We now prove that D belongs to C}(T? x €; o). We
start observing that by lemma B.3.1 we obtain for = € ']I“ff1

Y suplda(@)le™ < Y SlépIfn(w)lsgplﬁn(w)le‘"'”lS

TLGZd\{O} TLGZd\{O}
< Z Moe_\n|aoc,y—1|n|76\n|a1 _ CMU’}/_I Z e—|n\(ao—gl)|n|r
nezi~{0} nEZd~{0}

and this series converges for every o, < oq; we so proved that D € ’H(’]l‘fjl).

Equivalently it can be shown that %D(x, w) belongs to H(T< ) forevery I € N
with |{|, = 1 since for such [ we have

slsllp|d§f)(w)| < sgp|fn,1(w)§n(w)|+sgp|fn(w)§g)(w)|S
< C]\/[le’\nkfo,yfl|n|T_'_c]\/[oe—\nkro/yfz|n|27—.|_1S

< cmaX{ley_l, MO,Y—Q} |n|27+le—|n|ao
and hence for every x € ']I“g1 we get
> supldd()lle | <
n€eZ4~{0}

< cmaX{Mly_l,M07_2}7—1 Z 6—|n\(ao—m)|n|27+1<oo
n€Z4{0}

Using the same estimates we can obtain that the series

> d @t

neZ4~{0}

converges uniformly on T¢ x Q for every [ = (l1,1,) with |I|; = 1 and therefore
D(z,w) € C(T? x Q). This completes the proof ¢

Remark B.3.3. The class of function f € Cl(T? x Q; o) is closed under the
operation of averaging on T¢, inverting never vanishing functions and making
products.

Theorem B.3.2. Let

:(y,2";w) € BxTxQ, — &y, 2";w) = (z,y;w) € Bx T x Q,
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be the symplectic transformation that puts H, into Kolmogorov’s normal form (see
(B.2.1)), consistently with all the notations adopted in this section and in section
B.2. Consider f(a2',w) = ®(0, 2'; w) defined on T¢ x €, ; then, f can be extended
to f belonging to C!(T? x Q; 0.).

Proof First of all, referring to the iterative scheme represented in (A.3.1),
proposition A.2.1, lemma A.3.1 and proposition A.3.1 we write the general ex-
plicit formula for the symplectic transformation at the j-th step, once the Hamil-
tonian HY) = BU) 4w-4@) 4+ QU+ PU) is given. In the case of the dependence
on additional parameters (in agreement with theorem A.4.1) we have that

(b(.]) . (y(j+1), x(‘]+1), (.U) c B;jj+1 XngH XQ* — (y(]), x(j), (.U) c Bﬁlj XT% XQ*
so that
HY 0 dW) = U+ = BUHD 4y G+D) L QU+ 4 2 pli+)

is generated by

F; (y(j+1)’ 2@, w) = YUt L 2 0) 4 €2fgj (yitD, 2): w) (B.3.8)
with

gj(y(jﬂ),x(j); w) = [bj(w) W) Sj(%(]‘);w) + aj(a:(j); w) - y(j+1)} .

In analogy with formulas (A.2.4), (A.2.6) and (A.2.7) the components of g; are

si(wiw) = D, (PY(0,7;w) — (PD(0,7;w))) (B.3.9)
bi(w) = —(QUO,5w)) (PD(0,w) +
+ Q0. w) - By w)) (B.3.10)
aj(r;w) = =D, ' [PY(0,z50)+
+ QYN0 z;w) - (bj(w) + Byps;(w;w))] - (B.3.11)

Denoting with ¢; the analytic diffeomorphism of T¢ that inverts ¢;(z;w) =
T + €% aj(x;w) (having then the same dependence of a; on w) and taking the
derivatives in (B.3.8) we obtain

y = gt e [b(w) + s w)
Wy, 20 ) = + (Fa” (@3 0)) -y ]|

;p:@j (;p(j+1) ;w)

2 = (2t w) .
(B.3.12)
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Notice that &) is a linear application in yU+1) and therefore analytic for y+1
inB,,.,,.

The components of the new Hamiltonian H U+ (yU+D) 20+ ) are given
(in analogy with equations (A.2.8), (A.2.10) and (A.2.9)) by

EV(w) = EVW) + ¥ (w- bj(w) + (PY(0,5w))); (B.3.13)
PU(y,ziw) = POy, ¢i(z:w);w) - 0o, (y, §i(x);w) + (B.:3.14)

1 .
/ (1= ) HD (y + 16 Dyg, 3, (a:0); ) dt (8o, a0)
0

QU (y, zw) = QU(y, 3(w):w) + 2 QU)(y, Qi(r;w);w) (B.3.15)
where QW) = QY + QY + QY with
A (yziw) = QP(y,7;0) - (Bray(a;w))" -y

QY (y, m5w) = (/0 (1= DQG), (ty, 2:w) dt) (Y, 9, bj(w) + Opsj(7;w))

QY (y, 1) = (/01(1 — )P (ty, z; w) dt) () -

Now we prove by induction that at each step the symplectic transformatlon
oL \y is an element of C! (T¢ x Q; 0, ) as a consequence of the fact that ¢ \

belongs to C,(T¢ x Q; 0;,,) for every j € N. By hypothesis we have H© : He
analytic for z € T¢ and y € B, and having a C"' dependence on w in Q = wy(B)
(actually the dependence on w is C'*° having assumed that the frequency map
wo = h' is such a regular diffeomorphism) and this means that H(U)\yzo belongs
to C}(T¢ x €; 0,). Then by lemma B.3.1 and remark B.3.3 applied in formulas
(B.3.9), (B.3.10), (B.3.11) and (B.3.12) for j = 0 we see that ag, bo, 50 can be
extended to C!(T¢ x ©; o,) functions as well as, by consequence, ®(; identi-
fying for simplicity every extension with the original symplectic transformation
referring to it with the same name we obtain

QD(O)‘y:U € CHT¢ x Q;01) C CHT? x Q;04)

where o; is chosen as in (A.3.2) forall j € N.
Assume now that /) is analytic for (y, ) € B,; x T¢ and

q)(jfl)‘ € CHT x Q;0y) ;

y=0
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then, always by formulae (B.3.9), (B.3.10), (B.3.11) and (B.3.12) we obtain that
q)(j)‘yzo € C;(Td x Q0541) C Cé(Td X Q;0x) -

Moreover, observe that from equations (B.3.13), (B.3.14) and (B.3.15), the new
Hamiltonian U+ s analytic for (yU*Y,2U+Y) € B, , x T¢ , and restricted
to yU*t) = 0isa CL(T¢ x Q; ;) function.

We so proved that

Tj+1

f,w) =3(0,2;0) = lim @ odWo...0dW (0, z;w)

J—>0C

can be extended to £ in C} (T% x Q;04) o

B.4 Measure of invariant tori

By Kolmogorov’s theorem we obtained invariant tori for H.(I,¢) = h(I) +
ef(I, ) in the form

Tw = {[ = W(;I(W) + yo(O,LE’;W), Y= xO(Oaxl;w) |I,E’ € Td} (841)

for any w € Q, C D, ,; we recall once again that H. is analytic on D x T¢ and
wo = k' is a diffeomorphism of class C* on D. We remind also that we defined
for § > 0 the following sets

B=B(0) = {le€D|dist(I,0D)>d},

Q = wU(B),
Q0 = QnD,,,
B, = w'(): (B.4.2)

B, is then the sets of vectors I such that the image through the "map of fre-
quencies” is diophantine. In the previous section we proved that (for |¢| < ¢)
the components of the symplectic transformation @, restricted to y = 0, namely
y0(0,2";w) and (0, 2';w), can be extended to 7, and 7, both C'' functions on
T x Q.
We now define
K.,=|J T (B.4.3)
WEN,

the union of Kolmogorov’s invariant tori for H, in the parameter space. Adopting
the same notation of theorem A.4.1 and writing explicitly the dependence on the
parameter ¢ we have

O (y, 2" w) = (yo(y', 2'sw), mo(y, s w)) = (¥, 2") + O(e) (B.4.4)
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therefore it results
®.(0,2";w) = (yo(0,2"; w), 20(0, 2";w)) = (0,2") + Ofe) ; (B.4.5)
more precisely we obtained
|90(0,2";w)| < eCDpr

and
|20(0, 2", w) — 2| < eCDur.

So, if 9 is chosen to be greater than eC' Dyur ( C and D as defined in (A.4.1) and
(A.4.2)), but sufficiently small to have B(4) # () (that is another condition on the
size of ¢ ) we obtain

o (W) +u0(0,2"5w) € U{y ly—1I| < eCDury € | J {ly—11<d}C D

1€B(S 1€B(6)
which implies 7,, C D and as simple consequence
K,CDxT.

Remark B.4.1. We can synthesize the condition to impose on é and by conse-
quence on ¢, with the inequalities

eCDur <6 <sup sup{r : B(y,r) C D} ; (B.4.6)
yeD

we will be from now on consistent with this choice.
At this point, before calculating the measure of K, we need some lemmata.

Lemma B.4.1. Let B(0,R) = {z € R? : || < R} be the open ball in R? with
center in the origin and radius R > 0; if B.(0, R) = B(0, R) N D _ for fixed ~
and 7 > d — 1 then

meas (B(0, R) \ B,(0, R)) < ¢, 4R 'y (B.4.7)
with
cra=2" Y |n " (B.4.8)
neZ4~{0}

Proof By the definition of D¢

5(0.8) = { o] < - ~ 0}
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and then putting S = B(0, R) \. B,(0, R) we can write

S = {|w|<R: In e Z4\ {0} :|w-n|<|7Z|T}

n Y
= w<R: IAneZ*~ {0 :w-—<—}
{ (0) clo- i<
n v
= W<R:i|lw-—|<——p .

n€eZ4~{0}

Observe now that v = 2 is a unit vector in R* and therefore there exists a rotation

In|
that maps v intoe; = (1,0, ...,0) € R%; name U such rigid movement of R¢ with

the property
Uv = Ui = €1 .

7]

Since Lebesgue measure as well as the inner product in R? are invariant under
rotations, we can write

measS = measU(S) =
= meas U {weRd,|U1w|<R: |U1w-v|<LT+1}:
n€eZd4~{0} |n|

= meas U {wERd,|U1w|<R:|w-Uv|<||LT+1}:
n

n€eZd4~{0}

= meas | J {wERd,|w|<R:|w-el|<||++l};
n

n€eZ4~{0}

(we obviously used that the set {w € R? : |z| < R} is invariant under rotations);
carrying on this equalities we obtain

measS = meas U {w ER|w| <R : |w-e] < LTH} <
neZ4~{0} |7’L|

IN

y
Z {wGRd’|w|<R:|w1|<W}S

neZ4~{0}

dpd—1 7V d—1
< Z 2°R |n|T+1_CT’dR v .

neZ4~{0}




The last thing to be observed to complete the proof is that the sum that defines ¢ 4
converges:

1 / dx // 1 d—1 // d,O
—— <c —= <c¢ P dp=c — < +00
2 In[™"! afz1 |27 po1 PT po1 pT

neZa~{0}

sinceT —d+2>(d—-1)—d+2=1¢

Corollary B.4.1. Let A C R? bounded, define A, = AN D¢ _, for fixed v and

’Y’Tl

T>d—1,and

¢4 = crq(meas A) " sup |z|* (B.4.9)

€A

where ¢, 4 is defined in (B.4.8); then

meas (A \ A,) < ca(measA)y . (B.4.10)

Proof Define
R = sup ||

T€EA

by the hypothesis of boundness on A, R is finite and we have A C B(0, R). Then
simply observe

AN A= U {weA:|w-n|<|n|LT+1}§

neZ4~{0}
: i _
< U {w € B(0O,R) : lw-n| < —H} = B(0,R) ~ B,(0,R).
n€eZd4~{0} |TL|
Therefore by lemma B.4.1, taking ¢4 as in (B.4.9), it results
meas (AN A,) < meas (B(0,R)~ B.(0,R)) <

< uRly = ca(measA)y o

We are now ready to state and prove the main theorem of this chapter con-
cerning the measure of the union K, of maximal invariant tori for H, carrying
quasi-periodic motions:

Theorem B.4.1. Let H.(I,¢) = h(I) + €f (I, ¢) be a real-analytic Hamiltonian
on D x T¢ (where D is some open set in R?). Let the usual condition e C Dy < 1
be satisfied for C' and D as in (A.4.1) and (A.4.2) respectively. Then,

(27)" ( meas 4Q)
(B.4.11)

: o _
meas 4 K, > (1 —10(€)]) (1 — cq7) cirelg det 250 "(w)
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where wyq is defined in (B.1.2), ¢q in (B.4.9), (v, 7) is defined by (B.1.4) and
(B.1.3) and K, by (B.4.3) and (B.4.1).

Proof Recall first that
Kw — U 7:.)

WENL

where 7, is an invariant torus for H,, for any w € Q, = wo(B) N D? . We can
parametrize 7., by equation (B.4.1) as follows:

To={Te) e DXT! : I =n(z,w),¢ = {(z,w), v € T}
where

n(z,w) = wy(w)+ 700, 2;w) (B.4.12)

E(z,w) = To(0,7;w) . (B.4.13)

Remind that we defined 7, and ¢, as C' extensions of the components of the
symplectic transformation .| ,—o; Moreover, by hypothesis on H., it results that
wy (the frequency map) is a C* diffeomorphism and therefore we have that » and
¢ are both C'* functions defined on the whole space T¢ x (.

To estimate the measure of K, in the phase space D x T¢, we use the change
of variables theorem for integrals in R™ obtaining

meas K, = meas U T, :/ dldy = // det 0(1,¢) drdw.
WEN, Usea, To Tdx . 8(1‘7 w)
(B.4.14)
Our task is now to estimate
: (n,€)
sup |d(z,w with d(x,w) := det )
de9*| () (z.w) Oz, w)

More explicitly, from equations (B.4.12) and (B.4.13), we can write
a%gjg((], W) %wo’l(u}) + %go(o,x;w) )

3%530(0;335@) %530((];335‘0)

d(z,w) = det (

Thus, from equation (B.4.5) we get

0 _ 0 _ 0 _
a—xyo(oaﬁ;w) = a—wfo(oaﬁ;w) = a—wyo(0,$;w) = Ogxadl(€)

0 .
%xg((], z;w) = Lg+ Ogxale)
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where I, is the unit matrix d x d and O44(€) denotes some d x d matrix such that
each element is O(e). Since 2wy (w) = A"(I)"|,_ 1.,y We obtain
_wo w

Ouxa(€) h”([)_l‘I:wo_l(w) + Ogxal(€)
d(z,w) = det (B.4.15)
Iq+ Ogxale) Oaxal(€)
By indicating with Q4 the null matrix d x d we define
Oua W)L
A= (B.4.16)
Tixd Ogxd

so that, from equation (B.4.15), it results

d(I,E, w) = det (A + Ogdxgd(G)) = (det A) det (]Igdxgd + A7102d><2d(6)) =

= (det A) det (Iogx24 + O2ax24(€)) = (det A) (14 O(e))

(observe that A~! obviously exists). Finally, by definition of A in (B.4.16), we
have

d(z,w) = (det A) (1+ 0(e)) = (det h"(wy'(w))) " (1+ O(e)) =

_ <det %wolw) (1+0()) .

We now come back to equation (B.4.14) to obtain the wanted estimate in
(B.4.11) using (B.4.10) and definition (B.4.9):

meas K, = // ld(z,w)| dxdw =
TdxQ,

= (1+0(e) //dem

> (1—|0(e))) inf

weN

det iu)’l(w)

500 dzdw >

0
det %wo_l(w) meas (T x Q,) >

> (1-10(¢)]) inf

weN

det a%wol(w) (27)%(meas Q) (1 — cov) o
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Appendix C

RuRmMann’s theory for lower
dimensional elliptic tori

In this Appendix we review RulRmann’s theorem on the existence of lower dimen-
sional elliptic tori for nearly-integrable and analytic Hamiltonian systems. All
results discussed can be found in [RUBRmMO1] to which we always refer for fully
detailed proofs.

C.1 Preliminaries to RuRmann’s theorem

We first introduce some notations

e Consider vectorial spaces V; = C% for ;7 = 1...m; then we denote for
s € R}

D(s)={v=(v1,..,0m), v; EVj : |vj| <s; ¥Yj=1...m}. (CL1)

e Let X, M € matc(m x m) with X = X', then we denote with [[/]] the
matrix of the linear mapping

X+— MX+XM' =B (C.1.2)
(this implies obviously B = B') provided that only the elements X, with

j <l are considered.

More precisely if we associate to any matrix A = (A;;) € matc(m x m)
the vector

—

A — (Alla A127 e aAlma A22; R AQm; R Amflmfla Amflma Amm)
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belonging to S , then we can represent equation (C.1.2) in the form

(M) X =B

where [M]] = ([[M]] jk,m) € matc (m<";+1> X ’"“’;“)) is defined by the
expression

1
<[[M]]jk,ln> = <(1 - §5jk)(MZj5nk + My, 05 + Myidyj + an5kj)>

where 4,; are the classical Kronecker symbols.

Now we recall the definition of approximation function already given in 2.2.1
for easier further references:

Definition C.1.1 (Approximation function). A continuous function ®: [0, c0) —
R is called an approximation function if:

1. 1=2(0) > ®(s) > @(t) >0for0 < s <t < oc;
2. d(1) =1sothat &(s) = 1forany 0 < s < 1;

§—00

3. $*®(s) — 0 forany A > 0 so that sup,, SD(s)x < oo forall y > 0
and A > 0;

4, floologﬁ % < oo,

C.1.1 Consequences of weakly non-degeneration
In this paragraph we consider a real-analytic function
x = (w,A) : B— R? x R#*#% (C.1.3)

defined on a domain B, where A is a 2p x 2p symmetric matrix satisfying the
following conditions:

1. there exist p real-analytic functions on B, §2;(y), . .., €,(y), such that
i (y), .., i (y), =i (y), ..., —i(y)
are the 2p eigenvalues of the matrix AJs,.

2. the vector
(w,Q1,...,9,):B— R xR

is weakly non-degenerate.
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Lemma C.1.1. Let (w, () a real-analytic and weakly non-degenerate function;
then, in the notation of definition 2.1.2, we have

ZEo=UUV withUnV =10
where

U = {leZ]| (w,(l,Q)) isnon-degenerate}

V = {leZPq| 3neR N2 (n,w) = (,Q)},
with the numbers 7; uniquely determined. Besides almost all points b € B satisfy
(k,w(b)) # 0forall k € Z4and (k,w(b))+(l, (b)) # 0forall (k1) € ZxZ2,.

In view of this lemma we can define the first of the important numbers needed
to "quantize" the non-degeneracy of y:

Definition C.1.2 (Amount of degeneracy of y). The amount of degeneracy of a
weakly non-degenerate function is defined by

mingezaey [k +7l2|(k, 1) V #0
a=a(x) = (C.1.4)
1 V=0

LemmaC.1.2. Let f; : B — R™ be real-analytic and non-degenerate functions
defined on a domain B C R?, for each j = 1... N. Consider

C=R™ x---xR™

and let ¢ = (¢y,...,cn) € C be some parameters. If we define f : C x B — R
as the real-analytic function (with respect to the y variables)
N
fle,y) =1 £iw) (C.15)
j=1

and S as the following subset of C
S:{C:(Cl,...,CN)€C||Cj|2:1 VleN},

then for any non-void compact set K C B there exist numbers 1o = uo(f, K) € N
and 3 = ((f,K) > 0such that

max |D¥f(c,y)| >0 VeeS, Vyek (C.1.6)

0<p<po

(here and in the sequel, D refers to the y variables whereas ¢ is considered a
parameter).
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Observe that if we consider a function f as in (C.1.5), then the function

(¢,y) € C x B— max |D"f(c,y)]
0<v<p

Is continuous in C x B for every p € N. Therefore the number

B(f 1, K) = joiin_ | max, D" f(c,y)]
is well defined for any compact set C C B and verifies 5(f, u1, K) < B(f, p2, K)
for every 0 < py < po. Then, by Lemma C.1.2 we can well define the numbers
wo(f, KC) and B(f, po, KC) as follows

Definition C.1.3. We call index of non-degeneracy of f with respect to  the first
integer 1 such that 5(f, po, K) > 0 (while 8(f, u, ) = 0 for every p < pug); we
call the number 3(f, uo(f, KC), ) amount of non-degeneracy of f with respect
to /C.

What we want to do now is to define the index of non-degeneracy and the
amount of non-degeneracy of the real-analytic function x = (w, A). We define
the following three functions:

WY @) = [k w) Lkl (C.L.7)
NP = CP)det(ilk, w)lay + AJ,)| (C.1.8)
WP W) = CP k7 det (idk, w) ooy, + [[AJ5]]) |* (C.1.9)
where
r=#{ez?||l =2, {,Q) =0} (C.1.10)
and
) = [(k, ) [k + 7l | =k +7l ! (C.1.12)
levy
O = (b, V) [T 1k + 7l =k + 7)™ (C.1.12)
LEV,
with

Uy={leZ’||li=j : (w,(,Q)) isnon-degenerate} = U NZ" (C.1.13)
Vi={leZ||li=j 3neR' NZ": (n,w)=(,Q)} =V NZ (Cl1.14)
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forj =1,2.

Proposition C.1.1. Let [x]"(y) be as defined in (C.1.7), (C.1.8), and (C.1.9);
then, under the hypotheses made on y = (w, A), they can be represented (for
every k > |j — 2|) in the form (C.1.5) with the properties described in lemma
C.1.2.

Before proving this proposition we need two preliminary lemmata; we refer to
[RUBRMOL, page 141-142] for the proof of the first lemma while the second can be
obtained as a corollary with the help of some easy calculations.

Lemma C.1.3. Let M € matc(m x m) with eigenvalues Ay, ..., \,. Then the
eigenvalues of the matrix [[M]] € matc (3m(m + 1) x 3m(m + 1)) (see section
C.1 for the definition of [[A]]) are the $m(m + 1) functions ), + X; for 1 < i <
Jj <m.

Lemma C.1.4. Let A € R then the following two equalities hold:

| det(iNly, + Ay)|" = [ A+ @G22+ (1)
| det Aoy, + [[AJ5]]17 = X777 [T A+ L) (=X + (1,)

for U;, V; defined in (C.1.13) and (C.1.14) and r = #{l € Z? | |I|; = 2, ([, Q?) =
0}.

Proof [proposition C.1.1] As it can be easily seen [X];” is already put in the
form (C.1.5), in fact:

N
Y =TT Hw) with N =2, £;(y) = w(y), ¢; = [k for j =1,2.

j=1

For what concerns [X],(f), recall the definitions given in (C.1.8) and (C.1.11)
and apply lemma C.1.4 with A = (w, k) using the definition of V; (and conse-
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quently of 7;) in (C.1.14); thus, we may write the following equalities:

NP = P | det(i(k, w)lyp + Adyy)* =

= O T (k. w®)) + (L QW) (—k, w(y)) + (L. Qy)))

lelt,

* H (&, w(y)) + (L Q2y))) (k,w(y)) + (1, Qy))) =

levi

= P 1] (kw®) + 2w (—k,ww) + (,2))

leU;

s [k +m0@)(—k+7,wy) =

_ (k,w(y)) + (L 2AY) 11 hw®) + Q1Y)
!U[l (k. 1)]2 1 (k. 1)]2

. H (k+7,w(y)) H <—k+Tz,w(y)>;

|k—|—Tl|2 |—k+7‘l|2

leU;

lev; leWh

observing the non-degeneracy of (w, (I,2)) for [ € U; and the non-degeneracy
of w we conclude that effectively [X],(f) is in the form (C.1.5) and satisfies all the
hypotheses in lemma C.1.2.

A completely analogous proceeding can be adopted for [X]ff’); in fact the fol-
lowing equalities are verified in view of definition (C.1.9) (together with (C.1.12)),
lemma C.1.4 with A = (w, k), the definition of 1, (and consequently of 7;) in

182



(C.1.14) and the definition of r in (C.1.10):
WY = O | det (idk, w)layper, + [Ady)]) * =

2p+2r

= 7 T ko) TT (6 w) + (.0 () + (1, 2)
 [1 0k w) + @) (hw) +(.9)) =
= G I k) TT (W) + (10 (=, ) + 41, 9)
* H(k+Tl,w>(—k+Tl,w>:

B w by w) + (1) (—k, W) + (1,0
- 1 <|/e|2>1§]2< |<I>~c,+1><|2 . |<k>,1+>|<2 |

§ H (k + 7,w) <—k+n,w>‘
k+7ls |—k+ml’

leVs

recalling the non-degeneracy of w and the non-degeneracy of (w, ([, Q2)) forl € U,
we conclude the proof
We can finally state

Proposition C.1.2 (Index and amount of non-degeneracy). Let [X],(cj) as defined
in (C.1.7), (C.1.8) and (C.1.9), then, for every k € Z“ such that |k|, > |j — 2|
for j = 1,2, 3, there exist integers 15 = 11o([x]%, K) € N and numbers 50) =
B, K) > 0 characterized by

D' W)| 2 89, VEez,

min max

ex )
yek o<v<pf
min

D%M?@ﬂZO,Vu<u9-
yex

We call index of non-degeneracy of x(y) = (w(y), A(y)) with respect to K the
number

1 2 3
p1o = max{ ", p?, 1§y

and we call amount of non-degeneracy of x(y) = (w(y), A(y)) with respect to
KC the greatest number characterized by

min max D”[X]Ecj)(y)‘ >4>0, VkeZl j=1,2,3.

yek 0<v<po

183



C.1.2 Estimate for exp(sAJy,)

In this subsection we display an estimate for the exponential exp(sA(y).Jo,) Where
s € Rand A isa2p x 2p symmetric matrix which is real-analytic on a domain B
in R?. Let K be any compact subset of B and choose ¥ > 0 such that

K +49 C B.

We start stating two preliminary lemmata:

Lemma C.1.5. Let M € H(K+29) an m xm matrix function having eigenvalues
M (y), ..., Am(y). Suppose to have satisfied for a number a € R the inequality
Re \;(y) < aforeveryy € K and forall j = 1,...,m; then there exist numbers
a, < aandt, € (0,9)suchthatforj=1,...,m

Re \;(y) < a4 (C.1.15)

forally € K + t,.

Proof The proof of this lemma can be found in [RUZMO1, page 166] o

Lemma C.1.6. Consider M € H(K +2¢) asinlemma C.1.5 and let a, # 0 (itis
obviously always possible to suppose that) and ¢, € (0,4) such that Re \;(y) <

a, forally € K +t,and j = 1,...,m; then we have the following estimate
m—1 2|M|]C . j .
exp(sM)|icys < e+l $ 143 ( u ) (27j)"7 b (C.1.16)
= Bla|

foreverys > 0,3 > 0andt € (0,t,].

Proof The proof of this lemma can be found in [RUBMOL, pages 166-167] o

Consider now the specific case of a 2p x 2p matrix function A € H(K + 29)
(in the case we are going to analyze, A will be the matrix of the coefficients of the
elliptic variables in the integrable part of the Hamiltonian considered) such that
AJy, has all purely imaginary eigenvalues

M(Y) =iY), - M(y) =i (y),
Api1(y) = =i (y), - -5 Agp(y) = =iy (y)

where ), are real-analytic functions for j = 1,...,p.
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Proposition C.1.3. Under the hypotheses just done on the matrix function A,
there exist constants a, = a.(A,K) € (0,1) and ¢, = #,(A, K) € (0.9) so that
for all s € R we have

(Al )’
|exp(sAJop)|icsr < 41 {1 + Z ( K+t> (2mj)~
7=1

o=

|a*|

} (C.1.17)

for every t € (0, ,].

Proof By the hypotheses made on A we can choose any positive number as
an upper bound on I for the real parts of the 2p eigenvalues. For instance we can
take a = 1 such that

sup Re \j(y) <a=1, Vj=1,...,p.
yer

Applying lemma C.1.5 we obtain the existence of ¢, € (0, ) and a, such that

sup Re N(y) <a. <1, Vji=1,...,p (C.1.18)

It is sufficient now to apply lemma C.1.16 with A/ = +£AJ,, , m = 2p, 3 = 2
and to observe that a, > 0 and |AJop |1t < | Al = |Alxqe forany ¢ <t, o

C.2 The main theorem
Theorem C.2.1. Let

Hz,y. ) = h(y) + %(z, AW + @y, 2) @2+ Pla,y,2) (C21)

be a real-analytic Hamiltonian defined for
(z,9,2) €T x BxV C T4 xR? x R*?

where B is an open connected set of R?, 1/ is in an open neighborhood of the
origin in R?? and A is a 2p x 2p symmetric matrix. Let D a complex domain
on which H can be holomorphically extended; let IC be any non-empty compact
subset of B with positive d-dimensional Lebesgue measure meas ;& > 0 and let
A C D be an open set such that

T¢xKx{0}CA. (C.2.2)
Choose 9 € (0, 1) such that
T¢(9) x (K 4 49) x ({0} +9) C A (C.2.3)
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and

(K+, 29)CB. (C.2.4)
Define w(y) = 5-h(y) and take

C1 = |wlk3o (C.2.5)

Cy = |Alkyso (C.2.6)

Gy = |fla- (C.2.7)

Make the following two hypotheses:

1. the symmetric matrix A(y) is such that det A # 0 and the eigenvalues of
A(y) Jop are i (y) .. i€ (y). =i () -~ — () With Qu(y) ... 2 (y)
real-analytic functions on B (this implies in particular that z = 0 is an
elliptic equilibrium point for ®%,).

2. the function
(W, 0...9Q):BCR — R x R

is weakly non-degenerate and extreme ( (w,$2) is usually called the fre-
quency vector and his components are called respectively the tangential
and normal frequencies).

Then for any e* with 0 < €* < meas 4K there exist positive numbers ¢, and -y (see
subsection C.2.1 for details) depending on w, A, IC, €*, A, @, such that assuming

1
[Pla < 5 (C.2.8)
and taking real numbers oy, g, ug verifying
og = v (C.2.9)
6079 %
= C.2.10
"o ((01+02+C3)> ( )

. 60’(9 % €o %
= C.211
Ho mm{<01+02+03> ’(2(Cl+02+03)> } ( )

there exists a compact subset H C X with meas ;A > meas ;K — ¢ and a
continuous mapping

X:(b,&6(mO))eHXT xU — D
where I/ is an open neighborhood of the origin in R? x R? such that

¢ the mapping
(&1, Q) — (2,y,2) = X(0,§,1,() (C.2.12)
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defines (for every b € ) an holomorphic canonical transformation on

T (%) x U, and

X (’H x T¢ (?) X L{p> CTY X By X Vi,
for sufficiently small p > 0;

e the transformed Hamiltonian is in the form:

1
H (X (0,8, €)) = h*(b)+{w* (), ) +5(¢ CA*(0)+O(nl*+{mlI¢|+1¢ )
(C.2.13)
forevery b € Hand (&,7,¢) € T¢ () x U,,;

5
¢ the new frequency vector w* and the new symmetric matrix A* satisfy for
all b in H the diophantine inequalities

(k. w*(0))) > (k). ¥ k€2~ {0}
| det (i{k,w* (b)) Loy + A*(b)Jop) | > ~@(|K]), ¥V ke Z?

[(det (i(k, w*(0)) Tapep + [[A*(0) T ])) | = v ®(K]), V k€ 2\ {0} .

We conclude remarking that the transformed Hamiltonian system possesses the
solutions

£ =w(b)t+c (C.2.14)
n=0=¢
so that the system described by H in (C.2.1) possesses the invariant torus
(z,y,2) = X(b,£,0,0)
for £ in T¢, with quasi-periodic flow (C.2.14) for all b in .

The statement of this theorem is greatly inspired by Rufmann’s theorem in
[RUBRMOL, page 126] but puts together different results (especially for what con-
cerns the quantitative claims) contained in his work; we cite here, for references
and clearness, the major results contained in RilRmann’s work on which theorem
C.2.1 is based: theorem 1.7 on page 126, lemma 13.4 on page 158, theorem 15.5
on page 175 and theorem 16.7 on page 179.

The differences between RiRmann’s theorem and theorem C.2.1 (that consist
mainly in the addition of a cubic term in the elliptic variables) will be discussed
further on in this section. The strategy to prove theorem C.2.1 using Rifmann’s
scheme is explained in subsection C.2.2.
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C.2.1 Explicit estimate for ¢, in RUBmann’s theorem

Now referring to the estimate Rimann gives in [RUBMOL, page 171], we are go-
ing to formulate an explicit estimate on the value of ¢, (that is an estimate on the
admissible size of the perturbation P in Hamiltonian (C.2.1)) under the hypothe-
ses in theorem C.2.1. We first resume briefly, to be as much clearer as possible, all
the quantities intervening in this estimate not mentioned in the statement theorem:

e a, € (0,1)and t, € (0,9) are two real numbers, whose existence is guar-
anteed by proposition C.1.3, such that for all s € R we have

S (Aler) g3
| exp(sAap) s < €17 {1+ Z( ’C”> (2@)2} (C.2.15)
j=1

forevery ¢t € (0,t,];

o Let x(y) = (w(y),A(y)) (where w = K', h and A are the real-analytic
functions appearing in Hamiltonian (C.2.1)) then «(x, K) is the amount of
degeneracy of x with respect to /C as in definition C.1.2);

e 1o(x, K) and 3(x, K) are respectively the index of non-degeneracy and the
amount of non-degeneracy of x with respect to K defined in proposition
C.1.2 (and whose determination can be found along the procedure in section
C.1.1);

e We recall that €* is an arbitrarily chosen number such that 0 < ¢ <
meas ;K, ¥ < 1 is a positive number small enough to verify inclusion
(C.2.3) while C = |w|i139,C2 = |Qxc139 and C3 = | f|4. In addiction
to that we define d, the diameter of K:

dy = sup |z —y| > 0.
T,yeX

We now define some numerical constants obtained by simplifying the values
indicated by Rifmann in the cited estimate (values that we consider as given
upper bounds) and some other quantities needed for the wanted estimate:

e Let @ be the chosen approximation function in agreement with definition
C.1.1, take Ty > 1 such that

®(Ty) < e for r:=max{d+1,2p* + p} (C.2.16)

and the following inequality is verified

o 1 dT Jlog 2
log —— 22 < - c.2.17
/T BB T2 = 12p0dlog(35d)’ (€.217)

0
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e Let @ be the chosen approximation function we put

1
D = 81>111) 5P (s) 0 < oo
Si

e Define
M* = (2p2 +p)#0+12(2p2+p)(uo+5) [MO!,&—MO (Cl + CQ + 1)]4;02—1—21)—1

and

110 + 1)#0+2

* 1 2
C* = (2p2 —I—p)”ﬁ 9(2p +P)(M0+4)( (MO - 1)! ((I)duo)Q

:| 4p242p

(M0+ 1)!

¢ We can now define the value of ~ appearing in theorem C.2.1, which obvi-
ously gives contribution to the estimate for ¢,: let

_ ko )
= 35 (2me) g (dF 4 2dy + 07Ny ) €] T @00 g
then

v = min{2a,, 71}
e Define ty > 0 by

to = min < 1, , 1572 (To)V 5 ( (C.2.18)
8(2p% +p)(3(Cy + Co + 1)) P

e Letg: RY — R such that

1
_ S 1-[z[2
g(x) — { e |£L‘| <1

0 lz| > 1

and consider the function

o) =) ([ otwar)

C(d,n) =3"n! Dig ()| d
(dn)=3"n1 sup /Rd2| (@) ds

a€R? | |al2=1

then define

taking C'(d,0) = 1;
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e Define at last

2p—1
a; = 1+Z 210y (2mj) e (C.2.19)
4 = 3¢ (2p+ D2(7(Cy + Cy + 1)) 71, (C.2.20)

then the estimate on ¢, is given by

v 2
=———  (min{FE,, Fy. E C.2.21
€0 01+CQ+C’3(mm{ 1, £22, 3}) ( )
where
7<I>(T0)T0_’" . 1
B, = %70 o ——
! 3272((11 + (12) i ’ 317

YO(Ty) Ty " ) ,
E2 = 21 1 - — 1 — :
32(2p2 +p) (3(C1 + Co + 1)) 7P QM0 ==
B 1 . Oy P’ GgHo
= min{ — —— 70
T B e 20 o)

C.2.2 Brief explanation of the strategy adopted by RiU3mann

We are going to dedicate the remaining part of this chapter to the proof of theorem
C.2.1. Actually, we will entirely use RiBmann’s proof contained in [RGBmMO1]
and perform just a few preliminary steps to prove the slighlty different version his
theorem given in C.2.1. The first step consists in listing the conditions indicated
by Rufmann in [RUBmMOL, page 157], under which the n-th step of the iteration
process, adopted to prove his main theorem of, can be carried out.

We observe at first that the scheme adopted by RiRmann conjugates a real-
analytic Hamiltonian

1
to an Hamiltonian in the form (C.2.13), that is

H (b,6,1,€) = WA(6) + (¥ (0), 1) + 5 (G, CA*()) + Olnl* + Il ¢] + I¢[")

(refer to the statement in [RGBMO1, page 126] without considering the initial and
final hyperbolic variables respectively w and #). It can be easily observed that the
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Hamiltonian that entries RUBmann’s scheme is slightly different from the Hamil-
tonian function (C.2.1) considered in the main theorem of this section. In fact,
this last possesses in addition, as already remarked, a cubic part in the elliptic
variables

flzy,2) @ 2%,
The second step of our proof is therefore dedicated to manipulate Hamiltonian
(C.2.1) in order to put it in the form

Hﬂ(baxayaz) = NO(bayaZ) +P0(b,x,y,z) (C223)

with
1
No(b,y, z) = ho(b) + {wo(b). y) + 5 (2, 240(y))
which is the form required by RiBmann to get into the initial step of the iteration
process. In fact, in a general n-th step (n > 0) we should have an Hamiltonian

Hn(b7 x’ y’ Z) = Nn(ba y’ Z) + Pn(b7 x’ y’ Z) Y
where the normal part is given by

No(b, 1y 2) = ho () + (wa(b), 9) + %(z, 2AL()),

depending analytically on z,  and z and, additionally, on some parameters b vary-
ing in an open and bounded set B, C R (as it will be later described, thay are
substantially the action variables whose frequencies are non-resonant and can be
controlled by means of the chosen approximation function up to a certain order).

The last step consists in applying RulRmann’s scheme to the Hamiltonian func-
tion (C.2.23) verifying that all the conditions listed during our first step hold for
n = 0. The proof of theorem C.2.1 will follow by consequence of Rifmann’s
theorem.

C.2.3 Conditions to carry out the n-th step of the iteration pro-
cess

We want now to list, referring to [RURmMO1, page 157], the conditions under which
the n-th step of the iteration process can work out. We first need to set some
definitions:

e Choose and fix

(C.2.24)



Let ® be the chosen approximation function and T} the real number verify-
ing conditions (C.2.16) and (C.2.17), we put

U(T) :=T7"®(T) with r = max{d + 1,2p* + p}

and
T, = U~ (U(Ty)6™) (C.2.25)

for 7 and § as previously defined.

IC,, is defined recursively as follows:
,CO =K

Is an arbitrarily chosen non-empty compact subset of B (the domain of the
action variables) as it appears in the statement of theorem C.2.1 and

Kit1 = KSJ)A n Kﬁl n ICS)J)rl
with
KU = {be Kyt |[(k,wa(0)] > 27'0(Ty), k € 2%, 0 < |kl < T},
KE), = {be Ky | det(ilk, wn (b)) Loy + Ay (b)Joy)| > 2710(T5,),
keZ |kly < T},
KE = {be Ky o | det(ilk, wn (b)) apeyp + [An(b) Jop]])| > 2718(T,),
keZ'0<|kly<T,}.

We put
€n 1= €07 " (C.2.26)

for ¢, verifying (C.2.8) (and being estimated by (C.2.21)) and
ty = 1o0™" (C.2.27)

for ¢, defined by equation (C.2.18).
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Let B C C? be an open set and let 77 > 0. We define P(B,T) as the
set of all trigonometric-algebraic polynomials F', depending on (z,y, z) €
C? x C? x C? and on parameters b € B, having the form

Fbz,y,2) = Z ijl(b)ei<k’m>yjzl (C.2.28)

with
I={(k,j,l) € Z" x N* x N* : |kl < T, 2|j|; + |l| < 2};

and where the coefficients F;, : B — E, for E = C? or C**? are holo-
morphic (so that P(B,T) C H(B x C x C* x C¥)).

The conditions to carry out the n-step of the iteration process are:

1.

[Condition on K,,] The compact set K, C R¢ is such that 1C,, # 0 (recall
that ICo = K by definition).

[Conditions on V,,] The normal part NV,, of the Hamiltonian at the n-th step
belongs to P (B, 0) with B, = K, +t, C C¢ (see definitions given above
for P(B,T) and t,,) and has the form

1
Na(by:2) = ha(b) + (wa(b). ) + 5 (2 2An(y)) (C.2.29)
with A, = AL; we remark that by definition of P(B,T') given above we
have hy,, wy,, A, € H(B) .

[Condition on A,] There exist constants ¢ € (0,1) and ¢; > 1 such that
the 2p x 2p symmetric matrix function A, € H(B,) satisfies

‘eAAngp‘BO < 3 (C.2.30)
forall A\ €¢ R

[Conditions on |w, — we| and |A, — Ag|] We require the following two
inequalities to be satisfied:

3y 1 gl
|wn—w0|8n < ﬂé’”

- C.231
- 27“0 1— §r—° ( )

1= 5(n70)n
A, — Aol < 3Ty257

—_ C.2.32
To 1 —o6Kk—9° ( )

where ¢, and r, appear in theorem C.2.1 and are respectively defined by
(C.2.8) and (C.2.10), 0, x, o and & are fixed according to (C.2.24) and T,
verifies conditions (C.2.16) and (C.2.17).
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5. [Condition on the derivatives of w, and A4,] Let C; and C, be the con-
stants in (C.2.5) and (C.2.6), let ¥ € (0, 1) be small enough to verify inclu-
sion (C.2.3) and let ¢, be defined by (C.2.18), then the following inequality
must be verified:

Cl + 02 deg - 1— 6(.‘1—0—7’)n
To|Dw,, DA,|s, <T 6077
Do, + IDAls, < To (O Mo
6. [Condition on P, ] The perturbative part P, of the Hamiltonian result-
ing after n steps of the iteration process is an holomorphic function for
(b,x,y,2) € B, x D,,, where D,, = D(0,,, 1y, u,) (See (C.1.1) for the defi-
nition of D(s)) with

3
—

4 1
on = 09— 2dlog— —
d K
k=0
Tn = 100"
Uy = Ug""

(00,70 and u are defined in (C.2.9), (C.2.10) and (C.2.11), 4,0 and ¢ in
(C.2.24) and T, in (C.2.25)). Besides P, has to be 2r-periodic with respect
to the angle-variables that is

Po(b,z,y,2) = Py(b,x + 2km,y,2), ¥ (b,z,y,2) € By x Dy, ¥ k € Z°

and has to verify
|PoalB, <D, < €n (C.2.33)

for €, defined in (C.2.26).

7. [Conditions on H,] The Hamiltonian function at the n-th step of the iter-
ation has the form

H,(b,z,y,2) = Np(b,y,2) + P,(b,z,y, 2). (C.2.34)

with N,, and P, verifying all conditions previously listed.

C.2.4 Survey of the conditions to carry out the n-th step of the
iteration process for n = 0

In this subsection we show that all conditions from C.2.3.1 to C.2.3.7 can be ver-
ified for n = 0 under the hypotheses of theorem C.2.1. Recall that the considered
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Hamiltonian

H@ww%:M@+%@JA@»+ﬂ%%@®ZMJ%n%d (C.2.35)

is real-analytic for (z,y, z) € T¢ x B x U (where B is a domain in R? and U is
ball around the origin in R?”), K is a non-empty compact subset of B, arbitrarily
chosen, with positive d-dimensional Lebesgue measure and .A is an open subset
of D such that

T¢(9) x (K 4 49) x ({0} +9) C A
for sufficiently small ¥ € (0,1).

Since it is more comfortable to work with complex neighborhoods of R? in-
stead that with complex domains containing the torus T¢, we shall consider from
now on H as a function defined on R? x B x U and being 2-periodic in the z vari-
ables. More precisely this means that f and P shall be considered as real-analytic
functions on R? x B x U satisfying

fz,y,2) = f(x+2km,y,2), Plx,y,2) = P(x+2kn,y,2) ¥V k€7
Furthermore, D has to be considered as a complex domain in C2¢*27 containing
R¢ x B x U and A as an open set such that
(R +99) x (K +49) x ({0} +9) CACD (C.2.36)
and
(z,y,2) € A& (v +2km,y,2) € AV ke Z°

After this simple agreement we are ready to verify the above mentioned con-
ditions. We start observing that condition C.2.3.1 is verified for n = 0 by mere
definition of

Ko=K#0
and condition C.2.3.4 trivially holds for n = 0.

Now, let b € K + 34, then for every (z,y,2) € D(¥,9,9) (see definition

(C.1.1)) we may write

Ho(b,x,y,2) = H(x,b+y,2) =
1
= hb+y)+ (2240 +y) + f2,b+y,2) @27 + Plr,b+y,2) =

Oh(b)
oy

Oh(b)

= h(b) + ¢ oy

) gl 2AW) + h(b+ ) — (B — (T2 )
+ %(z,z(A(b+y)—A(b)))+f(x,b+y,z)®z3+P(x,b+y,z):

- NO(b;y; Z) + Pg(b,x,y,z)
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according to (C.2.34) and (C.2.29) with n = 0, having established the correspon-

dences
oh

h=he, a—y:wo, A=A
and putting
Oh(b 1
P2.2) = A0 +) = 000) 5 gy 2240 +0) - A0)
+ flo,b4y,2)®@2°+Plx,b+y,z2). (C.2.37)

As it can be immediately seen Ny € P(By, 0) since h and A belong to #H (K + 499)
(as inclusion (C.2.36) shows) and

By=Ko+tgo=K+tH CK+t, CK+9

by definition of ¢, in (C.2.18) and ¢, in proposition (C.1.3). This proves condition
C.2.3.2forn = 0.

Now 4, = A = A} verifies the hypothesis in theorem C.2.1 concerning its
eigenvalues; therefore we may apply proposition C.1.3, and in particular inequal-
ity (C.1.17), in order to have condition C.2.3.3 satisfied with

c = a,
2p—1 j
|Als -1
= 1—|—Z<|a—*|o (2mj) "2
7=1

(where we used once again ¢y < t,).
To prove the effectiveness of condition C.2.3.5 in the case n = 0 we claim that

To| Dwols, + [DAg|s, < To (|Dwolicyrte + [DAolikotty) <

~

< Ty (|Dwlic20 + | DAolict20) < go (Jwolic+39 + [Aolictan) <

< T, <C“1;02>

having used Ty > 1, ty < t, < ¢J, Cauchy’s estimate (with a loss of analycity ),
and definitions of C'; and Cs in (C.2.5) and (C.2.6).

To conclude, we need to prove condition C.2.3.6 (since C.2.3.7 runs auto-
matically by consequence of all other conditions). Before estimating |Py|s,xp,
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(accordingly with notations in C.2.3.6 in the case n = 0) we shall prove the fol-
lowing

Lemma C.2.1. Given ¢, as determined by (C.2.21), C;,C5 and Cj5 as defined in
(C.2.5), (C.2.6) and (C.2.7) and ¥ € (0, 1), the following relation holds:

€0 < (C1 + Co + C3)0°. (C.2.38)

Proof From the estimate on ¢, in (C.2.21) we have

(<Y
Ci+Cy+ C4

where we recall that £/ is given by (see (C.2.40) and the whole section C.2.1 for

notations)
yO(To)Ty " . 1
E,=—7—"+—— v, — ¢. C.2.40
! 3272(6L1 + CLQ) i ’ 317 ( )

Now, theorem 2.5.1 assures the existence of some b € Iy C B, that verifies

E? (C.2.39)

(k. wo(8))] > J@(Ty)

for every k € Z? such that |k|, < Ty (that is equivalent to infer C; # (0); so we
have
JO(Th) < |(k,wo(®))] < Thlwls, < To(Cr + Co + ).

Substituting this last inequality in (C.2.40) we obtain

—r+1

FE < vy (C1+ Cy + Cy)v;

-0
(a1 —+ CLQ)

since a1, a; > 1 (see definitions (C.2.19) and (C.2.20)), T, > 1 and r = max{d +
1,2p* + p} > 1, we have

E, < (C) + Cy + C5)0.

With inequality (C.2.39) we get the statement in (C.2.38)

With the result in (C.2.38) and the definitions of o¢, ¢ and ug in (C.2.9),
(C.2.10) and (C.2.11), we obtain

00,0, Up < U
and hence the following inclusion

Dy := D(09g, 19, up) C D(V,0,0). (C.2.41)
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Now, coming back to the definition of P, in (C.2.37) we use Taylor’s formula for
the integral remaining of an analytic series to obtain (denoting as usual w = g—’;)

Po(b,w,y,2) = /0(1—t)<Dw(b+ty)(y),y>+%(Z,ZA(bHy)(y)) dt +

+ fl@,b+y,2) ®2°+ P(z,b+y,2).

In view of this equality, inclusions (C.2.41) and (C.2.36) and recalling that B, =
K+ ty € K + 9, we have the following estimate:

1 1
|Polgoxp, < sup (§|Dw|,c+219|y|2 + §|A|,C+219|z|2|y| + |f|,4|z|3> +|P| 4 <

Do
< 1|u)| r219_1+1|A| udrg®™" + | f| 4ui + | P
) K+39'0 2 K+39 %00 A0 A

Then, in view of the definitions of oy, rq and uq given in theorem C.2.1 (namely
(C.2.9), (C.2.10) and (C.2.11)), inequality (C.2.8) and definitions (C.2.5), (C.2.6)
and (C.2.7), we get

1 _ 1 _ €
|P0|Bo><Do S 5017"(2)’(9 1+§CQU%T(]'(9 1+Cgug+ |P|.A S EU—F |P|.A S €0

that is condition C.2.3.6 for n = 0.

With this last result we have proved that all conditions listed in subsection
C.2.3, which are needed for the iteration process to work, hold for n = 0, under
hypotheses in theorem C.2.1. This allows to enter RuBmann’s iterative scheme
(described in particular in [RUBmMOL, pages 156-164]) with the Hamiltonian func-
tion Hy(b, z,y,2) = No(b,z,y, z) + Py(b,z,y,2z) = H(x,b+y, z), obtaining the
proof of theorem C.2.1 as a consequence.
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