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CONTENTS 1

Résumé

Arnold a démontré 'existence de solutions quasipériodiques dans le probléme planétaire & trois
corps plan, sous réserve que la masse de deux des corps, les planetes, soit petite par rapport a
celle du troisieme, le Soleil. Cette condition de petitesse dépend de facon cachée de la largeur
d’analyticité de I’hamiltonien du probleme, dans des coordonnées transcendantes. Hénon ex-
plicita un rapport de masses minimal nécessaire a 'application du théoréme de Arnold. L’objectif
de cette these sera de donner une condition suffisante sur les rapports de masses. Une premiere
partie de mon travail consiste a estimer cette largeur d’analyticité, ce qui passe par ’étude précise
de I’équation de Kepler dans le complexe, ainsi que celle des singularités complexes de la fonction
perturbatrice. Une deuxiéme partie consiste a mettre 'hamiltonien sous forme normale, dans
l'optique d’une application du théoreme KAM (du nom de Kolmogorov-Arnold-Moser). Il est
nécessaire d’étudier le hamiltonien séculaire pour le mettre sous une forme normale adéquate.
On peut alors quantifier la non-dégénérescence de I'’hamiltonien séculaire, ainsi qu’estimer la
perturbation. Enfin, il faut démontrer une version quantitative fine du théoreme KAM, inspirée
de Poschel, avec des constantes explicites. A I'issue de ce travail, il est montré que le théoréeme
KAM peut étre appliqué pour des rapports de masses entre planétes et étoile de ’ordre de 1078°.

Abstract

Arnold showed the existence of quasi-periodic solutions in the plane planetary three-body prob-
lem, provided that the mass of two of the bodies, the planets, is small compared to the mass of
the third one, the Sun. This smallness condition depends in a sensitive way on the analyticity
widths of the Hamiltonian of the three-body problem, expressed with the help of some tran-
scendental coordinates. Hénon gave a minimal ratio of masses necessary to the application of
Arnold’s theorem. The main objective of this thesis is to determine a sufficient condition on this
ratio. A first part of this work consists in estimating these analyticity widths, which requires a
precise study of the complex Kepler equation, as well as the complex singularities of the disturb-
ing function. A second part consists in reworking the Hamiltonian to put it under normal form,
in order to apply the KAM theorem (KAM standing for Kolmogorov-Arnold-Moser). In this
aim, it is essential to work with the secular Hamiltonian to put it under a suitable normal form.
We can then quantify the non-degeneracy of the secular Hamiltonian, as well as estimate the
perturbation. Finally, it is necessary to derive a quantitative version of the KAM theorem, in
order to identify the hypotheses necessary for its application to the plane three-body problem.
After this work, it is shown that the KAM theorem can be applied for a ratio of masses that is
close to 1078 between the planets and the star.






Introduction

The Universal Attraction of bodies masterly explained Kepler’s Laws of planetary motion in
our Solar System. But Newton himself understood thaat the mutual attraction of planets could
destroy the striking regularity that can be observed over a short period of time. This thesis
aims at contributing to this question of the stability of motion of planets. The main goal is the
application of the KAM theorem (which stands for Kolmogorov-Arnold-Moser) to the three-body
problem, that gives the stability of this system over an infinite time. Arguably, this theorem
is not directly relevant in Astronomy because the hypotheses (a much simplified model of our
Solar System) and the conclusions (infinite time stability for some initial conditions) are too
strong. Two main interests actually derive from the first one. First, again from a physical
point of view, we extract some important computation on the complex collisions of the plane
planetary three-body problem. This work, necessary to apply the KAM theorem, will allow one
to apply stability theorems over finite time, which could lead to meaningful stability time in
some stellar systems. The second interest is the precise study and statements of the theorems
that are needed to carry out this study, as well as a complete construction of the secular and
perturbed system related to the three-body problem. The tools derived here can come in handy
when studying a system with similarities with the present system.

Let us give the historical interest of this work (consult [27, 39, 22] 5, 6] to have a more precise
introduction on the subject). The precise astronomical observations performed in the 16" and
17t century led to empirical laws known as Kepler’s laws of planetary motions. Bypassing the
beliefs of his time, Hooke and Newton [53] managed to give an analytic explanation of these
laws, by correlating the gravity (in its Latin meaning) occurring on Earth, and the motion of the
planets: the Newton’s laws of motion were born. The equation of motions given by Newton’s
laws take the form of a differential equation, and it was a trait of genius of Newton to solve
these equations for the two-body problem. Yet, the deterministic approach, that consists in
determining the state of the system in the future using the state of it in a near past showed its
limit. The equation of motion of the three-body problem, which is no more an integrable system,
is far from being completely understood, given the difficulty of the computations involved.
Laplace, who believed in the deterministic approach [38], and Lagrange developed a secular
solution (see [16] and [I7]) of this problem to fit the observations as much as possible. This
secular solution gave good results, and allowed Adams [2] and Le Verrier [42] to discover the
existence of Neptune. Nevertheless, the secular solution does not give an exact solution in
time. Poincaré and his ideas completely turned the problem around, changing the nature of
the question. Instead of studying the solution in time, one can study the motion of the system
qualitatively. It would be difficult to enumerate all the advances he made on celestial mechanics
or in mathematics related to it, though some decisive work can be found in [58, 59, [60, 61]. In
particular, he showed that it was not possible to determine an analytical solution over an infinite
time using only integrals and algebraic expressions. Sundman, in 1909 in [68], found an analytic
solution of the three-body problem, but as a slowly converging time series, and hence of no
theoretical use. The study of the general behavior of non-integrable systems, in addition to the
Poincaré recurrence lemma, could let think that the ergodic hypothesis was holding in the solar
system. In this case, any attempt to prove some kind of stability in the solar system would have
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been vain. This idea was completely shoved by Kolmogorov in 1954 with his theorem [36] which
showed the subsistence of some tori when perturbing an integrable Hamiltonian. In 1963 [4],
Arnold proved that this theorem could be applied to the plane planetary three-body problem,
hence showing that some stability exists under some conditions in solar systems. This theorem
was adapted to smooth Hamiltonian by Moser [31], to finally give the KAM theorem its famous
name. Although Hénon, in a letter to Arnold [29] in 1966, noticed that the KAM theorem as it
was proven by Arnold could not be applied to the Solar System, the idea of a possible stability
resurfaced for a wide class of Hamiltonian systems nearly integrable. Nekhoroshev proved in
1977 [52] a theorem of stability in finite time. Lots of results were then derived from this theorem,
so as to prove different cases of stability in the solar system, see for example [46] [47, 26]. An
attempt of application in the case of a resonant three-body problem was done by Niederman
[54] in 1995, to show some stability under a period equivalent to the lifespan of the solar system,
though the masses of the planets still needed to be very small. Besides, some computer-assisted
proofs on the application of the KAM theorem to some systems composed of three bodies have
been done by Chierchia, Celletti, Giorgilli, Locatelli and Robutel ([11}, 12, [10} 45}, 63]). Finally,
it was recently shown by Herman and Féjoz [20] that the KAM theorem could be applied to
the N-body problem, this result being proven differently by Chierchia and Pinzari in 2011 [I5],
following more closely Arnold initial strategy. Yet, at this time, no attempt was made to apply in
a quantitative way the KAM theorem to the three-body problem, or more precisely to find some
physical constraints to have stability over an infinite time for a system. One of the requirement
to apply the KAM theorem to the plane planetary three-body problem is the precise study of
the perturbation, which is as well necessary to apply Nekhoroshev-type theorems. Hence, this
work could lead to better stability time in this case, approaching even more the real condition
of stability in the solar system.

Let us consider the planetary regime of the three-body problem in the plane; "planetary" means
that two masses (planets) are small with respect to the third one (Sun), and that each planet
revolves around the Sun. These assumptions emanate from our Solar System, where the mass of
Jupiter is 1073 the mass of the Sun. In this regime, the two planets mainly undergo the attraction
of the Sun, so the system reduces to two uncoupled Kepler problems. Newton stupendously
solved such Kepler problems. In particular, bounded orbits are periodic, surprisingly, whereas
one would expect, in general, quasi-periodic motions with two frequencies. This well-known
but mysterious proper degeneracy (in the terminology of Arnold), specific to the Newtonian
and elastic potentials, according to Bertrand’s theorem, is a source of difficulties: one cannot
expect quasi-periodic perturbed motions. If they existed, they would have the same number of
frequencies. Thus the problem is a singular perturbation problem.

The full planetary three-body problem, when one takes into account the mutual attraction of
planets, is not integrable, so we are reduced to indirect descriptions of its solutions. Outside low
order Keplerian resonances, the next order approximation of the dynamics is described by the
Hamiltonian obtained by averaging the initial Hamiltonian along the Keplerian 2-tori; averaging
here looks like spreading the potential of mutual attraction along the Kepler ellipses of the
planets. The so obtained Hamiltonian, called secular is integrable, as counting dimensions and
taking into account the invariance of the problem by rotations show. The secular dynamics has
an elliptic fixed point located at circular Kepler ellipses, which Arnold calls a limit degeneracy.
Lagrange and Laplace have studied the eigenmodes of this fixed point. We ourselves localize
our study in the neighborhood of the fixed point, for both astronomical reasons and the sake of
simplicity. In order to simplify even further the complications, we focus on the sub-region of the
phase space where the semi-major axis ratio is small. It is then relevant to expand the secular
Hamiltonian in averaged Legendre polynomials, truncate the series, and compute its Birkhoff
normal form.

When all small parameters (planet masses, semi-major axis ratios, eccentricities) are small,
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the size of the remainder of the normal form tends to zero. This goes with the competing
phenomenon that the Birkhoff invariants of the normal form go to zero too, the first invariant
being the secular frequencies, and the second the so-called torsion. But in the KAM theorem
the size of the allowed perturbation (on some complex extension of the phase space, for a
result in the analytic class) depends crucially on the first two Birkhoff invariants. Hence, the
whole construction, and the used version of the KAM theorem, must say quantitatively how the
invariants degenerate as a function of the smallness of the perturbation.

The main result of this thesis is theorem which is a quantitative estimate of the mass ratio
such that the KAM theorem can be applied to the plane planetary three-body problem. Roughly,
we show that the KAM theorem can be applied if the ratio of mass between the planets and the
star is close to 1078°. The full conditions are given in chapter @ First, we localize our study
where the ratio of distances between the planets is very large, guaranteeing that our development
of the secular Hamiltonian is relevant to the problem. Secondly, the eccentricities are very small,
so that the terms of order more than 4 in eccentricities are part of the perturbation. Finally, we
ask the frequencies to verify some Diophantine condition. We recall here the definition of the
Diophantine set for constants v and 7:

D(y,1) = {w eER": VkeZ", |k -w|> |IZ|T}’
1

where |.|; is the [;-norm. We ask that the two frequencies related to the fast angles verify an
optimal Diophantine condition in v with 7 = 2 (this optimal condition is made clear in chapter
5). Secondly, the full frequency vector (of four dimensions) must verify a Diophantine condition
with 7 = 4 and v = 1072 min(w;). Under the conditions we enumerated, the perturbation of
the three-body problem can be "absorbed" by the secular Hamiltonian, and some quasi-periodic
solutions exist.

The first chapter of the thesis is dedicated to the study of the complex collisions, as well as a
computation of the norm of the perturbation on a complex neighborhood of the initial conditions
in Poincaré variables. The change of variables between the eccentric and the mean anomaly
requires the study of Kepler’s equation. The latter equation defines a diffeomorphism between
the two different angles. Hence, it is fundamental to find a complex neighborhood on which
this equation continues to define an analytic diffeomorphism. The study of the singular points
of this change of variable is essential in the three-body problem, since they correspond as well
to complex collisions between the planets and the star. With this computation, it is then
possible to find a dominating series that approaches the series expansion of the perturbation
well. We give a simple upper bound of the perturbation in a complex domain depending in the
width of this domain, so as to know the rate of growth of the perturbation close to the real
domain. In a second chapter, we state and proof quantitative theorems that will allow us to
split the Hamiltonian into an unperturbed part, that is not degenerate, plus a perturbation. We
focus on two different classical transformations. First, we are interested in an explicit Birkhoff
normal form (BNF) theorem which puts the averaged Hamiltonian under a suitable normal
form. Secondly, to be able to apply the KAM theorem, the frequencies of the final perturbation
need to be small compared to the frequencies of the unperturbed part, which is not the case
at first, since the angles of the periapses are given by the initial perturbation and are small. It
is therefore necessary to perform a transformation that keeps the small frequencies and pushes
to a higher order the perturbing frequencies. In a third chapter, we will give a quantitative
statement of the KAM theorem we will use for the application. Several statements of the KAM
theorem exists, with their own characteristics. Here we choose the version of Poschel [62], that
is a KAM theorem with parameters. This choice is a personal choice, after the comparison with
other KAM theorems (such as the one developed by Féjoz in [24], which consists in performing
a local inversion theorem), which are less fit to quantitative applications. This KAM theorem
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relies on letting the frequencies become a parameter, which will change at every step. In this
configuration, it is sufficient that the unperturbed Hamiltonian, depending on the action and the
new parameter, is only linear in the actions (the torsion being included in the computation of the
parameter). One can then derive a KAM theorem, with explicit constants and hypotheses. We
also gather the information on the different sizes of the transformations involved along the proof,
so as to know the distance between the initial geometry of the system and the position of the
torus where the motion takes place in the new variables. We can then apply precisely the KAM
theorem in the fourth chapter. Before the straight application of the KAM theorem, we need
compute the secular Hamiltonian. First, one needs to compute the expansion of the perturbation
explicitly as well as its average over the fast angles (the mean longitudes). Then, with the help
of some transformations and the theorems of the second chapter, we put the Hamiltonian into
a suitable form to be able to apply the KAM theorem. All these transformations need to be
quantitatively explicit, so as to compute the loss of analyticity width related to them. Keeping
track of the remainders of each operations and adding them to the perturbation, we compute
a bound on the norm of the final perturbation. Finally, we express a way to determine the
analyticity width in frequencies given by the unperturbed Hamiltonian, which is an important
value for the application of the KAM theorem. In a fifth chapter, we are interested in the
Diophantine condition. We recall some basics of this condition, such as the measure of the
vectors satisfying it, as a reminder of the importance that had the KAM theory in the field
of dynamical systems. We then follow with the study of Diophantine numbers, which are the
irrational that are badly approximated by rationals, this condition being well described with the
help of the continued fraction theory. We introduce a visual tool to understand better how to
work with these numbers, and that proves to be useful when trying to determine if an irrational
is Diophantine or not. With the help of the previous work, we justify the choice of Diophantine
condition we chose to apply the KAM theorem, introducing some optimality property regarding
this condition. Finally, to understand better where the KAM theorem can be applied, we study
the presence of Diophantine numbers and their constants in the interval [0, 1], which showcases
the importance of the resonances in the three-body problem, as the existence of the Kirkwood
gaps shows. In the last and sixth chapter, we introduce the final results of this application.
There exist lots of subtleties in this application, and the various choices made are discussed.
Moreover, we get interested in the possible improvements, such as the possibility of removing
some restrictions that have been made in the computation. Indeed, we give some clues, so as to
weaken the hypotheses we made. Several easy points to improve this application are given, as
well as other relevant points that would be more difficult to implement.



Chapter 1

Analyticity, singularities, bound on
the Hamiltonian norm

This chapter is dedicated to the study of the perturbation in the plane planetary three-body
problem. Although a lot of theorems, from the KAM theorem to theorems of stability in finite
time, use the analyticity of the perturbation of an integrable Hamiltonian, only few attempts
were made to compute the actual analyticity widths in the three-body problem. Regarding the
perturbation, another problem kept the attention of researchers for years: the convergence of
the expansion in power of the eccentricities of the disturbing function. This matter is closely
related to Kepler’'s equation, which associates the mean anomaly to the eccentric one, and
in particular to the convergence of the inverse Kepler equation. This study started with the
work of mathematicians studying the celestial mechanics such as Lagrange and Laplace. Later,
Poincaré provided a necessary condition on the elliptic variables for this expansion to converge
(see [57]). This work was followed by the statement of a sufficient condition by Silva [66] that
was proven by Sundman to be as well a necessary condition [69]. Wintner showed in [71] some
conditions on complex eccentricities this time in Kepler’s equation: he showed that although the
inverse converges for real eccentricities strictly smaller than 1, the size of the disk of convergence
for complex eccentricities is given by Laplace’s limit ~ 0.66274). Some works regarding the
series expansion and the complex singularities have been developed by Petrovskaya in 1970 [56].
Sokolov [67] went further in his research by looking not only at complex eccentricities, but also
at complex mean anomalies.

When trying to apply an analytic version of a theorem of stability (KAM or Nekhoroshev), we
require two different things. First, the variables must be symplectic variables to be able to apply
Hamilton’s equation (hence making the previous researches in elliptic coordinates out of use);
secondly, we have to consider a complex neighborhood of a real domain for each variable. This
problematic has been studied by Niederman [54], while trying to apply a Nekhoroshev’s theorem
to the planetary three-body problem. To perform this work, we choose to study the plane case,
and use the Poincaré coordinates. Considering a complex neighborhood of these coordinates, we
are able to determine a polydisc in which Kepler’s equation induces a diffeomorphism, as well as
a sufficient condition to avoid the singularities of the perturbing function. We are also able to
bound the norm of the perturbation on some complex domain, in which it is analytic. Besides, we
consider anisotropic polydiscs to obtain better result; we use three different analyticity widths:
one for the action Poincaré variables, one for the angles, and one for the Cartesian coordinates.
With this result, it is now possible to consider relating the stability time of a system with its
initial geometry.

We choose to work in the Jacobi framework ([58]), and use the expansion in semi-major axes of
the perturbing function. This choice has two main interests: first, there is no complementary
term that appears as opposed as in the heliocentric framework, and secondly, for a suitable
choice of masses, the perturbation can be made smaller. After introducing Poincaré variables,
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we have to consider the analytic continuation of the perturbation, and therefore, a discussion
about this step will be necessary. Then, we study deeply Kepler’s equation. First, if possible, we
determine the singularities of this equation explicitly, and if not, try to approach them precisely.
Secondly, we establish a domain on which the change of variables induced by Kepler’s equation
is a diffeomorphism. With this work, we are finally able to bound the norm of the perturbing
function in the plane planetary three-body problem.

1.1 Preliminaries

1.1.1 Initial Hamiltonian and Jacobi coordinates

In the plane planetary 3-body problem, we consider a massive body, called the star, and two
lighter bodies, called planet 1 and planet 2, orbiting the star. Call (pg,qo) the coordinates
(momentum-position) of the star, and (p;, ¢;) the coordinates of the planet ¢, with i € {1,2}.
The phase space we are going to consider is obtained by removing the collisions between the
bodies: s

D = {(pi,(]i)OSZ’SQ c (RQ* X RQ) | Y0 <73 <j < 2, q; 75 qj} . (1.1)

The Hamiltonian of this isolated system is the following:

1 pil? Ggravmim;
H(po,p1,12, 90,41, %2) = 5 Ipi” y o = (1.2)

2 0<j<2 M o<icj<2 95 — ail

where my is the mass of the star, m; the mass of the planet i, G .4, the gravitational constant
(we will keep track of this constant along the calculations), and | - | is the Euclidian norm.
We wish to use the Jacobi coordinates, so we do not have to deal with the complementary
term p; - p2 and can focus only on the ¢;. We will follow the work of Féjoz [19] to obtain these
coordinates. First, one needs to consider the following symplectic change of variables:

Py =po+p1+p2 Qo = qo
Py =p1 +o1p2 Q1=q —q
Py =py Q2= q2 — 0090 — 01q1
. . mo ma
where the two coefficients o¢ and o1 are given by 09 = ———, 01 = ——————. The new
mo + mq mo + mq

coordinates are represented in figure
Now, let us consider the following masses, these choices simplifying the expansion of the
perturbing function in powers of the semi-major axes:
. momi . (mo —|—m1)m2
= mo+m1’ H2 = mo—i-ml—i-mg’
My = mg +mq, My =mg+mq + ma.

Considering the frame of reference attached to the center of mass of the system, and Q2 # 0
(which will always be satisfied in the planetary motion), the Hamiltonian H of the system is:

H(P1, Py, Q1, P2) = Hiep(Pr1, P2, Q1, ) + Hpert(Pr, P2, Q1, ),

|P1’2 GgravﬂlMl ’PQP Ggrav,UQMQ
Hicep(Pr, P2, Q1, P2) = - + -
ol )= o Q1 211 Qs

(1.3)

Her P, ,P, ; =G rav ( B o
pert (1, P2, @1, Q2) = Gograums Q2 Q2 +01Q1] Q2 — 0o

mo + my mo mi )
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Figure 1.1: In blue, the coordinate 1 represents the vector between the star S and the interior planet Pl;. In
brown,, the coordinate (2 represents the vector between the center of mass G1 of the system { Star - Interior
Planet } and the exterior planet Pla

Observe that the Hamiltonian does not depend on Qg (because of the symmetry by trans-
lation). The system is then described by the 4 Jacobi coordinates (Py, Py, @1, Q2), outside the
collisions.

The first part Hg.p, can be thought of as the sum of two integrable fictitious Kepler problem
Hamiltonian. The first one corresponds to the planet 1 orbiting the star (with fictitious masses),
and the second one to the planet 2 orbiting the center of mass of the star and the planet 1 (as
well with fictitious masses).

One can now develop formally this formula in expansion of the semi-major axes, obtaining the
following series:

grav,ulmQ @ "
Hpert(P17P27Q17Q2) |Q2‘ 71;20'71 COS ) (|Q2|> ) (14)

with o, = of 1 4+ (=1)"0]7 7,

where P,(cos(S)) is the n'" Legendre polynomial and S is the oriented angle between Q1 and
Q2.

Observe that in Jacobi coordinates, the series starts at n > 2, and therefore will decrease
quickly with the ratio of the semi-major axes.
The perturbation of the Kepler problem Hamiltonian contains three terms, that are proportional
to

1 1 1
Qa2 Q2 + 01Q1|’ |Q2 — 00Q1]
The singularities in these coordinates corresponds to the points where the denominators are null.
When looking at the analytic continuation of these functions, the two last terms depend on 8

complex variables. The difficulty of solving such an equation makes it relevant to start studying
the first term, which depends only on 4 complex variables.

1.1.2 Reminder on the plane Delaunay and Poincaré variables

When studying celestial mechanics, physicists use mainly the elliptic coordinates. These co-
ordinates prove to be very useful when studying the Kepler problem. Indeed, they simplify
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Figure 1.2: The periapsis of the ellipse of foci S (the star) and F’ is in G. The green angle is g, the angle of
the periapsis. The planet is on the ellipse, in P, and in red is represented the true anomaly v.

greatly the expression of the solution, taking their roots in basic geometry of the ellipse. In the
plane case, those are written (a, e, v, g), where a is the semi-major axis, e the eccentricity, v the
true anomaly and g the angle of the perihelion. In these variables, one can consider the ellipse
given by the values (a,e, g), the position of the planet being determined by v. In a Cartesian
framework, we have the relations

x =rcos(v+g)
y =rsin(v+ g) (1.5)
z=x +1y = rexp(w)exp(1g)

where 7 is the distance from the planet to the star. The two variables (v, g) are represented on
figure
Nevertheless, these coordinates are not symplectic, and one cannot work directly on the Hamil-
tonian equations with those. It is therefore necessary to change these variables, though trying
to keep the simplicity of the expression of Kepler’s laws of planetary motion.
A first set of symplectic variables that can be used is the Delaunay variables. To see their
construction, one can refer to [I4] and [40]. Before introducing them, let us define the eccentric
anomaly u, another common angle in celestial mechanics or in the study of ellipses. It satisfies
the relations:

rcos(v) = a(cos(u) — e)

rsin(v) = av1—e?sin(u) - (1.6)

The construction of the eccentric anomaly u, as well as the mean anomaly [ (that will be

defined hereinbelow), is shown in figure where we let ¢ = 0 to simplify the drawing. The
Delaunay coordinates are the coordinates (L, G, 1, g): from the elliptic coordinates, they can be
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Figure 1.3: S represents the star, P the planet and O the center of the two foci of the ellipse. The circle is the
circle of center O and passing through the periapsis of the ellipse (here g = 0). In green is represented the true
anomaly v, in red the eccentric anomaly u, and in blue the mean anomaly v.

defined as follows,

L = py/Cpalla
G=Ly1-¢ (1.7)

l=u—esinu =u— S (eexp(iu))

and g being the angle of the perihelion. G is the angular momentum, and [ is given by the
Kepler’s equation, to which we shall return later. Those coordinates are therefore action-angle
variables. Observe that for L = G, in other words for a zero eccentricity, the angle of the
perihelion is not defined. This singularity can lead to issues in computation, since it introduces
a singular point due to the definition of these coordinates.

This problem can be avoided using Poincaré coordinates, which do not present a singularity
for zero eccentricities. For a complete construction of these variables, peruse [14] and [21]. In the
plane case, those are composed of two action-angle coordinates, and two Cartesian coordinates
for each body: (A, \,&,m). Their formulas can be summarized, using Delaunay variables, as
follows:

A=1L
A=l+g
r=L-aGg . (1.8)

&€ = V2T cos(—g)
n = V2T sin(—g)
The angle A is called the mean longitude (we could have defined as well the eccentric longitude

adding ¢ to u). To simplify the use of the Cartesian coordinates, we can define the following
variable:

F =¢+4m=V2Texp(—ig) = V2A\1 — V1 — 2 exp(—1g).
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Another variable that can prove to be useful while switching from Delaunay point of view
to Poincaré’s one is the eccentricity vector E' = e exp(zg). We then have the following relation:

V2L g
Ji+§

Recall now that the Hamiltonian of the two body problem can be written

F=

_ G? GgravMp

2pur? r ’
In the planetary case, the distance r of the planet to the star oscillates between the extremal
values a(1+e) and a(1l —e) on its ellipse. Those are the roots of the polynomial of degree 2 given
by the Kepler problem Hamiltonian (the energy being constant along the motion). In Poincaré
coordinates, it takes the form
B G2 M2 MS

grav

2172

Replacing L by the variable A gives directly its expression in Poincaré coordinates.

1.1.3 Analytic continuation

The analytic continuation consists in expanding some function in a complex neighborhood of a
set. The KAM theorem we use relies on the analyticity of the disturbing function, and more
precisely in its analyticity widths. To obtain these values in our case, we consider the analytic
continuation of the perturbation, and we study it precisely in order to find the singularities (or
complex collisions) of this function. For some insight about the theory of analytic continuation
for functions of several complex variables, one can consult [50] or [73].

The motivation of this section is the introduction of some notations that can be useful when
studying our particular perturbation of the plane planetary three-body problem. To understand
better the need of these notations, consider for instance the following variables for i = 1, 2:

x; = ai(cos(u;) — €;),

yi = ai\/1 — e? sin(u;).

Those are the coordinates on an ellipse for which g; = 0. We will be later interested in the
solution of an equation of the type:

(29 —21)? + (y2 —y1)> = 0.

The mixing of all the variables a;, e;, u; in this equation makes it difficult to solve. This
difficulty comes from the fact that we lost the initial structure of the ellipse. Instead, to keep
this structure, we could have defined z; = z; 4+ 1y;. The previous equation then becomes:

(22 - Zl)(gz — 51) =0.
Hence, a straightforward necessary condition to be a solution of the last is |z1| = |22]. In the
elliptic variables, it corresponds to the simple condition:

a1 (1 — ejcos(uy)) = az(l — ey cos(ug))

Now, if the variables a;, e;, u; are in a complex neighborhood of their initial values, this necessary
condition holds. This simplification makes it important, when looking for singularities, to keep
the complex structure of the initial equation to solve, so as to simplify greatly the computation.
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1. Analytic continuation of a real analytic function: Let f be a real analytic function defined
on some domain D C R.

f:D—=R
x Hf(x):Zanx”

n>0

Let D¢ be a complex neighborhood of the set D. The analytic continuation of f over the set
Dc is simply given by:

f :Dc—C
oo f(@) =) api”
n>0
Observe that we used the sign ”~” to indicate that we are looking at a complex variable, and

the analytic continuation of f. Moreover, we will decompose Z in the following way:
T =ux 412,

where (z,2') € R2. To keep track of our variables, whether they are complex or real, we will use
this notation throughout the chapter.

2. Analytic continuation of some simple functions: In the example that motivated this section,
we used the following analytic function of two variables:

g:DCR?>=C
(x,y) —x+wy==z

Define the analytic continuation of this function:
Gg:DccC?*=cC
(Z,79) — T 4y
First, let us call Z = §(Z, 7). Using the previous notations, we have:
F=F+uw=x—vy +i(z' +vy).

Observe that we can define as well 2 = z412', where (z,2') € R? with 2 = z—v/ and 2/ = 2’ + .
Define now h(x,y) = x — 1y = z. Its analytic continuation can be written as:

h:DccC?>—=C
(‘/I;ag) Hj_z:&

Writing z = h(E, §), we have
Z=z+y +i(z —y).
An important remark is that zZ # Z. Indeed:
Z=ax+y +i@ —y) £ —y —1(a +y) =2

These definitions of the variables 2 and z are the one that motivated this discussion. We will
use them as well throughout the chapter, when it simplifies the computations. In the next
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paragraphs, we give some formulas using those, which will be useful later on.

3. Real part and imaginary part: For a real x and a real y, we defined z = x + 1y. Hence,
z+z Z2—Z
r=Re) =212 y=s@="

Considering now a complex z and y, with our previous notations we have:

—_— z —

y = /:(\ =
g=y+w =3(z) 5

4. Analytic continuation of a function of two wvariables: Let f be an analytic function
depending on two variables:

N

where a,, , € R. The analytic continuation of f is defined on some domain D¢, by:
f:DccC®*—=cC

o0
(Z,9) = > amad""

m,n=0

Since the variables # and §j can be expressed using Z and Zz, there exists a domain D¢ and a
sequence (by, n)mn>0 With by, ,, € C, such that we can write:

g: Dz —C

oo
(Z.2) = Y bppimz"
m,n=0

and that f(Z,7) = §(% 4 4, & — 1§j) on Dc.
This correspondence will be of great importance in our work.

5. Cosine of the oriented angle between two vectors: In the formula of the perturbation
of the three-body problem, the Legendre polynomial composed with the cosine of the angle S
appears, S being the oriented angle between the vectors @)1 and (2. Let us compute the analytic
continuation of this function, using our previous work. Let

u; = ) ug =
Al Y2

be two vectors of R?, with ||u;|| # 0, and S = (11/1,;2) We have:

cos(S) = 122 + Y192
[[as [ [[az|]

Working with z; = z; +wy; for ¢« = 1,2, we get

12129 4+ Z129

V21212272

2
N 1 2152
N 2 5122

cos(S) =

+

N m) . (1.9)
Z1%9
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One needs to take care of the fact that none of the fractions ;/z; goes to zero. Though, to be
in this case, one has to consider a large neighborhood of the real domain we will be looking at.
The analytic continuation is hence straightforward, replacing z by Z and z by Z.

6. Fuclidean norm of the difference between two vectors: To complete our study, let us take a
look at the Euclidean norm, and more precisely at its analytic continuation on a domain not
containing zero.

Following our notations, we have for (z,7) # (0,0):

(-7

Several remarks are necessary. Observe that we are using the analytic continuation of the square
root function. We can indeed consider a determination of the root of a complex number under
some conditions on the initial set. Let D be the initial set of real values we are considering such
that 0 ¢ D. Consider the function d(z,y) = x?+y?. Assume that D¢ is a complex neighborhood
of D such that 0 ¢ D¢, and consider the analytic continuation of d on this set. If D¢ is close
enough to D, then d(D¢) will be close to d(D), and hence close to the real axis. Hence, the
square root will be well-defined on the set d(Dc).

Consider now the Euclidean norm of the difference between two vectors, which appears when
looking at the singularities of the perturbing function. Let us consider for instance two points
My = (z1,y1) and My = (x2,y2) in the plane case. The vector between these two points is

u = 52 _;1 . We are interested in the case where the norm of u goes to zero. This
2 — Y1
question is closely related to the singularities of the perturbation, since we have terms of the

form 1/(Q2—cQ1). In the real case, we can let z = x4y, and then the distance is the following;:
d=VzZz.

Letting z1 = x1 + w1, 220 = T2 + 12, and z = 29 — 21, we get

d= \/2,’2 —21\/2_2 —Z_l.

Using the analytic continuation, we see that we have a singularity in the case

1 =29 Or

AT
[\

This remark will make it easier to find the singularities related to the complex collisions between
the two planets. Observe that in this case, we have two singularities occurring at the same time.
One singularity comes from the value of a denominator of the disturbing function going to zero,
and the other coming from the fact that the square root function is not analytic at zero.

1.2 Complex Kepler’s equation

This section is devoted to the study of the complex Kepler equation. This equation arises when
defining the mean anomaly as a function of the eccentric anomaly. It depends on a parameter
0 < e < 1, that represents the eccentricity in celestial mechanics. In the study of the analyticity
width of the disturbing function, not only the angles can be taken in a complex set, but also the
eccentricity. We are mainly interested in two problems: first, we wish to determine the singular
points of a local diffeomorphism between the two previously mentioned angles; secondly, we
want to find a precise set on which the Kepler equation induces a diffeomorphism.
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1.2.1 Complex elliptic coordinates
Preliminaries: The real case

Let us start with a short study of the real case. Recall that u corresponds to the eccentric
anomaly. We can release the constraint on the eccentricity to be positive when focusing on the
Kepler equation, and consider e € R. We call T = R/27Z, and define the mean anomaly using
the function

f:T—=T

u+—u—esinu
It is easy in the real case to see if f is a diffeomorphism, its derivative being, for u € T:
f'(u) =1—ecosu.

In the case |e] = 1, f is not a diffecomorphism on the set T, since for e = 1 (respectively
e = —1), at the angle u = 0 (resp. u = 7), f'(u) = 0. In the case |e] > 1, there exists two
points where the derivative goes to zero. Hence, a necessary and sufficient condition for f to be
a diffeomorphism on the set T is 0 < |e| < 1.

After the analytic continuation

The first difficulties in the study of the singular points of the Kepler equation arise when we
consider the complex case. We will start, for the sake of simplicity, with the study of the elliptic
coordinates.

Consider the complex eccentricity € = e +1¢’, with e, e’ € R. To simplify the discussions, we will
as well consider that e > 0. Kepler’s equation is completely symmetric in €, and therefore the
results can be extended easily to the negative case. The complex angles will take their values in
the set Tc = T x R (we identified C and R?). Consider the function:

f:Tc

U

Tc

%
— | = u—ésinu

We are interested in determining if f is an analytic diffeomorphism (at least locally), in every
points of a set Tx (—u/, ., u’ . ). Hence, we want to determine the singular points of f. Consider
the function (Rf,Sf) : (Ra, Ia) — (R, 31), it has the same singular points as f, that is why
we will shift from one point of view to another without self-restraint. This function is defined

by the formulas

?Rf =1 =u — esin(u) cosh(u’) + €’ cos(u) sinh(u') (1.10)
Sf =1 =4 — € sin(u) cosh(u) — e cos(u) sinh(u') '
The derivative of f is f'(#) = 1 — écos . Hence, there is a singular point if and only if
R(écosu) =1
S(écost) =
In the real variables, it gives:
esin(u) sinh(u’) = €’ cos(u) cosh(u’) (1.11)
e cos(u) cosh(u') + €' sin(u) sinh(u') = 1 ’

Consider first the case € = e +1¢/ = 0. Then it is straightforward to see that there exists no
singular point, since f = Id.
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The second case we can consider is the case ¢’ = 0, in other words for a real eccentricity. There
exists three different type of singular points. For 0 < |e| < 1, for e > 0 (respectively e < 0)
there exists two singular points in (u, ') = (0, & arccosh(1/e)) (resp. (w,+ arccosh(1/e)). When
e = 1, there is one singular point at (0,0), and when e = —1 at (m,0). Finally, when |e| > 1,
there exists two singularities for (u,u’) = (arccos(1/e),0).

Now let us assume €’ # 0. For the sake of simplicity, we consider that e > 0 (the case e < 0 can
be obtained by symmetry consideration). To find the singular points, we deduce the angle u in
the first equation, and solve the second in u’.

Assume u € [0,7/2], ¢ > 0, v’ > 0 (again, by symmetry of the equations, the study of this case
is enough to compute the other cases), the first equation gives

e?(1 — cos?(u)) sinh?(v) = €’ ? cos?(u) cosh?(u).

Call u = \/e’ 2 cosh?(u') + €2 sinh?(u/) (since ¢’ # 0, we have p > 0):

esinh(u’)
cos(u) = ——=
sin(u) = ¢ cosh(uf) cogh(u’) -
I

Observe that in every case, i.e. for ¢ > 0,u/ > 0 or e < 0,4/ > 0or e > 0,u/ < 0 or
e/ < 0,u" <0, there exists two solutions (obtained by adding 7 to the first solution) of the first
equation in T.

The second equation can now be written

e? cosh(u') sinh(u') 4 €’ cosh(u') sinh(v') = p.
Squaring this equation, and using hyperbolic trigonometry identities, we obtain:
(€2 + €?)? cosh*(u') — ((€2 + €?)? + (e* + %)) cosh? (W) + € =0

Let m = e? + €/? > 0, there is a unique possible value for u':

U ww = arccosh <\/; (1 + % (1 +1/(m+1)2 — 4e2)>> . (1.13)

By symmetry arguments, we obtain two curves of singular points. We represented those in figure
and for small eccentricities, and in figure [I.6] and for large eccentricities. Observe
that if we release the constraint e positive, and authorize it to be negative, we obtain the same
figure as figure and [I.6] though shifted by a factor 7, which represents the real singular point
for the case e = —1. The case |e|] = 1 corresponds to a change of mode, where there is the
existence of a singular point on the real axis when ¢’ = 0.

To summarize, we have the following singular point:

e m = 0: There exists no singular points, for all @ € T¢

o ¢ € R\ {0}: for real eccentricities |e| ¢ {0, 1}, there are 2 singular points depending on the
value of e. When |e| = 1, only one singular points exists.

e ¢/ # 0: For each possible sign of the variables v/, e, ¢’ there exists two singular points.

When fixing the value of the eccentricity, the complex Kepler equation defines an analytic local
diffeomorphism at every point that is not singular, where the latter are given by the formulas
above.
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Figure 1.4: Real part u of the eccentric anomaly
of singular points as a function of the imaginary
part e’ of the eccentricity for a fixed small real part
e (respectively 0.05, 0.1, 0.2, 0.4). Increasing val-
ues of e are represented respectively on the blue,
orange, purple, and brown curve.

— 02090

Figure 1.6: Real part u of the eccentric anomaly
of singular points as a function of the imaginary
part € of the eccentricity for a fixed large eccen-
tricity e (respectively 0.9, 1, 1.1, 1.5). Increasing
values of e are represented respectively on the blue,
orange, purple, and brown curve. The orange line
divides the two different modes.

-4

Figure 1.5: Imaginary part u’ of the eccentric
anomaly of singularities as a function of the imagi-
nary part ¢’ of the eccentricity for a fixed small real
part e (respectively 0.05, 0.1, 0.2, 0.4). Increasing
values of e are represented respectively on the blue,
orange, purple, and brown curve.

=095

— e=1

Figure 1.7: Imaginary part u’ of the eccentric
anomaly of singularities as a function of the imag-
inary part €’ of the eccentricity for a large eccen-
tricity e (respectively 0.9, 1, 1.1, 1.5). Increasing
values of e are represented respectively on the blue,
orange, purple, and brown curve.
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1.2.2 Singular points in Poincaré coordinates

When switching to Poincaré coordinates, Kepler’s equation loses its symmetry. Besides, the
relation between the Cartesian coordinates F' = (&, u) and the eccentricity is quite complicated,
and makes the search of singular points more difficult. The elliptic case involved only two
parameters, whereas in Poincaré case there are six.

In the continuity of our work, we fix the value of A and F', which fixes the eccentricity vector
E. Using this vector, we give the expression of the singular points in the eccentric longitude
w = (w,w).

This section is divided in three parts. First, we start with a study of the real case to get familiar
with the transformation, then we compute the singular points using the variable E, and finally,
we define a domain in which Kepler’s equation induces an analytic local diffeomorphism at each
points in Poincaré coordinates.

Real Case

In terms of the eccentric and mean longitude w = u+ g and A = [+ g, Kepler’s equation can be
rewritten as:

A =w —esin(w — g). (1.14)

As mentioned before, we use the temporary variable E = e exp(1g).

A=w— 2% (exp(s(w — g)) — exp(—2(w — g)))
=w— % exp(1w) + % exp(—w)
= h(w).

In order for h to define a local diffeomorphism, we want its derivative with respect to w to
be non-null. The singular points verify

E E
1— 5 exp(rw) — 5 exp(—ww) = 0. (1.15)

We preferred the exponential notation to simplify our upcoming work. Decomposing the variable
FE into E = F; +1FEs, the previous equation becomes

Eicosw+ Eysinw = 1.

The first singular points arising in coordinates (Fj, E2), in other words the minimal modulus
of E such that we have a singular point, corresponds to the case |E| = 1, the singular points is
then in w = arg(FE). Considering the variable F', recall that its relation with E is given by the
formula

2A _
1+ (1— EE)z

In our case, we have FE = 1. Hence, the first singular points occurring in term of the modulus
of F are on a circle of radius |F| = v/2A. The angle of the singular point is then w = — arg(F).
In contrast with the elliptic case, the singulars point are not located in 0, it can take every values
in T.Indeed, the angle of the periapsis is not originally related to Kepler’s equation, hence, when
studying the mean longitude, the singular points describe the whole circle with the value of g.
Besides, we can reach continuously a negative value e = —1 when changing ¢ from 0 to .
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Singular points for a fixed F

Considering the analytic continuation of the previous function defined in the real case, its singular
points satisfy

% exp(1w) exp(—w') + g exp(—ww) exp(w') = 1. (1.16)

Fixing £ and E, we are looking at singular points in the plane (w,w"). We can distinguish
different cases.

e Case E=E =0: it is clear that equation ([1.16) cannot be verified. There is no singular
points as soon as E and E are null, this corresponds to the case of a zero-eccentricity.

e Case E =0, E # 0: call E:/Q = sexp(10) with s > 0 and o € T, equation ((1.16)) becomes:
sexp(—w') cos(w + o) + 15 exp(—w') sin(w + o) = 1.
We obtain w = —o+ k7 for k € Z, and w’ = log(s) = log @ There exists two singularities
w € [0,27], at the same distance w’ = log(s) from the set of real angles T x {0}.

o Casc E =0, E # 0: as well, there exists singular points for w = —arg E + km, k € Z, and
w’ = log @

e Case E # 0, E # 0: in the general case, let £/2 = rexp(:0) and E:/Z = sexp(10).

Lemma 1.1. The singular points of the complex Kepler equation (1.16|) are given by the
formulas:

w} = log(2s) — ; los ((1 VA + (VA 12— 16(7"5)2)
wh = —log(2r) + %log ((1 +VA) + \/(\/Z—i- 1)2 — 16(7’3)2)

: (1.17)

where A = (1 — 4rs)? + 8rs(1 — cosy) and vy =0 + 0.
Proof. Equation (1.16]) can be rewritten:
sexp(—w') exp(2(o +w)) + rexp(w’) exp(1(6 — w)) = 1.

Calz =c+wand vy =0+ 0, a=rexp(w') and b = sexp(—w’). The previous equation
becomes:
bexp(1x) + aexp(i(y — x)) = 1. (1.18)

The equation verified by the singular points of the function induced by the complex Kepler
equation are:

{ (b+ acosvy)cosz +asinysinz =1 (1.19)

(b—acosvy)sinx 4+ asinycosxz =0

Case v = m: since a,b > 0, the second equation implies sin x = 0, and hence the first one
becomes: (b — a)cos(v) = 1. This implies that there exists two singular points, one for
x = 0, the other one for z = 7. In z = 0, we obtain w’ = log(—1 + /1 + 4rs) — log(2r)
and in z = 7, w’ =log(1 + /1 + 4rs) — log(2r).

Case v = 0: the second equation of implies (b — a)sinz = 0, and the first one
(b+ a)cosx = 1. Notice that since a + b > 0, there exist no singular point as soon as
cosz < 0. We can again divide the study in two cases. In z = 0, the equation to solve
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is b+ a = 1. There exists at least a singular point if and only if rs < 1/4, and their
coordinates are given by w’ = log(1 & /1 — 4rs) — log(2r).

General case (v # 0,7 # 7): in order to study the general case, we do as in the elliptic
case. The second equation of the system gives:

—b
cosp = £ LT 70
7
.
sing = £ 2007
I

where 1 = \/a? + b2 — 2abcosy # 0, and cos z and sin x have same signs. Injecting in the
first equation, we get

(a? = b*)? = a® + b* — 2abcos .
Changing to our coordinate w’, we have:
rtexp(4w’) — r? exp(2w’) — 2r%s% 4 2rscosy — 5% exp(—2uw’) + st exp(—4w’) =0 (1.20)

This equation is of order 4 in exp(2w’). It turns out that it has either a repeated root,
either 2 real roots. Indeed, letting =’ = 2(w’ —log(+/s/r)) = 2w’ — log(s/r), the equation
in 2/ is:

(rs)?(exp(2z') 4+ exp(—2z") — 2) — rs(exp(z’) + exp(—2z') — 2cos7y) =0
& 2(rs)?(cosh(22") — 1) — 2rs(cosh(z’) — cosy) = 0.

Putting this equation under the form of a polynomial of order 2 in cosh x’:
2rs cosh?(z') — cosh(z') — (2rs — cos~y) = 0. (1.21)

This polynomial is even, hence, if ' > 0 is a solution, then —z’ is also one. By making
this equation symmetric using the variable z’, we can obtain explicit solutions. Let V =
cosh(z'). the discriminant of this polynomial is A = (1 — 4rs)? 4 8rs(1 — cosv), and is
always positive. Observe how the other cases cosy = 1 and 4rs = 1 arise naturally. We
have two solutions in the case cos~y # 1:

1 1 1
= — —_— - 2 - ==
Vi Trs + Irs (1 —4rs)? + 8rs(l —cosvy) Irs (1 + \/A)
1 1

— — — /(1 —4rs)? + 8rs(l — cosvy) = ﬁ (1 — \/Z)

2= 4drs  4rs

Yet V = cosh 2/, therefore only the solutions V; > 1 must be considered, which is V;. The
solutions of equation (|1.21)) are

2’ = F+arccosh V; = +log <V1 + \/VI2 — 1) .

Observe as well that V2 —1 = V;/(2rs) — cos~/(2rs), hence the two symmetrical solutions
are

=+ <log(4rs) — log ((1 +VA) + \/(\/K%— 1)2 — 16(7"3)2)) . (1.22)

Using the relation between z’ and w’, we recover the expressions of the lemma. O
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With the formulas of the lemmas, we get interested in two different matters, that are
interesting when trying to find a domain on which the analyticity widths of the diffeo-
morphism induced by Kepler’s equation is non-null. First, for a fixed r, s and -, we want
to determine the closest singular point to the real axis T x {0}. Secondly, we want to
determine if it is possible that one of the singular points is on the real axis.

In the case v = m, when r < s, the closest singular point is in v’ = log(—1 + /1 + 4rs) —
log(2r), and in the opposite case r > s, it is in w’ = log(1 + /1 + 4rs) — log(2r). There
exists two lines for which w’ = 0, the line of equation s = r + 1 and the one of equation
s=r—1.

In the case v = 0, if s > r, then the the first singular point occurs for v’ = log(1 +
V1 —4rs) —log(2r), in the opposite case for w’ = log(1 — /1 — 4rs) — log(2r), and they
are at the same distance when r = s. Moreover, if s +r = 1, then the width w’ is zero.
Besides, after passing through the line s +7 =1 (hence for s +r > 1 but rs < 1/4), both
solutions have same sign, they are positive if s > r and negative if r < s. When z # 0,
we get the equation b — a = 0, and therefore 2a cosv = 1. There exists solutions only if
\/rs > 1/2, and in this case, w’ = 1/2log(s/r) and & = +arccos(1/2+/rs). The width v’
is null for r = s, and we can see that it is continuous at /rs = 1/2.

In the general case, by symmetry, the closest solution to the origin depends on the ratio
s/r. Indeed, the two solutions are symmetrical about the value log(1/s/7). They are both
of the same sign if log(y/s/r) is greater than the norm of the solution z’ of the equation
, which corresponds to passing through a point where the width w’ is zero. Hence, as
in the case v = 0, the "line" of width zero indicates a shift from two solutions of different
signs to a case of identical sign. Moreover, the only case of repeated root occurs in the
cases rs = 1/4 or cosy = 1, and after passing through this line, i.e. for r = s and rs > 1/4,
the width w’ stays null.

Null-width line (w’ = 0): To finish our study, we are interested in the singular points
on the real axis for w, i.e. for which w’ = 0 (the other variables being complex). We have
already seen that in the case v = 0, there exists singular points such that w’ = 0 on the
line r + s = 1, and the half-line r = s for rs > 1/4. In v = 7, this corresponds to the two
lines s =1+rets=—1+r. Finally, in (r,s) = (0,1) and (r,s) = (1,0), we also have
w' = 0.

In the other cases, we ask that:

(r? — s%)? = r? 4 5% — 2rscos . (1.23)

For each ~, this equation defines implicitly s as a function of r. Notice that the couples
(0,1) and (1,0) verify this equation for every . Rewrite (1.23)) as follows:

(r — s)? ((r +5)% — 1)) = 2rs(1 — cos~).

Since the second term is strictly positive, and that (r —s)? is positive (if cosy # 1 there are
no solution such that r = s), a necessary condition is 7+s > 1. Hence, when cos~y = 1, the
singular points on the real axis are the closest in norm [; for (r, s). In norm ls (the Euclidean
one), the closest singular point occurs at the coordinates (r,s,v,w') = (1/2,1/2,0,0).

To be able to study more precisely the solutions of equation when cosy # 1, let
z=r+s,and y =1 — s. The previous equation can then be written:

2 %
222 = 5(1 + cosy) + 5(1 —cos7).

We can describe y as a function of z, there exists two branches:

y+(z) = ﬂ:\/;;(1:022:%;7_))1 (1.24)
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Figure 1.8: Singular points on the real axis (w’ = 0) on the plane (r,s) for different values of ~: in blue, v = 0,
in red v = 7, in green y = 7.

We can determine the domain of definition of z. We mentioned before the fact that we
restrict the discussion to the case r + s > 1, i.e. z > 1. Indeed, we could consider values
smaller than 1, but they would give negative values for either r or s, which does not
interest us. The function y is then well-defined, since the denominator in the square root
is strictly positive under the condition z > 1. Let us study the limit of y when z goes to

infinity:
I _ 4 14 cosvy
i, () = /50

Hence, in the plane (7, s), the solution s(r) defined implicitly by equation (1.23) have two
branches, which start in (r,s) = (1,0) (respectively (0,1)) and which admits, when r goes
/1+c2037 (

to infinity, an asymptote D_ : s =1 — respectively Dy 1 s =1+ 1+C208W)‘

The figure represents the cases v = 0, v = 7, and a transitional case (here v = 7/4), it
helps identifying the difference between those cases, and understanding the evolution from
the curve of singular points for a null-width with the value v. When v increases from 0
to m, we can see on the figure the detachment of the curves from the case v = 0 to finally
reach the two curves of the case v = m. We can therefore identify three main zones (or
connected components): the first one is the one containing the origin r = s = 0, which
corresponds to two singular points in w’ of different signs, the case r = s corresponding to
the line where the two singularities are at same distance of the origin; the second one is the
upper zone and corresponds to the existence of singular points with w] and w/, positive;
finally the lower zone for which the singular points have negative values for wj.

Singular points using the Cartesian coordinates F

A general formula of the singular points of the complex Kepler equation in Poincaré coordinates
depends solely on the complex domains of our variables. Our choice of considering polydiscs
will prove to be convenient later, though these domains do not transfer in an intuitive way when
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changing the variable E into F. Given a point F, it is possible to compute the value of E and
hence to deduce the width w’ at this exact point. Though, when considering a polydisc, it is
not straightforward to understand well the domain in terms of the variable E, and to deduce
an exact maximum width. We will therefore only look for a sufficient condition to avoid the
singular points of the change of variables, trying to be as optimal as possible.

First, consider the coordinate A € B (Ao, r) with 7 < Ag. The set T where w takes its value is
extended to a set for the w that is Tx| — w/, .., W),..[- Considering the variable F' = p + €,
the real domain we choose is a disc around the origin (the point of null eccentricity): define 0 <
p < +/2(Ao — ), then F € B(0, p), or in other words F' = rgexp(20) with 0 <rg < pand 6 € T.
Considering the complex coordinates ¢ and 7: define an identical width p/ < v/Ag — 1 — p/V2,
these variables are defined with the help of 0 <rg < p, 0 €T,0< 11,75 < p, 01,02 € T, and we

have (fi,£) = (rg cos @ + r1 exp(101), 79 sin @ + r9 exp(202). Let us call this set:

D}\UO»TWW/,w;naz = {(]\721775777) € CxTcx C’ :A € B(onr)v |%U~J‘ < w,

max?

3(507770) € B(Oap) s.t. ge B(£0710/)7 77 S B(nOap/)} (125)

As shown before, for small values of |F| and \E:’ |, the width on which we have a local dif-
feomorphism is strictly positive and hence we can apply a local inversion theorem. We will
determine values of p and p’ small enough to be sure that it is still the case.

Lemma 1.2. Under the assumption

1 3p/2 ,
(/1 20) < 1, 1.26
/

the value of wy,,,, on which the complex Kepler equation induces a local diffeomorphism at every
point of the set DY is strictly positive. Besides, the following inequality holds:

/
AOvrapvplfwmaz

Ao — 1
W) e > arccosh 0 3 Z; ~ |- (1.27)
1+ gi3l= (P +20)

Proof. Consider the complex Kepler equation (1.16]) and the definition of E and E as a function
of I and F, it gives

1 FF:’ ~ ’ = /
m\/ 1-— e (F exp(ww) exp(—w') + F exp(—ww) exp(w )) =1. (1.28)

The sufficient condition will rely on determining an upper bound for each of these terms inde-
pendently (instead of maximizing them at the same time), and checking that this bound is less
than 1. Indeed, it is not immediate to maximize together the term under the square root sign
and the terms where w’ appears. . .

Let us start by bounding the first term A™2: the norm of A is simply bounded from below by
Ao — 7, hence |1~X_%| < (Ao — 7“)_% on the wanted set.

By definition of the set onmp,p’,wémz’ there exists rg,71,72 € RT = [0, +00), 09,071,092 € T such
that F' = &+ = roexp(10p), € — € = r1 exp(10;) and 7 = 79 exp(262). In the previous equation,
considering the second term of the product under the square root sign, since in real coordinates
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we have FF = €2 4 n?, we get:

e
4A 4A
<1+ 4([\()1—7”)1“08,,11}11?1”2 —rg + 2ro(r1 +12) + 17 —I—r%‘
<1+ 4(1\01—7«) s (=(ro =1 =712)2 4 (r1 4+ 12)2 4 7§ +13)
2
<1+

This bound is independent of p, using the fact that |FFF'| = 72, and that it has a negative sign
in front of it. It therefore depends only on p’ and 7. )

Regarding the last term, observe that the maximal value taken by |F| is the same as the one
taken by \PN’ | because of the symmetry of the domains. We have

‘(F exp(1w) exp(—w') + ﬁexp(—zw’) exp(w’))’ < sup |F| x sup 2cosh(w’)

w / /
w’ | <w.
AO!T*p’pl’wirm,;L' ‘ | max

< 2(p+2p") cosh(w), 4z )-
Hence, a sufficient condition for the initial set to avoid the singular points in our domain is:

1 3/2
S Y S

/ /
/Y o1 (p+2p") cosh(w),,,) < 1.

1.2.3 Induced diffeomorphism
Injectivity and semi-global inversion

The complex Kepler equation, seen as a complex change of variables is associated to the function:

f:Tc—>C

b i~ o exp(ub) + . exp(—ud)
w W — — exp(rW) + — exp(—1w
21 P 21 P
This function is clearly holomorphic, and is a sum of the identity function plus a perturbation.

Therefore, (Id,u) is a holo-decomposition of f (see appendix , where:

u:Tec—C

5 o 2 exp(ub) + 2 exp(—ui)
w —— € T — € —w
2 *p 2 *p

To apply the semi-global inversion theorem it remains to find an open set A such that
for every closed subset B C A, we have f'(2) # 0 and [[u/||la < 1. In the set DY
determined before, these two conditions are verified.

Proposition 1.3. Let 0 <r < Ag, 0 < p < /2(Ag —7), 0 < p' < VAo —7— p/v/2 and

w’ = arccosh Ao —r 1
max 1+ 2(ip/2T) (p+ 2p1) ’
3ho=1)

’ an!
T7p7p 7wmﬂ.’E

In the set DY , defined in (1.25)), the complex Kepler equation induces a diffeomorphism

AO :T,PvP' vw'inaz

(Rf,Sf) from the set
A =Tx] w!

/ . . .
— W)z Winaz| i1 its image.
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Figure 1.9: Image of the sets T x {~t} and T x {t} Figure 1.10: Image of the set U;Tx] — t,t[ by f,
by f, for t = ul,00/2, e = 0.2, € = 0.2. for t = ul,,,/2, e = 0.2, ¢ =0.2.

Proof. The proof is straightforward using our previous work and theorem of appendix
Bl O

Surjectivity and domain for the mean longitude

After finding a domain on the eccentric longitudes on which Kepler’s equation induces a dif-
feomorphism, it remains to find a domain in the mean longitude for which this property holds.

The image of a domain U = TxX] — w), ., Wh,q| by this diffeomorphism is for now unknown.

In Poincaré coordinates, we want to find a domain V = Tx] — A, .. A/ [ whose image by the
inverse map is contained in U.
Elliptic coordinates:
Consider, for (e,e’) € Rt x Rand t < u),,.:
JU=Tx (=t,1) = g(U)
(u,u) — (u — esin(u) cosh(u) + €’ cos(u) sinh(u),

u' — € sin(u) cosh(u') — e cos(u) sinh(u’))

To understand better the image of U; by f, we can consider the image of the sets T x {t} and
T x {~t}. An example for e = 0.2, ¢’ = 0.2 and t = uy,,,,,/2 is given in figure The image of

max

the set Uy by f is contained between those curves (figure .

To define a rectangular set Tx] — I/ I’ [in the image of the set U; by f, it is therefore
enough to concentrate on the minimum of I’ when u varies. Besides, we show that this value
is maximal for ¢ = u),,., which means that the maximum value I/, on which there exists a

diffeomorphism is as well a singular point of Kepler’s equation. Indeed, we have
" = — €'sin(u) cosh(u’) — e cos(u) sinh(u'), (1.29)

the location of a minimum of this function is a point for which v and v’ goes

I e corresponds to the minimal value of I’ such

and for v’ = u}, ..,
to zero at the same time. Therefore, the width [

that the inverse map has a singular point.
Recall the definition of u = \/e’ 2 cosh?(u/) + e2 sinh?(w/). If g = 0 then I’ = «/. Now if u > 0,
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Figure 1.11: Image of the set TX] — Uz, Umaz| by the function g and of the lines of equation I’ = 4(ul,q0 — 1),
with e = 0.2, ¢’ = 0.2.

equation (1.12]) was giving:

. h ,
cos(u) = + £5R()
w
/ h /
sin(u) = LSS ()
w
Injecting in the equation of I, it gives
I'=u' ¥ p.

For p > 0, the minimum of the right term is I’ = v/ — p. As said before, this value is maximal

in the set v’ € (U], 40, Unyae) When v/ = ul, .. Observe that for e and €’ sufficiently small, I’ is

positive. The width 1/, ... is hence given by the formula:

/ 1 /72 20,1 2 i 2(n,1
lmax = Umaz — \/6 cosh (umar) + e“sinh (umax>'

In our work, we are interested in the case I/ > 0. Figure shows the limit case when

max

t = U4z, o0 which we drew the limit value I/, and —I/, ... We can observe different limit
cases for which I/, .. goes to zero:

e In the case the eccentricity is large enough, then I/ . defined as before might be negative.

Hence, there would exist angles [ for which the fiber of (I,0) is not in the set U, The

Umaz *

width I will then be considered to be null. This case is represented in figure [1.12]

!/

e In the case of a non-null eccentricity, when choosing a value ¢t < u if ¢ is too small

max?
then we would have I/, < 0. Indeed, a small enough ¢ implies that we did not "fill" any
set of the form Tx] —1 ,..1 .. [. The width [’ will again be considered to be 0. This case

max’ “max
is represented in figure [1.13]

Since solving the equation I/, ,.. > 0 requires to solve an equation of the form exp x4 cx = 0,

we will express the solution implicitly.

Lemma 1.4. Lete > 0, ¢ € R, and l],,,, = U400 — \/e’ 2 cosh?(u!,,,,) + €2 sinh?(ul,,.). If
Il e >0, then g1 is a (analytic) diffeomorphism on the set Tx| —1I.. . I' [ and its image is

contained in the set Uy, .
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0 0= —_ =
== |
1 -1
" s s . s ! s - ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Figure 1.12: Image of the set TX] — 40, Unae| Figure 1.13: Image of the set Tx] —¢,¢[ by g, with
by g and of the lines of equation I’ = +(upaz — 1), t=Unae/15,e=0.2,¢ =0.2.

with e = 0.9, ¢’ = 0.7.

Poincaré coordinates:

Let Ag >0,0<7r <Ay, 0<p<2(Ag—7),0<p <Ay —7—p/v/2. The function we want
to consider this time is the following;:

hTx]—tt[—C
1 FF -
W — W — —{\/1— — (Fexp(w) — Fexp(—w
S\ (Feee) (—ud))

Now let w’ > 0, and consider the following definitions:

1 r
] = —— b= ——
VAo —T VAo(Ag — 1)
R b, — 20/ (Bo+7)(p" + V2p) +1(p+ V20)? (1.30)
T 2(Ao— ) 2 4(Ag — )2
az(w") = (p + 2p’) coshw’ bs(w') = psinhw’ + 2p" cosh w’

We shall prove the following statement:

Proposition 1.5. Let A € B(Ag,r) and (§,7) € C? such that there exists & + o € B(0, p)
with € € B(&o,p') and 17 € B(no,p'). Let t be such that

A()—T 1
0<t<uw,,, =arccosh ; .
= max ( 1+ 3p2 (p+2p/))

2(Ao—r)
Define:
)‘gnaac =t— (alazbg(t) + (12(13(75)()1 + (Ilag(t)bg + blbgbg(t)). (1.31)
If Nouw > 0 and 4r < 3Ag, then the function (R)~Y is a diffecomorphism on the set Tx] —
Aoy Mmax| ONto its image, which is a subset of the set Tx] —t,t[.

Observe that the variable X/ . for a fixed ¢ is positive if r and p’ are small enough. Hence,

we can always find a value of r and p such that we have a diffeomorphism.

To prove this proposition, we will need a mini-lemma.

Lemma 1.6. Let z be a complex number of the form z = a + 1b. Consider a complex number
¢ +d such that (c +1d)? =14 z. If |a| < 2, then the inequality |d| < |b| holds.
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Proof. Let a,b,c,d defined as in the statement. We have the relations:

A =1+4a+d 2cd =b
Hence:
<2 5 Mtazt = jd> 2
“4=7 =7 “a=35
Besides:
1
le| > 3 = |b] = |2¢d| > |d| (1.32)

We can now prove the proposition.

Proof. First, define N = S(h(w,w’)). We want to know, as before, if for a value of w' > 0
this function have a minimum that is strictly positive. Using the same arguments as in the
previous paragraph, we will then have a width X strictly positive such that the inverse map is
a diffeomorphism.
Let us take a look at the value

N e =W — _sup (|E]) coshw'.

!
T N LR T,

We showed earlier that:

- 1 3,0/2 ,
FE 1 20") .
o MBS TR i, oy )

!
Agsmp50 Wi g

Yet, this estimate is not precise enough to work with. Indeed, looking at the case w’ = w/

max?
and injecting the results in the value of A, .., we obtain min \’ = u/,.. — 1. The 1 comes from

the maximal value of the derivative we found before, when we bounded at the same time the
factor sin x aand cosx. We need here to be more precise, trying not to "break" the real structure
of Kepler’s equation when considering its analytic continuation. We therefore have to take a
closer look to the imaginary part of h, which can be seen as a perturbation of the real case for
small values of the r, o/, w’.

Let us study the expression of (F exp(ud) + F exp(—mf))), in order to separate its real and
imaginary part of it. First, there exists 0 < rg < p, 0 <ry,7ry < p/, and 0,601,605 € T such that:

}E’ =79 exp(z@) + 7 eXp(ZQl) + wrg eXp(ZGQ)
F = roexp(—1) + r1 exp(16)) — g exp(16s)

Hence,

2l (F exp (1) + ﬁexp(—zw)) = rosin(f + @) + r1 exp(261) sin(w) + r4 exp(162) cos(0).
1

We deduce the 2 following inequalities:

‘5)? (21z (F’ exp(1) + ﬁ‘exp(—zﬁ;)))‘ < (p+2p") cosh(w') = az(w’)
(1.33)
‘% (212 (13’ exp (1) + ﬁ’exp(—zuﬁ)))‘ < psinh(w’) 4+ 2p’ cosh(w’) = bg(w’)
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In the imaginary part, we have the small terms p’ or sinh w’ in factor. We will now try to bound
from above the imaginary and real parts of the two other terms appearing in the imaginary
part of h. observe that we are not interested in a precise estimate for the real terms, since they
are not small. Yet, it is necessary to highlight the fact that the imaginary parts remains small.
Recall that we showed

(i)

As for the imaginary part, we will use lemma [I.6] Before, we need to make a further assumption
to verify the hypothesis of the lemma. Observe that |a| < |a + 1b| = |z|. Hence, we can ensure
that the norm of z is small enough to verify our hypothesis. We know that

‘ _ o+ V2p)?

/2

(AO — 7“) -

Ag — 7") ’
hence, to apply the lemma, we require
(p+V20)? .3 p
— <3 & pP<y=z(Ao—7) — —=, 1.34

which is a hypothesis of the proposition.
We can now determine the norm of the imaginary part of the term we are studying, so as to
deduce the desired bound. We have:

FF §2+77 FF & + i 1 X2, 2
- & "l og _ — —— (A2 + _
AN 4R J<4A> J( 1A 4]A]2\$( &)

At the frontier of our domain, we have & = pcos+ p/ exp(10;), and 7j = psin 0+ p exp(:62). We
get:

€2+ 1% = p? + p?(cos(201) + cos(262)) + 2pp’ (cos B cos 01 + sin 6 cos 65)
+1 (p (sin(261) + sin(262) + 2pp’(cos O sin 61 + sin  sin 92))

Whence,

(8% + i) < 20/ (V2p + p'),

as for the real and imaginary parts of IZX, the upper bounds \?R/ZX\ < Ap+r, and ]%./:\] < r are
straightforward. Multiplying these two terms, we obtain the following upper bound

S (\/ 1-— g) ‘ < 4(A01—r)2 (2/)'(/\0 +7)(p' + V2p) +7(p + \/Qp')2> = by.

Gathering the computations, we have the following implication:

& FF < bs.
4A

——1
It remains to consider the term VA . Tt can be put under the form:

(p+V2p')?
(Ao —1)

<3=

1 A

VA Al



1.3. ESTIMATES ON THE NORM OF THE DISTURBING FUNCTION 31

Yet A = Ao + sexp(20) with 0 < s < r. Using again lemma we get the upper bounds:

w(3) s <

T r 3

(;)\<W:a2 it <

Ay — Z
With all these estimates, one can bound the imaginary part of the product of the three terms,
using either their real parts a; or their imaginary parts b; for ¢ = 1,2,3. Then, using the
considerations we made while studying the same problem in elliptic coordinates, the result
follows. O

B

1.3 Estimates on the norm of the disturbing function

In this part, we determine a bound on the norm of the perturbation in the plane planetary
three-body problem. Recall the formula (1.4]) of the perturbation:

rav 1712 |Q1| "
H@T‘ P7P7Q 7Q g UTL COS ()
pert(Pro P2 Q1. Qa) = =55 = 3 onPuleos(S)) (g

with o, = o' + (=1)"0}"'. There are different terms to study before deriving an explicit
bound. First, we need to study the terms |@1| and |Q2|. Secondly, we need to study the norm of
P, (cos S) for a complex angle S. We will need to do some initial work on Legendre polynomials,
and on the analytic continuation of their expression, as well as finding a bound on the complex
cosine.

1.3.1 Discussion on the singularities

Before studying the norm of the perturbation, let us take a closer look at the singularities. Before
expanding the perturbation with respect to the semi-major axis, we had three terms in the
expression of the perturbation. These terms had the following denominators: |Q2|, |Q2 — 00Q1]
and |Q2 + 01Q1|. For real variables, singularities can arise in different cases. The first term
corresponds to the distance between the outer planet and the center of mass of the star and
the inner planet: this singularity is artificial and depends on our choice of masses of the Kepler
Hamiltonian. The second corresponds to the distance between the two planets, and the third
one to the distance between the star and the outer planet. In the planetary problem we consider,
the first singularity that can arise corresponds to the crossing of the orbits of the two planets,
and hence to the term: |Q2 — 0oQ1].

When studying the analytic continuation, we saw that there were two possibilities for this
denominator to go to zero. First, if Q1 = Qs, and secondly if Q; = Q,. Since we are looking
at a symmetrical complex neighborhood (more exactly polydiscs) around the real set of orbits,
these two conditions are equivalent. Now, looking at the elliptic coordinates, we have Q; =
a;(1—é;cos(@;+g;)), for i = 1,2. Therefore, bounding from above a; and from below ag, we are
left with the derivative of Kepler’s equation. Since || > 0, we are not looking at the singular
points of Kepler’s equation. Indeed, those corresponds to the singularity between the star and
the outer planet, though the singularity of the distance between the two planets occurs before
this one. When |as(1 — é; cos(ig + g2)| ~ |a1|, we reach this singularity. Hence, the formula of a
singularity depends on the variables of the two bodies, and it occurs before the eventual singular
points of the diffeomorphism between the eccentric and mean longitudes of the second planet.
Besides, if we let the eccentricities of the two planets belong to the same set, this singularity
happens before the singularity between the inner planet and the star, as well as the singular
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points of the diffeomorphism between the eccentric and mean longitudes for the first planet.
We need to derive a sufficient condition in Poincaré coordinates to avoid this singularity. Yet a
necessary condition would necessitate to overcome the difficulties of finding exactly the singular
points of the complex Kepler equation in Poincaré coordinates.

1.3.2 Bound on the norm of the complex distances star-planet

We are looking at the terms |Q;| for i« = 1,2. Before the step of analytic continuation, their
formulas are given by
qg=|Q| =a(l —ecosu).

After this step, we therefore have

Gg=a(l—écosu).
Notice that the estimates on 1 — é cos & have already been obtained while studying the singular
points of the complex Kepler equation. It remains to adapt these here. We can start by defining
a domain of analyticity on which we want our estimates.

Let A()’l' >0fori=1,2r< AO}l,AOyQ, 0<p< \/2(/\071' —T‘), p, < \/A[)J' —-r — p/\/§ and

A > 0. Define the following set:

max
DAO’Tvpvply/\lmaz = {(A17A27 )\17 >‘27£1)£27 7]177]2) € C2 X T% x C4‘
for i=1,2:A; € B(AO,iar)a ’%)\z| < )‘;nam?

3(&o,ism0,) € B(0, p) s.t. & € B(&o, p')s mi € B(nos,p')}-

Forgetting the indices, we write:

- ~ E E
e (@,&,7) = @ — - exp(ud) + - exp(—ub),
2 2
where the variable E depends on the coordinates & and 1. We have

Y G (6.£.75)

q - Ggva,uz 8u~] ) 777 .
If A € B(Ag,r) with 7 < Ag, then the term A2 verifies (Ag — 7)2 < |A?| < (Ag + )2 Let us
define the variable t (specific to each body) implicitly with the help of X/, ., and of the other
analyticity width, such as done in proposition [I.5] in the following way:

Mnaz =t — (a1a2bs3(t) + azaz(t)by + aras(t)bz + bibabs(t)).

T

If there exists indeed t > 0 solution of this implicit equation, then the study of singular points
in the Poincaré coordinates gave:

e < o e ey cosht = (A, 1)
o5 W& VAo —r 2(A0—r)p g IR

Moreover, if we had [(Ag,r, p, p',t) < 1, then Kepler’s equation was inducing a diffeomorphism

between the eccentric longitudes and the mean longitudes for |[SA| < X, ...

Hence, we deduce that, under the assumption I(Ag,r, p,p',t) < 1and X, > 0:

Ao —1)? - Ao +1)?
C(;g:)av]\//-ﬂ (]‘ - l(AOarv P, plvt)) < |q‘ < 6(19:;1]\4)/«42 (1 + l(Ao,T’, pvp/at))
(Ao —1)? (Ao +7)?

(1= 1(Ao, 7, p, 0/, 1)) < | < 2 (1.35)

Ggrcw M/~L2 Ggrav MMZ '
The second inequation is not optimal, though it is succinct and simple to use. Indeed, we
replaced the term 14 [ by 2, which is a choice of convenience. It corresponds to consider the
second body on a circle of radius 2ds instead of its ellipse. Nevertheless, it implies that when
injecting this value in the series of the perturbation, it increases its norm artificially.
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1.3.3 Estimates on Legendre polynomials
The complex Legendre polynomials

In this section, we first recall some results on the Legendre polynomials, and then we give an
upper bound on the Legendre polynomials evaluated on some complex set. We focus here on
relations that are interesting in our study, although a lot of work have been done on these
polynomials (see [I, 3] for instance). In our problem, these polynomials arise in the plane
planetary three-body problem because of the following relation:

1
—_— = P,(x)z"
V1—2xz+ 22 nZ::O n(®)

One can work on those using the polynomials U, (z) = (2% —

d"U,

= x).

T (%)

Observe that the polynomial U, is of degree 2n, and admits two repeated roots of order n: —1
and 1. Hence, considering the successive derivatives of these polynomials, the polynomial P, is

of degree n, and all of its roots are simple roots belonging to the set | — 1, 1[. One more definition
will be important for us, it is the explicit form of P, for n > 0:

1 "Z/ZJ 20— 2K\
Fa ~on n '

From this relation, we can deduce several results. First the Legendre polynomial are either even
or odd, depending on the parity of n. Next, the leading coefficient of P, is

H 2’“ —1 (1.36)

1)™ for n > 0, we have:

2” n'
The polynomials are also defined by a recurrence relation, the formula for n > 0 being
(n+1)Ppi1(x) = (2n+ 1)zPy(x) — nPy—1(x),

with Py(x) = 1, and Pj(z) = x. We therefore deduce that P,(1) = 1 and P5,11(0) = 0 for all
n. We want to find a suitable way of expressing the Legendre polynomials, and derive estimates
on an upper bound. We have, for all n > 0:

n
P2n< 22n 271 ! H 2nz

(4n 4+ 2)! SPICIIRY
P = __unte) )
2n+1 (l') 22n+1(2n + 1)| Z Zzl_Il(x 2n+1, z)

where the roots A, ; €] — 1, 1[. Define for p > 0:
Bo(p) = {z € C,[2| < p}. (1.37)
We have:
Proposition 1.7. Vz € [-1,1], Vn > 0:
|Pu(z)] < 1. (1.38)
Vz € Bo(p) with p >0, Yn >0

Py(2)] < (22;2: (\/1 +p2>n. (1.39)
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Proof. For n > 1, and z € [—1,1]:

1— 22

W(sz(m))%

Qn(z) = (Pa(2))* +

The polynomial Q,, is even, let us show that it is increasing for x € [0, 1]. The fact that @, (1) =1
and that (P,(z))? < Qn(x) then finishes the proof.

P (x — 22)P! ()P (x
Qy(x) = 2P, (x) Py(x) — Z(f:( 1)) Al n()nP—TIL-(l))Pn( )

- m (n(n +1)Py(z) — 2Py (z) + (1 — :vz)P,’L’(x)) . (1.40)

Besides, U/, (r) = 2nz(x? — 1)"~!, whence
(2% — 1)U (x) = 2naU,(z).
Computing the (n+1)-th derivative, we obtain:
(22 = 1)P"(x) + 2zP)(z) = n(n + 1) P, (z).
Injecting this relation in equation , we obtain:

sy 20(P (@)

Thus, for = > 0, the derivative is increasing, and |P,(z)| < Qn(x) <1 for all z € [-1,1].

To show the second result, notice that the Legendre polynomials can be decomposed in two
types of polynomials: 22— A2 with 0 < A < 1 or z. Let us begin by a study on these polynomials
to deduce the final result.

e R(z) = z: it is straightforward that the norm of R on By(p) is bounded by p.

e R(2)=22-X2,0< A< 1: let z =rexp(sf), with r < p. We can start by bounding the
norm of this polynomial using the argument of z. We have R(z) = r2exp(2:0) — A\?and
hence,

|R(2)[? = r* + A% — 20212 cos(26).

The norm of this polynomial is therefore maximal for § € {n/2,37/2}, in other words, if
z the real part of z is null. We then have |R(z)| = r? + A2. Given the domain of definition
of these value, we have the following bound:

IR(z)| < p*+1= lim 724\

r—p, A—1

The study of these two types of polynomials is in fact enough to conclude. Indeed the maximum
of those terms can be taken on the imaginary axis, or in other words letting z go to £up. If we
do not know where the roots of the n*” Legendre polynomial exactly are, we know that they
are simple and in the set | — 1,1[. We will therefore consider the worst case, and take |A| < 1.
As well, even if 0 is the root of the polynomial R(z) = z, we can bound it by /1 + p? on our
domain in order to simplify the final result. In the end, we have:

[n/2]

I -2 (Yi+e)

i=1



1.3. ESTIMATES ON THE NORM OF THE DISTURBING FUNCTION 35

Multiplying this expression by the leading coefficient we determined before, and finally, for

z € Bo(p):
V-2t 92| = 2(m)Z Y P
1
This series is convergent for y € By <1+2>’ in other words for |y|v/1+ p? < 1. 0
p

Application to the complex oriented angle between the planets

Recall the formula (1.9)) of the complex oriented angle between the two planets:

1 — —
cos5 = 1 (,/m+,/M)
2 Z1%9 Z1%29
z21722

1
Call d = {/=——, we have cos S = §(d + 1/d). Considering the analytic continuation of this
Z1%9

formulas, we call d,,, = supp ]cﬂ, where D is the complex neighborhood of our real domain. We
then have | cos S| < 1/2(dp, + 1/dp).

Notice that the difference between z and Zz consists only in changing the angle v in —u. Hence,
when considering the analytic continuation of our function, by symmetry of the domains (which
are polydiscs), the maxima and minima of z and z are the same. It is therefore enough to study
only one of those terms (for instance z), and to determine the extrema of this value over the
domain to find a bound on d,,.

First, let us work on d,,, to simplify our work. We can observe that both Z and Z are proportional
to a, hence we can already remove this factor from our computation. The formula for z we are

considering is
Z=cost—€+1v1—ésina.

Call as well d; = \/2;/z;, and hence d = dy/da. We have dy = /23 /(2121), where we let appear
the value z121 = 1 — ecosu, which will help us using the previous work. In order to bound the
term |£12| more subtly, we can see it as a perturbation of the real case. Indeed, we will compare
the two terms 27 and |22|. Recall:

— 2y — o+ 2z +yy).
As for the term 22:

2= (x— o)+ (2' +y)?
=x2+y2+x’2+y'2—2xy'+2x’y

=224 22 +y? —xy + 2y +u(z2 + )
=zz+2(x —y — (2’ +y) (@ + )
=57+ 237,

where 2’ = 2’ +1y’. Hence, we have the bound:
217 < |22] + 2/2||7/|
< |zz] + 2|2]|2.

In this inequality, there is still a term Z appearing on the right side, whereas we want to bound
it. Though, it is multiplied by a factor 2|2/|, and since the latter goes to zero when we are
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considering the real set, it can be made as small as wanted by choosing a small polydisc. We
will therefore consider it much smaller than |2z|. We can rewrite this equation as follows:

|27 - 2|z]l2'] - |22] < 0.

We now have an inequation involving a polynomial of order 2, with a positive leading coefficient.
Hence, the maximum value that |Z| can take corresponds to the equality case.

A = 4(|2'2 +|55]).
The positive root of this equation is therefore:

Elmae = 12 +1/122] + |2/]*.

Now, using the fact that /1 +x < 1+ /z for all x > 0, we have the following bound:

/
|Zlmaz < \/125] [ 142 ’z|~ .
|22]
|21

i |,/§1
1| = = > =
Ay /Iaz| 2121

We can also estimate the maximum of 1/dy, it suffices to change the angle ug in —ug: consider
the ratio 1/dy = \/25/(%22) and change the angle. After computation, we obtain

/ /
1| < (1+2|Zl|~) <1+2‘Z2|~).
|2121] 2222

We now have to bound |z}|. Consider

Regarding the value of d;:

/ / /
2 =2+
! __ ~, ~ / : : / /
{ T+ 12’ = cosw — € = cosw coshw’ —1sinwsinhw’ + e + e

Y+ =+v1—eé2sinw =1 — é%(sinwcoshw +1coswsinhw') ’

from which we deduce

y' = R(V1 — €?) coswsinh w’ + (/1 — é2) sin w cosh w’

{ z' = —sinwsinhw’ + €’

When trying to bound our terms, we will ensure that the imaginary terms remain small, by
keeping in factor the analyticity width. Let us study more precisely the different terms.

1. (V1 —€?): recall that by definition, v1 —é2 =1 — 522%772 We already studied this term,

which was arising while looking at the complex Kepler equation.

S(\/l—é2):%<€2+ﬁ2>— ! 3 (A@+).

oA ) 2[A]2

And a bound on this term was:

IS(V1—e?2)| < 2(/\01—7“)2 (rpQ +20' (Ao +2r)(p' + ﬂp)) .
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2. R(v/1 — é2): this term is in factor of sinh ¢/, it is not supposed to be small (it is close to 1
in the real domain), since the hyperbolic sine will play this role. A rough bound is:

— 247
IR(V1—é2)| = ’%R (1 o )

&2 ~2
o Sl

(p+v20)°
BAECECE

3. €’ for this term, we want to have one of the analyticity width in factor. By definition:

FFVFF
4N A
The first factor has already been studied in lemma We had:

FF 3p"?
E— 7
%( ! 4A)‘ ST

e =

and:

(p+V20)?

<3= |
(Ao —)

4(Ag — 1)

( 1— Zf) ‘ < % (rp2 +2p' (Ao + 2r)(p + \/5/))) :

"ljn

Let us now bound the real part of

N N e

The computation of a bound on the imaginary part must let appear a small factor. The
main difficulty will be again the presence of the square root, lemmalI.6)being not applicable
to this case. Recall that £ = rgcosf + ri exp(:61) and 7 = rosin 6 + 2 exp(262), hence:

FF < p+v20)
—|<

FF=28+i
= r% + r% cos(261) + 7“% cos(2602) + 2rgry cos 6 cos 01 + 2rore sin 6 cos Oy
+ 1 (r1ra(sin(2607) + sin(262) + 2rgry cos @ sin 6 4 2rgro sin O sin fy) .
We also obtained the inequality:

r

%M) Vs

It remains to compute the imaginary part of /2 + 72. The bound will be this time more
delicate to compute given the shape of the domain we are considering. Consider a complex
number z = a+1b, and a root z = (c+1d)?. We have the equality ¢* —d? = a and b = 2cd.
Hence, we deduce that

<2 <

W oo

r
Ao

d:—7+ \/2+b2 ‘.

2

In our case, by symmetry of the domains in which r; and ro take their value, we will bound
|z| = [€2 +n?| by (ro + V/2p)?, and it only remains to calculate a lower bound on the real
part of z. We have

la| = |13 + % cos(201) + 3 cos(202) + 2771 cos O cos B + 2rgra sin O cos Oa|,
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which also satisfies
la| > 12 — 2v2rqp’ — 2rf.
Whence,

—_

max ]d]Q 3 < ro + \[p — r% — 2\/57’0/)’ — 27’62)

< V20 (V20 + 2r0)
<V20' (V20" + 2p).

We can now derive an upper bound on the imaginary part of the product of these terms,
and it indeed goes to zero when considering null analyticity widths (i.e. in the real domain):

o[V =l () b o (V8) e

S\/A/?)O_—FT\/\[p (Vo +20) + (p;r\_frp \/%0

Regarding the bound on the variable €/, under the following hypotheses, we have

(p+v20)
(1) (AO — T)
(2) ALO < Z

S(VFF) BT

< 3,

Hence |€/| < el ..(Ag,7, p,p’) with
(p+V2p')
4<A0 — T’)

() (L e+ 0 )

€maz(B0, 7,0, p) = - (ro* + 20/ (Mo + 20) (0 + V2p))

Ao—T A()—?“ \//TO

Observe that for the first time we have the presence of a term that does not decrease
linearly with the analyticity width, but with the square root of p’; this is due to the
expression of e.

4. sinhw’, coshw’: regarding these two terms, we will not Worry about their bound in
Poincaré variables yet, but will simply bound |w'| using w/,,,. It is obvious that for a
small value of w!,,., sinhw’ is close to 0, and coshw’ is close to 1. To simplify again the
calculation, we will use a rough bound on cosh w’

|coshw'| <1+ |sinhw/|
<1+ sinh(w

mam)

and will use the inequation |sinhw'| < sinhw/,,,,.
We can now bound 2/, and more particularly 2’ and y'. We have |2/| < ... (Ao, 7, p, 0, W) 00)
and |y | < ymar(AOa Ty p?ﬂ wmam) with:

/

faw = sinhw]

T max + emam

Ymaz = |1+ ) i Wrnag + Lt stuh s (2 4 9 (Ao +2r)(p" + V2p)
2(Ag — 1) 2(Ag — )2

(1.42)
With the help of equation (1.35]), we now bound d,, in a suitable way, using all the variables.
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Proposition 1.8. On the set Dygrpp . 5 assume that the following hypotheses are satisfied
fori=1,2:

(1) There exists t; > 0 s.t. t; verifies

Naz = ti — (a1a2,b3i(t;) + azias,;(t;)b1i + a1 a3, (t;)ba; + b1.ibaibsi(t:))
(2) l;(Agi,r ’t-)—¥ 1+L/2( +2p')cosht; < 1

0,0, Ty P, P 5 1i) = AO,@'_T Q(AO,i_T) P P 7

r 3
3 < —.
(3) hos S 1

where the variables a; and b; are defined in (1.30); Then the following inequalities hold:

;,max (AO,’U r,p, p/v tZ) + y'/[,max (Ao,ia T, P, p/7 tl)
1-— li(AO,i7 TP, pla t’L)

- x
(71) ‘dz’ < di,mam =1+2
(1) dm < dmaz = d1,maz X d2,maz

1 1
a dmaa} 5
2 ( * dmaa:)

: 2n)! n
(iv) |Pp(cos S)| < an(Ao, 7, p, 0 t1,t2) = 2n(n!)2( 1+1n?)

(131) cos(S) <n=

1.3.4 Final majoration

Using the work of the two last sections, we are able to derive a bound on the norm of the
Hamiltonian. We will give two versions of it. A first version will be a raw one, with a lot of
variables depending on other variables, though cumbersome to compute by hand: it is intended
to a computer calculation. Yet, this formula will be closer to a realistic result, since we will not
lose more optimality artificially. It is still dependent on some choices, and one is encouraged to
make one’s own choices when trying to compute a suitable expression. A second version will be
a compact one. With more assumptions, one can simplify greatly the raw version, and make a
statement simpler to use, though less optimal. With all the elements we computed, it is only a
matter of choice to decide when to stop simplifying the equations.

Notations for the computation of the bound

We recall here every equations we need to state the result.
Let the variables Ag 1, Ao2,7, p, 0, Naw € RT* be such that

) imax

T<A07 p<\/2(A0_T)7 p,<\/A0_r_%7

where Ag = min;—1 2 Ag;. Call as well A = (Ag,1,Ap2). Now define

1 r
4] = —F/—— b= ——
\/AO -Tr \/Ao(AO — ’I")
w1 3” b, — 20/ (Bo+7)(p" + v2p) +1(p+ V20)?
27 2(Ag 1) 2 2o — 12
az(t) = (p+2p")cosht bs(t) = psinht + 2p’ cosht
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and
Emaz (s, p) = M (rp* + 20/ (Mo + 20) (0 + V2p))
4(A —r)2
+ <1 + 2(?)’_27“)) <@\/\/§p’(x/§p' +2p) + W\%) ,
Thaw = sinht +el

3p 14 sinht
'we = |1+ =—— | sinh — 24 2)/(A+2 / 2
Ymazx < + 2(A _ 7")) sinh? + 2(A _ 74)2 (Tp + P( + T)(p + \[,0))

are functions of (A,r, p, o/, t).

is in fact a function of (A, r, p, p') and =, Yraw

where the e/,

Call, for t1,t9 > 0:

1 3p12 2 ,
l; = 1 2 ht;,
AOiT’( +2(A07i—r)> (p +2p') cos

)

/

d: -1+ Qxi,max (A07i7 P, Pla ti) + yimm (AO,i7 T, P, Pl, ti)
i,maxr =

1-1 ’
dmaz = dl,ma:v X d2,maz:
1 1
— = (d -
,’7 2 < max + dmam> b
2
(mo + m1)*m3 Aoi+r\ 14104 Lt
(mo +my +ma)mem? \No2—r ) 1—1s s
B = Ly,
mo
(mo + m1)?*mim3
m=_G,,, 2

mo + mi1 + mo

A raw theorem for a computer use

Theorem 1.9. On the set Dy ., 7\

max

, if the following hypotheses are true:

(1) There exists t; > 0 s.t. t; verifies
Naw = ti — (a1,1a2,3b3,i(t;) + az,ia3.:(t:)b1; + a1 ias,i(ti)ba,; + b1 ib2,ibs i(t:))
(2) 11, lQ <1
T 3
3 <2
(4) A(Ao,1, Mo2, 7, p, Pyt t2) < 1,

then the following inequality holds

(1.43)

Hﬁ <§ m 1 A2 _i_@ A2
pert §(Ao2—7)21—lp \1—2 " mol+ 209 )"

DAmp,p/A’maz
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Proof. The proof is pretty much straightforward. We divide the series of the perturbation (|1.4)
into two terms, because of the expression o, = 08_1 + (=1)"o?" 1. As for the leading coefficient
of the Legendre polynomials that appears in the series, observe that

(2n)!

2",
2n(n!)?

<

ool w

We then gather all the terms into 21 and 8. The sum of these series are straightforward to
compute. The hypotheses (1), (2) and (3) ensure that we can apply proposition the fourth
hypothesis ensuring the convergence of the series. O

Remark: Observe that we used the bound on the Legendre polynomial, starting from
n = 2. This estimate is the only estimate where we did not make appear the analyticity widths
as factors, and therefore, it is the less optimal bound in this sense. Though, to improve the
computation, since the first Legendre polynomials are easy to compute, one can work on their
expression directly, instead of the estimates. By doing this, one should be able to reduce the
leading coefficient in front of the first terms, and hence the factor 3/8 in the formula of the
theorem.

A simplified bound

Making further assumptions on the smallness of the analyticity widths allows us to simplify
importantly the conditions and expressions of the previous terms.
Again, let Ao’l, AO’Q, T, P, pl € R™ and Ay = mini:LQ A(M.

Corollary 1.10. Let 0 <t < 0.1, under the assumptions

25 (mo +m1)?m3 [ Aoa ?
1007 < Ay, 100v2p’ < p, p < ==+/Ag, 57 S | <1,
52 mgmy Ao 2
define:
/
N —t—1.02—P_sinht — 37— —24

max /AO /AO AO *

If Xpaw > 0, then the perturbation is analytic on the set Da .,y ., and the following inequa-

max
tion holds:
: +ma)°m (Ad, . r p
i < 2s0G2, (Mo L) (34 11sinht 4 10— + 11 .
H pert IDA,r,p,p/,A’maz grav mém;f Agg + S1n + AO + ,—AO

With this corollary, we obtain the rate of decrease of the bound on the norm of the per-
turbation with respect to the analyticity widths. Observe that for a choice of width ¢ for the
angles, the bound decreases as sinht¢ (therefore as ¢) when it is small. Considering the variable
A when ¢ is small, we have X/ .~ (1 —1.02p/v/Ag)t, and sinht ~ t, therefore, the rate of

max? max
decrease of the bound with the value X/, is
1
I
— p_ ‘max>
1-1.02 I

which means that it is linear in A,,.. Observe that the bound is as well linear in the width

r, but not in p’. Instead, the square root of p’ appears, which comes from the bound on the
imaginary part of \/52 + 2. The mixing induced by the presence of the square root, and the
non-trivial shape of the domain where £2 + 72 are defined, imply that the bound we found was

in /p'.
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Proof. The proof of this corollary requires a lot of simple computations (that we will not make
entirely explicit), and a change of point of view considering the angle we consider. Indeed,
instead of starting with an angle A/ .. we start with a width in the eccentric longitude, which
simplifies the computation.

First, we consider the expressions of the a;,b; for i = 1,2,3 (here a; stand for the tem-
porary variables expressing the real part of some terms, not the semi-major axis of the planet).
Regarding the a;, the idea is to leave only a dependence in the variable Ag. For as, we use as
well the fact that cosht < 1.005. Regarding the b;, we want to leave a dependence in the small
terms, either 7 or p’ or sinht (notice that we keep p as a possible high value term). We obtain:

ay < 1.01/yv/Ag by < 1.02r/A3?

as < 1.001 by < 1.04p' //Ko + 0.537/Ag
a3 < 1.5v/Ag bs < psinht + 2.01p

We exhibited the results to give an idea of the computations we were doing, though we will not
display the next ones since it would be cumbersome. One can multiply the latter expressions
to obtain a lower bound for )/ ... When multiplying the terms bq,bs,bs, we obtain a cubic
dependence in the small variables, which does not interest us. Hence, we bound b; and by using
the assumptions, and we keep the expression of bs; this choice is not unique.

Observe that the expression of X, .. is of the form y = z — asinhx — b, with a < 0.5. This
function is increasing from zero to some value, and then decreasing. Since a < 0.5, the point
where it starts to decrease is further than 0.1, our limit for ¢. Therefore, the value of \/,,,
corresponds to the first singular point of the complex Kepler equation. Hence, it defines an
analytic diffeomorphism on this domain.

All the assumptions we made relied on the variable Ay = min(Ag1,Ao2), and A, is defined
using the value ¢ and this specific Ag;. Let us assume first that Ag; = Ag to simplify the
discussion, which implies ¢; = ¢t. Looking at the right side of the relation between ¢ and A/, .,
if we let Ag increase, then the right side increases as well. The solution ¢ of this equation needs
to decrease to compensate (M, is fixed), and it gives to < t;. The bounds can therefore be
computed using t; everywhere. The value of ¢ in the theorem is hence associated to the body
with the minimum value Ag ;.

Now one can bound every other term to obtain the result, keeping each time the smaller exponent
in the analyticity width. Starting with e}, ., we see /p/ appears, and each time a factor p/
appears, we decompose it into v/p’ x v/p/, bounding the first root and keeping the second one.
Then, for z,,. and y,, .., we use the fact that ¢;,to < ¢t and Ag < Ag1,Ap2 so as to find a bound
independent on the bodies. The assumption on the variable p implies in fact that [; and lo are
smaller than 1/2, which simplifies again the computation.

Using these facts, we deduce a bound on d; 4, that is again independent of ¢, and therefore,

Amaz < d%’m(m. As for n, since dimqer > 1, we bound it by
dmaz 1
< — 4 —.
=Ty T

Again, instead of considering 2 and B, we simplify the expression using the fact that for n > 2,
we have

on < 1.

As well, we remove some dependence on the masse using mg + m; < mg + my1 + mo. The last
two inequalities we will need are:

1+0
< 3,
1—1y
Vit 22 <vV2-1+z.
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The series we obtain is the following:

[ (mo+m1)?m3 (Ao ? r i \"
6 : 3+ 11sinh¢ 4 10— 4 11 .
> (olme o (J0) (3 pnson 01y )

n=2

We can bound (3 + 11sinht + 1OALO + 11,/%) by 4.55. It converges if the main term is less
than 1, hence if

28.5

2
(mo + m1)*m3 <A0,1> <1

2,,2
moml A072

Requiring this term to be less than 1/2 (hence our last assumption) allows us a last simplification:
1/(1—z) < 2 for x < 1/2. Finally, using the bound 4.55 on the term dependent on the analyticity
width, one can remove the square. O

Analysis and comparison of the bound on the real domain

Let us do a short comparison between the real perturbation, that can be computed directly from
its expression, and the two bounds given in the theorem and the corollary in the real case (i.e.
for null analyticity width).

Consider the first theorem. We are looking at some point (Ag1,Ag2) € R%, some eccentricity
defined by p > 0 and null analyticity width r, o', = 0. In this case, we obtain

/ /

Cmar = Tmaz — y;nax =0.
Hence:
li = JX* dimas =1, dmae=1, n=1,
0,7
1+ 22— 2
9 — 2\/5 (mO + ml)Zm% + Aoj1 AO,l
(mo +m1 + mQ)mgm% 1-— \/h A072 )
Finally,

Hﬁpert

AW 1w
Dropoo  8A3a1—p/\/Aog \1—2  mol+229 )"

An equivalent of this expression when the ratio Ag1/Ag2 goes to infinity is the following:

s Apy  (mo+mi)'mi (L4 p/v/Roa)” (1.44)
T NG 2 (Mo +ma +ma2)3mimt (1 — p/\/Ags)°

Regarding the corollary under the two assumptions

(mg + ml)Qm% AO 1 2
p < 25/52v/ Ay, and 57 o (A : ) <1,
01 0,2

we obtain directly:

- mo + m1)5m5 Aé 1
H < 820G ( : 1.45
H pert A,0,p,0,0 grav 7”67”? A8,2 ( )
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To understand the limits in celestial mechanics given by these assumptions, we need to fix the
masses of the bodies: we choose m; = my = 10™3mg. To compare the different results obtained,
we need the ratio Ag1/Apz2 to verify the assumption of the corollary, it has to verify:

Ags _ 1 1000
Aoz /571001

In terms of semi-major axes a; and az (in what follows, we will not need the variables a; and
b;, therefore no confusion can be made), it corresponds to the condition:

al 1 1001

< ==
az 571002

It is therefore very restrictive on the ratio of semi-major axes we can consider. Considering the
eccentricities, notice first that we have Ag = Ag 1. By definition:

2 4

PP
AO,l 4Ag’1 '

er <

Hence, a rough estimate on the maximal value of the eccentricity we can consider is e; < 0.467.

As for es:
2
ey = p* Mg pt [Aoa
Aoi Aoz 4A5; \ Aoz )

Given the assumptions, the value of ey is always increasing with the ratio of the variables
Ag;. Therefore, the maximal value for ep corresponds to the highest ratio of the Ag;, and we
have es < 0.174. This time, compared to the examples in celestial mechanics, these values of
eccentricities are not very restrictive.

Recall that this discussion of the maximal values we can consider comes from the corollary
theorem requiring not such restrictive bounds.

It remains to determine the norm of the real perturbation. In this aim, consider equation .
We can write

2
‘Q2| |Q2‘ 1—0'0|Q7;‘ 1+0’1m
Ggrav#1m2 |Q1‘ 2 |Q1| ? 1
< max ( ) 1+ 0901 < ) 3
Q2| Q2| Q2| 1_(00_01)% — 0401 (%)

With the last equation, we can see that the maximum is reached when |@Q2| is minimal, and |Q1|
maximal. Hence:

(a1(1+e1))? o o1
[Hpert| < Ggravpiim (a2(1 —e2))® \ 1 graaliten) * 14 o ar(iten)
az(1—e2) az(1—e2)

An equivalent when the ratio Ao /Ao 2 goes to infinity is then:

o2 Agy mi (mo+m1)" (14 emaz)?
gra A8,2 mgm? (mo +m1 +m2)3 (1 — emaz)®

(1.46)

We can now compare the results in the real case. First, let us talk about the equivalent,
and to simplify the discussion, we can consider the eccentricities to be null. Comparing the
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Ratio Real Hamiltonian over Raw Estimate

0.30

0.25

0.20

0.15

0.10

1 1 1 1 1 1 1 1 1 1 1 1 1 X
2 4 6 8 10
Figure 1.14: Ratio [Hpert|/|Hpert|Dy, 0,0, as a function of z = Ag2/Aoa, for p = VA1/10 (ex ~ 0.1),
mi1 = meo = 1073777,0.

equivalent given by the theorem and the real equivalent , we observe that only a
factor 3 appears. This factor can be attributed to the difference between the estimates on the
real Legendre polynomials and the complex one, which was far from being optimal. Indeed, the
highest value of the Legendre polynomials in the real case is 1, whereas in our computation, we
bounded the second Legendre polynomial by 3, the other ones not appearing since we consider
the case Ag1/Ag2 — +00.

Comparing the equivalent to the real case , we can see appearing a factor that is at
least 820 (we did not compute the difference coming from the masses). Therefore, the corollary is
far from being optimal. Its use is hence mostly to obtain an equivalent in term of the analyticity
width.

Going back to the formula given by the theorem [I.9] in the case of null analyticity width, we
plotted a graph depending on the ratio of the semi-major axis to better understand the
impact of the non-optimal bound of the Legendre polynomials.






Chapter 2

Some transformations of the
Hamiltonian, and their constants

The Kepler part of the Hamiltonian of the plane planetary three-body problem suffers a degen-
eracy. Indeed, it depends on two coordinates, whereas there are four degrees of freedom. The
Hamiltonian equations associated to it imply that only two angles, the mean anomalies, change
over the time, the motion therefore takes place on a 2-torus. Physically speaking, the planets
move on their ellipses, but the ellipses do not move over the time.

To apply the KAM theorem, we need an unperturbed Hamiltonian that depends only in the
action of our action-angle variables and that is non-degenerate: hence we consider the secular
Hamiltonian. This idea goes back to the work of Laplace and Lagrange, who developed the
perturbation in the three-body problem to try to prove the stability of the solar system ([16],
[T7]). The secular Hamiltonian corresponds to the sum of the Kepler problem plus a part of the
perturbation that depends only in the four action variables. Though, the frequencies associated
to the angles are not of the same order: the two mean longitudes have frequencies associated
to the Kepler problem part of the Hamiltonian, whereas the angles of the perihelion have their
frequencies of the order of the perturbation. The first two are called the "fast angles", and the
other two the "slow angles". When averaging the perturbation over the fast angles, the new term
still depends on the two slow angles. It is possible to remove the dependency in one of these
two angles using conservation of the angular momentum. It then remains a dependency of this
term in one angle, which needs to be eliminated.

For this work, we consider the two first actions as parameters. Then, our object of study depends
on two actions and one angle. It has been shown that it was possible to expand this object in
the eccentricities, and that only terms of even positive order in these variables exist. Therefore,
there exists an elliptic fixed point at zero for the two actions we are considering (related to the
eccentricities). Removing the dependency in the last angle relies on two main operations: first
we need to remove the dependency on the angle by doing a rotation on the variables, secondly,
one has to use a Birkhoff normal form theorem to some order. The secular Hamiltonian will then
consist in this development truncated at the order at which we removed the dependency in the
angle, the highest order being considered as part of the perturbation. Putting the unperturbed
Hamiltonian up to the first order requiring only a simple rotation, we will deal with it while
computing explicitly the secular Hamiltonian. In this chapter, we will give a theorem of Birkhoff
normal form with explicit constants.

Another requirement to the application of the KAM theorem is that the perturbation has small
norm compared to the total Hamiltonian, or more precisely, that the perturbation in the fre-
quencies induced by the interaction between the two planets is small enough compared to the
frequencies of the unperturbed Hamiltonian. In the division we made before into secular and
non-secular Hamiltonian, it is a priori not the case. Indeed, the frequencies associated to the
slow angles are of the order of the perturbation, and we cannot apply the KAM theorem right
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away. Before, it is necessary to make this perturbation smaller. This will be done in the second
part of this chapter, and it relies on solving the classic cohomological equation in a restricted
space (considering this time the third and fourth action as parameters), and on evaluating the
remainders.

Most of the methods that we are using can be found in the two fundamental books [5] and [6].

2.1 Birkhoff Normal Form

This section will deal with the Birkhoff Normal Form (BNF'), which corresponds to performing
symplectic changes of variables around an elliptic point of equilibrium of a Hamiltonian, in
order to put it into a normal form (yet to be defined) up to a certain order. As usual, in the
statements we derive, we determine precisely the different constants involved in the proofs, such
as the norm of the change of variables, the loss of analyticity, and the norm of the remainders.
We will derive an explicit theorem, and several corollaries that could be useful when studying
the secular Hamiltonian.

The general case is an old subject of study, and lots of references about this operation exist, for
instance see [65], [32], and [30]. We will show a general theorem on BNF, and then apply it to
obtain the constants we are looking for. In this second approach, we will largely follow the work
of Bambusi [7], and try to be precise on the conditions of application.

Before getting into the details, let us take a look at the result we wish to show. Let n > 1 and a
Hamiltonian H : R?" — R (the coordinates are Cartesian here), such that the point (p, q) = (0,0)
is an equilibrium point of the Hamiltonian equations associated to H. The Hamiltonian can be
written:

H:DCR"xR" —R

where H,, represents all the terms of degree m in p and ¢ (in the case of the three-body problem,
the Hamiltonian in Poincaré coordinates is already under this shape, and has only even terms).
The Hamiltonian Hs being only composed of terms of order two in p and ¢, the Hamiltonian
equations associated to it are linear, and thus the motion can be easily deduced. In the elliptic
case, one can write it as follows:

n 2 2
Ha(p.q) = w; (p" ; 4 ) (2.2)
=1

The Hamiltonian is said to be under normal form, if for m > 3 we have {Hs, H,,} = 0,
where {, -} are the Poisson brackets. The BNF hence consists in doing several canonical changes
of variables to put the Hamiltonian H under normal form if it is not already the case. In the
calculations, it corresponds to removing some terms of order 3, then some of order 4, etc, though
a finite number of time to ensure the convergence. The final expression of the Hamiltonian will
be a specific normal form, called Birkhoff Normal Form up to some order.

The aim of this section is therefore to derive a theorem as follows:

Theorem 2.1. Let H be a Hamiltonian of the form (2.1) with Hs written as in (2.2)), and
analytic on a domain D. Then, under a non-resonance condition on the vector w, and a condition
on the norm of H, there exists a symplectic change of variable T such that:

1.7: DcD—D
2. HorT isin BNF up to the order N > 3.

Moreover, the set D' can be explicitly expressed as a function of the initial conditions.
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From this theorem, we will deduce several corollaries, in different cases, that could be useful
while studying the secular Hamiltonian.
Notice as well that we are considering an analytic Hamiltonian defined on subsets of R™. Never-
theless the theorem can be applied for any analytic Hamiltonian defined on some subset of C",
it requires only to take care of the domains of definition of the different variables.

2.1.1 Set of removable terms and first elimination

To introduce the general transformation and the theorem we want to prove, we will perform a
transformation to remove one term. This will allow us to understand precisely the nature of the
transformation as well as the removable terms, and therefore the precise form of the BNF. Before
that, let us describe the Hamiltonian in a more suitable way for the incoming computation.
The first step to put the Hamiltonian under BNF is to perform a classic change of variables and
to express the Hamiltonian in complex variables. Let:

1
Ti = E(pl + 1q;)

1
Tiyn = ﬁ(% +1p;)

Notice that we do not give information about the initial set, this will be done later. In these vari-
1

ables, we have the relation x;x;1, = z(p? + ¢?), and one can write Ho(z) = = 1" | wi(2iTitn)-
)

For the terms of higher order, define the set

Apn = {(z’l, cdon) € NPV iy + o+ igy = m}

and for i € Ay, p, o = zi!...x2r. Therefore, for m > 3, the Hamiltonian H,, in these variables
is written

Hy,(x) = Z wm,ixi

ieAm,n

Now define another set of exponents that will be proven useful later:

By = {i = (i1, -y i20) € N [0 € Ay, (it oo in) # (int1, -i20) |

Let us divide the part of order m of the Hamiltonian in two different terms in the following way:

H’I’JI’_L(‘T) = Z wm7i$iu (23)
iEAm,n\Bm,n

H(x)= Y wmaa'. (2.4)
i€Bmn

We have H,,(z) = H;-(z) + Hrlll(x), and

oo [e.e]
H(x) = Hy(x) + Y Hi(a) + Y H) (2)
i=3 i=3
The reason of this division will be clear after trying to remove one term of order more than 2 of
the Hamiltonian. We can already say that the terms contained in HT”n will be removable whereas
the terms of H,- will not be.

Another requirement for the theorem will be the non-resonance condition.

Definition 2.2. A vector w € R" is called non-resonant of order k € N\ {0} if for every j € Z"
with 0 < |51 = 2 4il < k, we have (w, j) # 0. w is called non-resonant if it is non-resonant
of order k for every k € N\ {0}.
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With these definitions, we can state a first lemma.

Lemma 2.3. Let m > 2 and H be a Hamiltonian of the form H(z) = Ha(z) + wp iz’ for
some i € Ay, pn, and Hy(x) = Z;‘l:1 WL j4n With w = (w1, ...,wy) non resonant of order m. If
i € By, there exists a symplectic transformation T such that H o T = Hy(z) 4+ o(z™).

Proof. Let P(x) = Bx' be a monomial of order m and let 7 = exp Xp, where Xp is the vector
field JVP. Then H ot =exp Lp - H, with Lp = {P,-}. One can then write:

Hor = (Id+4 [P+ )« (Hy + w o)
= Hay + wmiz; + {P, Ha} + ...

It is easy to see that the terms not written in the last equality are terms of higher order than
m in z, while the term {P, Ha} is of order (m — 1) 4+ (2 — 1) = m. Hence, to prove the lemma,

i(l) ilfl i2Mm

we need to choose B such that {P, Hy} = —wp,;2’. In this aim, define ' = x{'..zj' " . 2B

We can now compute:

", (OP OH. oP OH.
{P,Hy} = Z < 2 2>
j=1

Lj Tjtn  Tjtn Tj

3

;(3+n)

. . i@
= BEjynWjljnT — Brjwjijr

<.
Il
—

n
B wilijen —i5) | 2°
j=1

Since w is non resonant of order m, and i; < m for all j, and since ¢ € B, ,, we have
> 71 wi(ij4n — i5) # 0. For the next computation, let us write this relation with a simpler
notation:

((w,8)) = > wilijn — i5)-
j=1

It is then sufficient to choose g = —@”72’.%, and we have:
{P, Hy} = —wp iz" (2.7)

With this operation, we removed the term of order m as wanted, but as well we created an
infinity of new terms of higher order. O

Let us talk about the two hypotheses of the lemma. First, the non-resonant condition is
needed to avoid the case ((w,i)) = 0 for some i € A, ,. Indeed, in this case, one cannot
remove a monomial wm,im". It is a classical hypothesis of non-resonance of the unperturbed
Hamiltonian. The second hypothesis (i € By, ) ensures that there exists some j € [1,n] such
that i1, # ;. Without this condition, even with a non-resonant w, it would be impossible
to remove the wanted term. Indeed, one can remark that {HL,HQ} = 0. The terms 2’ for
i € Apn \ Bm,n are therefore non-removable, they will be part of the Birkhoff normal form. One
cannot expect to remove every term of some order greater than 2 for a generic Hamiltonian, the
final form will contain the terms of Hé Observe that for an odd m, the set B, , = A n-
With this discussion, we can now consider the general case of the transformation, i.e. for a
non-monomial perturbation of Ho.

Corollary 2.4. Let H(z) = Ho(x) + Hy(x) + Hy(z), with m > 2, Hy, containing only terms of
order m, H,(x) = o(x™), and Hy defined as before. Assume w is non resonant of order m, then,
formally, there exists a symplectic transformation T such that H o = Hy(x) + H:-(x) + o(z™).
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Proof. Write:
Hpy = Hy(2) = Ho(2) + H (2) = Hi(2) + Y wmar'.

i€Bmon
Since w is non-resonant of order m, one can write P(z) = Y icp . Bma’, with By = — <‘<‘Z”Z’.§>.
Each term of HTUI is then removed by a term of P thus the corollary. O

2.1.2 Proving the classical BNF Theorem

In the previous lemma and corollary, we defined a formal transformation, without taking care
of the initial set of definition of the Hamiltonian. We will now try to quantify the size of the
transformation necessary to put the Hamiltonian under normal form, or in other words, the loss
of analyticity related to this change of variables.

The symplectic application 7 is defined by the time-1 flow of some Hamiltonian vector field Xp
(associated to the canonical symplectic form).

From the norm of the Hamiltonian vector field Xp, one can derive the distance of 7 from

the identity. We will therefore need to define a specific norm on the vector fields associated to
some polynomial P.
Let P be an homogeneous polynomial of order m. Let || || be a norm on R™ (since the norms are
equivalent in R™, we do not choose a specific norm yet). There exists some constant C' such that
for all x € R?™ |P(x)| < C||z||™, the constant C depending obviously on P and on the choice
of the norm. The vector field associated to P is the following: Xp = JVP. Thus, it has 2n
components, which are all homogeneous polynomials of order m — 1. One can therefore define
Cy, ...,Cap, such that for i € [1,2n], |Xp;i(z)| < Ci||z||™ 1. Let us then define the following
norm on Hamiltonian vector fields associated to a polynomial P:

| Xp|| =inf{C >0: forallic(1,2n),Vz € R*, |Xp,|(z) < C||z||™*} (2.8)
This norm is well-defined for m € N\ {0}. We will need as well the following definitions:
Br ={z eR", [lz]| < R};

=t(R,0) = inf (sup{t>0:¢°(x) € Brys,V|s| <t }). (2.9)

r€BR

St

The latter definition will be called the minimum escape time ¢ of ¢' from Bpr.s relatively to
Bpg. With this definition, we can now state the following lemma:

Lemma 2.5. Let P be an homogeneous polynomial of order k > 1, to whicht we associate the
vector field Xp. Let ¢'; = ¢' be the flow associated to this vector field, i.e. %(x) = Xp(¢t())
and ¢° = Id.
The following inequality is verified:
)

£ > . 2.1
P2 KRR oy (2:10)

Equivalently, for all |t| <t, we have
16" (x) — || < [t] x || Xp||(R+8)™ " (2.11)

This lemma shows that the flow associated to a polynomial vector field stays close to the
identity for some time, related to the norm of the vector field P. Since we will want to consider
the time-one map ¢', we will require ¢ to be greater than 1. Considering ¢ large enough, it
will allow us to consider the time-one map, though the analyticity loss related to the change of
variables will be great as well.
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Proof. By definition of #, there exists Z such that we have ||¢*(Z)|| = R + 6. Assuming ¢ <

IXpI(R+0)F1° one can compute:

t do®
ds

(z)ds

16" (@)l = B+ < [Jzll + llo"(@) - 7l| < |1a]] + H/

t t L
<R+ [ Xp(@@)lids < R+ [ 1XplI(16* @)™ ds
0 0
< R+t|Xp||(R+6)™!
<R+

There is a contradiction, hence ¢ > W. From the previous computation, for all |¢| < ¢,
for x € Bp, the inequality ||¢* — Id|| < |t|||Xp||(R + §)™~! holds.

O

With the previous lemmas, we can state the Birkhoff Normal Form theorem, yet without
precise estimates.

Theorem 2.6. Birkhoff Normal Form:

Let H : R? — R be a Hamiltonian, analytic on some ball, of the form H(x) = Ha(x) +
o3 Hp(x), with Ho(x) = 371 wi(xi%iyn), and Hpy,(z) = Zz‘eAm,n Wi "

Let k € N\ {0, 1,2} and assume w = (w1, ...,wy) is non-resonant of order k. Then there exists

a symplectic and analytic change of variables, close to the identity defined in a set close to the

origin, such that the Hamiltonian H is under Birkhoff Normal Form up to the order k, that is

to say:

1. Hot = Ho + H' + H, with {HJ_,HQ} =0 and H.(z) = O(z**)
2. 7(x) =z + O(a?)

Proof. We proceed by induction on the terms H,, for m > 3 and we use the corollary All
the maps we will be dealing with are associated to a polynomial, and therefore are symplectic
and analytic. For all the maps we want to apply to H, we need to verify that we can consider
the time-1 map associated to the vector field.

Let us look at the step m of the induction. Assume that the Hamiltonian is under BNF up to
the order m — 1, and that it is analytic on some ball of size R,,_1. Let P, be the polynomial
associated to the terms of H,,, i.e. as defined in corollary @7 and Xp, = JVF,,. We consider
the flow ¢! associated to the vector field X p,,- Let 0 < R,,—1 and define t is the minimum escape
time of ¢! from Bp,, , relatively to Bg,, ,—s. We know that we can consider the flow ¢' for all
t such that |t| < t. As done previously, we wish to consider the flow at time one, and therefore,
we would like to have t > 1 to be sure the time-1 map is well defined. We require:

1 Z ° m—1
1 X P, 1By

Since m — 1 > 2, by re-scaling R,,—1 (taking a smaller value), one can always find a suitable
value for ¢ and R,,—1 such that this inequality is verified. We will require slightly more here to
finish the proof, by asking that R,,_1 is so small that the value of § is less than half of R,,_1.
Then define R, = Ryp—1/2 < Rp—1 — 6, we then have ¢'(Bg,,) C Br,,_,-

Call ¢y, = ¢, Ty = Trn—1 © dm and 7 = Id. Then H o7, is under BNF up to the order m, and
is analytic on Bpg,, .

Now let us show inductively that ||7,,, — Id|| = O(R2), for m > 2, and x € Bp,,. This is obvious
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for m = 2. Let m > 2 and assume ||7,,, — Id|| = O(R?). Then, on Bg,,,,,

Tt = Id[ = [|7m © my1 — 1d|| = ||Tm © dmi1 — T + T — 1d]|
g||Tmo¢m+1_7_m||+||7_m_[d||
< sup [[D7m| X sup ||¢my1 — Id|| + ||7m — Id]]
Rm BRm+1

<Cxd6+C"R?
<O xC'(2Rpm1)™ +4C"R2, 4
|71 = 1d|| < CoRy, 1y

O]

We did not express yet the explicit constants that appear in this change of variables, we
showed that in a small ball close to the identity, we could choose a transformation such that we
were losing half of the analyticity width at each step. Now we wish to be more precise and to
know what initial analyticity width we can consider, at the cost of some additional hypotheses
on the Hamiltonian.

2.1.3 Different explicit corollaries for different cases

In this section, we will give explicit corollaries of the BNF theorem. Though, there exists
different interesting cases, and we will only consider two of those, that are interesting in our
general problem. First, there is a difference between the case of a known Hamiltonian and the
general case. Indeed, if the Hamiltonian is known, then we know exactly the polynomial P that
generates our vector field, and we can compute explicitly its norm, whereas in the other case, we
have to bound an "unknown" vector field. Secondly, we asked the frequency vector w to verify
a non-resonant condition of some order. This condition is pretty weak, and in the three-body
problem, we will want this vector to be Diophantine, a much stronger condition. Therefore, we
will use the Diophantine condition in the second corollary, even if the non-resonant condition is
enough to make the theorem true.

Preliminaries: Choice of a norm and estimates on the vector field

Given the form of the generator of the transformation in the BNF theorem (a polynomial), we
can deduce quite easily a bound on the norm of the vector field from the norm of the polynomial.
We will then bound the transformation 7 with the formula of the minimum escape time.
Consider a homogeneous polynomial P of order m > 3. It can be written

P(x) = Z Bz’

ieAm,n

We know that there exists C' such that |P(x)| < C||x||™, this constant depending on the norm
we choose on R?™. To continue, we will fix this norm: assume we are now working with the sup
norm |[z|| = [[z[|oc = supj—y,. on @il then C = 37;c 4 |Bm | verifies [P(x)[ < C||z[|™. Indeed,
we have:

2n
IP@) < Y Bmalla’| < X 1Bmal [T |zl
=1

ieAm,n leAm,n

2n
< Y Bmil [Tzl < - 1Bmalllzll
i=1

1€Am.n 1€Am,n
< Cll=][%
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The vector field associated to the polynomial P is by definition Xp = JVP. Consider now its
different coordinates Xp; for i € [1,2n], it is a homogeneous polynomial of degree deg(P) — 1.
Again, by definition, + &ii - (z). Hence, the norm of its different coordinates can be bounded
with the help of the constant C defined previously: |Xp;(z)] < mC||z|[™"!. Therefore, by
definition of the norm on the vector fields associated to some polynomial:

IXp[|<C= > |Bmi

7:GAm,n

. (2.12)

Let By = sup;ea,, , |Bm.il, then C < Card(Ap, ;)Bm. Yet the set A, , is made of the n-tuples
of natural integersi such that their sum is equal to m. It is therefore a combination without
repetition of some numbers verifying a condition on their sum, and the cardinal of this set is
% In practice, we know that the coefficients of P are equal to zero if their index are in
the set Ay, \ Bmn, it is nevertheless easier to leave the computation of the cardinal of By, ,, on
the side, and to work with this number. Hence:

m—+2n — 1)!
| Xp| < (m+2n — DI sup | Bm.il (2.13)

m!(2n — 1)! i€Bum.m

From this estimate on the vector field, we can now work on the size of the transformation ¢.
We know that at a step m, the formula of the transformation is given by exp Xp, in other word
it is associated with the time-1 map associated to the vector field Xp.

Consider a Hamiltonian H of the following form: H(xz) = Hs(x) + Hg(x), with Hy(z) =
Yo wi(TiTitn), and with K > 3, Hr(z) = Y o5 Hm(z), and

Hy(z) = Yiea,, ., Wmir’. Assume that the Hamiltonian is analytic on a ball centered in the
origin and of radius r. We wish to find a set D' = B, such that the application ¢ verifies
¢(D') C B, (and that the Hamiltonian H o ¢ is under a BNF up to the order K).

With the construction we have done before, it is sufficient to verify that for z € B(0,7/),
the minimum escape time to leave the ball B(0,r) is greater than 1. Recall its definition,
t > HX;T%’ we are going to look for a value of r — v’ as a fraction of r, in other words

r—1r' =ar X r. We want:

aKg Xr B ag > 1
[ Xp|[rE=t [ Xp|lrE=2 7
Hence, we let
ar = || Xp||Ir"2, (2.14)

ag is the ratio of loss of analyticity width at step K to put the Hamiltonian under a BNF up
to the order K. Obviously, we will require that 0 < ax < 1, and therefore that either the norm
of Xp is small, or that we are looking at a ball close to the origin.

With the definition of ax, we have ¢ : B(0,7(1 —ax)) — B(0,r), and therefore H o ¢ is well
defined and analytic.

BNF up to a chosen order

Let a Hamiltonian H be of the following form:
H(z) = Hy(z) + H(z) + Hp(z) (2.15)

with Ha(z) = 37 wi(wwie,) and HE(z) = 300 i€ A\ B W', We will call the
perturbation the following Hamiltonian: K > 3, Hp(z) = Y ;i Hm(z), and Hy(x) =
dic Bun W', We assume moreover that the frequency vector w is non-resonant of order
M, where M > K.

Assume H is analytic on By = B(0,79), and verifies ||H||,, < €.
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The goal of this section is to determine 7; and a symplectic mapping 7 : B(0,r¢) — B(0,ro)
such that H o7 is under BNF up to the order M, and to finally have

HHOTHTJ, <e.

Using the lemmas and corollary we derived previously, we know the specific form of the gener-
ating polynomials P, necessary to put the Hamiltonian under BNF up to the order M.

First case: the Hamiltonian is known

We consider here that we know explicitly the Hamiltonian up to the order M, in other words
we know the coefficients wy,; for K < m < M. At every steps of our scheme, we use a
symplectic transformation removing the wanted terms, but we create terms of higher order,
that are not straightforward to compute. Therefore, we will consider here that we want to put
the Hamiltonian in BNF up to an order such that we did not create any new terms with the
previous transformation. The minimal order of the terms appearing after the first step of the
scheme comes from the term of order 2 in ¢ of exp(tXp): {{H, Xp}, Xp}, it is therefore of order
((deg(P) — 1) +2—1) + (deg(P) — 1)) — 1 = 2K — 2 in the variable x.

In this section, we will consider a scheme to put the Hamiltonian under BNF up to an order
M < 2K — 2. Hence, the impact of the mapping we used at the order m for K < m < M will
be nonexistent while performing the scheme up to the order M. It could be possible to study
higher orders more explicitly, but we choose not to do this, these scheme being enough to work
with the plane planetary three-body problem.

Assume now that M < 2K — 2. For instance, this study could be applied to a Hamiltonian of
the form H(x) = Ha(x) + Ha(x) + Hs(z) + Hp(z), that we wish to put under BNF up to the
order 5.

Let m K < m < M, define the following polynomial:

Pu(z)= Y Bmat’, Bmg = b (2.16)

B {{w:))

The vector field associated to this polynomial is

(m+2n—1)! Wini ‘
Xp, || < ———— su : 2.17
T CTE s S (o 247
The ratio of analyticity width we are losing is
_ +2n—1)! Wi _
| xp|m2 < (mE2n = DY ’”ﬂ‘"ﬂ 2.18
o = I S S0 T | 219

At step m, we define the time-1 map ¢, : B(0,7,(1 — ap,)) — B(0,7,). Let us gather these
results in order to obtain r¢ as a function of ry.
Define:

o D ' (2.19)

We can also bound (if we want) CH27=1 by CM+2n=1 Hence,

¥ = sup sup
K<m<M \i€Bm.n
1Xp, |l <&=Cyt? 1y (2:20)

Now define g1 = r9. The mapping ¢,, is such that if we let r,,, = rp—1 — frfrfj,we can define
the final symplectic map 7 by

T=¢go..opn: B(0,ry) = B(0,7K-1).
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This map puts the Hamiltonian under BNF up to order M.

Recall that we still have to give a condition on rg such that 0 < a,, < 1. To ensure this condition,
we will simplify the definition of ;. First, for m > K, we have r,, < rg. We can therefore define
rlo=rl 1 — &' We then have:

m

/ ) K-1-"70

T =70 — & Z ro =10 — &1y H_.
i=K—1 0
K-1
r

>rg—§ .

1—7”0

Here we did not consider the case g = 1, but the inequality in this case would be straightforward
to obtain. e

In the case rg is small enough, then ry = ro — fqo_ > 0, we have

T = ¢K 0...0 qu : B(O,Tf) — B(O,TO)-

This inequality ensures that for every step, the ratio of analyticity is smaller than one. Therefore,
under the assumptions we made, we put the Hamiltonian under BNF up to the order M < 2K —2.
The theorem we proved can be stated as follows:

Corollary 2.7. Let a Hamiltonian H be of the form (2.1.3), such that |H|,, < € , and let
K <M < 2K — 2 with w a non-resonant vector of order M. Let

K—1
T _
Tf=170— 0 x C%H” Ly sup sup
1—mrg K<m<M \i€Bmn

)

If ry >0 (therefore for ro sufficiently small), then there exists an analytic symplectic map
T such that:

1. 7: B(0,rf) = B(0,rg),
2. H o1 is under BNF up to the order M.

Moreover, we have
[ H o7y, <e. (2.21)

Second Case: the Hamiltonian is only bounded

In this paragraph, we will be interested in a specific case that arises in the 3-body problem.
Consider a Hamiltonian H that we do not know explicitly. We will consider that we only know
that the frequency vector w verifies a Diophantine condition, and that we can bound H over
a set on which it is analytic. This problem is different than the case of a small perturbation
of Hs since the bound is not on the term H — Hs, but on the whole Hamiltonian H. In the
plane planetary three-body problem, we are bounding the perturbation as a whole, but the
Hamiltonian Hs is part of the perturbation, and we do not have information (at least if we do
not compute the explicit perturbation) on the terms of order higher than 6 in the eccentricities.
Therefore, we will derive a theorem of BNF that is not optimal.

We are going to perform a scheme by induction on the order of the terms in z, as previously
done, and at each step deduce the norm of the polynomial and the vector field we are using
by Cauchy’s inequality. Another possibility would have been to perform a scheme on all the
terms (of any order) we want to remove to obtain a BNF, and to iterate it by evaluating the
remainders of this operation; though, this scheme is more appropriate to a small perturbation
around Hs, which is not our case. In our scheme, we will lose a lot of analyticity width, and
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it is therefore not recommended to iterate it a large amount of times in an explicit application.
Let R > 0, define by induction for m > K > 2 and some ~,7,€ > O:

Ry =R 1
po_1 (’y @Dl . >mz (2.22)
(m) = 2 \2e m7(m 4 2n — 1)1 (1)

We have the following corollary:

Corollary 2.8. Let a Hamiltonian H be of the form (2.1.3)), such that for some R > 0,
|H||gr < €. Let M > K, and assume the frequency vector w € D(~,T). If
T —1)!
< 2X KT 20— 1)
- v(2n —1)!

then there exists a analytic symplectic map T such that:
1. 7 B(O,R(M)) — B(O,R),
2. H o is under BNF up to the order M.

Proof. Let us start with the first step, z'.e.Kfor m = K. From the formula of the Hamiltonian, we
know that for ¢ € A,, ,, we have wg; = 837?(0). Cauchy’s inequality gives the following bound:
K!x ||H R

‘WK,i‘ < M

<R (2.23)

For the first step, we consider the Hamiltonian H on the ball Bg. In order to remove the terms
of order K, we define as usual the following polynomial:

-1 9% H(0)
{w,2))  Ox;

Pg(z)= > Brq' Bri =

iGBK’n

(2.24)

We can derive from this definition a bound on the vector field,

(K +2n— 1) Kle 1 ’

Xp || <t ST

IXecl = T =70 7R ieno, | (@, )
(K+2n—1)! €

————— —3= Su
- (2n — 1)' RE iEB;gn

@l

({w, i) |

Now, since w is Diophantine, for i € Ay ,, if we define k; = 4;4,, —4; for [ € [1,n], we have:
<<w,z>> =w-k,

where k = (ki, ..., ky). Since i € Ak ,,, we have |k|; < K. Hence,

sup
’LAEBKYH

1‘ < K
((w, i)~
Finally:

K™(K +2n—1)! e
(2n—1)! ~RE

[ X Pl <

Considering the time-1 map associated to this vector field ¢, we wish to find two balls of size
R’ and R” such that R” < R’ < R and ¢x(Bgr) C Br. The new Hamiltonian H o ¢ will then
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be analytic on the ball R".
With lemma [2.5| applied to the time 1, the condition on R’ and R” is:
/N
1= - ]? K—1°
|1 X P ||(R)

To simplify, we will fix R” = R’/2, and as well that the inequality is in fact an equality (we do
not need more). We then have:

2¢ KT(K +2n —1)!

= (2R(K+1))K72»

and therefore R” = Ry 1.
The condition R’ < R still requires verification:

(R/)K_2
R <R& R <1
27 (2n —1)!
L <
e R 20 K7(K +2n—1)! —
o R < 2¢ K7(K +2n —1)!

v 2n—1)! 7

which corresponds to the assumption of the corollary. Therefore, the first step is proved, and
we have ¢ : Bry,, = Bry, with H o ¢ under BNF up to the order K + 1.

Assume now that we built the application 7, = ¢, 0 ... 0o ¢ : Bg,, ., — Bg,, such that H o7,
is under BNF up to the order m + 1 < M. There is no much change in the scheme we applied
for the first step, though there still exists some subtleties.

First, concerning the coefficient w,, ; for i € A,, 5, the bound we can give by Cauchy’s inequality
is now:

|Wm,i| <

Then, replacing in the computations done in the first step, K by the index of this step m + 1,
we obtain a new time-1 map ¢p,41 : Bg,,., —+ Br,,,, without difficulties. The last inequality
we have to check is that 2Ry,12 < Rp,11. This is the case if

2¢ (m +1)"(m + 2n)!

R% ., <
mtl =y (2n —1)!
Yet, the right term increases with the value of m, and the left term is decreasing with it, therefore
it is sufficient to check it at step one only. This finishes the proof of the corollary. O

Let us make some remarks on the corollary and its proof.
Notice that when using Cauchy’s inequality, we bounded our term wy, ; using || H|| , even though
we could have bounded it using |[H|[p . Nevertheless, we do not know anything about this
specific value. Worse, since the Hamiltonian is bounded as a whole (with Hs) on some ball,
decreasing the size of the ball on which we bound the Hamiltonian will, for small R, makes
this bound decrease as R2, due to the term Hy. This quadratic decrease will not be enough to
compensate the loss of analyticity width induced by the preceding steps, and even if it could
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improve the result by computing at each steps the new size of the Hamiltonian in the wanted ball,
the difference would not be much. In the 3-body problem it is even worse since the perturbation
is of the form H = C 4 Hy + ... with C a non-zero constant, and therefore decreasing the size
of the ball has even less impact on the bound of H.

In the case of a frequency vector that is only non-resonant up to the order M, the corollary
holds. Though it is easier here to work with the Diophantine condition in order to simplify the
computations.

With the last two corollaries, we can put the Hamiltonian under BNF up to any order, by losing
some analyticity width, with formulas that are explicit. This work will be enough in our case,
and we will not derive other BNF related theorems.

2.2 Secular Hamiltonian, and remainder of the perturbation

In this section, we are concerned with the part of the perturbation that depends on the fast
angles, and we wish to "push" its norm to an even smaller value, so as to make the induced
perturbation in frequencies much smaller than the frequencies of the slow angles (that are of the
order of the perturbation).

We are going to take advantage of the Kepler problem part and its high frequencies, and the
analyticity width of the perturbation to deal with this problem. This will be done in a space of
dimension n, and we consider a Hamiltonian of the following form:

H(I,0) = Ho(I)+€eH 1 (1,0), ek 1

First, we divide the Hamiltonian H; in two parts, as described to obtain what will become our
secular Hamiltonian:

Hl(I’e) = Hl(I) +}~I1(Iaa)
_ 1

M) = o |, (1,00

The aim of this chapter is to find a theorem stating:

Theorem 2.9. Let a Hamiltonian H : C" x T¢ be defined as above and analytic on a non-empty
set D. Then if € is sufficiently small, and under non-resonance condition on the Hamiltonian
Hy + Hy, there exists a symplectomorphism ¢ : D' C D — D, such that:

Hocp:Ho—l—eﬁ1+eH2
with supps |Ha| < supp |Hi|.

Moreover, we want this theorem to be explicit in the domains D and D’, on the hypothesis
on ¢, and on the norm of Ho.
This transformation is very close to the KAM step in its structure. Though, we will not adapt
the analyticity width and the norm of the remainder of this operation that would allow us to
do an infinite number of steps. Therefore, the result will be closer to a step of a Nekhoroshev
theorem. Since we will later deal with the KAM theorem, we will do this step slowly, sometimes
naively, so as to answer the questions associated with this transformation. The approach we
will take here will be the vector fields one, and not directly the Hamiltonian one.



60 CHAPTER 2. SOME TRANSFORMATIONS OF THE HAMILTONIAN, AND THEIR CONSTANTS

2.2.1 Introduction to the theorem
The main scheme

Let X be a vector field. The flow associated to this vector field is determined by

WX () = X (o (@)

ok =1d

for z = (1,0). In the case of a Hamiltonian vector field, the flow % is a symplectic transfor-
mation. Now consider a Hamiltonian as defined before, analytic on the non-empty set D, and
the following unperturbed Hamiltonian:

Ho1 = Ho + H;.

This Hamiltonian depends only in the actions. For any z on the pre-image of the set D under
the flow ¢, this Hamiltonian takes the form:

d
H,
o — (Ho (¢ (z

= Ho(2) + t(Hp, - X)(z) + / ((H6,1 XY X) 0 g (@)t — 5)ds
= Ho i (w) + H(H}, - X)(x) + Ra(x,t)

Ho 1o ¢ (z) = Hoa(pk(z)) +1t

)|+ [ o) sy

The same computation for the perturbation H; gives:

o () = Fie) + [ (] X) 0 (s
= Hy(x) + Ry(z,1)

To succeed demonstrating our theorem, we ask that on a set D’ such that ¢ (D) C D, our
vector field X verifies:

tHo, (2).X (x) = —eHy (), (2.25)
and that the remainders:
Ro(z,t) + eRy(2,1) < e. (2.26)

Under this conditions, the theorem holds.
First, observe that the equation fixes the vector field X. This vector field being completely
determined, we have to verify the conditions on the existence of a set D’ to be non-empty (and
possibly of a size and a shape suitable to work with), and the norm of the remainders.
To simplify our calculation, we will consider the flow at time ¢ = €, and therefore we will have
to check the conditions on D’ at this special time. The cohomological equation on this set will
then be:

Hi(2). X (x) = —H;(2) (2.27)

Besides, for this special flow, it is possible to simplify the remainder as follows:
Ry(x,€) = Rao(z,€) + eRy(z,¢)
_ / ((c = $)(Hj, - X)X + ef].X) 0 o (a)ds
:/ e(Hyy - X+ HY - X 4 s(Hy, - X) - X) o gk (2)ds

= H0 LX) X) o S (x)ds (2.28)
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There is then only one term to estimate in the remainder.

Under all this conditions, one can see that the vector field X is of order 1 by the equation .
Thus, for the remainder Ry, the presence of the variable s of integration under the integral, and
the fact that we are integrating from 0 to € implies that Ry is of order 2 in e. To insure this
stays true, one only have to control the term (Hj; - X)' - X on the set D.

Definition of the initial sets and of the norms

Recall that the coordinates we are using in this part are action-angle coordinates. Moreover,
the theorems we are going to apply will not be isotropic in actions and angles, in the sense
that we want to separate in our work the actions and the angles, and therefore their associated
analyticity width. The precise estimates of the analyticity width of the perturbation among
the different variables justifies this choice. Besides, it allows us to not lose artificially some
analyticity width while computing an operation on either the action or the angles.

The real coordinates we are considering before the analytic continuation will be of the form
x = (I[,0) € R x T". More precisely, letting B be an open subset of R", the initial set of
real variables will be B x T™. Let us define the new set of complex coordinates after the
analytic continuation of the analytic Hamiltonian. First, we want this set to be included in
the set T¢ = C" x T¢. Secondly, we need to define some distances to the real initial set: for
x=(I,0) € C" x Tg,

2]' = di(2, B) = max (inf - yi‘)

i€[1,n] \yeB
7] n
= dy(z, T") = Sz = 30,
[|]| o(x,T") ieﬂglgffznﬂlml igmﬂld i

Observe that in the case B = {0} the first distance is a semi-norm. In order to be more
general, we will keep the set B in our definitions. Define as well the following distance which
will be useful: ||z||oo = max(||z||7,]|z||?). We have the equivalence:

l|z||]co =0z € BxT".
With this definition, the polydisc around the set B x T" is expressed, for r,s > 0, by:
B(r,s) = {z € C" x T, [z <, |||’ < s} (2.29)

This notation does not make appear the importance of the set B, though it is necessary to
recall that it is completely dependent on it.
Consider now a function f : B(r,s) — C, define the supremum norm of f over the set B(r, s)
with the notation

1A lls = 1Al ey = sup [f(@)]-

z€B(r,s)

The tangent space of T¢ can be identified with the space C" x C™. For vectors in the latter
space, it is possible to define again two semi-norms related to the tangent space of the actions
in one hand, and to the one of the angles on the other hand:

I _ )
[loll” = mas fuil
Jolf = _max o

i€[n+1,2n]

1 0
[v]loo = max([[o][", [[0]]")

Applying a linear form L € T*Tg to a vector v of C" x C", we have the following inequality:



62 CHAPTER 2. SOME TRANSFORMATIONS OF THE HAMILTONIAN, AND THEIR CONSTANTS

|L.v| = |L[.U] + LQ.U9|
< |Lyvg| + |Lg.vgl

Considering separately the tangent space on the actions and the one on the angle, we wish to
define two norms L; on linear forms in the following way:

L] < <Z\Lu> ol + <Z !Le,i!> [oll®

i=1 =1
1 1 0 0
< [IEf 1™+ L el

Thus, we defined the two following semi-norms on the cotangent space T*Tg:

VL eL(C",C): L= Lle’{ + ...+ LGegn

LI = Ll
i=1
2n

LI = > sup|Li,
i=n+19€

where (€7, ...,e3,,) is a dual base of C".
We will also need norms on the vector fields to compute our theorem. Let us simply define

IX|[5 = sup | max [X;(z)| |,
zeD \i€[1,n]

[1X1|% = sup ( max IXi(:C)I)-
zeD \i€[n+1,2n]

Eventually, we will define some more objects, but those were the most important definitions we
required to continue.

2.2.2 Proof of the theorem
Solving the cohomological equation

In this part, we will compute the vector field X as a function of the expression of the two
Hamiltonians Hp 1 and H,. In this aim, we will solve the equation formally, then naively,
and finally, under some conditions, we will give the expression of the vector field and the new
domain of analyticity in which X is well defined.

Formal resolution of the cohomological equation
Let X be a Hamiltonian vector field associated to the Hamiltonian G. It can be described as
follows:

X =JVG, (2.30)

where G : R x T" — R, and

Assume that G is analytic on some set B(r,s), with r,s > 0, and where H is also analytic. We
can write X = (X1, X2) with X1, Xo € R". By definition, we have the equations:
{ X; = 3G

Xy = —8,G (2.31)
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The equation we wish to solve is:
Hp,(z)- X(z) = —Hi(z), Vo € Bx T"
Thus, using that Hp ; does not depend on the angles. It can be expressed in the following way:
OrHo1(2) - 0pG(2) = —Hy(2), Ve € Bx T" (2.32)

Using the fact that the Hamiltonian is analytic and 27-periodic on the angle, we can develop its
different parts in Fourier series:

H@) = Y h(D)e
kezn\{0}

Gl)= 3 g’

kez™\{0}

Here we took GG with zero mean, this choice does not affect in any way the computation. Let us
continue with the Fourier coefficients:

81H0,1( (%G Zaj H01 Zwl ( Z kigk(I)eZk'e)

kezn\{0}
= ¥ ge(1)e? Z wi(1)k;
kezm\{0} i=1

= Y wl) -k x gD)e*?

kezn\{0}

=— > (e,

kezr\{0}

where w([) is a frequency vector in a point z associated to the secular Hamiltonian. We can now
identify each terms of the Fourier series, which gives the formulas on the g, for k € 2™\ {0}:

w(I) -k x ge(1) = —hi(]) (2.33)

Formally (so without considering the convergence of the series, or the fact that some terms could
be infinite), the solution of the cohomological equation is the following:

hi(I)
G(I,0) = — exp(2k - 0).

G is unique up to a constant.

A naive approach to the convergence of G

Clearly, G can be ill-defined: several problems can occur. The first and most obvious one is the
case of a rationally dependent vector w(I). Indeed, in this case there exists k € Z\ {0} such
that w(l) - k = 0 and therefore g is not defined. In dimension two (n = 2) for instance, it
corresponds to a rational ratio of frequencies. That is a first problem we need to take care of.
Assuming that the vector w(I) is not rationally dependent for some I, we have the existence of
gx(I) for all k # 0. However, it does not imply that the Fourier series of G converges. Indeed,
we are confronted to the problem of small denominators. The larger K is, the easier it is to
find an element k € Z\ {0} such that |k|; < K and w(I) - k is really close to zero, making the
estimations on the norm of g deteriorate quickly with |k|;. On the other hand, since H; is
analytic, we know that the coefficients hy are decreasing exponentially with |k|;. Indeed, if H;
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is analytic on the set B(r,s), the coefficients satisfy |hx(z)| < Cexp(—|k|1s). Therefore, there
is a competition between the smallness of these two terms, and to get the convergence of the
previous Fourier series, it is sufficient to ask that the factors 1/|w([I) - k| do not increase more
than polynomially with |k|;. In other words, we ask the vector w(I) to be Diophantine for some
constants (v, 7). Under this condition, G is well defined.

For a fixed frequency vector w, different versions of theorems to solve the cohomological equation
exists (the Kolmogorov’s version can be found in [35], [36, B37]). Here we considered analytic
functions, and we will therefore use the theorem of [64], which gives an optimal estimate on the
norm of the solution for generic analytic functions. We want to consider functions of n angles
that are analytic on some domain of width s, and of zero mean. Define:

T ={0 T, Vie[l,n] |86 < s}

A® ={f: Ty — C, { C -analytic}

A5 = {f € A, sit. /Tnf:oy
Writing | f|s = suptr|f|, we have the following theorem:

Theorem 2.10 (Riissmann). Let w € D, a Diophantine vector, and g € Aj. Then the
equation

ouf =g (2'34)
has a unique solution f in Jycy<s Ay, and we have the following bound on the norm of f for
0<o<s:

Co
|f’s—0 < F‘g‘sv

32 /TI(27)
765 VT CT)

where Cy = >
This theorem states that if the frequency vector is Diophantine, then there exists a solution
to the cohomological equation. In the case w([) was a constant Diophantine vector, one could
then find a solution for G for each I, and by analyticity, a solution on a whole set B(r',s’) for
some 7’ and s’
A new difficulty occurs, coming from the fact that w is not a constant function of I. Moreover,
the set D(vy, 7) is a Cantor set, and w is continuous. Therefore, G defined by the equation
can never be solution on some set B(r',s) if 7’ > 0.
However, the exponential decrease of the norm of the hy with |k|; makes the sum of the terms
with large |k|; small. Salvation will come from the fact that we can truncate our Hamiltonian
H; in two parts, one with relatively small |k|1, and one with the terms hy for |k|; > K, where
K as to be fixed. In this case, we do not require to verify a Diophantine condition for w(I), but
only a non-resonant condition up to the order K.

Truncation and solution of a reduced cohomological equation
Define the truncation of the function Hy of order K > 0:
HE(1,0) = > hy(I) exp(2k - 0) (2.35)
kezm\{0},|kl1 <K

We ask G to verify the reduced cohomological equation:
H{(x) + 01Ho(z) - 9G(x) =0 (2.36)

The proof of the theorem uses the fact that the frequency vector w(I') = Hy (I) is Diophan-
tine to control the products w - k for k € 2"\ {0}. Though in our case, the proof is much easier
since our unknown G has no Fourier coefficient of order k such that |k|; > K. The previous
theorem still holds, and we will use the corollary:
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Corollary 2.11. Let K € N*, g € A§ such that for all |k|; > K, the Fourier coefficient of order
k of g is zero, and let w € C", such that:

v

lw- k| > ——,
k|1

V|k|; < K.

Then the equation
awf =g

has a unique solution f in Jycyes Ay 7, and we have the following bound on the norm of f for
0<o<s:

Co

|f|8—0' S ’yO'T

l9ls,

where Cy is the same as previously.

With this corollary, the condition on w(/) is much less restrictive, and if we can find a set
on which it is verified for all I, then we will be able to solve our equation and the bound on G
will hold.
Assume that there exists zg = (Io,0) € B(r, s) such that w(Iy) € D, ;. Then for allz = (1,¢) €
B(r, s) (here the value of § does not matter), we have the inequalities:

lw() -k = w(lo) - k|, = [(w(I) = w(lo)) - K|,

Z(aliHO,l(l‘) — 01, Ho,1(0))k;

i=1 ,

< K sup ||(8r,Ho(x) — 01, Ho(x0))||

1<i<n

I 1"
< K |l — o) || Ho,

r

‘ T

< (2r + diam(B))K HH(,):l

r

Yet,
lw(I) - Ell, = | lw(o) - k|, = [lw(I) - k —w(lo) - k||, |

Thus, in order to verify the condition on w(I), we can ask the term |lw(I) - k — w(Ip) - k||, to
be sufficiently small, or equivalently, the set B(r,s) to be small. We will therefore make the
following hypothesis:

Vi € 2"\ {0}, such that |k|; < K, |lw(I)-k —w(Io) k||, < 2 (2.37)

Under this condition, the following inequality holds:
lw(I) - Ellr = [lw(To) - Kllr = [lw(I) - k = w(lo) - K|
>_J_
2[k[7

which corresponds to the condition of the corollary.
Gathering the two previous computations, the hypothesis we want to verify is the following:

v

or + diam(B)K||Hy ||, < ——.
(2r + diam(B))K||H, 4|| < 3%r

Thus, the corollary we will use is:
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Corollary 2.12. Let r,s,0 > 0, K € N*, g an analytic function on the set B(r,s+ o) such that
for all |k|1 > K, the Fourier coefficient gy is the zero function. If there exists xo = (Ip,0) €
B(r,s — o) such that w(ly) € D~ r, and under the hypothesis

2r 4+ diam(B) < 7

< (2.38)
2K [Hy 4|

then the equation

Ouf =9,
where w is a non constant vector field, has a unique analytic solution f on
Uo<t<s B(r,t), and we have the following bound on the norm of f for 0 < o < s:

2C’0

’f‘rs o < ’9’7"5

with Cy = 3763 Y20

We managed to find a solution of the cohomological equation on the set B(r, s) at the expense
of two things: first, as we had to truncate our initial function to be able to solve our problems,
it implies that there will be another remainder to bound; secondly, we introduced a new limit
on the size of B(r,s), which will limit our analyticity width available for the next steps.

Estimates on the flow of the vector field

In order to give explicit estimates on the remainder R; of the transformation, we first have
to give a precise estimate on the Hamiltonian vector field X. After, we need to determine an
estimation on the size of the flow ¢’ so as to know the loss of analyticity we suffer while doing
the transformation.

Let us show the following lemma, that is very close to the lemma shown previously:

Lemma 2.13. Letr,s,p,d >0, D' = B(r,s) and D = B(r,s). If

. P 0
t < min , , (2.39)
<!|X|1{7 |\X||%>

then o' : D' — D = B(r + p,s+9).

Proof. To show this lemma, define the minimum escape time ¢ of ¢ from B(r + p,s + ¢)
relatively to B(r, s):
F=1r = inf sup{t > 0,p% (z) € B(r + p,s +9),V|s| < t}
(rs) z€B(r,s)
By definition, there exists € B(r, s) such that Hgoff(f)”l =r+por Hcpff(:??)He = s+J. Assume
that Z verify this equality for t = +¢ (the negative time case works exactly the same). Assume

again that the we have the equality | (Z)||' = 7 + p, then there exists ¢ € [1,n] such that
1(¢%)i(@)||F =7 + p. In the case our initial set B = {0}, we can write:

(i(@)| = ’ +/td9”X ‘

<[] + [ ik @l
t
<r+ [ sup|X;(z)|ds
0 zeD

<7+t max sup |X;(z)]
i€[1,n] zeD

<7+ 1]|X]lp -
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So finally:

r+p <r+t|X|5,

which implies t > HXI'0| IS The calculation is exactly the same for the angles, thus the result. In
D

the general case where B # {0}, one has to change the modulus by distances to the set B, but

the proof would still hold. O

With a bound on the norm of the Hamiltonian G determined in the last section, we can
deduce again a bound on the norm of the vector field X. We can then derive a precise condition
related to losses of analyticity so that we can consider the flow ¢ at a time e.

Lemma 2.14. Let r,s,p,p,6,6' >0, K € N\ {0} and D' = B(r,s). Assume H is analytic on
the set B(r+p+p',s+0+06"+20) and that there exists I € B(r, s) such that Hy 1 (Io) € D(v,T).
Under the assumptions

. Y
2r + diam(B) < ——————
)= oR T
poTd

€ X ||H1‘|T+p,s+5+20'+6’ < Y 400

(2.40)

p/(SO.T

€ X ||H1Hr+p+p’,s+6+2cf < ’YTC’O

4"nlK™exp(—Ko) <1
where Cy is defined as in corollary[2.13, we have
0% : D' —D=DB(r+p,s+9).

In this lemma, the variables p, § are associated with the size of the transformation %, while
p',¢ are associated with the loss of analyticity when we use Cauchy estimates on the vector
field X, and finally o relates to the loss of analyticity when applying Cauchy estimates on H;.
It would be possible to give a shorter lemma making them equal, but here we try to keep track
of the different losses induced when proving the lemma (if one knows for example the exact
expression of G, then estimates on G do not rely on losing the analyticity width p’ and §’).

Proof. Under the assumptions of the lemma, corollary 2.12] holds and we have the inequation

2Cy

o’

1Gl,.s < it (2.41)

r,s+o
We have as well

HﬁlKHr,s—}—a S HHIHT',S—‘,-G' + HHI - ﬁlKHr,s—l-o
< [Hillrs+o0 + [[RK|lr,s+0

where

Ri(@)= Y ha(D)exp(uk-0)
kezm\{0},|k[i>K

A simple application of lemma [B1] gives the following inequality on the norm of Ry:

I1RK|lr.s < 4"n! K" exp(=Ko)||H1l[rst0- (2.42)
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Define C1(0) = 4"n!K" exp(—Ko), the previous inequation becomes

1Rkllrs < C1(o)|[Hillrs+o,

and therefore, using the fourth assumption:

1H st < (L4 C1(0))| | Hillrs+20 < 2|1 Hillrs420-

Let us go back to our vector field X = (X1, X3) obtained by derivation of G among the angles
and the actions. A bound on the norm of the two components of X can be derived by the
Cauchy formula:

1
XL s = 11Xl s = 106G lrs < 1G5t
1
0 0
[1X[Irs = [[X1llrs = | = O1Gllrs < ;I!Glmpf,s,
and so:
4Cy
X175 < W’\HlHr,sHaM’
o (2.43)
X110, < —

rs — W | |H1 | ’r+p’,s+20

With the result of lemma [2.13, and under the assumptions of the lemma, we have € < ¢, which
implies the result. O

With this transformation, we can now apply the scheme we developed before.

Estimates on the remainders

We are interested in this part by the size of the different remainders coming from the transfor-
mation we did. Let us write again our Hamiltonian:

H = Hp1 + ﬁlK + Rk
Therefore, under the assumptions of the last lemma, we can apply %, and we get:

H oS = Hop ook + H* 0§ + Rk 0 0%
= Hy1+ Ry + Rk o 9%

There are two remainders to estimate: Ry and Ry o ¢%.
The second one has already been studied in the previous part, and we have:

IRk ©¢xllys < 1BE i pst6

<C (U) HH1 Hr+p,s+o‘+5

Let us now work on Ry. Again, we assume that the assumptions of the previous lemma are
verified. Recall that:

€

Ry(z,¢) :/ t((H,y - %) X) 0 @l (a)dt.

0

We are interested by the term under the integral

(Hy, - X)' - X)=Hg, - X%+ Hy,- X' X
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Our transformation ¢% : B(r,s) — B(r + p,s+¢), and so:
1By, < [t 5 X0 X0 0 (e
< | t|(H, X)X dt
—/0 (Hpy - X7+ X) r4p,s+6

g/ t||(HY - X))+ (Hp, - X' X) dt
0 r+p,5+0
E
< — b X )
- 2 <H r+p,s+§ + HHO’l XX r+p,s+6) (2 44)

The term H ; depends only in the action, therefore its derivative only has partial derivative for
the first n variables. The second derivative has only non zero terms in the first square of size
n X n of its matrix of size 2n x 2n. This implies:

HH//

I 2
T+p78+6 - H r+p,s+6 (||X||7‘+p,s+6) )

where we defined:

I1HG 4,506 = sup ( > ‘3Ii,IjHo,1(w)‘)-
(4,9

z€B(r+p,s+9) J)EL,n]?
With our previous notations, we also have

/

[y, x H,

r+p,s+0 = H 1,r4p,5+0 H 'X||r+p,s+5

Let now x € B(r + p,s +p), i € [1,n]:

(X'(0) - X

n 2n
= DX (@)i X(@) + Y (X (@)X ()
j=1

j=n+1

<nox max (X' (x))i ;] max | X;(z)|+

Jj€lt,n] j€l1,n]
X X'(2)); .
" je[[rr?fl),(%]] (X (@))idl je[ﬁlfff%ﬂ | X ()]
<n X sup max (X/ : HXH,,, 5 N
<$€B(T+p,s+6) (i,5)€[1,n]? | )il 40,5+

n x sup max X'(x))ij) ) 11X
<x€B(T+p’s+6) (i,j)e[[l,n]}x[[n—i—l,Qn]]’( ())u!)” [

To estimate these two terms, we use Cauchy’s inequality on the vector field X. The Jacobian
of X can be written as follows, for 4,j € [1,n], and i’ € [n + 1, 2n]:

_ [ O Xi(1,0) 0y Xi(1,0)
Ix(I,0) = < 01, Xy (1,0) 0 Xu(1,0)

sy = (G dacin )

VR



70 CHAPTER 2. SOME TRANSFORMATIONS OF THE HAMILTONIAN, AND THEIR CONSTANTS

This allows us to compute the results in the following way:

sup max __[(X'(x))i ] | = sup max |01, 9,G(I,0)]
wEB(r,s) ((z‘,j>e[[1,n]]2 "7 veB(rs) \()elln]2 ' 7
1
< max — |G Y
= (i)elLn]? (M’H s ’S+§>
4Cy

= ’)/p/O'T(SI | |H1 | ’r+p’,s+20+5’7

and
sup max X'(x))ij| | = sup max 0p..0,G(1,0
x€B(r,s) ((i,j)e[[l,n]]X[[n-‘rl,Qn]] ‘( ( ))ZJ’> x€B(r,s) ((i,j)e[[l,nﬂx[[n—i—l,Qn]]‘ ! ( )’
1
< max —||G '
= (i.5)e[ln] x [n+1,2n] (6’2 ] HT’H%)
4C)y

> W||H1Hr,s+20+26’

We can now give a bound on the two terms of R;. First,
16C¢
/i 2 0 1" 2
HHOJ A ars = 2o H 0,y pgrs 1l tpsi2osatsr
secondly,
I 32C3
/ / ! 0 2
HHO’l XX r+p,5+6 sn HHO’l‘ Lr+p,s+6 W ‘|H1H7”+p+p/’5+2‘7+5+26/ '
Finally, we have:
8nCge? " 2
1R 5l < 2o ([l W s +
= T N L , (2.45)
p’ 0,1 Lrtp,s+d r+p+p’,s+20+6+28" | - .

2.2.3 Explicit statement and application to the three-body problem

In this section, we will gather all the information from the lemmas and the estimates on the
remainder to give an explicit theorem such as theorem [2.9] First we will give a general statement
in dimension n, and secondly, we will apply it to the case of the plane planetary three-body
problem. In the latter case, we will get rid of some constants by estimating them, in order to
have a simple and applicable theorem that we can use easily.

In this aim, we will now lose track of the different kind of analyticity losses, by considering
p=p andoc=06=17"

Theorem 2.15. Let H(I,0) = Ho(I) + eH1(I,0) be a Hamiltonian analytic on the set B(r,s)
withr,s > 0. Let p <r, 6 <s, K € N*, and Hy1 = Ho + €¢/(2m)" [3n H1. Assume that there
exists Iy € B(r — p,s — o) such that Hj, € D(7,T).

Under the assumptions:

2r + diam(B) < 7

)

8 x 571 (Cpe

4" K™ exp (

X

2k | Hy

8

<

r,s —

)gl,

1H ], < po™*,

—4Ko
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32 /TI(27)
5 02

where Cy = 5=, then there exists a symplectic transformation
o : B(r — p,s — o) — B(r,s) such that on the set B(r — p,s — o) we have

Ho¢%(1,0) = Ho1(I) + €2 Ha(1, 0).
Moreover, the following bound on Hs holds:

52(T+1)8HC§ 2 " g
rps—o S gatmrny 11l (et ok
KT 4Ko
exp (- 257 ) Il (2.46)

The proof is direct with the scheme we described, and with the results of lemma and
the estimates on the remainders.

[ Hz||

4
R L

€

We wish now to apply this theorem to the plane planetary three-body problem. We are interested
here in the coordinates (A, A\) and will consider the other variables as parameters. In this case,
we have n = 2. We will consider as well that B = {0}, and that there exists a I in some
B(r — p,s — o) € D(y,n) = D(v,2). We want to push at a higher order the part of the
Hamiltonian that depends on the fast angles \. We will therefore apply the previous theorem
in this case.

First, we can bound Cy in the case 7 =n = 2 by:

Co= TayYTCT) _or g

2 27

As well, we will consider that we lose half of our analyticity width during the operation, that
corresponds to taking r = 2p and s = 20. We have the following corollary:

Corollary 2.16. Let H : R> x T? — R be a Hamiltonian of the form H(I,0) = Ho(I)+ Hy(I,0).
Assume that it is analytic on the set B(r,s) with r,s > 0. Let K € N*, and Hoy = Hy +
€/(2m)? [r2 Hy. Assume that there exists Iy € B(r/2,s/2) such that H1(Io) € D(v,2). Under
the assumptions

K<| ]|
QTHI—IO’1 7,8
3
yrs
[ Hll, s < 1105’

32K2 exp (_2;(5) <1,

then there exists a symplectic transformation ¢S : B(r/2,s/2) — B(r,s) such that on the set
B(r/2,s/2) we have

Ho 903(([, 9) = HoJ(I) + HQ(I, 9)

Moreover, the following bound on Hs holds:

1017 2
2], 22 < s 1012, (26

S

I
+
1,r,s

2Ks
32U exp (257 ) [,
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With this corollary, we have a symplectic change of variables which (if the norm of the
perturbation is small enough) decreases the norm of the perturbation at the expense of a loss of
half of our analyticity width. Releasing the constraints on the parameters, the new unperturbed
Hamiltonian Hp; depends this time on the 4 action variables, and the perturbation of the
Hamiltonian is now much smaller, as wanted.

2.2.4 TIterating the scheme

In the case the new perturbation Hs is not small enough to apply the KAM theorem, we have
to iterate this scheme to push again the perturbation to a higher order. We are therefore going
to iterate the following lemma two more times (this is actually the exact number that will be
necessary to apply the KAM theorem, but another argument is that we will show one step in
order to see the changes we have to do to the previous corollary, and a second one to show the
recurrence factors that arose from a further iteration).

An important difference between the previous computations and an iteration of this computation
is that we do not know anything about Hs but the estimate on its bound. Whereas we gave an
estimate on Hy that depended on H(’)’l, if we consider the Hamiltonian Ho o = Hp1 + Hy, we do
not know this time the exact expression of Hyo. It is easily possible to overcome any difficulty
related to the size of Hj by using Cauchy estimates, though solving the cohomological equation
will imply to be careful of the change of frequencies induced by Ho.

It is necessary to make one more assumption each time we iterate to be able to obtain the result
of the corollary. Here we will assume that for some K € N\ {0} and 7/, s’ > 0:

<
T,S_4KT

12

This will allow us to have an inequality of the form:

lwa(1) - kll,y = | Hoa (1) - b+ H(1) -

,,./

v g
> Ho (o) b = 3 = T3
S0

— A[KT

Therefore, under this condition, we have a non-resonance condition as before for the constant
7/2. We can moreover compute the size of || H5l|,, ., < j7= with the help of a Cauchy estimate.
With that assumption, we can consider the same lemma as before with analyticity width divided
by 2. Therefore, for the next order, we have the corollary of theorem [2.15}

Corollary 2.17. Let H : R>xT? — R be a Hamiltonian of the form H(I,0) = Ho1(I)+ Ha(I,0)
with Hy obtained by the corollary[2.16 Assume that it is analytic on the set B(r/2,s/2) with
r,s > 0. Let K € N*, and Hopo = Ho1 + €/(2m)" [tn Ha. Assume that there exists Iy €
B(r/8,s/4) such that Hy(Io) € D(v,2). Under the assumptions

K3 < min 2y ™
N rHH&l - ]‘GHHQHT/Q,S/Z
3
s
| Ha|

T/2,5/2 = 28 105’

32K2% exp (_5K8) <1,
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there exists a symplectic transformation 5 : B(r/8,s/4) — B(r/2,s/2) such that on the set
B(r/8,s/4) we have

H o 5(1,0) = Hoo(I) + Hs(I,0).
Moreover, the following bound on Hs holds:

28,1010 9 "
1Hl .0 < =g 12l o | 18 ]

20
+ |
S r

1,r,s

28
t3 HH2H7"/2,5/2> +

Ks
32K? exp (—5) HH2”7~/2,5/2 :

The result is straightforward under the additional assumption. One only changes ~,r, s to
v/2,1/4,5/2 to compute the new assumptions and the bound on Hjs. The fact that we have to
divide not by 2 but by 4 the analyticity width among the angles comes from the estimate on
the derivative of Hs by Cauchy’s inequality, that makes us lose some more width.

While iterating another time, we need again to add an assumption on Hj3, and we proceed as
precedes. We will not give the precise corollary, just the new hypothesis necessary and the
bound on Hjs.

Assume that there exists Iy € B(r/32,5/8), such that Hy(lo) € D(7,2), and consider that we
have already applied corollaries and Then the assumptions to iterate a third time are:

: 8v ry ol
K3 < min , , )
THHSI ‘ 26||H2Hr/2,s/2 27”H3||r/8,s/4
“lr,s
3
yrs
||H3Hr/8,s/4 < 214.105’

K
32K2 exp (105’) <1

We then have our symplectic application ¢§ : B(r/32,s/8) — B(r/8,s/4), and the bound on
H4:

216.1010 9
[ Hall, 32,5/ SW [ H3ll7 /8,74 X

(lo,
Ks

32K? exp (— 10 ) ”H3H7~/2,s/2'

T8

97 TR 210
+ r HHO,I 1,r,s + 2 <||H2HT/275/2 + HH?’HT/S’SM) *

Observe that for further iterating the scheme, one would have to add an assumption that is close
to the new ones we have made, but with a factor 1/2 appearing between these assumptions.
Moreover, one can see that we cannot iterate indefinitely this scheme, and produce directly a
KAM theorem with it. Though, it was not the goal here, and this work will be enough towards
our aim of applying the KAM theorem to the three-body problem.






Chapter 3

Explicit KAM theorem with
parameters

This chapter is dedicated to the statement of a version of the KAM theorem with parameters
in the case the Hamiltonian is analytic, and with explicit constants. In the previous chapters,
we first estimated the analyticity width of the Hamiltonian of the plane planetary three-body
problem, and then we showed that we could separate it into a secular part, depending only in
the action variables, and a smaller perturbation depending in the action-angle variables. We
want now to derive a classical KAM theorem for an analytic Hamiltonian. This theorem will
require further assumptions (such as the non-degeneracy of the unperturbed Hamiltonian that
will be proved later).

As of now, there exists different KAM theorems, related to different points of view. We chose
the version of Péschel [62] for several reasons. First, the intelligibility in the statement of the
theorem and its implications makes it easy to understand the problem we are dealing with.
Secondly, the KAM step we used in the section is very close to Poschel’s. Finally, Poschel’s
proof shows all the dependencies in the different variables, the only non-explicit constants being
those depending on the dimension n and the Diophantine constant 7. Therefore, we "only" have
to explicit these constants (and to rebuild the statement at the same time in order to make it
more precise). We will follow Poschel’s proof in order to make it easier to read, and compute
the constants appearing in each calculation. We encourage the reader to consult it in order to
find a great amount of references for closely related problems.

The theorem we are going to use is a parameterized version of the KAM theorem. This version
induces a great loss of analyticity considering the Hamiltonian we are using (for some reason
we will explain further), though it is convenient for our use. In this approach, one considers
the perturbation of a family of linear Hamiltonians, parameterized by the frequencies w of the
unperturbed Hamiltonian. The non-degeneracy condition is then contained in the dependency
of the frequency parameter w with respect to the initial actions. This approach dates back to
the work of Moser [49], and relies on adding the quadratic part of the unperturbed Hamiltonian
to the perturbation, leaving only linear terms in the new unperturbed Hamiltonian.

3.1 General scheme of the KAM theorem with parameters

In this section, we will first describe the operation of parameterization of the Hamiltonian with
respect to the frequencies. Then we will give the general statement of Pdschel and discuss it.
Finally, we will quickly give the outline of the proof, that resembles strongly to the one we
have developed in section but taking care of the frequency variations at each step (we will
therefore not detail too much the explanations).
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3.1.1 Parameterizing the Hamiltonian

Consider, for n > 2 the following analytic Hamiltonian:

H(p,q) = h(p) +¢f(p,q,¢), (r,q) € DxT", e<1, (3.1)

where D C R, and |f| ~ |h|.

This Hamiltonian is divided into two terms, the unperturbed Hamiltonian h, leading to a quasi-
periodic motion of frequency w(p) = h/(p) € R™, and the perturbation ef(p, ¢, €) of small norm
compared to the Hamiltonian.

Consider now that the unperturbed Hamiltonian is non-degenerate on the set D:

et (p) = det (520)) # 0.

dp

Then the frequency map h' : D — Q is a local diffeomorphism between D and the frequency set
Q) C R™. The approach of Moser consists in expanding the Hamiltonian h around one particular
frequency w, and work with a linear Hamiltonian parameterized with that frequency.

Let p=po+ I, with I € B =D — py, the Hamiltonian h then becomes:

) = hipo) + (o), ) + (1= )04 + 1)1, (3.2)

The frequency map being a local diffeomorphism, it is equivalent to work the coordinates w
(which is one-to-one with the variable py) and I, or with a variable p. Working with the
derivative and its inverse can be simplified by introducing the Legendre transform of h, that we
will call g, and defined by

g(w) = sup((p,w) — h(p))
peD

We then have the relation ¢'(w) = (h/(pg))~! where w = h'(pg). Fixing the action py (and
therefore w), one can write the equation ([3.2)):

h(p) = e(w) + (w, I) + Py(I;w),

with Py(I;w) = [ (1 — t)(h"(¢'(w) + tI)I, I)dt. From the action-angle coordinates, we defined
new coordinates (w,I,0) € Q x B x T", where we wrote 6 instead of ¢ not to be mistaken.
Now we can consider the term P, to be part of the perturbation, since a bound on its norm can
be made as small as wanted by looking at a sufficiently small ball in the action I around the
origin.

One can then write H = N + P, where N = e(w) + (w, I), N being called the normal form, and

P:Ph(I;OJ)+P6(I,0;UJ),

with P.(1,0;w) = ef (¢ (w) +1,0,¢).
The family of Hamiltonians under normal form N have equations of motions that are easy to
compute. Indeed, the vector field associated to it is

” 0
XN:iji, w € Q.
270

The motion is quasi-periodic, and takes place on a specific torus {0} x T™ for every w € (.
These tori can be seen as a trivial embedding of T™ over the set ) in the phase space given by
the function

Oy T"x O — BxT"
(0,w) — (0,0)
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For a generic Hamiltonian, the perturbation P will limit the existence of these tori. However,
under several hypotheses, one can show that almost all of these tori (in the sense of the Lebesgue
measure) survive a perturbation, this is the main result of the KAM theorem.

The goal of this KAM theorem with parameters is to eliminate the whole perturbation P instead
of removing only the perturbation f, while modifying slightly the normal form N. Observe that
in order for the perturbation P to verify a smallness condition, we have to restrict ourselves to a
set of actions close to the origin. This implies that we will lose some analyticity width artificially
to make Py of the order of f.

3.1.2 Domains of analyticity and other definitions

Before stating the KAM theorem, we have to make explicit the sets we are working on.

Let Q be the set of initial frequencies we are considering. Let 7 > n — 1, v > 0 and consider
D(v,7) the Cantor set of real numbers verifying a Diophantine condition for the constants 7
and 7. Let I, = QN D(v,7), it is as well a Cantor set. Finally, for 5> 0, let

ngfw\{wefvzﬂwleR"\Q,|w—w’]<B}.

The last set is therefore composed of the points of the set I'y that are at least at a distance /3
to the boundary of 2. We will fix later the needed value for the constant f.

Now let us define the various domains we will use in the theorem. These sets will be polydiscs
around some set. For the frequencies, define

Op ={weC" jw— Q7 <h}.
For the action-angle variable, let
D, ={IeC"|I|<r}x{0eTg |3 <s}.
Define the norms with indices as follows, for f: C* x T" — C:

[ fllrs = sup|fl, [Iflln =sup|fl,
Dy On

||f”7“78,h: sup |f|

Dv',s ><Oh

For vector valued functions, we have:

[1£1lr.s = sup [|f]],
D'r,s

where ||-|| is the sup norm. When considering the Diophantine condition, we will always consider
the norm |k = |ki| + ... + |kyn| for the vectors k € Z". Finally, to state the theorem we will
need the following Lipschitz norm on the frequencies:

|f(w) = f(o)]

/ ‘ )

| flL = sup
W lw—w

where | - | represent the supremum norm.

3.1.3 Statement of the KAM theorem with parameters

The precise statement of the KAM theorem in Pdschel’s paper is the following;:
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Theorem 3.1. Let H = N + P. Suppose P is real analytic on D, s x Oy with
[[Pllrsn <cyrs”,  s” <h,

where v = 7 + 1 and ¢ is a small constant depending only on n and 7. Suppose also that
r,5,h < 1. Then there exists a Lipschitz continuous map ¢ : I'y, — €1 close to the identity and a
Lipschitz continuous family of real analytic torus embeddings ® : T" x I';, — B x T" close to ®q
such that for each w € I'y the embedded tori are Lagrangian and

Xi|pw) o ® =" Xn.

Moreover, ® is real analytic on T, = {0 : |S0| < s/2} for each w, and

1P

Cc

[W(® — @o)|,ys”[W(® — @) <

’7’/“8” 7,8,h

c
lp = Idll,vs"llp = Idl[L < —lIPllr,s,ns
uniformly on Ty x I'y and I, respectively, where c is a large constant depending only on n and
7, and W = diag(r—'1d, s 11d).

Qualitatively, the statement may be described as follows: first, as said before, while removing
the perturbation, we are slightly changing the frequencies; secondly, the Lipschitz estimates allow
us to control the size of the the set ¢(I'y). Indeed, with these estimates, one can prove that the
complement of this set is of size O(«); finally, every embedded torus is Lagrangian and is close
to its associated unperturbed torus.

In the next section, we will first make explicit all the constants that appear in the theorem.
Secondly, we will gather the hypotheses in order to have a simpler smallness condition.

3.1.4 Sketch of the proof

Let us describe the general scheme of the proof, that will consist in an iteration of a KAM step.
Since the KAM step will be close to the theorem we proved in we will be quick on the main
operation, and will describe more precisely the change in frequencies.

At each step, we consider a Hamiltonian H = N + P with N under normal form: N = e+ (w, I).
We want to find a transformation F such that H o F = N4 + P4, where N, is again under
normal form and Py verifies ||P1|| < C||P||", for some x > 1. This transformation will make us
lose some analyticity width related to the norm of P, though, the constant « will ensure that
the scheme will rapidly converge and that we can eliminate the initial perturbation if it is small
enough.

To build the transformation JF, instead of considering P, we will consider only the linear part
in the action (by truncating the Taylor expansion in the action at the order 2). Next, as done
in the previous chapter, we truncate the Fourier series in the angle at some order K. Let us call
the new Hamiltonian after this two steps R. The remainder P — R will be either of order 2 in
the actions, and therefore small looking close to the origin, or it will be part of the remainder
of the Fourier series, which will be small as well if K is high enough.

Assume w is fixed. Let F' be a Hamiltonian affine in the actions, and Xp = X its associated
Hamiltonian vector field. Call ® = &% the flow associated to the previous vector field, and
® = d!|;_; the time-1 map of this flow.

Call H = N + R, we have:

_ 1 1
Ho<1>:N+{N,F}+/ (l—t){{N,F},F}oétdt+R+/ {R,F} o ®dt
0 0

:N+{N,F}—|—R+/Ol{(1—t){N,F}+R,F}o<I>tdt
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The term under the integral will constitute another part of the perturbation, in sum with P — R.
We want F' such that

N +{N,F}+R=N, (3.3)

The main difference from the previous scheme, where we solved the cohomological equation, is
that R is not of zero-mean, and therefore we need to divide it into two parts: R = R+ R where

R=—— [ Rao
(2m)™ Jn
We can therefore define F' by the formula
F = Z k{%k exp(ik - 0),
kezmoy B @)

where the Ry are the Fourier coefficients of the Hamiltonian R. As for the average of R with
respect to the angles, since it is not possible to remove this term with the symplectic transfor-
mation we built, we simply add it to the unperturbed Hamiltonian. Observe that since R was
affine in the actions, N, = N + R remains affine in the actions (R is obviously independent of
the angles). We can then write:

Ny =ep(w) +(w+vw), D)

The new frequency vector is given by wy = w + v(w), and if v is small, then there exists a map
¢ close to the identity such that ¢(w;) = w.

The map N, can then be written Ny = (N + R) o . As for the perturbation, computing the
remainders of the transformation gives:

1 _
P+:/ {A =R +tR F}oddt+ (P~ R)od
0

The total transformation F then corresponds to the map (®, ). Moreover, observe that ® can
be written ® = (U, V'), both function depending on the parameter w, U depending on the action
and the angle, but V depending only on the angles by construction. With these definitions, this
scheme can be iterated under specific assumptions on the analyticity width of the Hamiltonian.

The loss of analyticity related to one iteration has its roots in different parts of the scheme.
Estimating the bound of R requires already to lose some analyticity width. Then, as we saw
before, solving the cohomological equation will induce a new loss, as well as estimating the
derivatives with Cauchy’s inequality. The size of the ball for the frequencies will also decrease
while computing the function ¢, that is the inverse of the function Id + v on some domain. All
these variables need to be controlled while iterating the scheme.

The difference between the previous scheme scheme and its iterations we developed in section
is that we were going further and further from a vector verifying a Diophantine condition,
whereas in this scheme, the iteration requires to get closer and closer to one (in order to be able
to solve the cohomological equation with a perturbation truncated at an increasing order). One
of the difficulties is therefore to control the frequencies, and instead of perturbing the initial
frequency, we consider our initial frequency to be the perturbation of a Diophantine vector.

3.2 Quantitative KAM step and its proof

Before giving the full explicit KAM theorem statement, we will work on the KAM step, that
will be iterated an infinite amount of times so as to obtain the main statement. This will allow
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us to explain the different facets of this theorem. Again, we follow almost completely the work
of Poschel in his proof, although we will give first a precise statement, with all the necessary
constants.

It is important to say that we chose the case 7 = n as Diophantine constant for the sake of
simplicity. Keeping 7 as an unknown should not be much harder to compute with the work
here, since all the constants are computed explicitly.

3.2.1 Statement of the KAM step
Preliminary definition

We consider a Hamiltonian H real analytic over the set D, ¢ x Oy, for some r, s, h > 0, such that
H can be written as the sum of a normal form and a small perturbation, i.e. H = N + P.
Define v =74+ 1=n+1. Let 0 < s/5, and § > 40, a constant that will appear later while
performing the transformation.

Define the following sets:

A={KeN: Ko > (2n+v)log 2} (3.4)
B= {K eN:2K"gve Ko < (15} (3.5)

Now B consists of two integer intervals, one for small K (for instance K = 0 belongs to B,) and
one for large K (when K goes to infinity, the left term tends to zero). We are interested in the
second one, hence we define

By ={KeB: VYmeN, K+me B} (3.6)

Now let K’ = min(A N By) > 0. This minimum is well defined, this two sets having non-
empty intersection (K sufficiently large verifies the two assumptions). Recall the definition
of the constant appearing in Riissmann’s theorem while solving the cohomological equation,

w \/n(2n)!
00=37r62”2(nm(

can finally define:

we choose to multiply it by a factor 2 for a reason explained later). We

. (qra” E yr
€ = min <4V01, 5 ’2K”’5> (3.7)

with C1 = 4¥(200nCy + 32 + 8'n!)2.

The KAM step can then be stated as follows:

Proposition 3.2. Assume that ||P|,sn < €. Then there exists a real analytic transformation
F = ((I)7 90) : DnT,s—5a X Oh/4 — Dr,s x Oy,

€

with n = such that H o F = Ny + P, with
yro¥
? 2 K
| Pl s—50,1/4 < 200n007ro’” + (32n* + 4"n!K"e™ " %)e.
Moreowver,
40C;
2|W(® — Id)|, | W (DP — Id)W | < — =
yro
10e

lp — Il 4h| D — 1d] < = ©
uniformly on Dy s—50 X Op, and Oy 4 respectively, with the weight matriz

W = diag(r—'1d,oc'1d).
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We will prove this proposition in the next section. Let us first discuss the definitions we have
made.

Observations on the statement

The different conditions on € arise from different parts of the proof. The first condition in the
minimum is a limit due to the analyticity width we have on the actions and on the angles. This
limit is necessary to obtain an exponential decrease of the bound on the norm of the perturbation
at each step. The second condition is related to the transformation on the frequency vector.
To be able to invert the map giving the new frequency w + v(w), it is essential to have enough
analyticity width compared to the size of v. The third condition is a condition on K’. K’ needs
to be big enough to allow the remainder of the Fourier series of () to be small enough, and then
for this remainder to decrease exponentially while iterating our scheme. However, we want as
well K’ to be small enough so that all the frequencies in Oy, verify a non-resonance condition of
order K'.

In the KAM step, the factor § appears always at the denominator, and therefore always seems
to add a stronger constraint when increasing it. Though, when iterating the scheme, we will see
that it allows to make the norm of the transformation smaller while increasing this factor. This
is the reason we keep it in the computation.

3.2.2 Proof of the proposition

In this section, we make the hypotheses of proposition

Implication of the hypotheses

)
Let ¢¢ < €. Define hy = il and Ko = {V il
r 2ho

Ky > K'. Indeed, the first inequality is clear, and for the second one, using the fact that both
Ky and K’ are integers, and the definition of e:

J. These two constants satisfy hg < h and

yr yr
K/I/ < o <
— 20e ~ 2d¢g
< 1
- 2h0.

The definition of hy means that if we consider a smaller perturbation, we will not use all the
available analyticity h corresponding to the frequencies.
These definitions allow us to compute a central inequality, that will prove useful later on in the

proof:
1 .. €0 ho 1
— v —Kpr) < — < —=< .
v 07 exp(=Koo) < yr T o0 T 20Ky

(3.8)

The last two inequalities are straightforward given the definition of hg and Kjy. Regarding the
first one, using the definition of B.:

ntv _—Ko
€0 _ ho > 2K0 (& ho
yro¥  yovd T 0

EKSQ*KOU (V Lho % {u 7J>
V 2ho

-1 v
1
Zng—Koa([u;m] X{VZZOJ) > Liggertir
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We will now use the definition of Ky to show the non-resonance condition that the frequency
vectors of Oy, must verify. Indeed, let k such that 0 < |k| < Kj, and let w € Oy, there exists
w* € Qg such that |w — w*| < hg, and therefore, the following inequalities hold:

il < v .
2KJ = 2lk|”

[(kyw — )] < [kllw — w*] < Koho <

Since w* verify a Diophantine condition for the constant v and 7 = n, we get:

v

>

Y0 < ‘k“ < Ky

To remove the factor 2 arising from this inequality, we modified the constant Cy of Riissman
theorem, multiplying it by 2.

The goal at each step of the KAM theorem is to make a change of variables that will decrease the
norm of the perturbation. However, instead of trying to make the value of ¢y decrease directly,
we will consider the ratio Ey = ,ngy. If we let r, and o decrease in a polynomial way, but that
we managed to make E decrease exponentially, then ¢y will as well decrease exponentially.

First estimates

As introduced in the outline of the proof, we will switch from the perturbation P to another
perturbation R in two steps. First, consider the linearization ) of P in the actions around the
origin, secondly, truncate the Fourier series of @) at order Ky. R is a trigonometric polynomial
on the angles and affine in the action.

The size of the perturbation, by our assumptions, is smaller than ey on the set D, s x Op,. Let
us start by bounding the linearized function Q:

3r
1@ sz 5.1 = I1Pllgz 5.0 + 4 1Pr 132 5 1

3r | Pllys.h
o 3Pl

< ||P _—
<I 4 r/4

S 460.

Now let n =, /670. Using the definition of € and the fact that ¢y < €, we obtain 8y < 1. From
yro¥

the Taylor expansion formula and Cauchy’s inequality, we get:

A\ Pllr,s,h
2 5,0
||P - Q||2777"757h0 S (2T’T) (1 _ 277)27‘2

< 32n%¢.

With lemma we obtain the following estimates on the difference between @) and its trunca-
tion at the order Kj:

IR = Qllar g py < 4"nKG exp(=Koo)l|Qllzr 1,
< 4"n!K{ exp(—Koo)ep.

Hence:

||R||%,S*O’,h0 S ||R - QH%,sfo',ho + HQH%,s,hO
< (4 +4'nlKJe Ko%)eq.
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Since Kg € AN By, we have the following inequality:

n+v v ,—Koo
4l Kfe Koo = 4”n!2K0 o°
2K§ov

1 4 n) <1
d2((2n +v)log2)¥ —

IN

Indeed, the term on the right depends only on n, and is decreasing with this variable. Since it
takes a value less than 1 for n = 1, the result follows directly. Hence, we have

B < bep.

15_01h0

Solving the cohomological equation

We would now like to solve the equation (3.3) in F. Letting N = Ny — N, we can write:
{F,N}+N =R.

Recall that in the outline, we wanted N = R = ﬁ J5n RdA. With the work done previously,

we get the following bound on N:

HN”?;TTJIO < HR”%TT < Hep.

,s—o,hg —
Since the Fourier series of R only contains terms of indices k& such that |k| < K, we can apply
the corollary [2.12] of Riissman’s theorem and solve the remainder of the cohomological equation
(3.3). The norm of the Hamiltonian F solving this equation therefore satisfies:

COHRH&,S—O’,I’L() 5Coheq
||FH3—T s—20,hg — : S .
40 10 ,-YO-TL ,yo-n
Hence, with Cauchy’s inequality, we get:
5Coheg
HF@H%,sf?)a,ho = ov ,
200060
1Frllz ,5-30,n0 < ron

Estimates on the transformation ®

After obtaining the estimates on the derivatives of F', we can deduce some estimates on the
vector field associated to F', and then on the time-1 map ®. On the domain D%’s_30-7h07 using
the value of ¢y and 7, we get:

€0 €0

1Follz,5—30,n0 < ” ~5Cor
yrov \| yro
5C)H
< nr
47(200nCp + 32 + 4vn))
T
< < —
>Nr = g’
20C,

Frllr o < < o.
H I”2’S 3osho = 42”(2007100 + 32 + 4”?1!)20 =9

With these two inequalities, the time-1 map ® is well-defined on the domains:

—_Ht .
O =P : D£,574U,h0 — D%,sfi}a,hoa

t .
o= ‘t:l . Dnr,s—BU,ho — D2n7‘,s—4a,ho-



84 CHAPTER 3. ExprLICIT KAM THEOREM WITH PARAMETERS

Only considering the first domain is not enough to prove the KAM step. Indeed, the estimates
of the difference P — @ require to lose a lot of analyticity on the actions to keep this term small.
Writing ® = (U, V), since F is linear in the actions, V is independent of I. The Jacobian of F’

is therefore
P = ( 0V, > )

On the set D%s_&,,ho, and hence on the set Dy, s_554,, the following inequalities are verified

5C 200,
1 = 1a) < 1Bl < 2290 v - 1) < 1y < 22500
,.YO_ ")/TO'
40Coeo 5Co<o
Uy — Id]| < yrov 1ol < Yo
20
Vo - 1d] < =2,
Yro

whence the estimates on ® in the proposition.

Estimates on the new perturbation
After the transformation, the Hamiltonian takes the form H = Nt 4+ PT. We will now work on
a bound on the norm of P*. First, consider {R, F'}:

H{R, F}H%,s—fﬂa,ho < n(||RI||%78—30,h0||F0H%,S—30'7h0 + ||FI||%78—30',}L0||R9||%7S—3J,h0)
<n (2060 5Cohen . 5€o 2OC’oeo>

r  yo¥ o yro™
2
< 200nCyH—2
yro¥

The same inequality remains true for {N, F'}. Hence:

1 A
H/O {(1 —t)N +tR,F}o Xkat

<|[{( =N + R, Fy

s
nr,s—5a,ho 5,5—40,ho

i
yrov’

< 2007100

It remains to find the bound of the term induced by P — R:

||(P - R) © (I)Hnr,sff)a,ho < ||P - RH2777“,5740',h0
< ||P - Q||2nr,s—4a,h0 + ”Q - R||2777“7s—4a,h0
< (320 + 4"n!K"e 5% e,

Finally, the estimate on the norm of PT is the following:

2

€
1P lyrs—50,00 < 200nCo—2— + (32n° + 4"n!K"e "7 )ep = €. (3.9)
yro
Exponential decrease
As we explained before, we are interested in the exponential decrease of the ratio £ = —"%;. Let

us already think about the iterative step, and choose the variables we will use at the next step.
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First, let ot = 0/2, h™ = ho/4” and KT = 4Kj; regarding the actions, since we have to lose
much more analyticity width and we let 7+ = nr. With these definitions, let us compute E*:

+ 68_ 2”68_
B =5 = v
yrto ynro

< QOOHCOKi + 21/(32772 + 4I/n|KnefKoa-)€70

N n (77"‘7”)2 o ynro¥
E? E

< 2200nCo— + (320 + 8" nlK e K07)=.
U n

Using the fundamental inequality (3.8)), we have 2" Ey > K{fe*KO". Observe as well that E = n?,
hence:

ET < 2Y(200nCy + 32 + 8"n))E2 = \/C1 E2, (3.10)

ie. C1ET < (C’lE)%. The scheme converges exponentially fast if £ < C| 1, therefore if
ro¥ 1
¥ . The initial condition on €, and on ¢y < € shows that we have even better: C1 F < —,

€ =< T

1
hence the exponential decrease of FE.

Changing the frequencies

It remains to deal with the function ¢, which controls the frequency shift when adding the
mean of the linearized perturbation over the angles. We will use lemma to make explicit
the domain on which this map is well-defined. Let v = N; = [R;], the new frequency vector is
wt = w + v(w). Computing the norm of v gives:

) €0
[vllne = [[N1llng < 57——€0 < 10—
x N r

< 10hg
)
ho

<Y
— 4

Applying lemma we obtain the inverse map ¢ : Ony — Op,, w — w, satisfying:
4

10¢q
o —Id]lng <
1 r
BYh)
Dy — Id <
1Dg = 1d]y < 522

In this configuration, we let N* = (N + N ) o, and we obtained the new Hamiltonian H =
Nt + P+,

This ends the proof of the KAM step, that we now have to iterate.

3.3 Quantitative KAM Theorem with parameters

In this section, we give the explicit statement of the KAM theorem. Recall that we chose 7 =n
in the computation. We will quickly remind all the definitions we did to gather everything we
need here.
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3.3.1 Statement of the quantitative KAM theorem

Let r,s,h >0, § > 40, 0 = /20, and K’ = min(A N B™), where

A={KeN:Ko>(2n+v)log 2}, (3.11)
B= {K eN:2K"gve Ko < (15} : (3.12)
B, ={KeB:VmeN, K+m¢cB}. (3.13)

o /1(20)!
Call v = n + 1, C; = 47(200nCy + 32 + 8¥n!)? with Cp = 3762 ”Q(n”) Recall the definition
of € in equation ({3.7):

. [(yra¥ hr Ar
= — . .14
c-m <4V01’ 5 ’2K’V5> (314

Besides, define the following (exponentially convergent) series for v > 1:

o0 . (3 2
S, = 22”(3”2 (2) ) (3.15)
i=0
T, = 22(21’+1)i—’/(%)i_ (3.16)
i=0
Finally, define
)
p=exp|s], (3.17)
€ = exp (10(}0 <0 V) . (3.18)
YTo0g

Theorem 3.3. Let H = N + P a Hamiltonian, such that P is real analytic on the set D, s x Oy,
and || P||ysn = €0 < €. Then there exists a Lipschitz continuous map ¢ : Ty — Q80 with ho =

Y )
1)
ﬂ, and a Lipschitz continuous family of real analytic torus embeddings ® : T" x I, = B x T"

close to ®qg such that for each w € I'y, the embedded tori are Lagrangian and
Xilpw) o ® =2 - Xy.

® is real analytic on the set {0 : |I0| < s/2} for each w, and the following inequalities on ® and
 hold:

[W(® — ®)| < 6n&logg (3.19)
llo — Id|| < 4honplog p, (3.20)
(3.21)

where W = diag(r—11d,s'Id). As for their Lipschitz constant, we have:

nC’o

[Wo(® — )|, < 4°80_—%T, (3.22)

Yo
¢ — Id]| < 4nSyplog pu. (3.23)
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3.3.2 Proof of the theorem
Soundness of the iteration

To iterate the KAM step, the hypotheses at step j + 1 need to be fulfilled knowing that they
are at a step j. We will therefore use the new value of each variables obtained after one KAM
step, and check if they satisfy the hypotheses of the KAM step. Recall that after a step j, we
have: Kj11 =4Kj, 0j41 = 05/2, n; = ijﬁ, Tj+1 = 157, hjy1 = h;/4”. The size of the new
perturbation has to decrease much faster than the analyticity width in order to obtain the KAM
theorem.

It is necessary to notice that the constant  correlating the value of €;41 to hj41 is not conserved
after one step, though it is increasing and still satisfies § > 40. This variable ¢ fixes the size of
the transformation: the larger it is, the smaller are the norms of ¢ — I'd and ® — &y. Obviously,
after one step, since the new perturbation is much smaller, the new transformation will also be
smaller and therefore we can let § increase.

Now let us see for each variable the inequalities that need to be fulfilled:

e The equality K; 10j4+1 = 2Kj0; shows that K;; belongs again to the set A;,1.

e Let us verify that K;q belongs to By j11 as well:

v

ntv _v ntv gty [ 93
2K o)y exp(—Kjy10541) = 2(4" VKT (21/) exp(—2Kjo;)
< 4"t exp(—K o)
- 2v 0
exp(—Kjo;)
)
The condition to have K1 € B4 j41 is therefore the following:

22n+y eXp(—KjUj) < 1.

S 22n+y

Since K; € A; it is verified.
° Kj € Aj N Bj, we have Kj+1 S Aj+1 N B+7j+1.

e In the KAM step, we defined the limit value € = ¢~. Define now

. v
et — min (’YTJHO’J'H hjy1risa Y
)

#C; 8 2KY,

With the hypotheses on the variables we made, we have in fact
€" = min (77]’7 &7 1) € = 1€
2V 4V 4V 4v
€T is therefore the new limit of the application of the KAM step. We have to check the condition
_l’_
€j+1 S € .

_— - v -
€j+1 = 1Tj+1051Ej41
3

nj /A s
SQ%")/TJ'O';-/ ClEjQ

[S]Ie]

. €7

S ;Ll]/’)/?"jU;—/\/ Cl %
yrjoy)

ni&VCL | €

v gV
2 Yrjo;

Njw

<
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) B 'yrjaé’
By assumption, €¢; < e~ < ——=. Hence:
1

T 4vC

i€ _ +
4 €

€41 <

The condition € < %, that we imposed in the definition of €, and corresponding to the control
of the transformation among the actions and angles, takes its root here, and allows us to iterate
the KAM step. The values €, e~ represent the worst case possible. At each step, we consider,
in a sense, this worst case, and not the real perturbation. Indeed, it could happen that for some
perturbation, and some transformation we have E;, 1 < E; (using the effective value of €;;
and not its estimate), and therefore the inequality K7\ exp(—Kjt1054+1) < 2“Ej+1 would not
be fulfilled. In this case, one could skip some steps of the KAM theorem, and would obtain
better values for the estimates than in the worst case. That is why in an explicit application, it
can be interesting to compute the first steps by hand before applying the KAM theorem.

Going back to the fundamental inequality , it holds at the step j + 1, in particular

K7y exp(—Kj110541) < 2YEji1. Let us express now Fj1 using ™.

K exp(—Kj10441) = 4" (K] exp(—Kjo;)) exp(—K;o;)
-
<¥—ygn —K.o;
=2 e exp(—Kjo;)
LAvet nj
N 2PV10750
S 2”Ej+122n+y exp(—Kij).

<2

4" exp(—Kjo;)

Since K € Aj, we have: K7\, exp(—Kj10j11) < 2VEj11.

€
e It remains to verify that h—J is decreasing:
iTi

€5+1 _70'}/4-1Ej+1
hjarjer  hjp
. QVVU;E];H
h;
Ejt1 ¢
Ej hjr;

.
<2/ E;—- < :
=2V Thiry T hyr;

€

We checked all the inequalities that needed to be checked in order to iterate the KAM step
an indefinite time. The scheme is well defined, and we now need to compute the size of the
transformations.

Transformations involved and their estimates

The initial Hamiltonian was under the form H = N + P. At each KAM step, we defined two
transformations: ®; which modifies the action-angle coordinates, and ¢; which modifies the

S_ - JE.

.~V
’VT]Uj

frequencies. We let s;11 = s; — 50, with sg = 5, 79 = r, 79 = 7 and n; =
Define Fy = Id, and for j > 0:

]'-j+1 : Dj+1 X Oj+1 — Dj X Oj
(I,G,OJ) = (q)jJrl(I)e?w)’ QOjJrl(W)),



3.3. QUANTITATIVE KAM THEOREM WITH PARAMETERS 89

with
Dj={IeC":|I|<r;j} x{0eT":[3(0)] < s;},
0; = {weR":jw— 0| <hy}.

Call F/ = Fyo...0 j—1. We then have:

./T"j:DjXOj*)DQXOQ
Thereafter, we will prove the estimates on the transformation F7, and show its convergence
when j goes to infinity.

Preliminaries: The map F transforms a torus associated to a frequency vector belonging
to the set I'y to a deformed torus where the motion has frequencies belonging to the set Qg
The action py on the first torus is entirely and uniquely determined by the frequency vector,
using the Legendre transform to relate pg and w. The uniqueness comes from the hypothesis of
non-degeneracy of the unperturbed Hamiltonian. In order to be precise, we define the following
mapping:

U:T"xI'y =D xT".

First, define the map:

[1]

:BxT'xIy = DxT"
(1,0,w) — (hy (w) +1,6).
Assume @ : {0} x T" — B x T" and ¢ : Qg — ', exist as a limit of ®; and ¢;.
Then, one can define ¥ as follows:
UV:T"xI'y =D xT"
(0,w) = Z(2(0,0), p(w))
The KAM theorem shows that, on 7% x 'y, H o U = N’, where N’ = limj_,o N;.
Estimates on the transformations: In order to simplify the formulas, we introduce the

weight matrix W; = diag(rj_lf d, aj_lI d). Recall the size of the transformation obtained previ-
ously on the set D; x Oj:

20006'
Wi (®; — Id)|| < ———7,
Y1;0;
40Ce;
|wi(@) — rayw; | < =2,
Y1;0%
10€;
lp; — 1d|| < —,
J
D€
Lo Id)| < —L-.
’SO] H - thTj

We can estimate the norm of the difference between to consecutive transformations F7.
o2 — 29)] = [Wo(2 o 2; — @)
< 2 |Wo(@) Wit | W5 (®; — 1d)]
< 2ng; [|[W;(®; — 1d)||
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it is well-defined when j goes to infinity if the variable &; = || W D®7 Wj_1 || does not increase too
fast on D;. Observe that the factor 2n comes from the estimates of the matrix product using
the supremum norm. In the same way, we compute:

Hhal(wj“ - soj)H = Hhal(wj °opj —¢’) H

<n||hgt (@ h; | Ihs(e; — 1))
< npj ||hip; — fd)l!
10ne;
= gy
where again it is necessary to check the increase of y; = Hha l(apj)’ hj_lH on Oj.
On D; x O}, we have in fact (®7) = (®g) - ... - (®;_1)/, where the differentials are estimated

at different points, that are not important to make explicit as we have a bound on their whole
set of definition. With the decrease of the variables r and o, we get HW W, H < 1/2 (the sup
coming from the factor oj41/0;). Hence,

& = |[Wo(@)w; | = [Wo(@o) - . (@50 W

< ||wo(@o)y Wyt || 2n | Wow | 20 x .. x 20 || Wy (@) W || 2 W

1V £ 40Cye
< (20 (3) (1 + )
2 2:1_[1 Vrio;
j
(i 8
i=1 j

’y’l"_jO'j

Indeed, we have a product of 25 matrices, and the presence of 7 matrices of the form W; WJ_+17
hence the factor (2n?)’. Likewise, for y;:

n2 J g 5¢.
< — 1 z
Hi = (4’/ z—l_[l + 2hj7‘j

<H<1+2hrj>

This time we can get rid of the factor depending on n because of the factor 4” between h; and

hjiq.

Since the variables €; decrease exponentially fast towards 0, and that the terms h; and r; do
not decrease as fast, the products in the formulas will converge when j tends to infinity. We can
bound them using the estimates we obtained in the KAM step.

4
First, recall that 0Che ]
Tjo;

< 1, whence, using the logarithm for j > 1:

log ( Jgj) Zlog (1 + 400061)

=1 A

< Z 40C E;.
=1
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Using the exponential decrease of E;:
3 i=lc3 317
By < VOEE, <. < oW g
< (ClEo)(%)LlEo
<43+ g,
Finally:

(2n%)77¢; < exp (i 40Cy EO4V—V(§)i>

=1

< exp <4OC'oEo Z4V—V(§)i>

i=1

< exp (10CoEp) = exp (1000 ) =¢.
YTrooh

In the same way, we get for p;:

5 e €; 5 vE;o¥
- < — = e (4
Hj = OXP (227’1h1> P (22 h;
=1 =1
5 & Y Eiol 2"
< —
<o (33,257
5yog i ou(3
< e E 21/1 u(2) +2v
< exp (2 o ; 0

)
con(i) <o ()

With this computation, we can continue towards our aim of estimating F7 for all j > 1.

e o] < e -0

4071,0061

<Z& < 40n cogZ(Qn E)
”L 1=0

< 40nCy Eot Z ((2n2)i4—y(§)i+”>

i=0
< 60nCyoEpé = 6nélogé

As well, for all j > 1,

[’ = 1) < ZHh e

-1 1OTL€Z‘

<3
; " hiri

< 4dnulog u.

Therefore, with these uniform bounds, we can let j go to infinity. The transformation F is
well-defined on 7™ x I,

The set Qg, defined while constructing ¢/, depends on I’y and on hg. More precisely, recall that
for all W' € Qg , there exists w € T'; such that |w — ij\ < hg. Therefore, we can let 3 = hg so
that the set O C €.
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First conclusion on the transformation: Before obtaining the Lipschitz norm of the trans-
formation, we are going to draw some conclusion on the transformation we built. First, we have
the relation H o 2o FJ — N7 = PJ on the set Dj x Oj for all j > 1. With this equality, we can
describe the difference between the vector field associated to H and the one associated to N7.
Formally, by derivation on the action-angle coordinates, we have

{HoZoF/I —NI)Y =420®/) . VHoZ o F/ — VN/.

For a fixed w, the map = is constant and linear in the actions and the angles, which simplifies
the computation. Therefore, using Cauchy’s inequality on the action coordinates, we can bound

the previous derivative.
€ €5
S max 7]’ -7 .
O,ijaj T‘j O']

Using the weighted matrix W) which was useful to give the estimates on (®7)’, and the symplectic

matrix J,
0 Id
J= (—Id O)’

0 ot
W — J
ixd (—rj_l 0 ) ’

Ht(q)i)’ VHoZoFI— VNj‘

and finally multiplying on the left by the latter matrix our relation, we obtain:

€

W x J x (@) - VHoEZoF —W; x J x VN|j5,—¢, <

795

The map ® being symplectic, it satisfies J'® = (®')~1.J. Hence, multiplying the last inequality
by Wo®' W', we get:

€

HWO (JVH 0o Fi— @’JVNj)

< [Wod'w;
J

‘07Sj—0'j

A

0,s4
N &

< (2n7)YE——

TjUj

Looking at the vector field, this inequality becomes:

—_ . . . 6 -
IWoll x [ X 0 E o F = (87) - Xnlo,s;—0; < (20°)/€—
0
We can let j tend to infinity, and finally, on the set T* x Iy, we get the equality of these two
vector fields, i.e., for some w € I'y, with N = (e(w) + (w, I),
XyoWU =0 Xy (3.24)

Observe that we wrote ¥ instead of @, it expresses the fact that we consider the "origin" of the
action I at the point ¢(w).

Lipschitz norm of the transformation On the Cantor set on C €, the formulas of the

derivatives of (¢/ — Id) converge. Indeed, the existence of a uniform constant for ¢;/(2n?)J

and pj, and the exponentially fast convergence of the terms Tjef{m for all m implies that the
J

norm of every derivative of the mapping 77 (more precisely its difference to (®g, Id)) converges,
whatever the order of the derivative.
We will compute the Lipschitz norm of the transformation F to complete the proof of the
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theorem. First we will evaluate the derivative of the map ¢ — Id with respect to w. Although
the map ¢ is defined on a Cantor set, it is possible to extend it in a Lipschitz way, and even in
a C'' map, using Whitney’s extension theorem (see article [70] or the statement of the theorem
in appendix . We will not dwell further on these notions, and will just compute an

estimate on its norm.
(@ = Id)'||n; <D 1™ = (") [ln;
2 =0 ?
j—
<

(2

>

2y
2

1
1™ =)
0

Jj—1 1 i
)
<> -
i=0 v
1—1

< ho x 20np Y

b2
zOZh

As done before, we can compute this sum and we obtain

: 20nh0u (3z+2 ;)1>
2\ I < 2
) = Tulla, < =5 ;é
20
M

<
-9

This function S, increases with the value of n (or v), and therefore we cannot bound it uniformly
for all n. Letting j go to infinity, we obtain the Lipschitz norm:

20n,uS

lo = Id||L < (3.25)

As for @ — @y, computing the Lipschitz estimate exactly in the same way, we get:

nCy

IWo(@ ~ o), < 47807 %

T,
These computations end the proof of the explicit KAM theorem.

3.3.3 Estimates in the initial actions

After giving the estimates on the map F = (®,¢), we estimate the map ¥ = = o F. Indeed,
these estimates will shift the torus back to its original place around the action py.
Consider the difference ¥ — ¥y. We have:

(W —)(0,0,w) = (¢'(p(w)) — g'(w) + (21(0, 0, p(w)) — P01 (0, 0, w)
(1)2(07 97 QO(W)) - (I)O,Q (0’ 97 w))v

where ®(1,0) = (®1(1,0),P2(1,0)). Hence, the norm of ¥ — ¥y on the set T* x I'y satisfies:

)

~—

1
[Wo(¥ — W) < ;llgl op—g|l+ IWo(® - Id)|

—Id
< nsup oI E LUy e — 10y
Y
! 2h
IWo(¥ = To)| < sup lg7]| —pulog ju + 6ng log & (3.26)

~
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We can also compute an estimate of the Lipschitz norm of ¥ with respect to w. We will only
compute one for the first coordinate of ¥, and the Lipschitz norm will then hold for the second
coordinate given the shape of this map. The estimate on the Lipschitz norm of ® — &y being
known, we will be interested more precisely in the map Y(w) = ¢'(p(w)) —¢'(w). Let w,w’ € T,
we have:

@)~ T =| [ "+t~ 1)) (o~ Fa)e)] i -

/o1 [9"(w" +t(p = Id)(w)) - (¢ — 1d)(w)] dt|.

In order to compute the value of this term, we need to add some intermediate terms under the
integral. For simplicity, we use v = ¢ — Id, we have
g"(w+tv(w)) - v(w) — ¢"(w+ tv(w)) - v(w) =
9" (w+tv(w)) - [v(w) —v(W)] + [¢"(w + tv(w) — ¢" (W + tv(W))] - v(W).
The first term of this sum is bounded by
19" (w+ tv(w)) - [v(w) —v(Ww)] | < nsup|g”| x ¢ — Id| X |w— ).
F’Y

For the second term, we write:

19" (w + tv(w)) — " (W' + to(w))]

/01 (1 = 8)(w + to(w)) — s(w + to(w))ds| - |(w + tv(w)) — (W + tv)]

< nsup ‘9(3)’ X (Jw—w'| + tjo(w) — v(W")|)
F’Y

< nsup ‘g(g)’ X (14t — Id|L) |w — ']
ry

Injecting these bounds in the previous inequality, we obtain
T — Yol <

—1Id
nslgp]g”\ X \tp—fd\L+n28113p ‘g(?’)‘ X | — Id|L, x (l—i— |<p2|L) . (3.27)
v vy

Finally,

’\P_\PO‘LS ’T_TO‘L+‘¢_(I)O’L- (328)



Chapter 4

Normal form of the secular
Hamiltonian

Following our work in the three previous chapter, we can now try to determine the expression of
the unperturbed Hamiltonian to which we want to apply the KAM theorem. The degeneracy of
the Kepler Hamiltonian requires to include some terms of the perturbation into the unperturbed
Hamiltonian, to allow the frequency map to be a diffeomorphism.

In this aim, the first step consists in considering the mean of the perturbation over the fast
angles. This idea dates back to Lagrange [16] and Laplace [I7], when trying to understand the
slow motion of the ellipses in the solar system. The development in power of the eccentricities of
the perturbation depends only in terms of even powers; however it depends on the angle of the
periapses. Different computations of this series can be found in [58), 41], 144\ [18], 13}, [45]... Applying
a rotation on the Cartesian coordinates of Poincaré variables, one can remove the dependency
in g in the term of order two in eccentricities. Then, using the Birkhoff Normal Form theorem
of chapter [2| one can put the Hamiltonian under a normal form up to the order four in these
variables. Choosing to truncate this Hamiltonian at order 5 in eccentricities, the terms of higher
order can be considered as part of the perturbation for small enough eccentricities. The Kepler
Hamiltonian plus the part of the perturbation obtained by this scheme is now non-degenerate
on a specific domain (yet to be determined). A last averaging is then necessary to make the
perturbation even smaller. With this work, we are able to quantify the bound on the norm of
the final perturbation. Lastly, we determine the analyticity width for the frequencies, which is
essential to apply the KAM theorem we developed in chapter

4.1 The secular part of the perturbation expressed in eccentric-
ities

In this section, the goal is to determine a Birkhoff’s normal form up to the order four in eccen-
tricities, so as to obtain a normal form for the unperturbed Hamiltonian of order 2 in the action
variables.

4.1.1 Expression in term of the true anomaly

In order to compute the normal form of the Hamiltonian, we need to integrate the perturbation
over the fast angles, which are the mean longitudes. Therefore, we will first try to exchange the
expression of our integral over the mean anomalies [; for an integral over the true anomalies v;,
so as to make it easier to compute.
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Indeed, in terms of the true anomaly v, the distance to the star |@Q;| has the following form:

a;i(l1—e€?) A? 1—¢é?

)

|Qi| =

1+ ¢e; cosw; Ggvam% 1+ ¢; cosv;

The simplicity of this expression makes it relevant to try to integrate over the true anomalies.
However, we need to be careful with the change of variables during the integration.
Recall the relation between the true anomaly v and the eccentric anomaly wu:

14+e U
= 2arct t —
v arcan( - an(2>>,
1—e¢ v
u = 2arctan tan | = .
1+e 2

Since we aim to a BNF up to the order four in eccentricities, we need to expand every formula
on these variables. The Taylor expansion to the fourth order of the preceding formulas are:

2 3 4

v=u+esinu+ ez sin(2u) + % (3sinu + sin(3u)) + % (4sin(2u) + sin(4u)) + o(e”)
. e? . e3 . . et . . 5
u=v—esinv+ T sin(2v) — T (3sinwv + sin(3v)) + D) (4sin(2v) + sin(4v)) + o(e”)

We had chosen the Poincaré variables and hence the mean anomalies, in order to determine a
bound on the perturbation. Let us continue with this choice, and call the change of variables
between the true and the mean anomaly ®:

:T? - T
(v1,v2) = (l1,12)
Using the relation [ = u — esin u, we can give the expansion of the mean anomaly as a function
of the true one, again to the order 4 in eccentricity:
. 3e? . e et . . 5
| =v—2esinv+ e sin(2v) — 3 sin(3v) + 3 (4sin(2v) + 5sin(4v)) + o(e”)

We can now give the relation between the integral over the mean longitude and the true anomaly.
Using the function @, the fact that the function we want to integrate is 2m-periodic, and that
we have a diffeomorphism between the mean anomaly and the true anomaly (e < 1), we can
write:

/ JF(A1, A2)dA1dAs =/ [y, l2)dlydly
T2 T2
= - f(®(v1,v9)) |det @’(vl,v2)| dviduvs

The expression of the determinant of ® can be computed directly, and its Taylor expansion to
the order 4 as well:

VA=) (1= 31+ )21+ e3)?
(1 + eq cosvy)?(1 + e2 cosv2)?
3e2
= H (1 — 2e; cosv; + ;’ sin(2v;) — €3 cos(3v;)+
i=1,2

det @' (v1,v0) =

4
€;

5 (25in(20:) + 5 sin(4o;) + ofe})))
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We can now write the expression of the secular part of the perturbation:

/ Hpert (A1, A2, A, Aoy eq, €2, 91, g2)dA1dAg =

2 2 n
Ggmvulmg/ (Zan COSS( Ay 5 Ll ) X

= GgravMipg 1+ eq cosvy

A2 1— 9 —(n+1)
< 2 “2 > | det @' (vy, v9)|dvidus

472

Ggvag,ug 1+ e9 cos vy
Rearranging the terms, we obtain the formula we will be working with:

1
477_(_2/ Hpert(A17A27)\17A27617627gla92)d)\1d)\2 -

PR — )Wl/2 (1+e2)%(1 4 €2)? A" (mo +my)P ! my" "
- -7 [& e

Gora = n 2)(nr1/2) 1 2 Ag(n+1) (mo +my + mg)" Tt (momy )2t
1 (1+ egcosvg)™™

X 12 ) Pn(cos(vg —v1+g2—g1)) dvldvg + o(e ) (4.1)

(14 €1 cosvy)nt?

Depending on the context, it can be easier to work with or without the Taylor expansion in
eccentricity.

In the case of a small ratio of the semi-major axes, it can be enough to work with the first
terms of the development of the perturbation in powers of the semi-major axes. In this case,
it is simpler to integrate over other angles, namely (uj,v2), so as to work with trigonometric

polynomials of the angles only, and not with algebraic fractions. For n < 5, the computation
(consult Appendix A of [43]) gives:

471'2/ Hpert A17A27A17)\27€1762791792)d)‘1d)‘2 grav Z Anp

n>2
The formulas for n < 5 are the following:
Ay — A;ll (mo +mq)” mJ 2+ 3e?
AS (mo + mq 4+ m2)3 (momq)3 8(1 — €3)3/2
AS  (mg+mq)°? m3 15 eqea(4 + 3€3)
Ao — 21 2 _ 1
3 AS (mo + m1 + ma)?* (momq)® (mo )64 (1- )5/2 cosg
A$ (mg + ’m1)10 mat
Ay = L 2 m3 + m3
1T A (mo + ma + ma)? (m0m1)7( o)
" 9 (84 40e? + 15¢1)(2 + 3e3) + T0e2e3(2 + €2) cos(29)
1024 (1—e)7/?
A (mo+mp)t3 mi? 9 9 105
A= AR (mo +ma + m2)S (momy)? (mo =ma)(mg +mi) x g e1¢20059
" 8(8 4 20€? + bet) + (48 4 64e? + 9ei)e3 + 14e1%e3(8 4 3e?) cos(2g)

(1=eP

It is a known fact that for the even power of semi-major axis (and therefore A, for even n),
only squares of the eccentricities will appear. In case n is odd, we can see that mixed terms
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appears multiplied by the cosine of the difference between the angles of the perihelion for each
bodies, i.e. terms in efel cos(g), where g = go — g1. Since we want an unperturbed Hamiltonian
depending only on the action variables, it will be necessary to make a first change of variables to
remove this angle in the frequencies (which appears already for n = 3), and then to use a BNF
theorem to remove all the dependency in the angle of the unperturbed Hamiltonian we want to

consider.

4.1.2 Development in eccentricities

In case we need more terms than just the first five in the development in semi major axis, we
can expand the formula (4.1)) in terms of eccentricity using the Taylor expansion of ® written
above. The part of the development we are interested in is:

/ Hpere(A1, Ao, A, Xy €1, €2, 91, g2)dA1dAg =
A2n (mo + m1)3n+1 m%n+3

gmv 7;2 " 2 2(n+1) mg +mq + mg)"‘H (moml)Qn_l

An2

2 2
X (b0,0,n + b2o,ne] + bo2nes + b1 1ne1e2C08 g +
4 4 2 2 2 2 2
ba,on€] + boan€s + b220ne1€5 + b222 nefe; cos” g+

b3 1neies cos g+ b1z nerescos g+ o (e, 62)6)>

To simplify the notation, let us write:

2n+3
M _ G2 - (m() 4 m1)3n+1 m2n+
707 (g + iy + ma) L (moma)FT
A2n

n>2

We then obtain:

1
—5 /T2 Hpert (A1, A2, M1, A2, €1, €2, 91, g2)dA1dAg =

co,0 t+ 02706% + 00726% + c1,1€1€2 cos g+

4 4 2 2 22 2
cq0e] + Coa€y + C220€7€5 + €22 9€7€5 COS™ g+

C371€§)€2 cos g+ 61,36163 cosg + o((eq, 62)6).

Using the expansion we gave before, we can give the exact expression of the b;;,. Each one
corresponds to a specific term in the expansion in eccentricity of the secular Hamiltonian. The
expressions before the integration of each one of those terms for n > 2 are gathered in appendix
Each of this expression is a trigonometric polynomials depending on the angles (v1, ve, g).
These terms can be computed in the following way: using each times changes of variables to

remove the dependency in g in the Legendre polynomials, and then recurrence relations, we can
2w

put these terms under the form ¢; ;,, x / P, (cosz)dx, where t; ; , is a known constant. There

only remains to find the value of the latter integral, which is:

o 0 if n is odd

P, (cosz)dr = ¢ 2w <n

0 22n n

2
) if n is even
2
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The new formulas after integration are given by formulas in appendix and now the coeffi-
cients ¢; ; are completely known. Their formula is given by a power series of explicit coefficients
b; ; in product with a variable M,, which depends on the masses and the A;. These series are
hyper-geometric functions, and one could express their expression with special notations relative
to these functions.

4.2 Expression in symplectic coordinates

In this section, we will switch from our previous variables that are not symplectic to Poincaré co-
ordinates. Then, since KAM theorem can be applied to a Hamiltonian in action-angle variables,
we will need again to perform a change of variables.

4.2.1 From eccentricities to Poincaré Cartesian coordinates

Recall the formulas for the Poincaré coordinates & and 7, in term of the eccentricity, the A;, and

the angle of the perihelion :
&= \/ZAi (1 —/1- e%) cos(—gi),
N = \/2Ai (1 —/1— e?) sin(—g;).

The expression of the eccentricity as a function of these two variables is therefore:

2 G+ (1_§?+m2> o0 (F>2

E Ai 4Ai Ai Ai

2 2
where I'; = él% Thus:

I I;
=2 (1 g o).

3 1 1 3
INER r2rz2 rarz2

e1€ :2“1\1/\2 - 1§ 21 — 11 2§ —|—0(F2).
132 2AZA2 2A7A2

where I' = (I'1,I'2). We will not need terms of order more than 2 in I" to obtain a suitable normal
form in order to apply KAM theorem, and therefore we will not express any terms beyond this
order here.

We did not yet express the term cos g present in the Hamiltonian. Let us write:

I — &1&2 +mmne and  cosg = Ty
0 2 Ny
Hence:
Iy NI ] o'y

T3 17 T 1 3 +o(I?),
VAIA2  9aZAZ 2AZAZ
where I' = (I'1, ', 'g). The Hamiltonian can then be rewritten:

1
472

ejeacosg = 2

,/['2 Hpert(Ala A27A17 )\27 €1,€2,41, gQ)d)\ld)\Q =
do,0,0+d1,0,0I'1 + do,1,0I'2 + dop,1 0+
d2.0.0T3 + do 2,003 + do 2T i+

dy1,0T1Tg + d1 0171 0 + do 11720 + o((T)?),
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with explicit coefficient d; ;x, depending on the ¢; j. Their expression is given in appendix[A.2.1}

as well as their expansion up to the second order in (%) in appendix |A.2.2

The latter formulas make obvious the dependency of the different terms with respect to powers
of A1/As. In case the ratio of the semi-major axes is small, we can see that the main term of
each of these formulas will be a lot larger than the remainder. As well the smaller is this ratio,
the smaller will be the terms involving I'g, and therefore the difference between the angle of the
perihelia will have less impact on the motion.

4.2.2 First normal form of the secular Hamiltonian

As we would like to keep our coordinates I'; and I'y as action coordinates in our problem, it is
mandatory to remove the dependency in the angle g of the secular Hamiltonian. The first step
in this aim is to obtain the first normal form of the secular Hamiltonian. This step corresponds
to carrying out a rotation among the two sets of coordinates (£1,&2) and (n1,72) (rotation of
the same angle to have a symplectic transformation), in order to remove the linear term in I,
and hence to put the Hamiltonian into a normal form of order 1 (in I'). When performing this
transformation, we will need to be careful on the complex domains we are considering, and of a
possible loss of analyticity. Since we did not yet speak about the domains of analyticity, we will
keep this discussion for the next section.

Define the part of the Hamiltonian that interests us:

Hj p(&,m) = doo,o+diool't + doiol'2 + doo1To
Let us use the same lemma as Arnold [4]:

Lemma 4.1. Let R, be the rotation of angle —p on the couple of coordinates (&1,&) and
(?71,772), i.e.:

§1 =& cosp+ & sing
§o = =€ sinp + & cosyp

M =11 cosy + nasing
12 = =1 sing + ny cos ¢
This transformation is symplectic, and if ¢ satisfies the equation:
(dl,0,0 — dO,l,O) sin 2¢ + d0,071 cos2p =0, (4.2)

then one can write Hy p(§',1') := Ha p o Ry(&',n') = dg g0 + dy ol + do,1,00%, with:

o &
i 2
dy .0+ d dy 00— d doos
/1’070 _ 1,0,0 5 0,1,0 + 1,0,0 5 0,1,0 COS(2§0) B 0,20,1 Sln(2g0)
dy 0+ d dy 00— d doos .
6,170 _ 1,0,0 5 0,1,0  ©1,0,0 5 0,1,0 COS(QQO) + 0,20,1 Sln(2§0)

! ¢! !
Proof. Calling I'{, = W#, we can compute the values I'} for i = 1,2, 0 in the new variables

& and n;:

=TI cos? o + I sin? o + I'j sin 2¢p
[y = I} sin® ¢ + T cos? ¢ — T sin 2¢p

/ /

r r
I'yg= —?1 sin 2¢ + Ezsin2g0+f‘6 cos 2¢
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The new Hamiltonian has the form:
Hyp(&',n') = dy ol +dools + doo 1T

The coefficient d67071 is then equal to (d1,0,0 — do,1,0) sin 2¢ + dp 0,1 cos 2¢p. Choosing ¢ such that
equation (4.2)) is verified implies d6’071 = 0. The other coefficients are direct to compute. ]

Let us now come back to our case. We have di 00 — do1,0 = di1,00(1 —A1/A2). Under the
assumption Ay < Ag, this difference is strictly positive. We can see as well that dg o is strictly
negative (recall that by 1 2,41 is always negative). We are now interested in the expression of the
secular Hamiltonian that we expanded to the order 2 in I, and more precisely in the coefficients
d;, ik with ¢ + j + k = 2, the new coefficients after putting the Hamiltonian under normal form
of order 1.

To this end, define:

1

e /T2 Hypert (A1, A2, M1, Ao, €1, €2, g1, g2)dAidhe = Hi p(€,1) + o((T)?).

We have the following lemma:

Lemma 4.2. Under the assumption A1 < Ao, call

2

d —d d —d

v _toro=dioo . |, (doro—dioo (4.3)
do0,1 do 0,1

we have:

Hip(E i)+ = Hipo Ro(€ 1)
= dy,0 +di 0001 + do 1ol
+ dl2,0,0F/12 + d{),Q,OF/22 + d’0,0,211/02 (4.4)
+dy 1001 + dy 017110 + do 1 1 T5T%.
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with, for 0 <i+j+k <2:

!
dooo :dOOO,

/ 2

dip0 = (dl,o,o +v7dp,0 — Udo,o,1) ,

! 2

doao = ) + 2 (U di,0,0 +do1,0 + Udo,o,1) ,
d- d 4d 2d 2d d 3d

20,0 = 2 2,00 + U dp 20+ v dgo2 +v7d1 1,0 — vd10,1 — VAo 1,1),
d! tda.00 + doa0 + v3do o2 + vid1 10+ v3d1 o1 + vd
0,2,0 — 1 + U2 5 (Y az20,0 0,2,0 TV Q00,2 TV aA1,1,0 TV A1,0,1 T VAp,1,1 ),
' 2 2 2\2
doo2 = At 022 (41} daoo+4vidp20 + (1 —v")*dpo 2

—4U2d171,0 +2v(1 — v2)d17071 —2v(1 - ’U2)d07171) ,
1
!

diio= m (2U2d2,0,0 + 2U2d0,2,0 - 2U2d0,0,2

+(1 + U4)d171,0 + U(l - U2)d1,071 — U(l — Uz)d07171) ,
1
U

o1 = T (4vda 0,0 — 40°do 0.0 — 20(1 = 1)do 0,5

—2v(1 — U2)d1,170 + (1— 3U2)d17071 + (31)2 — U4)d0’171) ,
1
/ _ 3 2
d07171 = 7(1 n U2)2 (41) d27070 — 4Ud07270 + 21)(1 —v )d07072

+20(1 — v*)dy 10 + (30 —v)dio1 + (1 - 3v )dO,Ll)

Proof. Calling
—doop 1

L b
dioo—do1o M

we can write tan(2¢) = 1/n. It implies tan(2¢) > 0. Hence, we can choose 2¢ in [0, 7 [. Besides
we have the formula:

2tan ¢ 1
R T

Solving this second degree equation in tan ¢, we find the admissible values tan ¢ = —n=4+/1 + n2.
Since we determined that tan(2y) is positive, we keep the positive solution

2
di,00 —d di,00 —d
tan o = —p + /1 +2 = 90070010 \J 14 ( 1,0,0 0,1,0) _

—do,0,1 —dp,0,1
Therefore:
1 . v
cosp = ——, singy = ——,
7 V1402 4 V1402
1—0? 2
cos2p = v sin2¢p = v

1+ 02’
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With the previous work, we can find define the I'; with v and the I, :

1 p v? 2v

r = r It It
! +1—|—’U2 1+1—|—’U2 2+1—|—U2 0
2
v 1 2v
r, = I Iy — It
2 +1—|—’U2 1+1—|—’U2 2 140270
ro_ 20 T 20 T 1-2%,
O T 1?2 14022 1402
Injecting these formulas in the Hamiltonian H ﬁ p one obtains the result of the lemma. O

After removing the dependency in the angles of the linear part of the secular Hamiltonian,
we still have to perform the BNF. However, we will need to talk about analyticity widths to do
so. Since we did not expressed the initial sets yet, and we did not consider the loss of analyticity
width while rotating our variables, it is therefore essential to deal with these right now.

4.2.3 Domain of analyticity in terms of the new actions

In this section, we fix the initial set of the different systems of coordinates necessary in the study
of the secular Hamiltonian, and to apply KAM theorem.

The KAM theorem applies to a Hamiltonian expressed in action-anlgles coordinates, which is
the perturbation of a Hamiltonian depending only on the actions. We started with the elliptic
coordinates, and changed to Poincaré coordinates which are symplectic. The latter are composed
of 2 actions, 2 angles, and 4 Cartesian coordinates. After, we expressed our secular part of the
perturbation as a function of two actions, I'y and I's. These 2 actions will be the ones we will
be working with, together with their associate angles.

First, we deal with the change from polar coordinates to Cartesian coordinates. Secondly, we
consider the complex action-angle coordinates and study the transformation of the domains
of analyticity under this change of coordinates. Finally, we do the same work for the step
herein-before.

From real polar coordinates to real Cartesian coordinates

First, if we recall our bound on the norm of the perturbation: it gives us a domain for the two
Cartesian Poincaré coordinates. This domain is therefore the shape of our target set. The change
of coordinates, from polar coordinates (I3, Iy, 03,04) to the Poincaré variables (&1, &2, mmn2), is
the following: for ¢ =1, 2,

n; = /21280 0; 12

In the coordinates (£1,&2,m1,72), the target set is of the form &; + w; € B(0, p), for p > 0, and
fori=1,2.

Secondly, this change of variables needs to be a diffeomorphism. It is therefore compulsory to
avoid the singularity in 0 of this operation. Our domain of origin will be chosen to be an annulus
centered in 0, and of size (m, M), more precisely:

{ & = 2 2c080; 42

Dpot = {(13,14,93,04) ERZXx T2 0<m< I3, Iy < M}

Let us now come back to our transformation, and see how this annulus is transformed under
the polar to Cartesian coordinates. Call:

Y1+ Dpot — R
(I3, 14,03,04) — (§1,m1,82,7m2)
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We deduce from these two remarks that 11(Dpo) C B2(0,vV2M) x By(0,v2M), where we
grouped the coordinates (&;,7n;) and By is the ball for the euclidean norm.

From polar to Cartesian coordinates in complex variables

We wish now to consider the action-angle variables after our step of analytic continuation.
Again, the target set will be fixed, and we want to find a specified domain for our coordinates
such that after the change of variables to Cartesian coordinates and the rotation, we belong to
the target set.

The set we will consider for the action-angle coordinates is the following polydisc, for s > 0, and
0<r<m:

Epol,r,s - {(f37f4aé3aé4) S C2 X T%v 31 € R7 (137]470?”04) € DpOl :
ji < B(Ii,T), (9~Z — (91 = Zl, m < S}

After doing our changes, we want the Cartesian coordinates to be of the form:

5{ = pocosb; + g eXP(mi)
7, = posiné; + ps exp(1;)

with 0 < po < p, 0 < p; < 0/, o, B €T, fori=1,2.
Let us first consider the image of Dpol r,s by the function 1, the analytic continuation of the
function 1. The target set we want to consider is of the form:

Dcart,p,p’ = {(‘5177711527772) € C47 = (51,01771,0152,07772,0) € R4 s.t.

&0 +mio € B(0,p), |& — ol [ni — (4.5)
We have the following lemma:
Lemma 4.3. 1111( pol,r,s) C Dcartpp , with
p=V2M
(4.6)

p' = max ( 7 cosh s + v2m/(cosh s — 1), cosh s + V2M (cosh s — 1))
2m

r
2v2M
Proof. In the real case, we determined in the previous section that we could choose p = 2v/ M.
We now have to determine p’. Let (13,I4~, 03,04) € Dpory,s, there exists 0 < I1,lp < 5, 0 <
az, oy <1, (I3,14,03,04) € Dpg such that I; = I; + a; exp(10;), and 6; = 0; +l;. For i = 3,4:

|Eio — Eio| = \/2I + oy exp(10;) cos(0; + 2l;) — /2I; cos(6;

< ‘\/2.7,- + v exp(10;) cos(0; + ;) — \/21; cos(6; + ul;)

+‘ 21; cos(0; + ;) — /21, cos(b;)
< /2I;cosh; ale}f;(wl + v/2I;(coshl; — 1)

cosh s + /21[;(cosh s — 1)

2\/ﬁ
The variation with I; of the right-hand side is negative for I; sufficiently small, and then becomes
positive. Since we are interested in an upper-bound of yg}_g — &—2|, we fix the upper bound as
the maximum of the values of the right member for I; = m and I; = M, thus the choice for p'.
The result is the same for |7;_o — 1;—2|, since converting the cosine to a sine does not affect the
calculation. O
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First normal form in real coordinates

We would like to perform the rotation of the coordinates (1,71, &2,72), as done in the previous
section. Let ¢ € [0, 27]:

§1 = +Ecosp + Eysing
{2 = —&ysinp + & cosyp

N1 = +1] cos ¢ + N sin ¢
N2 = _77/1 Sin@"’ﬁé COS @

Let us call ¥ : R* — R* this application. Our aim is to find a condition on an initial set of the
form B3(0, p1) x B2(0, p1) such that its image by v, is contained into a set Bo(0, p) x Ba(0, p).

Lemma 4.4. Let p1 > 0 and p = /2p,. We have:

P2(B2(0, p1) x B2(0,p1)) C Ba(0,p) x Ba(0, p).
Proof. Indeed:

€1 + i |* = |€1 cos ¢ — Easingp + 1( cos p — nasin )|
= |(& +n}) cos? @ + (&5 + m) sin” ¢ — 26162 + mne) cos sin |
< ‘p% cos? p+ p% sin? p+ 2/)% cos (p sin (p‘
< |p1 cos ¢ + pysing|’
< p? |cos p + sing|? < 2p?
O

The rotation we made was not a classical rotation on the conjugated variables, that is why
there is a loss of information while performing it. It concerns only the two couples of coordinates
(&1,&2) and (n1,7m2). However, it could be possible to obtain a better estimate if we were to know
precisely the value of . As an example, for ¢ = 0, the rotation has no effect and our estimation
would not be optimal. A loss of a factor v/2 will not worry us here, and will be sufficient in our
case.

First normal form in complex variables

We now have to perform the rotation in order to obtain the new coordinates (&}, 71, &5,n5), and

to find a value of p/ depending on the value of some p} defining the initial set. Define ¥ the
analytic continuation of ¢2. We have the following lemma:

Lemma 4.5. Let p1,p} >0, and p = \2p1, p = V2p,. Then:

(> (Dcart,pl N4 ) - Dcart,p,p’

Proof. The value of p follows from the previous lemma in real coordinates. Now consider
(&1,m1,&2,m2) of the following form:

& = &io + Biexp(e0;)
ni = Mo + i exp(10;)

with & o+ wmio € B(0,p1), and 0 < ;,v; < py. We have, for ¢ € [0, 27]:

& =& pcosp+ Erpsing + B exp(i0;) cosp — Ba exp(162) sin ¢
= &) o+ B1exp(101) cos p — P2 exp(1f2) sin g,
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where £} 5 € B(0, p). Hence:

161 — €10l < P cos ] + [ sinp])

<V2p,.
The upper bound holds for &, 11,72, and we fix p/ = \@p’l, thus the lemma. ]

The remark at the end of the previous section still holds here. Depending on the value of ¢
it is possible to be optimal, but we will not try to further improve this constant.

4.3 Secular Hamiltonian in Birkhoff’s normal form

In the previous section, we removed the dependency in the angles of the secular Hamiltonian
up to the order 2 in eccentricities (or up to the order 1 in I'}). Moreover, in order to apply the
KAM theorem, it is necessary removing this dependency up to the order 4. This will be done
by putting the Hamiltonian in a BNF at the required order.

Here, we perform one step of the transformation described in chapter [2] to eliminate the terms in
I';T'; depending on the angles with the help of a symplectomorphism. For the terms of order more
than 4 in eccentricities, we show later on that one can consider them as part of the perturbation,
and therefore we do not try to put our Hamiltonian under BNF at a higher order.

4.3.1 Isolation of the removable terms
To start our reflection, we need to go back to the formalism of Birkhoff’s normal form. Recall
the definition of the variables (z1, 29,3, 24) € C*, we have for i = 1,2:

xri = \2(&" + ;)

1
Tito = ﬁ(né +1&;)

Expressing the variables (£/, 7)) in terms of the x; gives:

1
&= \ﬁ(l‘i — 1Ti42)

1
= 75 (Tipe — 1)
V2

We deduce the following formulas for I'j), '}, 'y, and for their products:

I = —xqx3, F/12 = —x%x%

Iy = —1womy, FIQ = —x322

Iy = —u(xgwy + v1274), Fg = f:vgzv% — 221% — 22 Tox314

Ffjfll = —a:1a:gx§ — x%zgm, F() '2 = —a:%xgm — xlxgm?l

F’1F’2 = —X1X2X3T4
Note that we can write I'? = —z32% — 2327 + 2I'\T". The secular Hamiltonian up to the order

in eccentricities can then be written as follows:

A !/ U ! !
H4,D(f ) = do,o,o - Zd1,o,o$1903 - Zdo,1,0932x4
/ 2.2 ! 2.2 ! !
— dy 0 0®1%3 + dy o g ToTy — (dl,l,o + 2610,(),2)95136296'3304
' 2 2 ' 2 2 / 2 ' 2
— Qg,0,2T2%3 — d0,0,2331954 - d1,0,1$1$2$3 - d1,0,13¢1$3$4

- d/0,1,1$§953334 - d/o,1,1iﬁ1w2wi + 0(3«"5), (4.7)
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where the first line corresponds to the linear terms, the second to the terms that are not remov-
able with the Birkhoff’s normal form, and the third and fourth line are the terms we are able to
remove with our transformation.

Indeed, recall that the set of powers for © = (z1, x9, x3,z4) that are removable with our trans-
formation is the following:

By = {(ilaiQ,i&M) € N%, iy +ig +ig +iq =4, (i1,i2) # (i37i4)}

The last notation that we will need was (((a1,a2), (i1,42,13,74))) = a1(is — i1) + aa(ig — i2).
Calling the different parts of our Hamiltonian in the following way:

! !
Hy(z) = —ud] o o173 — udp  nT2T4,

1 ! 2,.2 ! 2,.2 U !
H*(z) = d2,0,0331$3 + d0,2,0332954 - (d1,1,0 + 2do,o,2)$1$2$35€4,

(4.8)
H”(x) = _d6,0,295%33§ - df),o,ﬂ%x?; - d/1,0,15‘71$233§ - d/1,0,137%953334
—dﬁ)’lylw%mu — dg}l,lxlxgxi,
the secular Hamiltonian is given by
Hp(&n') = dig o+ Ha(x) + H () + Hl(2) + o(2”). (4.9)

We can now apply the corollary since we know the expression of the Hamiltonian we are
working on.

Let us call di = (djp,dp 1), we need to consider the supremum of the different values
|} 1.,/ {{d1,4))| for i in the set Baa.

i € Byy ((d1,1)) Coeflicient to remove

!
0,0,2

2(d4 00 — do.1.0)
—2(d 00 — do.1,0) dp 0.2
!

!
dio1

( )

( )

( ) )

(27 07 17 1) — (dll,0,0 — d6 1,0) /1,0 1
( )| )

( )| = )

!

0,1,1

!
do.11

As we can see in the previous table, there will be only three coefficients to take into account.
Let us call a the maximum of these coefficients, 7.e.:
) . (4.10)

B 1

a=max | 5
The last element we need is the domain on which the x are defined. In this section, to apply the
theorem we developed before, we assume that the variables are real. Therefore, it is sufficient to
consider that the initial analyticity width of our domain is zero. In the present case, for i = 1, 2,
we have x; = (& +m))/v/2, and x; 19 = (1} +1£])/v/2. The supremum norm of z is then bounded
by p.
On the set Dy 0,500, We already calculated an upper bound of the secular Hamiltonian. Let us
call HHZ{L\,DHDAO,O,;},O,O < € this bound.
Knowing that our operation needs to remove only 6 terms, we define

! ! !
0,0,2 1,0,1 0,1,1

) I

! !
1,00 — 90,10

! ! ! !
dio0 = doa0| [d1,00— 90,10

TE=p— 24p3ar.

Then there exists an analytic transformation 7 : B(0,7f) — B(0, p), and such that H. QD oT
is under normal form to the order 4, and ||H£D o T||DA070’Tf70,O < €. To make the computation
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clearer, we did not consider here the change of variables from the Cartesian coordinates to the
x;, we will take care of this transformation in the next section.
To simplify the calculations, we can make one more assumption:

1

<
P= 48c

:

In this case, we can take r; = £, we will have lost half of the size of our initial set after the
operation.

4.3.2 Birkhoff’s normal form in complex coordinates

In the previous part, we applied the BNF theorem to real variables, and assumed the coefficients
of the perturbation were real. In our case, we would like to consider this operation on a set of
complex coordinates, and to determine the loss of analyticity width while doing the transforma-
tion above.

First, notice that the theorem on BNF can be applied in the complex case, since the trans-
formation we applied is real analytic. Therefore, we can take the analytic continuation of this
operation, that we will call 7. Moreover, the constant we found in the theorem will be left
unchanged after this step. Indeed, the norms we were considering were based on the absolute
value in R, and changing this absolute value to a modulus does not affect the statements. The
only thing we need to be worry about is the initial set for the variables z;, for 1 <7 < 4.

Let us now call f the following transformation:

f:Ct—=ct
(&1,m, &2, m2) > (21, 22, T3, 1),

where the x; are defined by the formulas:

T = 7(51 + ;)

Tiyo = \}5(% +1&7)
The application f is clearly symplectic, and analytic on C*. The transformation we want to
apply to our Hamiltonian H, ﬁ p is then f~' o 7o f. Finally, we need to apply our function o
to have a symplectic application from an initial set of action-angle coordinates, into a set on
which we can calculate an upper bound of the Hamiltonian perturbation. Therefore, the final
application we want to consider is the following one:

A=1ipofltofofoiy (4.11)

We now have to determine the target set of the set Dpol rs by the symplectic application A.
Let 0 < m < M and r,s > 0 define the initial set Dpol r,s- Using lemmas and . we derive
the following lemma:

Lemma 4.6. Define:

p=2vVM

/

-
N 16?717%}1\(;4} <2\/§l

~1
If p+2p < (2\/4804) , where « is defined in (4.10)), then we have:

cosh s + v/2I(cosh s — 1)>

A(Dpol,r,s) C Dcart,4\/§(p+2p’)72\/§p+5\/§p’ (412)
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Proof. From lemma we know that ¥1(Dporrs) C Deartpp- By definition of f, we easily
obtain that for i € [1,4], |z;| < p+ 2p’. The transformation 7 takes the set B(0,7¢), where
r¢ = p+2p here, and sends it into the set B(0, ), where ry =19 — 24r3 . We already noticed
that if rp < v/48a, we have 7(B(0,70/2)) C B(0,70). Choosing rq such that 2(p+2p') = rg, and
under the assumption in the lemma we have

F(B(0,p+2p") € B(0,2p + 4p').
From the BNF theorem, we also now that 7 = Id + v, where
v:B(0,r0/2) — B(0,79/2).
Therefore, writing (2, 25, 25, ) = 7(x1, 2, x3, x4), we have, for i € [1,4]:

i = x; + (v(w:))i

(o)l < 3

In this case, the bound on v is so large that we will suffer a great loss of information. Surely,
when we will apply f~1, it is not clear what will happen to the real variables & o or 70, and to
the "complex part" taken in the polydisc around the real variables. Without being optimal, we
have:

fil : B(O, 2p+ 4PI) - Dcart74(p+2p’),2p+5p/

Indeed, adding the loss of analyticity to each coordinates (&1, 11, €2, 72) makes the result straight-
forward. For instance, if we consider & = 7o cos(f) + r1 exp(:6;) (the real part and the part in
the polydisc) and n; = rosin(f) + ro exp(16;), the new variables & and 7, verify:

We deduce that we can take &, + ;o € B(0,4(p + 2p')). Now for each of these variables, the
part in the polydisc has been changed by at most 2p + 4p" as well. Thus, the target set can be
chosen as stated.

Finally, with lemma we know that ¥9(Dart a(p+20'),20+5p) C D ot av/3(pt20) V3(2p45p) T RIS
ends to prove the lemma.

When applying the transformation A, we lost a lot of information regarding the sets D g+
Indeed, the width p and p’ have been mixed up, because the norm of the transformation 7 was
large compared to the initial analyticity width. We notice here that for a choice of p sufficiently
small, the effect on the bound of the perturbation is very small and we will therefore get along
with this mixing of the coordinates.

4.4 The final Hamiltonian

4.4.1 Unperturbed Hamiltonian and perturbation

In this section, we will make explicit the new form of our Hamiltonian, that will be composed
of two main parts: the first part will be the unperturbed Hamiltonian, the second one the
perturbation. In the lights of our previous work, we can construct the unperturbed Hamiltonian
as follows.

The initial Hamiltonian H is composed of a Kepler part and of the gravitational interaction
of the two planets (in Jacobi’s coordinates). Decompose the gravitational interaction into the
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secular part Efpert (not depending on the fast angles), and the non-secular part I:Ipeﬁ. Applying
the function 9 to the secular part, it can be expressed under the form:

Hpert 0122 = HZ,D ‘|‘I'I4L +Hﬂ + HZG

When applying the function A in the whole space, one needs to be careful. Indeed, the symplectic
diffeomorphism A is parametrized by the value A (and independent of the angle A). Hence, when
lifting this function to the space of the (A, A, I, 6), it will create a component modifying the angles
A. In order to be able to perform this transformation, we have to verify one more hypothesis,
and it will result in a loss of analyticity among the angles A. Yet, this symplectomorphism does
not affect the variables A, leaving unchanged the Kepler Hamiltonian:

Hoy = Hrcep + Hop othy + Hi o4y
Pl :I:Ipe’rtoA_HZDoq;l _Hzf_o&lv
and we have:

HoA=Hyy+ P+ Hyerp 0 A

Now apply the transformation ¢, described in the chapter [2|so as to make the term ﬂpert oA
even smaller. Again, when lifting this symplectomorphism to the complete set of variables, since
the variables (£, n) appeared as parameter of the Hamiltonian generating the transformation, the
latter will change the variables (¢,7n). This implies a loss of analyticity over these coordinates,
as well as another hypothesis. We define:

Py = (HO,l + ﬁpert o A) o 803(1 - HO,l,
and our Hamiltonian will be:
HOAOSOB(,I :H(]’l"—P]_OQOS(l.‘f‘PQ

In fact, considering only one transformation ¢, will not be enough, and we will need to apply

2 more times this scheme. Define P, the integral over the fast angle of P», and its remainder
P,. The average Hamiltonian P, depends on the angle g, and is not under normal form. Since
we do not know its form, we want to get rid of its dependence in this angle. P, being a part of
the perturbation, it is made of a constant part, plus even powers of the eccentricities. Calling
y = (y1,y2,93,y4) = (£1,m1, &2, m2), we can therefore decompose P, in this way:

_ _ 1 _
Py(A,y) = Poo(A) + /O Oy Pa(A, ty) - y2(1 — t)dt,

where 0y, Py(A, ty) is a 4 x 4 matrix representing the second derivative of P, with respect to the
yi- Considering small enough eccentricities, one can make the term under the integral as small
as wanted, hence considered as part of the perturbation. Let Ry = P» — P>, and

Hoo = Ho1 + Pap.
Hence, the Hamiltonian is now:
HoAogS, =Hya+ Progk, +Ry+ Py

We can apply again a transformation ¢%, to the Hamiltonian such that it makes the part Py

even smaller (by solving the cohomological equations {Hp 2, G} = Py). After this operation, we
have

Ho Ao, o¢%, =Hya+ Piroy%, opk, +Raopk, + Ps.
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In the exact same way, we will reproduce the scheme we have just done. Hence, define Ps, P3,
R3 = P3 — P53 the unperturbed Hamiltonian

Ho3 = Hoo + Ps,

and the transformation ¢, . Let us call
3

€ € € €
PX = ¥x; OPx, ©PXx5

and the Hamiltonian is now:
HoAogS = Hys+ Pro¢k + Ry o v, o9, + R30 ¢S, + P (4.13)

In our version of the KAM theorem, we considered the perturbation of a linear Hamiltonian.
Since Hp 1 is not already linear, we had to divide it again into two terms, a linear one and a
non-linear one.

Basically, it consisted in a Taylor expansion at the order 2 in the actions, so as to express the
unperturbed Hamiltonian as a sum of a linear part, and a remainder. The remainder, of order
2 in the actions will be small enough to be considered as a part of the perturbation.

Let p = (A1, Ao, I3, I4) be the vector of the actions, and py be a specific vector in the initial set
(yet to be described). We can write p = pg + I', with I’ close to 0, and expand the Hamiltonian
around the vector pg. We have:

1 ’
Ho3(p) = Hoz3(po) + Hp3(po) - I' +/0 (1—t)Hg 3(pe) - 1 %dt,
where p; = pg + tI'. Therefore, let H,;(I',po) = fol(l —t)Hy 5(pt) - I'2dt, and
Hy(I',po) = Hos(po) + Ho 5(po) - I'.

The Hamiltonian under its final form is the following one:

HoAoyS =H; + P (4.14)
= H; + Pyoyk + Rao ¢, ok, + R30S, + Pu+ Hyy

4.4.2 Bound on the norm of the perturbation

After determining precisely the different parts of the final perturbation, we can now bound it
more explicitly. More precisely, we are going to bound each of its parts separately, with the
work previously done.

To this end, let (Ag1,Ag2,m, M) € (R)4, represent the initial condition of our system. Now
let 0 < rq,719,81, 82 be the analyticity width of the four action-angle variables, defined in the
following domains: the two first action-angle variables (Aj, A2, A1, A2) take their values in the
domain By, (r1,s1), where

BAO(T1,81> = {(A, )\) S C2 X T2,jrerﬁfi)§]] |Aj — A()J" < rl?jrerﬁfli,);]] ’%)\]’ < 81} )

the other action-angle variables will be in the set (I3, Iy, 603,604) € ﬁpolmm.
We will consider thereafter that p and p’ verify the assumption
p+2p < (2V48a) L.
Now define the constants p, p’ as in lemma and (for the sake of simplicity):

po = 4v2(p + 2p")
{ pg =2v2p +5v2p (4.15)

Finally, define the norm || - ||, 7.5, s the supremum over the set Ba,(r1,51) X Dpolry.so-
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Additional hypotheses for the lift of symplectomorphism

As said before, we consider the lifts of the four symplectomorphisms we are using: A, o5, %,
and ¢%,. Each of these transformations induces a drift over the direction of the variables that
where seen as parameters before. As an example, consider the function ¢, which transformed
the variables A and A, for a fixed value of (I3, 1y,60s,04). It is generated by a Hamiltonian
GI3.14.05,0.(A, A).  When considering the lift of this Hamiltonian to our space of 8 complex
variables, we consider the Hamiltonian G(A, A, I3, I4,03,0,) instead. Hence, the vector field
associated to it is in 8 dimensions instead of 4. To control the relation between the size of a
domain and its image by the time-one map of the vector field, we require that we lose half of
our analyticity widths when applying ¢%,. The hypotheses of @ ensures that it is true in the
directions of the variables A and A. It is therefore necessary to make further assumptions for the
other variables, using the formula of the minimum escape time derived in lemma[2.13] Regarding
the transformation A, the same reasoning on the polynomial P generating the transformation
leads to the necessity of satisfying another hypothesis. However, this time, the polynomial P is
independent of the variable A\, and hence it leaves the variable A unchanged. Considering that
before applying A we have an analyticity width s; for the variable A, we want to lose only half
of our analyticity width for this angle.

In lemma [2.5] we wanted the minimum escape time to satisfy:

- 0
t> :
~ I Xpll(RA+6)m!

The polynomial P now depends in the variable A, in the following way:

P(z)= Y Bmi(d)’

’LeAm,n

It is straightforward to see that the extra hypothesis that needs to be satisfied is

t< 51
T 2)icAmn B, i (M) B(Ag,r) (B + §)m’

(4.16)

where B(Ag,r) is the the usual ball. Letting ¢ = 1, the assumption we consider is then:

2 > 1108 Bmi (M B(agm) (po + p0)* < s1

ZEAm,n

The computation of a bound on the derivatives of 3,,; can be done in two different ways. The
expression of these terms is explicit, hence one can compute it directly using their formula and
then bound it. Another solution is to use Cauchy’s inequality, though it is less optimal and could
change artificially the validity of the previous inequation. It nevertheless eases the computation.
Regarding the transformations ¢f%., we divide our analyticity widths each time by 2. The
additional assumption on ¢, is:

51282

€X HHpeﬁ © AHT1781/277‘2782 =7 21252 °

This hypothesis, together with all the hypotheses of ensures that we have a function 5,
that is well defined on the previous set and such that:

903(1 (BAo (T1/27 ‘91/4) X Epol,r2/2,sg/2) C BAO (Tla 51/2) X Ep0l77”2752'

For the transformations ¢, and ¢%,, we will deal with them in the next paragraph, where we
gather all the definitions necessary to express them explicitly.
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Bound on the non-secular part

First, we are going to bound the part Pj of the perturbation. This bound can be determined
with the help of the scheme developed in chapter Instead of using directly the corollary
we use the iterated one, after 3 steps (at the end of chapter . Consider the Hamiltonian
Hy1 + Hpert © A, we apply the scheme to find a function ¢% such that P, becomes smaller. We
observe that:

Hﬁpert oA

< Hﬁpert

r1,51/2,r2,52 DAO,rl,pO,p6,31

Define the following elements iteratively:

wl=

KQ S " 7 y
lry,s1/2,r2,82
6 10
e =g | er] (5 e )+
- er
7%3? P 'DAOvrlva’péxsl llre,s1/2,m2,82 0 T l,r1,81/2,r2,82
Kos ~
2 291
32K exp (— 3 HHpert o ,
A07T17P0796,S1
2 1
Kg’gmm ~ 7 , i ,
1 ‘ HO 1 16 HP2H7‘1/2,81/4,T2,82
llry,s1/2,r2,82
214 1010 25 I 28 Kssy
e =5 | ||HE. = || 5.4 + e | +32KZ exp [ — e,
v-s7 llry,s1/2,r2,82 1 llr,s1/2r2,52 T 10
8y 1Y 1Y
K <min
4 = 1 ' 56 ) o7 )
7“1‘}¥01 2 HP2HT1/2,81/4,T2,82 2 |’P3H7"1/8781/8,7“2,82
lry,s1/2,r2,82

222 1010 27 210
. 2 " /
o= | |5 = | + 5 (e2+e3) |+
’}/28? 3 0,1 71,81/2,72,82 71 0.1 1,r1,81/2,r2,82 T% ( )

K
32K73 exp (— 24;1) €3.

Proposition 4.7. Under the assumption that Hpers is analytic on the set DAo,rl,po,p’o,su that
there exists Iy € B(r1/32,51/16), such that Hy,(Io) € D(7,2), and that the following assump-
tions are verified:

3 2
, r18] Yresis
pert| < min (ry 191 2% 2) , 25K exp(—2K3s1/5) < 1,
AQT1,P05P()51

25.10°7 24,104

2°K2 exp(—K3s1/5) < 1,

’)/7“18‘? ’}/7"28%82
2111057 29.10¢ |~

€2 < min (

25K? exp(—K4s1/10) < 1,

’yﬁs:f ")’7'25%32
2171057 214,104 |~

€3 < min(
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there exists a symplectic map ¢S : B(r1/32,s1/16) X Dpolmz/&@/g — B(r1,81/2) % [)pol,,nQ,SQ,
and the following bounds hold:

||P2”7‘1/2,51/4,7‘2/2,82/2 S €2,
||P3”T1/8781/8,T2/4752/4 < €3,

||P4”7«1/32,31/16,7«2/8,@/8 < &.

Bound on the remainder of the BNF

We will be concerned in this part on the bound of P; o ¢5. First, let us bound the term Py
of the perturbation. To perform the BNF, we needed to consider the flow of the application
associated to the vector field Xp, where P is the following polynomial:

p:Cc'—cC
(21,22, T3, 24) — a1 (x3235 — 2323) + ag(wi2003 — 23x314) + az(wirzazy — v10927)
with

! ! !
0,0,2 1,0,1 0,1,1

a; = 7 7 , Gy = , az =
2(di 0 —dpq )

(4.17)

/ — / —d :
1,0,0 0,1,0 1,0,0 0,1,0

Define:

C1 =28 (2]laull,, 5, +3llazll,, o, +3llasll,, ., ) %
g

25 (2[laall,, 5, + 3 llall,, o, +3llasll,, ) ¥

d

We have the following result:

3|1

+3]

) , (4.18)
T1,51

/ !
0,0,2 0,1,1

T1,8 71,51

Co

+2]

+|

+2‘

/ / ! !
da,0,0 do 2,0 1,1,0 do,0,2

ml) L 1)

71,51 71,51 71,51

Proposition 4.8. Let r1,s1,r2,50 > 0, define p and p’ as in lemma (with r = ry and
s = s2/2), and po, py as in equation ({A.15). If Hpers is analytic on the set Do r1,p0p s1 With
p >0, and that it satisfies the hypotheses:

p+2p < (2v48a)7,
A([10a, a1l B(ro,r1) + 198,021l B(rg,r1) + 108,030 B(Ag,r)) (PO + £0)! < 51,
then, on the set By,(r1/32,51/8) X ]jpolm/&@/g, the following bound holds:

. 96 x 77
P10 05 lry /32,51 /16,7/8,52/8 < <01 +C2 + 5 | Hp

) 20ty

ert”
DAom17po,p’0+u781

Proof. : We can consider the term P;, on the set By, (r1,s1/2) X l~)p017r2782. The composition
with the function ¢ will make the estimate hold on the wanted set.

The transformation 7 is the flow 7¢ associated to the vector field Xp for ¢t = 1. Notice that
each a; here depends on the variables Aj, Ay, we will denote by ||a;||r, s, their supremum bound
on the domain Ba,(r1,s1). Considering as well ||z|| the supremum bound of (x1,z2,z3,24) on
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the domain of definition (that we will determine further), we can bound the derivative of the

polynomial by:

3
0:P| < 2lasll,, 5, +3llazll,, 5 +3lasll,, o) =]

71,51 1,81 T‘l,Sl)

Now let us express explicitly the terms we are dealing with:
Hyert 0 tha o f' o1 =(Hyp s +Hi:f +HJ7J« + H>gp)oT
1
= HQ,D’f + {HQ,DJL‘,P} +/0 (1 - t) {{HQ’DJ,P},P} o Tt dt
1
+ Hiy +/ {Hiy Phor' dt
bl 0 b

I g ;
+H), +/0 {m], Plort at
+H26,f07-

where we defined Hy ; = Hy o f ~! to make the formulas clearer.

The polynomial P was constructed so as to have {Hs p, P} = —H JJ. Thus, we have:
_ - 1
Hypert 0 g 0 f_l oT—Hypy— H‘f:f :/0 {(1 —1) {H2’D’f’ P}+ Hﬂif’ P} or' di
1
—|—/ {Hsz,P}OTtdt+H>6fOT
0 5 — Y
Using again the construction of P, we have:
' H Loyl
/ {(0=) {Ho,p s, P} + H} ;, Phor! dt = / t{H;, Phor' dt
0 ’ 0 ’
Composing the secular part of the perturbation by f on both side, we obtain:
— 1 || ~
Hpert o A — Hyq :/0 t{H4’f,P} otto foy dt
1 _ -
+/ {Hiy PYortofodydit Hagporofod
0
This explicit equation gives three terms to bound:
1 ! -
Ry :/ t{H4f,P} otlo for) dt
0, ’
Ry :/ {Hi‘f,P} orlo fody dt
0 bl

RSZHZ&J’OTOJCO”LEI

(4.20)

(4.21)

Given the definition of the terms HAltlf and Hi:f in the coordinates (z1,z2,z3,z4) in (4.8]), we

can bound their derivatives by:

! !
+3 Hd1,0,1 doq1

OuH | < (2 |6.0,2

+3|

3
) Iz
1,51

3
+2’ 6,0,2HT )Hx\
1,51

1,51 71,51

/
1,1,0

aiHi:f‘ < (2 Hdé,o,o 02,0

+2‘

+|

1,81 71,51 71,81
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With these bounds, we can calculate the bounds on R; and Ry on the domain of definition:

dt

r1,51/2,r2,52

1Bull s < [ 8B P oo 70
S/Ol {Hﬂf,P}OTtof
< [ |zl P}
§/01 {m],, P}

< |{#i, 7}
B 2 71,51,8(0,2p0+4p()

< C1 (po+20h)°, (4.22)

dt

T1,81/27Dcwt,p07p6

7"1731/273(07,00+2/76)

r1,51,8(0,2p0+4p()

The constant 2% in the formula of Cy comes from the fact that (2po + 4p{)® = 2%(po + 2p()% and
from the fact that we have 4 term in the Poisson bracket. For the same reason, we have:

6
1Rzl 5, /2,005, < C2 (o +2p) (4.23)

The last term cannot be bounded in the same way. Indeed, we do not know explicitly the
different terms appearing in this part of the Hamiltonian. Though, we know that they are at
least of order 6 in eccentricity so we can derive a bound on its norm using Taylor’s theorem
and Cauchy’s inequalities for an analytic function. Since the transformation s is linear, we can
write:

HR3H1”1751/2’7-2’82 - HHZG’](‘ oTO f o QZI
= [[H>6 0 A

71,81/2,72,52

71,51/2,72,52

=||H
H ZGHDAO»Tlvﬂo’PfySl

We will therefore use a Taylor theorem, for a function of 4 variables (&1, &2, 71, 72), and evaluate
its remainder at the order 6. The variables & and n; belong to the set Dy . p0.) and they
can be bounded by pg + pj. We have

HR3HT1,81/2’F2,82 - Z ( u

»S17

aBHpert

,8'

|B|=6 Dhg.r1, P0PS1

(po + p) ) ,

where 8 = (B1, B2, B3, 81) € N*, |B] = B1+ Ba+ B3+ B4 = 6, and ! = S1!5:!03!64!. We can
bound the derivative using Cauchy’s inequality. The terms 3! then cancel, we are left with:

[ 6
HR3HT’1,81/2,T2782 S Z HaﬁHpeTt D (po + po)
= AQ,71,P0P) 51
|B|=6 0
6
< Z HaﬂHpertHDA (po+ pp)
71
|B8|=6
< — |0 H. 76
o Z 6 ” A pert”DAoﬂ‘Lﬂo’p{)-&-M,Sl (,00+P0)
|B8|=6
< 37 | Hyert| <90+p6>6
aZs | Thoreedten \ o p
6
po+p6>
< &4 |H 7 T Fo
=~ H pe’rtHDAOlevPOvP{)"’#vSl < M

This estimate, with the definition of py and pf), completes the proof. O
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Only the estimate on the part of order at least 6 in eccentricities suffers a loss of analyticity,
the other part being defined explicitly.
Bounds on the remainders of the transitional Hamiltonian P,

We are interested in bounding the terms R o ¢, o 9%, and R3 o ¢, .

Proposition 4.9. Under the assumptions of proposition and that the Hamiltonian Hpert is

analytic on the set DAO,T1,po,p6+,u,81’ then we have the estimates:

2
HRO € o € H < 4 M
290¥X;5 ©PX;sllr /32,51 /16,10 /8,50 /8 = *€2 [ )

200\ 2
463(0()-1‘%) .
7

Proof. Using the definition of these variables, and the Cauchy’s estimate on the second derivative
of P, with respect to the variables y;, the proof is straightforward. O

HR3 o 903(3 ||T1/32,sl/16,r2/8,sz/8 =

Bound on the remainder of the Taylor expansion

We are interested in bounding the norm of H,;. In this aim, we will simply do a classical
estimate on the remainder of a Taylor expansion, though taking into account the special form
of the Hamiltonian Hy 3.

We have

Hos = Hrcep + Hap othy + Hi o)1 + Pag + Pyy.
Moreover, the application 1; takes the four actions in the set B, (71,51) % Epol,rzm into the
set Deart, Ag,r1,p,0,s1- At the moment, we still use different 1 and 7o as analyticity widths when
trying to estimate the rests. Though, since Hg), is much larger than the perturbation, and that

we need to have H Kepr% ~ €2, we will need to fix a smaller value of r;. Define a new analyticity
width ' < min(ry/32,7r2/8). We have

BAO (r/’ 51) X Dpol,r’,SQ C BAO (7"1, 51) X Dpol,rg,sz

~ , ~ ~
¢1 (BAO (7’ 731) X Dpol,r’,sz) C Dcart,Ag,m,p,p’,sy
We have the proposition:

Proposition 4.10. Assume Hy 3 is defined as before, and analytic on the domain
Deart ho,ri,ppt,s1- Assume that it verifies the assumptions of proposition . Call

(Hiep(p)).

D1 = max sup ,
X

=12 PEBA,(T1,81)

(oo + 1) 03

"
Dy = max
1<i,j<4 .

2y

T1,81,72,52
We have the inequality:
€2 + €3 2
Hyllo oo o < | D1 +8Dy+ 16 re. 4.24
H anT ,81,7",82 < 1 2 (min(T1/32, 7"2/8) o r,)?) ( )

Proof. The proof is straightforward: one has to compute every term of the Hamiltonian H,;
by considering the Taylor expansion of order 2 of each terms, and eventually using Cauchy’s
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inequality.
First:

1 ’
Holl'spo) = [ (L= O Hy(p) - 1241

The Kepler Hamiltonian not depending on the two last actions, and its Hessian being diagonal,
a bound for the first term is:
) T/2 — Dlr/Q

1 !/
| 0= Hy o) - 1t

We will just recall the formulas for the two Hamiltonian Hs p and H. i‘, their second derivative
being too long to express explicitly here. Recall that the constants d; ;, depend on the variables
A;. We have:

Feep(P)).

i)

/,81,r7,82 =12 PEBA(T1,51)

< max ( sup

<H2,D + Hf) o1 (A1, Ao, I3, Iy) =dg 00— d100l3 — dy ol
+dyo0l3 + dogoli + (1,0 + 2dg02) 1314

The terms implied in the Hessian of the latter function will roughly be of the same order, and
therefore we can bound them as follows:

1 ~ A\ ’
/ (=) ((Hop + HE) o) () - Tt < 8Dy,
0

71,51,72,52

where the factor 8 comes from the number of terms coming from the matrix times the integration
factor % As for the terms P and P3, using Cauchy’s inequality gives the result directly. [

Final bound on an isotropic domain

After bounding the different terms of the perturbation, we can now fix our analyticity width,
while setting the analyticity width necessary on the perturbation to evaluate those terms.
Since our KAM theorem is isotropic in the actions, and in the angles, we wish to fix ' = 4ry
and s1 = 259, S0 as to have 1/ /32 = ro/8 and s1/16 = s2/8. This assumption is required to make
the domain isotropic on the actions and the angles when applying the KAM theorem. Now,
the requirements of propositions [4.7] and are satisfied if we suppose that for some
p > 0, Hpers is analytic on DAO7T17p0796+H751. The assumptions then need to be checked one by
one, using the construction of Ko, eo, K3, €3, K4, €4.

The perturbation we will consider will, under all the assumptions made, be of size

+ 20\ ° + 200\ 2 o2 N2
e=e+ S (poﬂpo) +4(62+63)<<poup0> +4( ,> +(D1—|—8D2)( ,>

rn—r ry—r

on the set DAo,r’,po,p{),sp with

96 x 77
Sl — Cl + 02 + T ||HpertH7_)

A.r1,P0,P 1551

The transformation is then defined on the set By, (71/32,51/16) x DPOZ’T1/32’81/16. After com-
puting this sum, if it satisfies the KAM assumptions, then one can apply KAM theorem to the
Hamiltonian Hy 3 + P.

There remains still one value to compute, that is the analyticity width in the frequencies.
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4.5 Analyticity width in the frequencies

4.5.1 Upper bound of the analyticity width

In this section, we wish to find the analyticity width in frequencies, ie the value of A in our
KAM theorem. Assume that the perturbation is analytic on the domain By, (rf,sf) X ]jpol,rf,sf
with rg, sy > 0 (for instance ry = r1/32 and sy = s1/16). Recall that the frequency vector is
defined in the following way:

W = H6,3(p)7

where (p,0) belongs to the set By (rf,sf) x [)polmf’sf, in order to be defined. Let us cut the
analyticity width 7, in three parts: first consider the set

Q= {w € R", 3(p,0) € By, (Z, 3f> X Dpol’rf/zl,sf such that w = H(’]’g(p)} (4.25)

This set will be the initial set of frequencies. More precisely, we will consider the set of frequencies
I'y = QN D(v,7), the frequencies in the set  that verify the Diophantine condition with
constants v and 7. Now, recall the definition of the set of frequencies with analyticity width h:

Qz = {w eC”, A e I'yst. sup |wi - w;] < h} .
i€1,4]

This set consists in the neighborhood of the tori of frequency in I',. We will fix the value of h so
that the image of this set by the function H(’)T31 is contained in the set By, (rf/2,s¢) x Dyotirs /2,55
Finally, we will define a new set for the action-angle variables, close to zero, as follows:

Dyy sy = (I,0) €CHxTE, sup |1} < =L, sup [90;] < s
ie1,4] 27 iena

Now, we can take (w,I’,60) € Qz x D it guarantees that:

Ty/2,55)
(Hog'(w) +I',0) € Bay(ry,5¢) X Dyotyrps)

with a slight abuse of notation coming from the fact that the action-angles variables are not in
the right order. Considering an analyticity width " < r; for the actions I’, we will be able to
apply the KAM theorems using these sets, the only necessary step being to find a precise bound
for h.

Determining a suitable value of i will be done in several steps. First, let us expand the definition

Oth:
we e Jwy ey, ¥€B(0,h) CCH w=wy+V

Now we ask that H(I)E)l (w) € Ba,(ry/2,57) x D

pol,ry /2,55 therefore, we want the following condi-
tion to be verified:

H‘stl(wo +29) S BAO(Tf/Q,Sf) X Dpol,rf/Q,Sf

With the definition of the set 2, and using a Taylor expansion to the first order, we require:

1
H /O (L) (w0 + 19) - ﬁdtH < (4.26)
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where || - || represents the sup-norm of our complex vector. Let us single out the coefficients of
our 4-vector: let ¥ = (91, V2,93,94) € B(0,h), we have for 1 <i < 4:
1<5<4

‘ < /0 1(H{)51)’(w0 + t09) - ﬂdt) /0
1

< 4h x max
0 1<5<4

dt

=h t9)) 9y
) w0+ 1)), 9

dt

((H65Y (o + 1)),
(),
(H// 1 OH(/)Z;I) )

]
"n—1
< 4h X max sup H
1<j<4 - 03 Jij
- BAU(Tf/27'Sf)XDpol 'r“f/2 sf

< 4h x max | sup
1<5<4 Qp

< 4h x max | sup
1<5<4 \ g,

Therefore we deduce:

1
I—1y/ ) <
/0 (H) (wo + 1) 19dtH < 4hx max

(H6/31>z‘,j

Thus, a condition on h so that our initial requirement holds is:

T
=L max (H(/)/?,l). .
16 \ 1<i,j<4 billr /2,8 5,5 /2,8

In the KAM theorem, we require furthermore that the set of initial frequencies is at least at
distance h from the boundary. In the ball we just found, this is therefore not possible. Hence we
have to define b’ = h/2 as the analyticity width in frequencies to be sure this set is non-empty.
With the latter value of A/, it will be possible to apply the KAM theorem. The last calculation
left is the determination of the value of the maximal coefficient of the inverse of the Hessian of
Hy 3, that we will discuss in the next part.

Before, let us discuss quickly the previous result, and another possibility to find a value of A. In
the previous calculation we used the supremum norm on the vectors of C*. By equivalence of all
the norms in our space, we could have used the euclidean norm. By this mean, instead of the
sum over all the modulus of the coefficients of (((Hé_gl)’ (wo + tﬁ))ij 19j> , we would have

1<i<4
found an upper bound of the euclidean norm of the vector 1, multiplied by the square root of the

spectral radius of the matrix (H - 1) H{'3 1. Since determining Hj 5 lis not straightforward,

we could instead use the minimum of the modulus of the eigenvalues of the matrix H{) 5. Now,
notice that for small analyticity width, and in the case of the ratio between the semi-major axis
a1/ag is small, we can see the matrix Hj 5 as a perturbation of the following matrix:

T§/2,57,7f/2,5¢

(4.27)

o1
_— 0 0 0
Moo 0
2
0 — 0 0
A3
A%O AIO ’
0 0 _ 9 9
TAge AL
A A4
0 0 Q4 ;’0 as 10




4.5. ANALYTICITY WIDTH IN THE FREQUENCIES 121

where the «; depend only on the masses of the bodies. This matrix has a determinant strictly
negative and is symmetric, therefore has real eigenvalues that can be easily computed. In order to
determine the smallest eigenvalue of the complete matrix H(l]/yg, one can therefore use the Bauer-
Fike theorem on the perturbation of the eigenvalues of a matrix, which gives an upper bound
for the deviation of the eigenvalues from the initial matrix given the size of the perturbation.
With this result, one can possibly derive a value of h.

However, the calculation required to obtain a value of h by this mean does not seem significantly
less important than with the method we are going to describe, that is why we will not follow
this path.

4.5.2 Calculation of an explicit upper bound

The aim of this part is to describe a way to derive a value of h, or more precisely of

(H5'),,

To find the value of the coefficient of this (inverse) matrix, we will use the equality:

max
1<i,5<4

Tf/2,5f,7"f/2,5f

1
H//—l — 7ad- H// .
0,3 det(H(/)/,S) -7( 0,3)
The adjugate adj of a matrix is by definition the transpose of the cofactor matrix. To simplify the
problem of determining a bound on the maximal coefficient, we will make a further simplification:

(H//,g 1) y

<
T5/2,55,m5 /2,55

(e

max
1<i,j<4

X max
1<i,j<4

(adj (H, 6’,3))

T‘f/278f71”f/278f i’j Tf/Q,Sf,T‘f/Q,Sf

Now let us discuss these two values, and how to bound them.

First, the determinant of this 4 x 4 matrix is composed of 24 terms. However, since the Hamil-
tonian is composed of the Kepler part, that is composed of two terms, depending only on one
variable, and a small part coming from the perturbation, we can deduce that the largest term
of the determinant is the following one:

£= (), (), () (), - (16): )

The other terms will be at most the product of one of the large terms (H(')’ 3>1 Lo (H(’)’ 3)2 .
and of three other small terms of the size of the perturbation. Therefore, we can bound the

determinant by the supremum of the largest term minus 22 times the (H(’)C 3>1 ) multiplied by

the highest remaining term to the power 3. In case the perturbation and r; are small enough,
we will have the following upper bound on the inverse of the determinant:

(#55"),,

We will not give here a condition on the size of the perturbation nor the value of ry so that this
inequality holds, we will just insure that it is verified when computing it.
Let us now take a closer look at the adjugate matrix. By the same reasoning as previously, we

1

max —
2p

1<i,j<4

<
'I‘f/2,$f,7"f/2,$f

inf |f]
Ao (Tf/QVSf)XDpol,rf/Q,Sf

can see that the largest cofactors will be the one involving the two terms (H()’ 3)1 L or (H(’)/ 3)2 .

Thus, we are looking for an upper bound on the terms on the lower square of the adjugate
matrix. Looking at the coefficient (3,3), (4,4), (3,4) of the matrix H{,, we can see by the power
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on the term Aj/Ay that the term with highest modulus will be the term (H(')’ 3)3 . It implies

that the largest term of the adjugate matrix will be in position (4,4). As well, for small enough
perturbation and analyticity width, we can derive:

max ||(adj(Hys)) <
1<i,5<4 2y} Tf/275f7Tf/27Sf
1 Z " Z
2 (H073) 1,1 (H0»3)2 2 (H073)3 3 '
’ Tf/?,Sf,T‘f/Q,Sf ’ Tf/2,8f,7‘f/2,8f ’ T‘f/?,Sf,T’f/Q,Sf

In practice, giving an upper bound on all this terms will be feasible, so we will not go any further
in the calculations.
By this mean we can deduce the value of the missing analyticity width h, and we will apply our

theorem on the set ), X D, /o,



Chapter 5

On the Diophantine Condition

When stating the KAM theorem, we saw that it was relying on an arithmetic condition, called
the Diophantine condition. This Diophantine condition appears when solving the cohomological
equation, to ensure that the solution is still analytic on some smaller set. We will call Diophantine
vectors the vectors of R™ verifying a Diophantine condition. The fact that these Diophantine
vectors have full Lebesgue measure in R™ is substantial in KAM theory. In different classes of
differentiability, there is a strong link between the arithmetic condition, and the possibility of
application of such a theorem to a Hamiltonian that is the perturbation of an integrable one. To
understand better these relations and see examples or counter-examples, the reader can peruse
[72]. The 2-dimensional Diophantine condition is a significant particular case, since it allows
one to use of a lot of mathematical tools. Indeed, dividing the coefficients of the vector by the
largest coefficient, one is reduced to the classical problem of the approximation of a number
by rationals. In this case, the Diophantine vector (or number) corresponds to an irrational
number that is badly approximated by rationals. One can consult the pedagogical paper [25] so
as to understand physically the problem emerging from a non-Diophantine vector in a celestial
mechanics problem. A tool for the study of such numbers is for example the decomposition in
continued fraction of a real number, one can refer to [28] to understand this operation better.
However, when increasing the dimension (generally for n > 3), the tools used in the study of the
approximation of an irrational by rationals do not generalize easily. In our application of the
KAM theorem, we use two Diophantine conditions, one in dimension 2 and one in dimension
4. We will therefore, in this chapter, present and justify the existence of Diophantine vectors in
the regions we consider.

5.1 Abundance and basic properties

5.1.1 Abundance of Diophantine vectors

For n € N\ {0}, and ~, 7 > 0, define:

Definition 5.1.

D(’y,r):{weR”, k-] > keZ”\{O}},

[KIT
D(r) = J Dy, (5.1)
>0
Dioph = | J D(r)
7>0
where |k|; = Y1, |ki| for k = (k1, k2, ..., k) € Z" and "-" is the canonical scalar product of

two vectors.
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The question of the abundance of the Diophantine vectors (vectors belonging to the set
Dioph) has been studied in the field of number theory. We will briefly give the most important
results here, as a starter (the reader can find a deeper study of these vectors in [28] [48]).

We will consider our space to be E = R™ with n > 1 in the whole chapter. Let us remind some
definitions.

Definition 5.2. Let A be a subset of E. A is said to have null Lebesgue measure if and only
if for every € > 0, there is a countable collection of n-balls I,, C R™, for which the sum of their
volume is less than ¢, and such that their union covers A.

A set B is of full Lebesgue measure if and only if its complementary is of null Lebesgue measure.

Definition 5.3. Let A be a subset of F. A is said to be meagre if it can be expressed as the
countable union of subsets that are nowhere dense in F.

Those definitions give two ways of thinking the abundance of a type of numbers in R”. The
scarcity in term of Lebesgue measure is expressed by the fact of being of null measure, whereas
in terms of Baire spaces, it corresponds to being meagre. We have the following results:

Proposition 5.4. The set of Diophantine numbers is meagre and of full Lebesgue measure.

Proof. Let us verify first that Dioph is meagre. For this purpose, let us write it as follows:
1
Dioph:{weE, st.3reN, IneN, Vke Z"\ {0} : |k -w| > W}
nikiy

Under this form, it is clear that the set of Diophantine numbers is the union of closed sets
indexed by 7 and n which interior is the empty set. Therefore, Dioph is meagre.

To show that Dioph is of full Lebesgue measure, it is sufficient to show that for some 7 > 0,
D(1) is of full Lebesgue measure, or equivalently, that '\ D(7) is of null Lebesgue measure. To
this end, consider the Diophantine numbers of dimension n in the set [0, 1]". We can define:

— w n .w 7 .
Clnrk) = {we 0.1 Jhwl < ) (52)
0ty = U CGumk) =00\ (DG, A 0,1))

kezn\{0}

For k € 2"\ {0}, the set C(~, 7, k) is contained between two hyperplanes separated by a distance

W, its Lebesgue measure in the set [0,1]" is therefore A\(C(v, 7, k)) = “g%ﬂ Let us now
1 1

write:

Clvr)= U Ch,mk)
kezm\ {0}

= U U C(v,1,k)

IEN* k,|k|1 =1

The number of vectors k € Z™ \ {0} verifying the condition |k|; = [ can be bounded quite easily.
One has to fix one of the components of k to the value £/, and then to find how many vectors
of dimension n — 1 one can write such that their components take their values between —I and
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I. Therefore, the cardinal of this set is bounded by 4™"~!. We then have:

Z Z)\ (v, 7,k))

IEN* k,|k|, =1

<2 >

IEN* k,|k|, =1

1 2y
< Z 4% 1r lT+1
leN*

|k‘|T+1

lnl

2n+1
<2 v Z [T+1
leN~*

< 22n+1,y Z ln—T+2
leN*

Choosing 7 = n, we conclude:

47’1
AMC(y, 7)) < gﬂ gl (5.3)
Therefore, A(D(7y,7) N [0,1]") = 1 — 4"x%v/3 for ~ sufficiently small. Taking the union for all
v > 0, we deduce that D(v,7)N]0,1]™ has measure 1 in [0, 1]”. This result being independent of
the subset considered ([0, 1] here), we showed that D(7) and therefore Dioph have full Lebesgue
measure. O

In our case, the application of the KAM theorem relies on the knowledge of the explicit

values of the constants appearing in the problem, such as the constants v and 7. In the proof of
the last proposition, we can see that for 7 > n — 1, almost every real belongs to the set D(7). It
means that for v small enough, the set of Diophantine numbers in D(~,7) is of measure strictly
positive.
When considering a random non-empty set E in R™ and some 7 > n — 1, we would like to know
for what value of ~ it is true that D(vy,7) N A # (). To simplify the result, we will suppose that
E C [0,1]", as it does not change fundamentally the result (it is only a matter of rescaling). We
have the corollary:

Corollary 5.5. Let n > 1, 7 = n, and E C [0,1]" such that its Lebesque measure verifies
ANE)>0. If

(5.4)

then we have E N D(~, 1) # (.

Proof. This lemma follows from the proof of the previous theorem. Indeed, in the last section,
we proved the following result:

NO(,7) < St

Therefore, if A(C(v,7)) < A(E), it follows that A(E N D(vy,n)) > 0. O

As an example, in the case n = 4, for E C [0,1]” and v = A(E)/850, there exists a
Diophantine vector in the set F.
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5.1.2 From the 2-dimensional case to an equivalent 1-dimensional case

The particularity of the 2 dimensional case for the Diophantine condition (the 1 dimensional case
being trivial) comes from the fact that we can find an equivalent expression of the Diophantine
condition, related to the approximation of a number by rationals. This last problem has been
studied a lot, and therefore, it allows one to use a lot of different tools when working on the
Diophantine vectors of dimension 2.

Definition 5.6. Define:

Dy(v,7) = {a €R, s.t. V(p,q) € Z x N,

q qT+1
Dy(r) = J Da(v,7), (5.5)
>0
Diophy = | ] Da(7)
>0

We will prove the following lemma:

Lemma 5.7. V(wi,ws) € (RT)? such that wy < wo:

(w1,w2) € D(,7) & > € Dy (7,7)
w2 w2
Proof. Assume we have a vector w = (wi,ws) € (RT)?2N D(v,7), the Diophantine condition is
the following;:

.
(ko] + [k2)7

It is clear that if w is Diophantine, then neither wy nor ws is null, and they cannot be equal as
well. Suppose now that |wi| < |wz|. Then, defining @ = wi/wa, we can divide the preceding
condition by ws:

|k1w1 + kawa| > V(k1, ko) € Z%\ {0}

/
g 2
|kia+ ko > —————,  V(k1,k2) € 2%\ {0},
(k1] + |Ral)7
with 7/ = 7/ws. In the case k; = 0, the Diophantine condition requires |ka| > +/|ke|™, or
equivalently |ko|”*! > /. We obtain 4/ < 1. In fact, this upper bound holds for any ki, and is
called the pigeonhole principle of Dirichlet (again, see [28]). Now if k1 # 0, for all ks € Z we
have:

/ /

g g
> >
= k| (feal + [R2)™ ™ (K] A+ [Rof)7H

Therefore the condition to belong to the set Dy(v', 7) holds.
For equivalents reason, if wy/wo belongs to the set Da(7y,7), then the vector (wy,ws) is in the
set D(way, T). O

ko
\“*zﬁ

The second definition of a Diophantine number is a one-dimensional condition (we got rid of

the second one, since only the ratio of the two components of the Diophantine vector matters).
The condition given by Da(7,7) can be thought as if we require our Diophantine number to be
at least at a distance 1/¢"*! to any rational p/q.
In the three-body problem, it is not always the case that the frequency vector is far away from
the rationals (or from the resonant cases). For instance, the system Sun-Jupiter-Saturn is close
to the resonance 2:5, which means that the ratio of the periods of rotation of the planets around
the sun is close to 2/5.
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5.1.3 Continued fraction

When considering a Diophantine number, the main problem lies in the approximation of this
number by rationals. This approximation is relative to the denominator we are allowed to
work with: the larger the denominator, the closer must be the approximation, as we saw in
the different definitions of Diophantine vectors (€ Dioph) or numbers (€ Diophs). Obviously,
rationals are well-approximated by a rational: when we authorize the denominator to be large
enough, the difference between the initial rational and the rational approximation is zero. The
Diophantine vectors are badly approximated by rationals, though it is not the case for every
irrational numbers, the latter are called Liouville numbers.

A representation convenient to work with is the continued fraction theory, of which we are going
to give the basics here, as well as some results concerning Diophantine numbers. For a more
exhaustive reference on this subject, one can consult [33].

The continued fractions of a real number is obtained by an algorithm, that has a finite number
of steps if the initial number is rational, and an infinite number otherwise.

Definition 5.8. Continued fraction algorithm: Let o € R, call a« = |/, and b = a — a.
If b = 0, then the continued fraction of « is [a], if b # 0, then the continued fraction of « is
[a,aq,az,...] where [a1,as,...] is the continued fraction of 1/b.

Hence, any real number a can be written in the form a = [ag, a1, ..., an, ...], with a; € N for
1 € N. Now, define the following sequences for n € N:

p—2 =0, p-1=1, Pn = QnPn—1 + Pn—2,
qg—2 =1, qg—1 =0, Gn = anGn—1 + qn—2.

The fractions p, /g, for n € N are called the convergents of of «. They approach very well the
real number «, in fact:

Proposition 5.9. For a € R, n € N, we have:

’ Dn
a_i

Vp e Z,q e N\ {0}, such that ¢ < qp.
an

<[4
q
This proposition is a corollary of the fact that the following inequality holds:

1
GnGn+1

<

1
< ’oz _ D (5.6)

@n(@n + qnt1) In

We will prove this inequality quite easily in the next section. Observe besides that the even
convergents are approaching the real number by lower values, whereas the odd convergents are
approaching it by upper values.

A useful result in the theory of Diophantine approximation is the following (see [72]):

a € Dy(T) & gni1 = O(gi ),
a € Diophy < log(gny1) = O(log(gn)).

Loosely speaking, this result means that the sequence (a,),en cannot grow too fast. In other

words, if we fix the value

_Pn
qn

T+1 %

Tn = Qqn «

)

for the v, to decrease at some step n (v, = ming<i<n(7i)), one has to have a, very large
compared to ¢,. A number that is not Diophantine is a number for which liminf, ., v, = 0,
and therefore for which a subsequence of the (ay)nen grows very fast. This discussion enlightens
the fact that the complement of the set of Diophantine numbers is of null-measure.
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5.2 Stern-Brocot tree and approximations of irrational numbers

The continued fraction theory is a convenient way to understand the real numbers, and how they
can be approximated. Another way to see the numbers and their distribution is to work with
the Stern-Brocot tree, that is a visual tool allowing to understand better the approximations of
real numbers. It will moreover allow us to derive a simple result that will be important when
considering the plane planetary three-body problem.

5.2.1 Building the Stern-Brocot tree

The Stern-Brocot tree is a binary tree, introduced independently by Stern, in 1858, and Brocot,
in 1861, to compute all the irreducible fractions, in a simple and organized way. We will explain
here how to build this tree, and show its basic properties (see [55], [8] and [9] for a deeper study
of the subject).

The Stern-Brocot tree is built in an iterative way. First define the following addition between
two positive rationals:

Definition 5.10. Let 4} and P2
q1 q2

be two positive rationals:

g@@:pmﬂ?z
q1 q2 q1 + g2

This simple addition rule is the key of the tree we will build (though it would pull out hair
of any school teacher). Observe that the result belongs to the interval:

} ) <p1 p2> <p1 p2>[
mn|—,— | ,max|—,— ||.
q1 q2 q1 G2
0

Consider the following fractions that will be the roots of the tree, 7 and %, and place them on

the top left and top right. This choice of roots will allow us to construct every positive real
numbers. Choosing % and % as the roots would give all the rationals in the set [0,1]. One can

now add the two roots with the previously defined addition, and put the result in the middle,

that is % The fraction obtain will be called the child; his parents are the two fractions from

which the child is obtained by the previous addition rule (here the parents are the two roots

of the tree). The parents and the child are called adjacent. For the next step, take every pair
of adjacent fractions ((%, %) and (%, %)), and add them in the same way as before, linking the
"youngest child" to the new fractions and each time placing the child in the middle of the two

parents. By iterating this process, one can construct a infinite tree, starting from *, resembling

1

the one in figure after 5 steps. We will show the following results:
ors . . P P2
Proposition 5.11. Two adjacent fractions — and —
a1 a2

in the Stern-Brocot tree verifies p1qs —

paq1 = 1.

1
Corollary 5.12. The difference between a parent fraction b1 and a child b2 s equal to —.
eal q2 q192
Proposition 5.13. FEvery strictly positive irreducible rational is represented in the Stern-Brocot
tree.

Proof. Proof of proposition Let us show this result by recurrence on the depth of the
tree:

e The roots of the tree are % and %, hence it is true at depth 0.

e Assume the proposition to be true at step n of the construction of the Stern-Brocot tree (hence
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Figure 5.1: Stern-Brocot tree, starting from the two initial roots ¢ and % The tree shows 5 steps of the main

1
procedure.

for a depth n). Consider two adjacent fractions % and 5—; at the step n 4+ 1. One is the parent
of the other one, for instance let % be the parent. We have

P2 _p1tp
@ a+q

where % is the other parent. We have:

Pl +q) —a(p1 +p) =p1g—pa =1,

by hypothesis of recurrence, hence the proposition.

The corollary is immediate.

Proof of proposition Let ¢ be a strictly positive irreducible rational, not represented at
step n of the construction of the Stern-Brocot tree. Its value belongs to an interval of adjacent
irreducible rationals of the Stern-Brocot tree at step n: }ﬂ B2 { At step n + 1, there exists 3

q1’ g2
possible cases:

a
1. 7= P im. In this case, the initial rational belongs to the Stern-Brocot tree at the next
q1 T g2
step.
9. ¢ < n +p2‘ Then replace P2 by P +p2.
b a+ae 2 atae
a _ pL+p2 P1+ P2

P1
. . Then replace — by
b a1 +aq q @+
until we are in the first case. This algorithm stops after a finite number of steps. Indeed, we

have after some step k:

. The algorithm consists in iterating this process

~

ISl k]
3

Sals
Q\
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Figure 5.2: Path followed for the word RL?R3L: starting from the rational %, the image of this word is the
rational .
16

where the two new fractions are adjacent. Hence:

aq_pr ]-7
bp' —aq > 1,

from which we deduce:

a+b=(p'+¢)(ag—bp) + (p+ q)(bp' — aq’)
>p+d +p+aq

The two values p + p’ and ¢q + ¢’ strictly increasing at each steps, and a + b being fixed, the
algorithm stops, hence the proposition. ]

Observe that if we remove some branches of the tree we just built, we obtain the Farey
sequence at some order, which is the the sequence of irreducible fractions between 0 and 1 which
have denominators less than n and is arranged in increasing order.

5.2.2 Binary paths and continued fractions

In the binary Stern-Brocot tree, one can go down the tree by choosing at each level a direction,
left or right, which will lead to a rational. Since every irreducible positive rational is represented
(by adding the root 0/1 in the tree), one can define a one-to-one correspondence between them
and a specific path. Define the following set:

MLry = {R”lL”Q...RmL”i“...,El €N, (ni)ien € (N)V, such that

V1<i<l, n;>0, and Vi > [, n; =0}.

This set is a set of all the finite words composed of the two letters L and R, starting with
letter R (the empty string belongs to this set). Now, for any word in My, py, consider the
following algorithm starting at the fraction 0/1 of the Stern-Brocot tree: if the first letter of the
word is R, then go down to the right child, if it is L, go down to the left child; remove the first
letter of the word, and iterate until the word is the empty string. At the end of the process, we
associate the word and the rational we are on (see figure [5.2)).

Call the function that associates the word to the rational obtained f. Using the proposition
[(.13] it is straightforward that:
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Figure 5.3: Example of convergents and truncations of some order for a specific path in the Stern-Brocot tree.
The truncations are the words that finish at some turn, the convergents the word cut right before a turn happens.

Proposition 5.14. The following function is a one-to-one correspondence:
f: M{L,R} —>QOR+. (5.7)

Observe that by taking the symmetric of the tree we have built with respect to the root 0/1,
we could have built a left tree with negative numbers, then allowing the words to start by the
letter L, and hence the bijection would be a bijection between all the words and Q.

When looking at the set My, gy, we can define different interesting tools:

Definition 5.15. The length /(a) of a word a € My gy is defined by I(a) = max;en(n; # 0)
where a = R"™L™.... The truncation of order j of a word a is tj(a) = a = R™L™..2"
where z € {L, R}. The convergent of order j of a word a is ¢;(a) = a = R™L™...2" ! where

z € {L, R}.

The length of the word corresponds to the number of times we did a turn on the way down,
counting from one. The truncation of order j hence corresponds to the fraction located at the
jth turn on the way down. The convergent of order j is the fraction reached just before reaching

this turn (see figure [5.3]).
Now we can link this construction to the continued fraction.

Proposition 5.16. Let a € My, gy be defined by a = R™ L"2...R" L"+1... then

f(a) = [nl —1,n9, ey M (a)—15> T(a) + 1} (58)

cila ) .
f(cj(a)) 0 (5.9)

where the last fraction is the convergent of the fraction f(a).

The Stern-Brocot tree is therefore a visualization of the continued fractions, that allows us to
see more clearly the different implications of the continued fractions. Note that if one wants to
consider only the Diophantine numbers between 0 and 1, it is possible to start from the fraction
1/1, consider only the words that starts by L, and to let the first term of the continued fraction
be zero.
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Proof. Observe on the Stern-Brocot tree that for a word a = R™...x"(a)-1y"(a) of length l(a) >
1, with (z,y) = (L, R) or (R, L), we have the relation:

f(a) = f(R™..g"M@-1ym@ 1) @ f(R™ . g @-171), (5.10)

Using this relation, we can proceed by recurrence on the length of the word.

Consider a word a = R", the previous rule is not direct since [ = 1. Though observe that we
have:

nx1+0 n

—=n=(n-1)+1.

f(Rn):nxO+1_1

The words of length [ = 2 can be written R™L™. Using relation ([5.10]), we see that:
FRMD™) = [(R Y & f(R'T )

(R Y e f(R* )@ f(R"L™?)

f
fR*™ N e f(R Y @..o f(R")
~n—1 n—l

1 GBEB*

_mx(nfl)Jr

N m+1

(m+1n-1)+1 1

N m—+1 _(n_1)+m+l
FRML™) = [ —1,m + 1]

The proposition is proved for words of length [ < 2.
Consider the proposition to be true for a word of length I > 1. Let a = R™...x™y"™+! be a word
of length [ + 1, with (x,y) = (L, R) or (R, L).

f(a) = f(Rnl...Janil) = [77,1 — 1,712, 1,y + 1] ];Z
Using the relation ([5.10)) n; times, we have in fact:
npi
f a) = f R™ . P —
(@) = F(R™..a™) & 22
= f(R"l...y"lflx"lfl) ® f(RM..ym—1"1) @ b
nq
n
N Di—1 @ 1Pl
QZ qi—1 niq
_ (u+Dpi+pa
(i + Vg + g1
= [nl —1,n9,...,n, N1 + 1] .
O
Observe that the fact that the roots of the tree are % = q—*; and ]q)—l is responsible for

this equivalence between the this approach and the continued frac‘mon one. The visualization
that offers the Stern-Brocot tree allows to think only with vertices, which represent the words.
5.2.3 Infinite length words and Diophantine condition

Considering the closure of the set My, ry, we can now work on the irrational numbers with the
Stern-Brocot tree. Call

M =Cl (M),
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we have:
f:M—=RT

The words we are now looking at are the words a = R™ L™ .. . R™ L™+ .. with n; € N. These
words correspond to the (infinite) continued fractlon 1 — 1,n9,...,n4,...].

Observe that we can easily prove the inequality (5.6 with the construction of the Stern-Brocot
tree. Indeed, any Diophantine vector « with correspondlng word a belongs to the interval
determined by the image by f of the words c¢;(a) and ¢j(a), but does not belong to the interval
determined by the image by f of the words ¢;(a) and t;11(a) (recall figure [5.3). These two
fractions are given by the formulas:

Pj Pj +Pj+1
flci(a)) == f(tizi(a)) = ,
@) =2 fltylo) = BB
since the parent of ¢;1(a) are ¢j(a) and c;y1(a). The inequality (5.6)) is then straightforward,
using corollary for the adjacent fractions (¢;j(a), cj+1(a)) and (cj(a),tj+1(a)).

With the infinite words, we can consider Diophantine numbers. The properties of Diophantine
numbers obtained with the help of continued fractions can be demonstrated using the Stern-
Brocot tree and the relation between adjacent fractions.

In the Stern-Brocot tree, the Diophantine condition can be visualized by considering the words
in which the number of times we go left or right in a row is not too large compared to the depth
we are at. Observe for instance that the golden ratio is given by the word [R2LRLR...].

The frequencies we will be interested in while applying theorem [2.15| are of different order of
magnitudes. In this case, one can consider an integer K such that the first frequency is 1, and
the second one is close to 1/K. Using the Stern-Brocot tree construction we will prove two
propositions for this kind of frequency distribution.

Proposition 5.17. Let K > 2, then the Lebesgue measure of the set:
1 1 1
—— = |NDy | ——,2
}KH’K{Q 2<K+1’ )

We chose to let 7 = 2 in this proposition, though any other choice 7 > 2 would have been
possible (possibly changing the minimum value of K). This proposition means that if we can
let the frequency w change by a small value, then we can find a Diophantine vector close to it,
and with a value of v close to the maximal one (the value of v is bounded by w). By symmetry
of the denominators in the Stern-Brocot tree, we have as well:

is strictly positive.

Corollary 5.18. Let K > 2, then the Lebesgue measure of the set:

1 1 1
1—-—1———|NDy [ ———,2
K K+1 { ’ (K +1 )
is strictly positive.
To prove the proposition, we will first prove the following lemma.

r
Lemma 5.19. Let 7 > 1 and b < — be two adjacent fractions in the Stern-Brocot tree, then the
q s

Lebesgue measure of the set

{we]p’r[ such that Ya € Z, b€ N\ [0, min(q, ) — 1], |w2‘ 2;}
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with v verifying the following assumption

2qs 2 1 q s )
<1 5.11
7<(q+5)7+7_2(q+8)7—2+ST—1+q7—1 ( )

is strictly positive.

Proof. The idea of the proof relies on the study of the complement of this set in the interval
]%, = [ The other important idea is that, given the construction of the Stern-Brocot tree, the
only intervals we have to consider in the complement are the ones around the fractions of the
form % with k,I > 1. Indeed, since the two initial fractions are adjacent in the Stern-Brocot
tree, all children of these rationals are of this form. There still exists some repetitions when
considering all these fractions (for instance 2(k:3(-1|—ls) = kq‘ils), but this will be sufficient here.
In the initial interval, we remove an interval of size - on the left, and slT on the right. The
measure of the other intervals we are considering is bounded by:

2y
S = a5
k%I (kq +1s)7

Bounding this term by an integral, we have:

1 1
=2
vz(kzq—ks T—ls(k‘q—ks)Tl)

k>1

= 2y < L L1 ( ! + ! ) + L 1 >
(g+s)™ 17=1\qlg+s)t s(g+s)™1) (1—=1)(1—2)qs(qg+s)72

_2< 1o 1 )
- (g+s)™ 1T—2qs(q+s)72)"

The condition on the measure of the set we are interested in to be strictly positive is therefore:

< 2 n 2 1 n 1 n 1 ) < 1
TNa+s)7 "7—2qs(a+9)72 ¢ 5) " gs
Hence the lemma. O

One can improve this limit for « by considering the first intervals of the complement, in
order to remove some repetition.
Regarding the Diophantine condition, it is necessary to check if the intervals |§ — &, ¢ + [ for
some b < min(q, s) intersect or not the interval Bv e [ If it is not, then a constant ~ such that
the measure of the set in the lemma is strictly positive implies that the measure of Diophantine
vectors in this interval is strictly positive too.
We can now prove the proposition.

Proof. First, observe that for v = 1/(K + 1):

| & [t =

Hence, for the denominators equal to one, there is no problem. Using lemma in the case
T =3, B = K}&-l and T = &, the condition (5.11]) of the lemma is:

2 2 1 1 1
CK11P KEKIDeK+1) KT (K11p K
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Bounding K + 1 from below by K, we obtain:

2 2 1 1 1 111
- - < N JE— -
CK+17  KE+DeK+1) K T (k+1p Sake Tkt T ke
.13
AK?

Since K > 2, v = 1/(K + 1) satisfies indeed the inequality of lemma

In all the work we have done, we only considered the denominators of the fractions. By symmetry
of the denominators in the Stern-Brocot tree between the fractions 0/1 and 1/1, the corollary
is immediate. O

Observe on the Stern-Brocot tree the particularity of the golden ratio. At each step, when
going down, we change side, "bouncing' from left to right or right to left, therefore avoiding
being close to a rational. In this particular case, the optimal constant + such that the golden
ratio ¢ = 1+—2‘/5 belongs to a set D(v,7) for 7 =1 is equal to:

3 V5

2 2

This limit is reached when considering ¢ — % The maximal value of v is therefore reached for a
denominator equal to one. We are interested in finding other irrationals of this kind, such that
the condition on - is fixed by the fraction of denominator equal to 1.

Lemma 5.20 (Optimal Diophantine condition in v and 7). Let K > 2, define

2K —1—-+V5 1
2K2 - 2K -2 K+ (¢p—1)

w =

(5.12)

then we have w € Da(w,2).

The irrational w we have just built corresponds to the word RLXRLRLR..., i.e. when
reaching the fraction 1/(K + 1) in the Stern-Brocot tree, then one has to alternate right and
left to reach w.

Proof. For K > 2, we have obviously:

w

12

’ 0
1

w—’Z

1

Now we need to consider the other convergents of this irrational number. The second one is 7,

it is clear from the definition of w that 1 —w > w. The next convergents will be:

112 3 5
K K+1 2K+1 3K+2 5K +3"

or by definition, they will be of the form Z—: = unﬁ”ﬁ, where u,, is the Fibonacci sequence.
We want to check that:
Q'rQL ‘w - @ 2 W,
dn

or equivalently
2 2
’(unHK +up)'w— Kuy q — ununH’ > w

To simplify the discussion, we will check this inequality only for the convergents approaching w
by lower values (the other ones not being important in our case). We will prove that the left
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term of the previous inequation actually converges to a constant value, not depending on K,
and higher than w. Indeed:

U U 1
(Un+1K + up)?w — Ku? y — Uptpi1 = u (<K + nH) w> <K 4ol w)

Up, Up,
(i 52)0) - 0-1)

The term (K + uZ—:l) w converges to one. Now we have to study the following term (independent
of K):

(o)

Un41

Using the properties of the Fibonacci sequence, and the definition of ¢, we obtain:

9 Up, 1
U — —(p—1 ) - —= > w.
e (un+1 W-1)= %
Hence, the worst case is the case with denominator 1. ]

This lemma ensures the existence of a Diophantine number w that is optimal in v and 7
in some intervals, i.e. w € Dy(w,1). It is therefore possible by changing slightly the initial
frequencies to consider that they have a ratio of the previous form. We will use the following
definitions when considering Diophantine vectors:

Definition 5.21. The Diophantine vector w = (wq, ...,w,) € R™ is called optimal in v and 7 if
w € D(min;(w;),n). It is called optimal in v for some fixed 7 if w € D(min;(w;), 7).

With the previous work, we have the proposition:

Proposition 5.22. Let w; € R and wy = wy X (K + ¢ — 1), with K > 2, then the vector (w1, ws)
is optimal in v and T.

5.3 Resonances and gaps of Diophantine conditions

In the KAM theorem, for a fixed value 7 in the Diophantine condition, some of the hypotheses
depend on +, and if they do, they depend linearly on it. We can therefore wonder how does the
distribution of the Diophantine vectors at a fixed v and 7 look like, so as to know what mass
would be KAM stable given an initial position. We therefore want to give a physical criterion
representing a power of stability in a fixed interval.

Physically, we will consider the following question. Consider a star and a planet, for instance
the system Sun-Jupiter. We consider that the conditions to apply the KAM theorem [62] to a
third mass are satisfied, and that they are only related to the factor v (7 is fixed). Under these
assumptions, one can model the total mass KAM stable in an interval I by considering the value
of:

m o~y x A(D(y,7) A1),

where X is the Lebesgue measure.
This modeling suffers a lot of flaws, though it allows to consider a stable mass on a specific
interval. On the same interval, for some ' < v, we have:

(D@, )\ D(v, 7)) NI #0.
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Hence, we can consider that the mass that would be stable in this interval is closer to the value
m o~y x XD(y,7) N 1)+ x X (D, 7)\ D(v,7)) N 1)
~ ' X AND(, )N I) + (v =) x A(D(v,7) N1).
Step by step, by decreasing v, we can obtain the desired value.
Definition 5.23. The power of stability in an interval I C [0, 1] is the following value:

PoS(I / AN D(y,7)NI)dy.

We stopped the integral at the value 17 though the maximal value depends on 7.
Given the difficulty of obtaining a precise expression of the measure of the set D(v,7), we do
an approximation using a Riemann sum, and try to compute this value numerically. Consider a

variable N > 0, we divide the integral in a sum for different intervals of the value ~: }%, (k]ffl) {

for k=0,...,N — 1 (we can stop before N — 1 in the actual computation). We consider as well
the sets Do (7, 7) instead of D(v,T) so as to simplify the computation. Therefore, the planet will
have a frequency equal to one around the star, and we put our interest only on the frequency of
the other body. The numerical scheme we will apply is the following:

e We first compute all the rational fractions with denominator less or equal to m in the interval
[0, 1].

e We consider the complementary set of Do(k/N,7), and compute the union of every interval
of the form:

Cm,N: U ]p_

D k [

y + .
T T
(p.q):2€QN[0,1],0<g<m q qg" q Ng

In figure [5.4] we represented the first intervals to eliminate as a function of ~.

e We intersect this set with an interval I, that we will take if the form I = I}/ py = J’\“/II, k/]\j;l

where M > 1 and k € [0, M — 1], and calculate its Lebesgue measure. We then add the results

using:
PoS (I ) ~ M Z (k + 1/2 X\ (D2 <ZT> \Ds (UC;\;D,T)) . (5.13)

When computing the formula (5.13)) by this mean, we can see that two approximations were
made. First, we considered a Riemann sum, which relies on choosing a large value of N to
approach the real value of PoS(I). Secondly, we omitted to remove the size of all the intervals
around rationals with denominators larger than m. We will justify the computation here by
estimating the difference between the truncated sum we just did and the sum over all rationals.
Observe that for some 0 < k¥ < M — 1, the size of the interval Ijs ps is 1/M. Hence, there
exists only one rational of denominator M + 1 in this interval. This stays true until we reach
the rationals with denominator 2M + 1: then there exists two rationals in this interval. With
the same reasoning, there is in fact | (I —1)/M | rationals in the interval Iy, 5y with denominator
Il > M. It is not the case for rational with denominators less than M, hence we will fix m > M.
We can now bound the error on the Lebesgue measure of the considered set by adding the size
of all the intervals we did not considered, even if some of them are not disjoint. It gives:

k K kK +1 2kM g—1
_ - <
A<D2 (N,T)> A<C’”’”ﬂ {M’ M D —Q;quﬂ X{ M J
2kM
<>

i NMq™

2k
< N T
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Figure 5.4: In this figure, 7 = 1. In abscissa, the interval [0, 1], and in ordinates, the value of 7. The interval
to eliminate around a rational is increasing with the value of +. In red is represented an example for v = 1/5,
for which we removed the intervals around the rationals of denominator less than 5. In blue is represented the
maximum v can reach for 7 = 2, there are two reals in [0, 1] (related to the golden ratio) verifying this condition.

Summing this error over all the & < 4/10N (the maximal value for 7 is (3 — v/5)/2 ~ 0.4), we
obtain the following error on the evaluation of the power of stability:

1 3 16 16N
5m,N (POS(Ik/7M)) < ( ) .

m T \T5N 25 375

Hence, if we choose m sufficiently large compared to N, the error gets small. Observe that the
estimate on the error is not optimal. With this error, we need 7 to be large enough to get an
idea of the real power of stability. However, it is a large upper bound of the true error.

The results are shown in figure [5.5]in the case 7 = 2 and for the following values: N = 400,
M = 10000 m = 10000. For these values, the error on the power of stability is less than
6 < 0.0018, and the power of stability varies from the values 0 to 0.225.

We can see in this figure the impact of the resonances on the power of stability of intervals

close those resonances. The slope that envelops the data is the resonance 0:1. We observe a
large gap for the resonance 1:2, and other gaps at resonances 1:3, 1:4 and 2:5. As expected, near
the resonances, the KAM theorem does not imply much stability, since one has to consider very
small values of v to have a set Dy(y,7) that is not empty.
This image gives an idea of the KAM stability among the asteroid belt between Mars and
Jupiter. We can re-scale this image looking this time at the semi-major axes, using the third
Kepler’s law. An example is shown in figure for the previous values. One can relate very
cautiously this figure to the number of asteroids between 2U A and 3.5U A in the solar system,
shown in figure (source:NASA [51]).

If some similarities appears, the KAM theorem does not imply anything on possible insta-
bilities. Hence, one should not draw any conclusion from the two previous figures. As well, in
the asteroid belt, we are not in the case of a three-body problem. Though, it is important to
have an idea of the presence of Diophantine vectors in such a set.

To understand better the decay with 7 of the power of stability, or more precisely of its approx-
imation by the previous computation, we drew the figures for 7 = 1.1, 7 = 1.5, 7 = 2, 7 = 3,



5.3. RESONANCES AND GAPS OF DIOPHANTINE CONDITIONS 139

025

02 |

PoS

. .
0 hd L L . L
02 025 03 035 04 045 05

Figure 5.5: Power of Stability for 7 = 2 in the interval [0.2,0.51] for N = 400, M = 10000 and m = 10000, with
an error d,,nv < 0.0018.
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Figure 5.6: Rescaled Power of Stability for 7 = 2 and distances to the sun between 2UA and 3.3U A, with
N =400, M = 10000 and m = 10000, and an error d,, n < 0.0018.
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and for the previous values of N, M, m. The error becomes very large for small values of 7,
larger than the actual PoS.



5.3. RESONANCES AND GAPS OF DIOPHANTINE CONDITIONS 141

Asteroid Main-Belt Distribution
Kirkwood Gaps

Mean Motion Resonance
( asteroid : Jupiter )

-
£
5
=2
<
10
=]
S
=
o
£
o
o
A
)
=
o
£
@
2
7]
<

25 26 27 28 29 3 31 32 33 34 35

Semi-major Axis (AU) )
Alan Chamberlin (2007, JPL/Caltech)

Figure 5.7: Number of asteroids with well-determined orbits with semi-major axis larger than 2UA and less
than 3.5U A (source:NASA).
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Figure 5.8: Power of Stability for 7 = 1.1, N = Figure 5.9: Power of Stability for 7 = 1.5, N =
400, M = 10000 and m = 10000. 400, M = 10000 and m = 10000.

Figure 5.10: Power of Stability for 7 = 2, N = 400, Figure 5.11: Power of Stability for 7 = 3, N = 400,
M = 10000 and m = 10000. M = 10000 and m = 10000.



Chapter 6

Computation and discussions

In this chapter, we apply the theorem of chapter [3] to the perturbation with the estimate of
chapter 4l Because of the definition of the different variables and the complexity of the assump-
tions, we use a computer to verify them. However, since the computer has a finite precision, it
can be necessary at some points to halve or double a constant because of the loss of precision
we might have suffered. Let us give a short formulation of the result.

Theorem 6.1. In the plane planetary three-body problem, if mi ~ mg ~ 10~%my, there exists
quasi-periodic motions, depending on three frequencies in the rotating reference frame, that is
close to Keplerian motion.

The constraints we require will be quantified more precisely along the computation. If KAM
theorem can always be applied when decreasing the size of the perturbation P, the scheme we
suggested relies a lot on the different steps we did, and on the norm of P as well. When releas-
ing some constraints, as for instance letting mo/m; go to 0, KAM theorem cannot be applied
automatically anymore, and it needs to be discussed. Besides, when checking the hypotheses,
we need to fix some values for the analyticity widths, and these values have a great impact on
the possibility of applying the KAM theorem. Indeed, there is a competition between the size of
the perturbation, depending on a lot of constants, and the size of € for which the KAM theorem
is valid. For instance, when letting the masses of the planets go to 1072%my, the initial choice
of width that was working in the first case does not work anymore, one has to change the value
of the analyticity width 7’ in the direction of the actions to make it work again.

For these reasons, we will be interested in studying only one system, with a fixed initial geom-
etry, with fixed masses, and we will perform a change of variable such that the Hamiltonian is
integrable. Close to these initial geometric values of the system, the KAM theorem applies.

6.1 Computation of the KAM theorem

We give here the different initial values to make the theorem work for a ratio of masses 107,
We give as well all the information that is necessary in order to understand the computation,
as the analyticity widths, the size of the perturbation, the different necessary and sufficient
conditions of KAM theorem, etc.

6.1.1 Initial Conditions

First, let us consider the geometry of the system. Regarding the semi-major axes, we consider
the first planet to have a semi-major axis close to Jupiter’s one, and the second planet will be
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considered a lot further:

al = 5.2UA,
as = 5.2 x 1012UA,
where 1UA = 149597870700 m.

We will discuss the eccentricities of the system later. The masses are:
mo = 2 x 103 kg,
mi = mg = 10_85m07
Grav = 6.67408 x 10711

We can then compute My, Mo, i1, pi2, 00, 01, as well as Hge)p. First, we have Ag; = 2.04x 10739 =
10_6/\072.
Considering the analyticity widths, we choose:

1 =1.35 x 10739A; ~ 2.75 x 10799,

Premp = \/2(A1 —71) x 10716 ~ 6.38 x 1076

r' =3 x 10721

Finding values that work depends mostly on studying the ratio between the different terms of
the perturbation and the condition of the KAM theorem.

Considering the analyticity width in the angles, we fix an initial value ¢ = 2. With this value,
we will be able to determine an analyticity width A\ using the implicit equation we derived when
studying the complex Kepler’s equation. As for now, only observe that we have t > \.

To define p/, one had to take care of the change of variables from (&;, n;) to Cartesian coordinates.
In this aim, define m = p7,,,,/4 and M = 2m. Then, using lemma we define the value of

Premp Dy the formula
/ = max ( " cosh s + v2m(coshs — 1 ,Lcoshs + V2M (coshs — 1 ) ,
ptemp 2\/§m ( ) 2\/§M ( )
Phemp ~ 2-50 x 1079,

using s =t > ). Now we can define

po ~ 2.55 x 10793,
ph ~ 1.56 x 10793,
p~3.83 x 10721 < /Ay ~ 4.51 x 10720,

Observe that there is only an order of magnitude between p and +/A;. However, with the
estimates on the perturbation made in chapter [1| we are far enough from a singularity of the
perturbation and this value is not alarming.
This choice of m and M leads to values of real eccentricities verifying:

e1 <1.42 x 107,

e < 1.42 x 107%.

As expected, they are very small. We can also find a value of X' using the different definitions
we have done. We have:

N ~ 1.35234,
1 = 2)
ty ~ 1.35234,

where t1 and t9 are the width in eccentric longitude.
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6.1.2 Secular Hamiltonian and set of frequencies

In this part, we compute the initial secular Hamiltonian, its frequencies, and the analyticity
width A’ in frequencies.

The Kepler Hamiltonian is straightforward to compute. Regarding the secular part of the per-
turbation, we chose a very small ratio for the semi-major axes: 107'2. Computing precisely the
secular Hamiltonian has two main goals: finding the frequencies of the system, and determining
h'. However, we do not compute every term of the secular Hamiltonian, but consider only the
first term in the development in semi-major axes. This approximation relies on the fact that
the ratio of the semi-major axes is chosen very small, and hence will have a very small impact
on the determination of the frequencies (plus the fact that the precision of the machine is not
infinite). An approximation could still change in a noticeable way the value of the analyticity
width. Nevertheless, if the approximation is very small, we will divide or multiply by 2 the re-
sults each time we feel that the approximation would have possibly had any noticeable impact.
We compute first the coefficients d; ;. of appendix to the first order. There is an order of
magnitude of 24 when comparing the first term and the remainder of the expansion in power of
the ratio of the semi-major axes (coming from the (a;/as)? factor between consecutive terms).
The value of the linear terms in I3 and I, are:

d1oo ~ 1.26 x 107129,
doro ~ 1.26 x 107135,
door ~ —3.16 x 10144,

Consider now the rotation variable v: by definition, for z = %, it is of the form

1
v:—az+\/1+$2~—; [ x| = +ool,

and therefore
v =1z = — 25 %1071,

Hence, we will do a further approximation to derive the terms d;-’ k- We will consider v = 0, and
they will be equal to the terms d; ;. This approximation relies again on the initial values we
have chosen, and the change of frequencies would have been of order 10720 times the frequencies
without it.

With the coefficients d;7j7k, we can now derive the linear Hamiltonian Hy; explicitly, as well
as the frequencies. It then remains to determine the analyticity width in frequencies. In the
actual computation, one needs first to estimate the value of the transitional Hamiltonian that
is required to compute Hp2 and Hp 3. We will keep this calculation for later, though it is true
that the terms involved in Hp3 — Hp,1 are again very small compared to the terms in Hp 1
(using Cauchy’s inequality shows that the order of magnitude is more than 50). Proceeding as
in the end of chapter 4, we can determine an approached value of h’ by computing the largest
term of the adjugate matrix, and considering the dominant matrix. In this computation, we do
not hesitate to double or halve the results that appear, in order to remove the impact of the
approximations. We can choose h ~ 2.2 x 107173,

6.1.3 Size of the perturbation and KAM conditions

Using all the work we have done in chapter[I], we are able to determine the size of the perturbation
in the set DAO,T,po,p{),X:

|Hpertllp,, 0 o < 4:26 5 107197
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Applying corollary we get an estimate on the new perturbation, and we iterate it 2 more
times. This is the first time we need to consider the Diophantine constant. When applying
this corollary, we are in dimension 2n with n = 2. Hence the frequency vector is a vector
(wi,wz). We choose it to be optimal in v for 7 = n, where the optimality is define in
When using the computer, the numerical precision implies that we cannot choose our vector to
be Diophantine. Though, in a small neighborhood of our initial values, where the application
of the KAM theorem still works, such a vector exists. The ratio between these frequencies is
10!, and hence, by changing very slightly the initial values of the semi-major axes, one can be
as close as wanted to this point. Hence, we choose 72 = min(wi,ws)/2 ~ 8.4 x 10727, the factor
1/2 being there to absorb the approximations of the frequencies. 7, will be used only for these
steps in dimension 4 (n = 2).

The size of the different transformations are:

€9 < 2.62 x 107290

€3 < 6.52 x 107270,
€4 < 5.39 x 107406,

Now, applying the different proposition [4.8][4.9] and we obtain respectively:
1. Remainder of the perturbation after 3 steps of corollary €4 < 5.39 x 107406,
2. Remainder of the BNF: < 3.49 x 107406,

3. Remainder of the part of the transitional Hamiltonian depending on the eccentricities:
< 1.24 x 107436,

4. Non-linear remainder: < 2.23 x 10~406,

Hence, we can let € = 2 x 107495 and we have

| Hpertllr /32,0716 < €

Let us now see the different conditions of the KAM theorem.

We will try to apply it for § = 5 x 10°, trying to make the three conditions of the KAM theorem
of the same order. We have, for this value, K = 953. Observe besides that the first and the
third terms appearing in the minimum of theorem [3.3] are linear with the Diophantine constant
~. Let us consider first that this constant is optimal in v with 7 = n = 4. It corresponds to
saying that 44 = min(wy,ws,ws,ws)/2, and hence, we let v4 ~ 6.31 x 107136,

The three minima have values:

747“’

~ 2.41 x 107376,
2K"6 x 10

! vV 1./

var'o _379 h'r

~6.44 x 10 , —

4vCy 26

The first observation is that with the size of the perturbation we derived, we can apply the

KAM theorem. The second observation, is that we do not need the Diophantine condition to
be optimal in 4. Indeed, we can let 74 = 4 x 1072°, and then we have:

~ 6.49 x 10739,

/. U /.. /..
YT 6.44 x 10739, W 6.49 % 10739 Tar

~ 2.41 x 10739,
1 C, 2 2K75 %

The estimate on the norm of the perturbation not changing (since 75 is fixed), we can consider
this value to be our final value for the Diophantine condition. We choose to let ) have a
very small value compared to 74, which was the optimal Diophantine constant +, and hence to
possibly work on a larger set of Diophantine vectors.

Note that we still have some "room" between the estimate of € and the minimum of the previous
values. The order of magnitude is 5, and therefore, it is clearly possible to change slightly the
values of Ag or of the m;.
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6.1.4 Size of the transformation

With the work done in chapter (3| we can derive some estimates on the size of the transformation
that we just applied. Though, we are first interested on the new frequencies w’ of the system. We
want to quantify the difference between the frequencies w’ corresponding to the quasi-periodic
motion in the new variables, and the frequencies w of the perturbed Hamiltonian. We will
consider here that the initial frequencies are given by w = H(,)’l(A[), I3, I4), where m < I3, I, < M.
This frequency vector is entirely known, since we know explicitly Ho ;.

Along the scheme, we change three times of frequencies. The first and second times occur when
"pushing" the perturbation further, or more precisely when we add P, and P3 to Hp 1. Recall
that we only add the part of these Hamiltonian that do not depend on the action I3 and Iy.
The third part comes directly from the KAM theorem, and a bound on its estimate is given in
theorem 3.3

Observe that the parts coming from Hy 3 — Hy 1 are independent of the third and fourth actions.
A simple Cauchy estimates gives a modification in the frequencies of order ~ 10793, which is
very small compared to the values of wy and wy, the latter being ~ 1.68 x 10726,

The estimate in the KAM theorem for the change in frequencies p—Id on the set {6 : 30| < X' /2}
is given by:

lv(w)| = |l¢ — Id|| < 1.6 x 107°h' ~ 1.39 x 107177,
Hence, the frequencies w’ of the system in the new set of variables are:

W) =w; £10792 ~ 1.68 x 1078 £ 10132
wh =wy £10792 ~ 1.68 x 10726 - 107132
wh = ws 107176 ~ 1.26 x 107129 £ 107180
wh = ws 107176 ~ 1.26 x 107135 £ 107180

The change in frequencies is therefore very small. We can as well give the computation of
the other norms appearing in the KAM theorem, so as to have an idea of the size of the
transformations happening in the KAM theorem:

lp — Id||, < 2.90 x 10,
[W® — do|| < 4.48 x 10723,
[W® — &gl < 1.16 x 1057

6.2 Discussion and improvements

In this section, we discuss the result and its dependency in the initial choices. The choices
we made when constructing the final Hamiltonian have a great impact on the possibility of
application of the KAM theorem. We choose to debate these choices, in order to make some
points on possible improvements.

6.2.1 Dependency in the initial parameters

The initial parameters we choose suit the choices made in the computation. Though we can
wonder what happens when trying to change them in a way or another, since all the parameters,
the conditions on KAM theorem and the size of the different parts of the perturbation are
intricately linked.

Decreasing the mass of the planets: When decreasing the mass of the planets, the size of
the perturbation can become a problem for our construction. Indeed, the remainder of the BNF
depends mostly on the size of the variable py and u, and does not decrease as fast as the other
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part of the perturbation. The constraints on the application of the KAM theorem on the other
hand are getting more important. Without letting the eccentricities decrease, there exists some
ratio between the mass of the planets and the sun at which we cannot expect the theorem to
hold, using the construction we did. Hence, while letting this ratio decrease, one has to decrease
the eccentricities as well so that we can still remove the perturbation.

Decreasing the mass msy: When decreasing mo, again the remainder of the BNF can cause
a problem for our construction, and one needs to let piemp (and therefore the eccentricities)
decrease.

Decreasing the ratio of the semi-major axes: When decreasing a;/az, the problem arises
from the first transformation ¢%, . Indeed, in this case, after applying this map, the remainder
becomes larger than the previous perturbation: ||Hpert © 9%, || = [[Hpert||. The problem arises
from the truncation of the Hamiltonian. When the two frequencies are too far, the value of the
order of truncation K becomes close to 1: recall the inequality

72
2r ’ H(/)/,1

78

K<

the fact that ~» becomes very small then becomes a problem. When the frequencies are not
close enough, one cannot expect in general to remove the same perturbation as when they are
(we will discuss this problem in another paragraph). Hence, one has to make the ratio between
the mass of the planets and the sun decrease at the same time.

Decreasing the eccentricities: When decreasing the eccentricities, we have to let as well
the analyticity width r; decrease at the same time, in order to keep the variables I3 and Iy
well-defined. Hence, the conditions on the KAM theorem become more restrictive. Though, the
estimate ¢4 is independent of the analyticity width r; and do not decrease. Under some limit
value, the conditions of the KAM theorem are not satisfied anymore because of the size of ey4.
It is nevertheless possible to deal with this problem, by iterating the corollary a few more
times, and hence to obtain a suitable value for the size of the perturbation.

Even though changing the initial conditions one by one makes it impossible to remove the
perturbation with a change of variables, if we change the initial condition together, the result
can still hold.

Observe as well that in a neighborhood of the initial values we considered, the result is true.
Hence, it should be possible to change the initial frequencies in order to get close to a Diophantine
vector verifying a sufficient condition to apply the scheme.

6.2.2 Possible improvements of the general results

We can now talk about the different improvements that can be made, in order to apply the
theorem for a larger perturbation. Indeed, the number 103 for the ratio between the masses of
the planets and the sun do not seem to be optimal at all. As well, the constraints on the semi-
major axes and on the eccentricities need to be discussed. We will try to express the possible
improvements in an intelligible way, although this discussion is made tougher because a lot of
them are linked. Besides, there exists two different kinds of limits on the scheme we did: some
are technical, as for example the value of the ratio of the semi-major axes, on which we rely to
perform some approximations, and some are theoretical, and come from the theorems we are
using.
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Technical Improvements: Here, we talk mainly of the improvements that can be done with
more computation in the formulas.

e Limit on the semi-major axis: The choice of ratio of the semi-major axes exists mainly
for convenience. Indeed, using the formulas of the expansion of the secular Hamiltonian in
power of the semi-major axes can become quickly cumbersome without any approximation.
That is why we decided to approximate them by their first order. We also chose to let
v ~ 0. These two approximations would not be possible in the case of close values of
semi-major axes. Besides, the computation of the inverse map of the frequencies would
require a lot more computation in this case. Yet, removing this assumption could lead
to better results, while making calculation more difficult. Indeed, as we noticed in the
previous discussion, having closer frequencies allows us to obtain a better result when
applying corollary as well as in the KAM theorem. If the ratio of the semi-major
axes was close to one, we would have w1 ~ wy and wsg ~ wy, which would lead to smaller
values of €3, €3 and €4. However, the ratio wi/ws would still be very large, and it should
not be the first improvement one should try to perform.

e Limit on the eccentricities: The limit on the eccentricities comes mostly from the
order of the BNF. We choose to put the secular Hamiltonian under BNF of order 4, and to
consider every higher order as part of the perturbation. This choice obviously requires to
have a very small eccentricity. It is possible to compute at a higher order, by iteration, the
BNF of the secular Hamiltonian, which would lead to the possibility of considering much
larger eccentricities. A possible way would be to compute each term of the perturbation
at the wanted order, in order to reduce the analyticity loss while putting the perturbation
under normal form. Besides, instead of considering a Diophantine condition, it could be
more optimal to consider a non resonance condition of some order, so as to avoid the
presence of a Diophantine constant that could be too small. Observe that in our scheme,
we let the values py and p{, be of the same order. Indeed, with very small value of the
eccentricities, it is not worthwhile to separate these values. However, when considering
important eccentricities, it can become essential to consider a smaller value of pj), so as to
have r; as small as necessary. It remains important, while applying the BNF theorem, to
keep track of the analyticity widths.

These remarks justify the fact that these restrictive constraints on the eccentricities and the
ratio of the semi-major axes are not intrinsic in the plane planetary 3 body problem. With more
computation, it is always possible to weaken those. The only limit that should exist, if we can
compute the Hamiltonian at a very high order, is the limit of convergence of the series which
bound the perturbation, which happens for high eccentricities and small ratio of semi-major
axes.

Theoretical Improvements: We consider here the improvements that can be done in the
different theorems, and in the general scheme of the result. We try to list the possible improve-
ments by order of importance.

e Several KAM steps by hand for the final Hamiltonian: The greatest improvement
is probably the possibility of doing one or several steps of corollary with the final
Hamiltonian, in dimension 4. Indeed, the conditions required by the KAM theorem are
that the size of the perturbation is less than y4ro”/c, where ¢ ~ 10'®. In the corollary,
this constant is ¢ ~ 10® in dimension 4. Hence, it would be quite straightforward to gain
a factor 1010 for the ratio of the masses.

e A more suitable KAM theorem: Our choice of KAM theorem was done by conve-
nience. However, it asks the unperturbed Hamiltonian to be linear in the action. More
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precisely, it requires to add the non-linear terms to the perturbation. This requirement
is, with the initial values, the most restrictive one concerning the value of 7. This kind
of theorem is hence not very suitable to the plane planetary three-body problem. Indeed,
the fact that the initial Hamiltonian is degenerate, and that we use a part of the small
perturbation to remove the degeneracy, makes this theorem difficult to apply. Loosely
speaking, the initial Hamiltonian is H g+ €Hpert, and after some transformation, we look
at
Hrcep + €Hper + €2 Ho.

Asking that (Hgep + eflpeﬁ)Q -1"2 is of the size of €2Hy requires that 7’ is of the size of
the perturbation, and hence no more related to the actual size of A; or the eccentricities.
This implies a huge and artificial loss of analyticity.

Quantitatively, the value of r’ has two origins, the initial analyticity width related to
the A;, and the initial analyticity width coming from the value of p and p’ (which are
themselves given by to the size of the perturbation). In our case, the initial analyticity
width related to the semi-major axes was 1 ~ 107%9). To make the non-linear part of the
unperturbed Hamiltonian small enough, we have to choose ' = 3 x 107219, which is a lot
smaller than the first values of r1. Yet, it is difficult to give an order of how much we could
gain with a theorem not asking that the non-linear part must be put in the perturbation.
Indeed, the numerous transformations we did make it difficult to easily track what would
change. It might need some more transformation of the type given by corollary but
as well, one could consider larger eccentricities, which would lead to a possibly even better
value of 7/...A new theorem might have other requirements as well, and even if it is a good
lead for a great improvement, we cannot pronounce ourselves on its order.

More generally, a KAM theorem adapted to low and high frequencies: When
performing a KAM step, we use the theorem of Riissmann that is optimal for a
generic Hamiltonian. Though, as we previously observed, our Hamiltonian is specific
in the way that its frequencies are not homogeneous, we have wi,ws > ws,ws. And
even more, in the case of a large ratio of A; and As: we have w; > wy and w3 > wy.
In this case, for a small value of K, and a vector k = (ky, ks, k3,ks) € Z* such that
|kl1 < K, we have w -k ~ kjwy > v4/|k|]. Hence, it is possible to improve the estimate of
Riissmann, by considering that the analyticity loss only takes place for high values of K,
when the Fourier coefficient are getting extremely small. Such a theorem would require
some precise study and estimates on the ratio between the frequencies, and also a more
precise Diophantine condition. To a certain extent, we did this when we used Riissmann
theorem in the transformation ¢% , considering that our vector (w1, ws) satisfied an optimal
Diophantine condition, and we applied Riissmann theorem to the wanted Hamiltonian.
One could precisely analyze the transformation for small K, and then, when K becomes
large enough and that the k;w; starts to be of the same order, estimate as usual the size
of the new function. With such a theorem, one could improve the estimates on the size of
the transformation we need to use, and therefore on the constants appearing in the KAM
step (and even in the order of the exponents). However, it would be necessary to have a
more specific Diophantine condition: for instance, we could ask for a frequency vector in
dimension n to verify a Diophantine condition for 7 = n and some constant ~,, and then
for each of its sub-vector of dimension n’ < n to verify a Diophantine condition for 7 = n/
and some constant 7, ; (the i referring to the precise sub-vector). Such a condition would
allow a precise study of the first terms of the Fourier series of the Hamiltonian generating
the transformation.

More than 3 steps of corollary For several reasons, this could improve the
general result. Indeed, ¢4 was close to € in the application of the KAM theorem. It is
responsible for the fact that we cannot let, as an example, the eccentricities go to zero. If
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we judge that the loss of analyticity width, while performing another iteration, is small,
then one could iterate the corollary several more times. The fact that we have a large
Kepler problem Hamiltonian implies that this transformation works well at first (if the
frequencies w; and we are of the same order). One could then increase the ratio of the
masses, and consider more terms in the perturbation. It implies a loss in the analyticity
widths 1 and s; = )\, as well as a loss in the analyticity width in the frequencies.

BNF for the transitional Hamiltonian: The transitional P,, P; Hamiltonian ap-
pearing when performing a KAM step to the initial perturbation depends on the angle
g = g1 —g2. Hence we chose to consider that the part depending on this angle is part of the
perturbation. In the case we want to consider a larger perturbation, and that we need to
apply more KAM steps, it is possible that the parts depending on the angle g are not small
enough. In this case, it is possible to put the Hamiltonian Hy; + P;,1 under normal form,
so as to remove the dependency in the angle g of the unperturbed Hamiltonian H ;1.
A normal form up to some order n would lead to an estimate of these terms of the size

Pi(po + po)" /"

Computing the first Legendre polynomials: We mentioned before some possible
improvements on the estimate of the perturbation. The largest improvement that could
be done was to calculate precisely the first terms of the Legendre polynomials, in order to
have a better estimate when computing its analytic continuation. One can expect to gain
a factor close to 3 by doing such a computation.

General optimization of the theorems: Broadly speaking, we can say, without taking
any risk, that trying further to improve any constant in the theorems we used could lead
to a gain in the result. Improving any constant, trying to be as optimal as we can in every
possible steps is an effort that could be rewarded by some orders of magnitude in the ratio
of mass we are considering, and therefore will not be a vain effort.

This elements terminates the discussion about the possible improvements that can be done to
improve the result. If some can be done quite straightforwardly, some requires an important
labour to be set up.
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Appendix A

Formulas of the Secular Hamiltonian

A.1 First terms of the series expansion in power of eccentricities

A.1.1 Before Integration

The formulas for the coefficients b; ; , for i + j < 4 are trigonometric polynomials:

b2,0.n

bo,0,n =

b0,2,n -

biin =

b4,0,n =

bo,an =

ba 2, =

b3,1,n =

b1,3,n =

1

pPe /1'2 P, (cos(va — v1 + g))dvidva

1 3
=1z /T2 (n + 5 (n + 2)(n + 3) cos? vl) P, (cos(va — v1 + g))dvidva

b2,0,n

1
C4n2 AQ (n+2)(n — 1)) cos vy cos va Py (cos(vz — v1 + g))dvidus

1 2n+1)(2n+3)  (n+2)(n+3)(2n + 3)cos?v
mjﬂ < 8 - 1+

(n+2)(n+ 3;4&” +4)(n +5) cos? 1)1) Pp(cos(vz2 — v1 + g))dvidvy

1 2n+1)2n—1) (n—2)(n—1)(2n —1)cos?v
@/Tz ( 8 + 4 2+

(n—1)(n— 2; in —3)n—4) 02) Py (cos(va — v1 + g))dvidus

1 1
b2,2,0, +b222nc08% g = —— / — (n(n+1) 4+ (n+2)(n + 3) cos(2v1)) x
4 T2 16

(n(n+1) + (n — 2)(n — 1) cos(2v2)) P, (cos(va — v1 + g))dvidvs

1 3 (n+2)(n+3)(n+4) 4
@/1’2 ((n—l—2)(n—|—2)cosv1— 5 cos v1> X
(n — 1) cosva P, (cos(ve — v1 + g))dvidug
1 3
~03 /1_2 (n(n + 7)cosvg — (n — 2)(n — 3) cos vg) X

—1 2
M cos v1 Py, (cos(ve — v1 + g))dviduy
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A.1.2 After Integration

2
1 (2
Call L, = —— 7 , after integration, for p > 1, these coefficients are:
p 24p P
boo2p = Ly,
2p+1
bao2p = ]9(192)ij
2p+1
bopop = ]3(172)pr
b __(@p+D@p+3) p
1,1,2p+1 2 D+ 1 D
_(p—=DpEp-1)2p+1)
bio2p = 7 Ly,
6
_plp+1)(2p+1)(2p +3)
boao2p = 1 Ly,
6
p(2p+1)(2p® +p+3)
ba20,2p = 3 Ly,
b _(p=Dp2p+1)2p+3)
272’272;7 - 4 p»
; _ p@2p+1)*(2p+3) p
p(2p+1)(2p + 3)
b1,32p+1 = — L,.

8
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A.2 First terms of the series expansion in Poincaré coordinates

A.2.1 Full formulas of the coefficients

Calling

3n+1 m§n+3

mo + ml)
M, =G? ( :
n = G sy + ma) T (mgmy) B

A3
Cij = Z MHW X bi,j,na
2

n>2
the average of the Hamiltonian over the fast angle is:

1
s /T2 Hpere(A1, A2, A1, A2, €1, €2, g1, g2)dA1dAo =
do,0,0+d1,0,0I'1 + do,1,0I'2 + do 10+
d2.0.0T% + do 2,003 + do o oT2+

d110T1T2 4+ d101T1T0 + do1.1T2To + o((T)?),

with
do,0,0 = €0,0,
d 2 d 2 d 2
1,0,0 = 7—C2,0 0,1,0 = 7—C0,2 0,0,1 = —F/——=C1,1
Ay Ay VAN, T
d ! ), d (4 ) doos = ——
2,00 = 73 (4ca0 — 20 02,0 = 5 (4coa — co2 0,02 = 2,22
A? ’ A3 ’ A1As ’
4 1 1
di10 = AL G220 dip1=—57(4c31—c11), dop1=-—c—75(dcr3—ci1)
1 Af A3 Af A3
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A.2.2 Expansion at the second order in A;/A,

The expansion of the coefficient d; ; at the second order in the ratio of the A; can be written as

8

)
2

>

follows (we forget to write o (( ) for convenience):

do.00 =+ 641A% (A;>4 (16M2 9 M (2)3
Sy
o= sty (8 ()
N e
d200 = _12:A§ (A;)Q (16M2 — 1M (A:)4>
0,20 = +12§A§ (1\;)4 (64M2 28 M <t>4>
) (rmeensn(3)
e sty (a2
e g ) (s ()
e g8 e (2






Appendix B

Analytical tools

B.1 Remainder of the truncated Fourier series

Let A, be the set of functions defined on T" that are bounded and analytic on the set T} =
{0 € TE, 90| < s}.
Let f € A, for 6 € T?, we can write

FO)= " fre™.

kezn

For all k € Z", we have |fi| < |flse~*l*. Indeed, this result is straightforward using the fact
that f is 2w-periodic in each variable, and analytic and bounded on its set of definition.
Let us consider the truncation of order K € N of f:

Tif =" fue™?’.

k<K
Lemma B.1. Let s >0 and o < s. If f € A;, and Ko > n — 1 then
\f = Ti fls—o < A"IK"e 7|f,, 0<0<s
Proof. We have:

|f = Tflso < D> |fulexp(kl1(s — o))

kezZn k|1 >K

<I[fls Y,  exp(—|klo)
kezZm |k|1>K

<4"fls > 1" exp(—lo),
leEN,I>K

where we used the fact that the number of k € Z" such that |k|; = [ is less than 47" 1. As for
the last sum, since the general term is strictly decreasing, it can be bounded by the incomplete
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gamma function:
oo
Z "L exp(—lo) S/ 2" Lexp(—zo)dz
IEN,I>K K

1 [e¢]
< — 2" Lexp(—z)dx

n—1

<nl! exp(—Ko)

< nlK"exp(—Ko).

Injecting this result in the previous inequation, the lemma is proved. ]

B.2 Inversion of analytic map close to the identity

Recall that we defined the set Oy as the open complex neighborhood of radius h of the subset
of frequencies (1, for some v > 0. Using as usual the sup-norm for maps and vectors, we will
prove the following lemma for the inversion of the frequency vector:

Lemma B.2. Let f : O, C C" — C" be analytic, such that |f — Id| < § < h/4 on the set Oy,.
Then f has an analytic inverse g on Oy, 4, and it satisfies:

h
|9 = Idlnjas 719" = 1d| <6

Proof. Callv=f—1d: Op, — C".
Let z # y be two points of Oy, /5 such that f(x) = f(y). We have

[v[n
[z =yl = [v(z) —v()| < [V[nplz -yl < h72|33 — |
<l|z -1yl
Hence, the functions v and f are one-to-one.
Moreover, for any given y € Oy, 4, the function

¢ Oz — Oy
x —y—ov(r)

is a contraction. Hence, it has a unique fixed point. We can define for any point y € Oy /4 such
a pre-image by the function f, and this pre-image depends analytically on y.

The function f is therefore a biholomorphism from the set Oy, /; into a subset of Oj. Define the
function ¢ = f~! on the set Op /4 onto the set Oy 9. Let y € Oy 4, we have:

l9(y) =yl = [v(g(»))],
hence the estimate on |g — Id|} 4. As for the derivative:

_ |Ul|h/2
" Id|yy < |7 = Id)gy g < ———E—
g lhja < If /2 < T
_ /2
—1-96/(h/2)
49
< .
~— h
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B.3 Semi-global inversion theorem

When looking at the complex Kepler’s equation, we determined a set such that we have an
analytic local diffeomorphism induced by the equation at each point. We require a theorem to
ensure that we not have only a local diffeomorphism, but a semi-global diffeomorphism on the
whole set. We will derive this theorem from a classical global theorem.

Recall the following definitions:

Definition B.3. Lipeomorphism (or Bi-Lipschitz mapping): Let U be an open subset of R™,
and f: U — f(U) C R" a one-to-one correspondence. f is called a lipeomorphism if f and f~!
are Lipschitz continuous.

Definition B.4. Holomorphic diffeomorphism (or Biholomorphism: Let U be an open subset
of C". A holomorphic map f : U — f(U) is called a holomorphic diffeomorphism if f is a
one-to-one correspondence and f~1 : U’ — U is holomorphic.

We will consider in the following three different framework for the theorem: the case of a
Lipschitz function, the case of a C* function with k& > 1, and the case of a holomorphic function.
To simplify the statements, consider the following definitions:

Definition B.5. Let U be an open subset of C", and f : U — f(U) C R" a function. If
h,u: U — R™, with h a lipeomorphism (resp. a C*-diffeomorphism) and u a Lipschitz function
(resp. CF-function) such that f = h + u, we call the couple (h,u) a lipeo-decomposition of f
(resp. a CF-decomposition of f).

Let U be an open subset of C", and f: U — f(U) C C" a function. If h,u: U — C", with h a
biholomorphism and u a holomorphic function such that f = h + u, we call the couple (h,u) a
holo-decomposition of f.

Observe that the decomposition is not unique.

Lipschitz case:

Recall the following classical global inversion theorem:

Theorem B.6. Let f: R" — R" a function and (h,u) a lipeo-decomposition of f such that
lip(uoh™!) < 1, (B.1)

then h + u is a lipeomorphism and

o lip(h~")

1 <

(/) < 1 —lip(uoh=1)

We will need another theorem before stating our result. This theorem is dealing with the

Lipschitz extension of a map Lipschitz on some subset of a Hilbert space, and was stated and
proved in the case of an Euclidean space by Kirszbraun.

Theorem B.7. (Kirszbraun theorem) Let Hy and Ha be Hilbert spaces. Let A C Hi, and
f:+A— Hs a K-Lipschitz map. Then there exists F' : Hi — Ho such that F is K-Lipschitz and

Fla=f.

The original proof in the Euclidean case can be found in [34], a full outline of the proof can
be found in the very pedagogical paper of Fremlin [23].
Now we can show the following corollary:
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Corollary B.8. Semi-global inversion theorem:
Let A C R™, be a set, f : A — R™ a map such that there ezists a lipeo-decomposition (h,u)
verifying

lip(uoh™) < 1, (B.2)

then f: A — f(A) is a lipeomorphism and

| lip(h™1)
lip(f~) < 1 —lip(uoh™1)

With the two previous theorems, the proof is rather easy.

Proof. Let A and f satisfy the hypotheses of the corollary, call (h,u) the

lipeo-decomposition such that lip(uoh™!) < 1.

Callv =uoh™ ! and K = lipv, we have f = (Id 4 v) o h. Using Kirszbraun theorem there
exists V : R" — R"™ such that V is K-Lipschitz, and V|4 = v. Since Id is a lipeomorphism with
Lipschitz constant 1, the hypotheses of theorem are verified for the function Id + V. Hence,
Id+V :R"™ — R" is a lipeomorphism and

1
<
~ 1—lip(uoh™1)

lip((Id + V)™1) (B.3)
It is therefore still the case for the restriction of Id+V to A, and Id+v: A — (Id+v)(A) is a
lipeomorphism.

Whence, f: A — f(A) is a lipeomorphism and

lip 7~
lip(f~1) = lip(h ™Y o (Id + uwo h~H)™1) < P

~ 1—lip(uoh™t) (B4)

CF case:

Consider now the case of a function that is C¥ for k& > 1. In addition to the global inversion
theorem, we need to add a proposition on the regularity. Consider the following (and classical)
proposition:

Proposition B.9. (Regularity) Let x € R"™, and U neighborhood of x. Let f : U — R™ be a
lipeomorphism.

o If f is differentiable in x, and that det f'(x) # 0, then h™! is differentiable in y = f(z)
and (f~1)'(y) = h'(z)~!

o If besides f is C* with k > 1, then f~' is also C*.

Corollary B.10. Semi-global inversion theorem C*:

Let k > 1 be an integer, A C R™ be a bounded domain (i.e. a connected and open set), and
f:A—R" aCF-function. Assume there exists a C*-decomposition (h,u) of f, such that for all
x € A, det f'(x) # 0, and such that for all closed subset B C A, supg||(uo h™')|| < 1, then
f:A— f(A) is a C*-diffeomorphism.

Remark: The hypothesis supg ||(u o h™1)|| < 1 for any closed subset B C A implies that
there is no singularity in the open set A, though it is possible to have one on the boundary of
A, in other words, it does not prevent the case sup 4 |[(u o h™1)'|| = 1.
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Proof. Let A be an bounded domain of R” and f a function satisfying the hypotheses of the
lemma, with (h,u) its C¥-decomposition.

Let B C A be a compact set, then A’ and (h~!)’ are bounded on B, and therefore h : B — h(B)
is a lipeomorphism. For the same reason, v is Lipschitz on B, and therefore v o h™! too. Calling
K = maxg|(uoh™1Y|, we have K < 1, uo h™! is therefore K-Lipschitz with K < 1. The
hypothesis of corollary are satisfied, and therefore f|z is a lipeomorphism on its image.
We can now apply proposition to prove the regularity of the function in the set B , which is
open, and therefore the function f : B — f(B) is a C*-diffeomorphism.

Choosing a sequence of increasing closed subset of A, (B;)i>1, such that their union is equal to
A, we can apply the preceding scheme on each of these sets. Hence, since Ugca B closed B = A,
the function f: A — f(A) is a C*-diffeomorphism. O

Complex case:

Corollary B.11. Holomorphic semi-global inversion theorem:

Let A C C" a bounded domain, and f : A — C™ a holomorphic map. Assume that f there exists
a holo-decomposition (h,u) of f such that for all z € A, its real Jacobian evaluated at the point
2z is non-null, and such that for all closed subset B C A, we have supg ||(uoh™t)|| < 1, then
f:A— f(A) is a biholomorphism.

Proof. The proof is straightforward. Indeed, identifying C and R?, the hypotheses of corollary
are satisfied for k£ > 1, and the complex valued function can be seen as a diffeomorphism
of 2n real variables. Besides, its inverse satisfies the Cauchy-Riemann equations (as in the case
of the local inversion theorem for a complex valued function), and therefore, its inverse seen as
a function of C” to C" is holomorphic. Hence the corollary. O

Particular case: We will be interested later in the case n = 1. Indeed, the hypothesis on the
real Jacobian then becomes f/(z) # 0.

B.4 Classical formulas for analytic multivariate functions

In this section, we will recall the Taylor’s theorem and the Cauchy’s formula for multivariate
functions (see [50] for more details on the latter). As well, we will write the Whitney extension
theorem (for the demonstration, see [70]). First, we need some definitions.

Define the following notations for « € N” and x € R" with n > 0:

la| =a1+ ...+ oy
al = aql...ap!

[0}

z® =t ann

n

Introduce as well for an analytic function f:

f(o‘) B a\alf

- (o5} Q.
Ozy ...0z

B.4.1 Taylor expansion of analytic function

Theorem B.12. Let f : R® — R be a function analytic at the point a € R™. Then, for k > 0,
there exists a function Ry : R™ — R such that:

()
f@) - Y L0 = i) = o~ 0)")
la|[<k



164 APPENDIX B. ANALYTICAL TOOLS

Moreover, on a closed ball B around a, we have for x € B:

Ry(x) = Z Ry p(x)(x — a)ﬁ,
1Bl=k+1

with the bound

1
< — (@) (! ) .
1;1€a§|Rk,g(x)\ - pl \én:afé\ (g}ggf (z)

B.4.2 Cauchy Formula

Let a € C" and p = (p1, ..., pn) With p; > 0. Define the polydisc with center a and radius p:
P(a,p) ={z€C", st. |z —a;| < p; for i € [1,n]}

Proposition B.13 (Cauchy’s formula). Let 2 be an open set in C", f a function holomorphic

on Q, a € Q andlet p= (p1, ..., pn) with p; > 0 be such that P(a,p) C Q. Then, for z € P(a,p),
we have

| (o Go)
= — d¢y...dé,,.
= G oo e ey s

Corollary B.14 (Cauchy’s inequality). If f is holomorphic on  and P(a,p) C Q, we have

f(a)(a)§< sup |f(C)!>Oz!p‘a-

|Ci—ai|=p;

B.4.3 Whitney theorem

Define, for some function f defined on R, some m € N, and some a € N" such that |a| < n,
the following functions:

_ fk+a($/) N /
falz) = Z T (z —2")" + Ro(x, ).
|k|<m—|alphal '
Now let A be a closed subset of R™. We will need some condition of smoothness in this set.

Definition B.15 (C™ in the Whitney sense). Let f be a function defined in the set A and let
m be a positive integer. f is said to be of class C™ in A in the Whitney sense if the functions
fa (Ja| < m) are defined in A and the remainders R, are such that for any point = of A, any
€ > 0, there exists § > 0 such that if 2’ and z” are any two points of AN B(xz,d) then

’Ra(fEl,(B”)‘ < ‘J}/ . x/l‘m—|o¢|€‘
With this definition, we have the following statement:

Theorem B.16 (Whitney). Let A be a closed subset of R™ and let f be of class C™ (m finite or
infinite) in the Whitney sense. Then there is a function F of class C™ (in the ordinary sense)
in R™ such that

(1) F)(z) = fa(z) in A for |a] <m,
(2) F(x) is analytic in R™.

In particular, f = F|4.
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B.5 Solving the cohomological equation

We will prove here a lemma on the solution of the cohomological equation. We are not looking for
an optimal statement with optimal exponents and constants such as the one Riissmann derived
in [64].

Recall that Aj is the set of function analytic on a polydisc of size s and of 0-average.

Lemma B.17. Let 0 < 0 < s <1, a € D(v,7) and g € Aj. There exists a unique function
[ € Ay 7 such that

804.](. =g
Besides, there exists a constant Cy depending only on n and T such that

Co

’f|sfa < W|g|s-

Proof. We have, for § € T?, the Fourier expansion of g:

90)= > grexp(k-6
kezm\{0}

Formally, it is straightforward to see that the unique solution f of the cohomological equation
is:

0= Y T exp(uk -6,

kezm {0}

Since « verifies a Diophantine condition, the coefficients

9k
w - k

fe=
are well-defined. The function g being analytic on the polydisc of size s, we have

\gk| < |g|s exp(—|k|15).

Hence, injecting in the formula of f and using the Diophantine condition, we find:

Fleco < 9 S i exp(—Ik10)
kezm\ {0}
4™ g|s _
< |g| Zln 1+Texp(—la)

7>

4"gls n—lir
< WZ(ZU) 7 exp(—lo)

1>1

The last sum is roughly equivalent to

1

+oo
—/ "7 exp(—x)dz,
g Jo

where the integral depends only on n and 7, whence the lemma. O
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