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Introduction

This thesis concerns the study of some Dynamical Systems which
are related to interesting problems in Celestial Mechanics. For exam-
ple, a really fascinating subject of Celestial Mechanics is the occurrence
of resonances in the solar system, which are particular configurations
of celestial bodies, that recur periodically in the time. In particular, we
will be interested in the so—called spin—orbit resonances, which can be
studied through the analysis of the dynamics of the dissipative standard
map, a discrete system strictly related to the spin—orbit problem. The
existence of periodic solutions of the dissipative standard map as well
as the presence of invariant tori and cantori can be very useful to under-
stand the real physical phenomena occurring in the solar system and,
more generally, in the Universe. The existence of periodic orbits can
be proved within their Arnold’s tongues, which are particular struc-
tures involving the parameters which define the dissipative standard
map; the existence of cantori is proved by means of the Aubry—Mather
theory for twist maps. In this thesis we deal also with the Sitnikov’s
problem, which is a particular case of restricted three-body problem
where two massive bodies (primaries) move in Keplerian orbits around
a common barycenter, while a third body moves perpendicularly to the
plane of the primaries. The motion of the third body strictly depends
on the eccentricity of the Keplerian ellipses in which the primaries
move; it is of great interest the study of the dynamics as the eccentric-
ity varies. KAM and Nekhoroshev’s theory can be suitably applied in

order to analyze the dynamics of this model.
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4 INTRODUCTION

In the following, we start with a short background of Dynamical
Systems and a description of the most important problems of Celestial

Mechanics; then, we explain in detail the content of the thesis.

0.1. Background and notation

A dynamical system can be described by a real function H =
H(I,¢,t) called Hamiltonian, where the variables (I,¢) € R" x T"
represent the action—angle variables which are related, through a sym-
plectic transformation, to the position and the velocity of the system.
If the Hamiltonian depends only on the action variables I, namely
H(I,¢,t) = H(I), the system is integrable and the solution can be writ-
ten explicitly. Thus, the motion of an integrable system is completely
known. The 2n—dimensional phase—space is fibrated by invariant tori,
namely n—dimensional surfaces invariant with respect to the motion:
if the initial condition is on such surface, the motion will remain on it

for all times.

The motion of integrable systems is fully characterized by periodic
and quasi—periodic motions. We have a periodic motion when there
exists a quantity 7', such that the system at time t = T' is again in the
same configuration in which it was at time ¢ = 0. This kind of motion
occurs when the frequency of the motion, given by w = 0H/0I, is
rationally dependent, i.e. w -k = 0 for some k € Z" \ {0}, where the
dot stands for the scalar product. In this case, the trajectories are
closed. On the contrary, we have a quasi—periodic motion when the
frequency w is rationally independent, namely when w - £k = 0 implies
k = 0 with k£ € Z". In this case the trajectory on an invariant torus
is not closed, but it fills densely the whole torus and any point never

comes back to itself.
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Let us see what happens when we modify an integrable system by
adding a small perturbation. The system, eventually, becomes non—
integrable, but it is close to an integrable one. We refer to these systems
as nearly—integrable systems. The Hamiltonian of a nearly—integrable

system can be written as:
H(I7¢7t):HO(I)+€H<]7¢7t) ) (01)

meaning that, the Hamiltonian can be split into two parts, one depend-
ing only on the action variables I and another part, which is in norm
very small, depending also on the angle variables ¢ and, eventually,
also on the time . The quantity € represents a small real parameter

greater than zero, which measures the size of the perturbation.

The dynamics of a nearly—integrable system changes a lot from the
dynamics of an integrable system, but starting from the latter, we
can deduce many properties of the former. The dynamics of a nearly—
integrable system is described by regular and bounded motions as in the
case of an integrable system; in addition we can find chaotic motions,
showing a deep sensitivity to the initial conditions. Nearly—integrable
systems show also cantori, which are totally disconnected invariant
sets and they are graphs of a Cantor set. A cantorus arises from the
break—down of a KAM torus. Let us explain better this concept. If we
consider an integrable system, the phase—space is foliated by invariant
tori on which periodic and quasi-—periodic motions take place. When
the system is perturbed, some of the quasi—periodic tori do not persist
under the perturbation and they give rise to cantori. The determination
of cantori is far from be trivial as well as the proof of their existence.
Most important theories, as KAM, Aubry—Mather or Nekhoroshev’s
theory, concern the study of the behavior of the dynamics when, in
a nearly-integrable system, the tori deform and break-down as the

perturbing parameter ¢ increases.
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Let us also remark that Dynamical Systems can be conservative or
dissipative. A system is conservative if the total energy is preserved.
A system is dissipative if it exchanges and disperses energy. A conser-
vative system is characterized by a set of equations which preserve the
volume of the phase—space, and it is said to be area—preserving. In a
conservative system, the determinant of the Jacobian of the equations
of motion must be equal to one. On the contrary in a dissipative system
the volume of the phase—space is not preserved and the determinant
of the Jacobian of the equations of motion turns out to be different
from one; in particular, it can be less than one (contractive system) or
greater than one (expansive system). We will see that the dissipation
plays a very important role in the explanation of models describing real

phenomena.

0.2. Some problems of Celestial Mechanics

We describe three important problems of Celestial Mechanics, in
particular the three—body problem, the spin—orbit problem, and the Sit-
nikov’s problem, which is a special case of the restricted 3—body prob-

lem.

The 3-body—problem will allows us to define the orbital resonances
of Chapter 1; the spin—orbit problem will provide a physical motivation
of the dissipative standard map studied in Chapter 3; the Sitnikov’s

problem will be extensively analyzed in Chapter 4.

0.2.1. Three—body—problem. One of the most important prob-
lems of Celestial Mechanics is the three—body problem or, more generally,
the n—body problem. Let us take two bodies (for example the Sun and
a planet, or a planet and a satellite) interacting by the gravitational
law; it is well known that such problem is integrable and it admits an

explicit solution provided by Kepler’s laws, which fully describe the
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motion of the two bodies. Let us add a third body interacting gravi-
tationally with the first two. Let us consider, for example, the model
Sun-Earth and the interaction with Jupiter, which has a mass much
bigger than the mass of the Earth. The system formed by the three bod-
ies is non—integrable. In 1889, H. Poincaré proved that the three-body
problem, and more generally the n—body problem, does not admit a for-
mal mathematical solution. This model is a nearly—integrable system
(since the mass of Jupiter is small compared to that of the Sun) and the
Hamiltonian describing the model can be split into two parts: the first
part is integrable and the other part represents the perturbation due
to Jupiter. The integrable part is the Keplerian interaction between
the two bodies (Sun—Earth); the non—integrable part is a perturbation
and it represents the interaction with the third body (Jupiter); the per-
turbing parameter, measuring the size of the perturbation, is the ratio
between the two primaries’ mass. In the Sun—Earth—Jupiter system,
the perturbing parameter is given by mg/mg, where mg is the mass
of Jupiter, mg is the mass of the Sun; such ratio amounts approxima-
tively to 1072. Since the three-body—problem is non-integrable, the
dynamics of such model is very difficult to predict. In fact, we can
have regular motions, like periodic and quasi—periodic motions, as well

as chaotic motions.

The model turns out to be more realistic if we add some dissipa-
tions as the radiation pressure (which is exerted on any surface subject
to electromagnetic radiation), or the solar wind which is caused by
charged particles originating from the Sun, or the Poynting—Robertson
effect due to the absorption and re-emission of the solar radiation. The
dissipation is very useful in the study of the formation and the evolu-

tion of the Solar System. For example, if we consider a protoplanetary
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disk, the motion of a particle orbiting around the Sun can be well de-

scribed by the three-body-problem with dissipation (compare with [2],

3]).

0.2.2. Spin—orbit problem. We introduce an important model
of interest in Celestial Mechanics, which goes under the name of spin—
orbit problem. Let us consider two bodies (a planet and a satellite)
interacting by the gravitational law; let us introduce the following hy-
potheses: (i) the satellite is a triaxial body (it is an ellipsoid), orbiting
on a Keplerian ellipse around the planet (we neglect the perturbations
due to other bodies); (i7) the direction of the spin—axis coincides with
that of the smallest physical axis of the ellipsoid; iii) the spin—axis is
perpendicular to the orbital plane; iv) dissipative effects are neglected
(in the case of the conservative model). This is a nearly—integrable
system, where the perturbation is due to the equatorial oblateness of
the satellite. In the Earth—-Moon system, the perturbing parameter is
about equal to 10~*. In this model, we can consider a dissipation if
the hypothesis iv) is removed; for example we can introduce a dissipa-
tive force, like the tidal torque due to the non-rigidity of planets and
satellites. Also in this case, the dissipation plays a very important role
in the formation of the Solar System; in particular, the capture into
a spin—orbit resonance increases as the dissipation gets stronger, thus
suggesting that the dissipative contribution allowed for a selection of
the resonances during the formation of the Solar System (compare with
18)).

0.2.3. Sitnikov’s problem. A very simple but not trivial exam-
ple of three-body—problem, is provided by the Sitnikov’s problem. It
is an example in which we can find oscillatory motions, quasi—periodic

motions as well as chaotic motions. Two bodies (the primaries) orbit
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in the same plane and move on Keplerian orbits in an antisymmet-
ric way. A third body with negligible mass moves perpendicularly to
the primaries through their common barycenter. The study concerns
the motion of the third body under the influence of the primaries. It
could be thought as a model describing the motion of a small body

interacting with a pair of binary stars.

0.3. Content of the thesis

The present thesis is formed by four Chapters. Chapter 1 concerns
a review of orbital and spin—orbit resonances occurring in the Solar
System; the content of this Chapter is part of a review paper written
in collaboration with A. Celletti (see [16]). In Chapter 2 we review the
Aubry—Mather theory with special emphasis to the dissipative setting.
In Chapter 3, the dissipative standard map is described; some new
results about the existence of periodic orbits and about the relation
between periodic and quasi—periodic orbits are presented. The new
results are provided in an original paper written in collaboration with
A. Celletti (see [15]). Chapter 4 concerns the Sitnikov’s problem. A
new formulation of the problem and new results about the stability of
the system are presented. The content of this Chapter is contained in

an original paper written in collaboration with C. Lhotka (see [29]).

0.3.1. Resonances. In the first Chapter of the thesis, we intro-
duce the resonances which can be observed in many objects of the Solar
System. Let us consider some quantities characterizing the motion of
two or more celestial bodies; a resonance in Celestial Mechanics occurs
when the relation between these quantities is the ratio of two small
integers. In particular, a celestial body has two fundamental motions:
the revolution around a central body and the rotation around its spin—

axis; thus, we find two important resonances in our Solar System: the
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orbital resonances and the spin—orbit resonances. The first is related
to the three-body—problem and concerns the motion of two bodies or-
biting around the Sun (for example two planets). We consider the two
periods of revolution 77 and T, of the two bodies around the Sun. If
their ratio is a rational number which can be written as the ratio of
two small integers, then we will say that the two bodies are in an or-
bital resonance. The second resonance concerns the motion of the two
bodies (for example a satellite orbiting around the host planet). Let
T, and T,,; be, respectively, the period of revolution of the satellite
around the planet, and the period of rotation of the satellite around
itself. Then, we will say that a spin—orbit resonance occurs if the ratio

between T,., and T, can be written as the ratio of two small integers.

There is an important link between the resonances and the models
described before. Let us consider the equations of motion of the three—
body—problem and of the spin—orbit model; then, it is easy to show that
periodic solutions of these models correspond to the orbital and spin—
orbit resonances, respectively. Periodic orbits play a fundamental role
in the explanation of real phenomena appearing in the Solar System. In
fact, resonances are periodic configurations that recur in time, placing
the celestial bodies involved always in the same location. Periodic

solutions of the equations of motion describe exactly these events.

0.3.2. Aubry—Mather theory. In the last decades, many theo-
ries about non-integrable systems have been developed. In the second
Chapter, a detailed description of the Aubry—Mather theory is pre-
sented. It provides many information about the sets appearing in the
phase—space. Let us consider an invariant torus on which the dynamics
of an unperturbed system takes place. If we introduce a perturbation,
KAM theory ensures that, under suitable conditions on the system, the

torus persists provided the perturbing parameter is sufficiently small.
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If the size of the perturbation is greater than a critical value, then the
torus breaks-down and Aubry-Mather theory ensures that in conser-
vative systems, the torus is replaced by a cantorus. As we have already
said, this set is totally disconnected and it provides an important prop-

erty of the dynamics, allowing diffusion of the trajectories.

Periodic orbits are very important in the study of quasi—periodic
motions. In fact, given an irrational frequency w, we can find a sequence
{pn/qn} of rational numbers converging to w as n goes to infinity. Thus,
if we know the periodic solutions of periods p,/q,, we can write the
approximate solution of the quasi—periodic orbit with frequency w and
in the same way we can approximate a cantorus. Periodic orbits are,
therefore, a very interesting object of study, since, through them, we

can obtain information about the whole dynamics.

The Aubry—Mather theory is well known in the conservative setting,
but in dissipative systems the existence of cantori is not obvious and
it is quite difficult to extend it. In Chapter 2, we review many results
about the Aubry—Mather theory for dissipative twist maps, like the
works by A. Katok (see [44]) and M. Casdagli (see [9]). We collect
these results in order to have a global view on the state—of-art about

the existence of cantori in dissipative systems.

0.3.3. The dissipative standard map. An interesting model
within the class of discrete nearly—integrable systems with dissipation
is the so—called dissipative standard map. The study of attractors of
such map is particularly relevant in Celestial Mechanics, since the dis-
sipative standard map is the Poincaré map of a suitable integration of
the spin—orbit problem with dissipation. The equations defining the

mapping can be written as

ntl = bY, +Cc+esinz,
{erl Y (0.2)

Tpt1 = T + Yn+1
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where z,, € T = R/(27Z), y, € R, € > 0 is the perturbing parameter,
0 < b < 1 is the dissipative parameter and ¢ > 0 is a drift param-
eter. The dynamics of the dissipative standard map admits periodic,
quasi—periodic and chaotic motions. We study the dynamics with great
emphasis to the existence of periodic orbits. To this end, we develop a
suitable parameterization for periodic orbits apt to provide an analyt-

ical approximation of invariant attractors.

We see that the drift ¢ plays a very important role for the existence
of periodic orbits. A quasi—periodic orbit with frequency w exists for
a specific value of the drift, namely ¢ = ¢(w). On the contrary, the
existence of a periodic orbit with frequency 27p/q, for some p,q € Z.,
is ensured if the drift ¢ belongs to a whole connected interval Z,, C
R. The existence and determination of such interval can be found
through an implementation of the implicit function theorem or through

a suitable parametric representation.

If we consider a sequence of rational numbers {p,/q,} converging
to an irrational number w, we have numerical evidence, corroborated

by the analytical expansion, that the intervals Z, tend to the con-

Prdn
stant ¢(w) related to the quasi—periodic orbit with frequency w. In the
same way, we have numerical evidence that periodic orbits of period
Pn/qn tend to the quasi—periodic orbit with frequency w. Thus, the
parametric representation allows us to relate the solutions of the peri-
odic and quasi—periodic orbits. Through the parametric representation
of periodic orbits, we are also able to determine the Arnold’s tongues,
which provide the region of existence of periodic orbits; they are found
through the study of the behavior of the drift ¢ as a function of the

perturbing parameter €. For a given periodic orbit the amplitude of the

drift interval decreases as the perturbing parameter gets smaller; the
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variation of the drift as a function of the perturbing parameter defines

the Arnold’s tongues.

The analysis of the dissipative standard map provides interesting
results concerning the spin—orbit resonances occurring in the Solar Sys-
tem. In particular, we are able to prove the existence of periodic orbits
provided that the drift belongs to a given interval. From a physical
point of view, this is very important because the drift is strictly re-
lated to the eccentricity of the Keplerian ellipse of the satellite around
the planet; thus, it can be proved that spin—orbit resonances occur just

for suitable values of the eccentricity.

0.3.4. Sitnikov’s problem. In the last Chapter, we want to im-
plement KAM and Nekhoroshev’s theorems to an astronomical prob-
lem. If the system and the frequency of the motion satisfy suitable
conditions, then, KAM theorem provides a strong stability property.
Strong stability means that we can follow the motion and have infor-
mation about it for all the times. In a similar way, the Nekhoroshev’s
theorem provides long stability properties of the system. In the last
Chapter we show some applications of the two theorems to the Sit-
nikov’s problem. Our aim is to provide new results about the sta-
bility properties of such problem by using constructive formulations
of the two theorems. The Sitnikov’s problem is one-dimensional and
time dependent; we consider the equation of motion and we rewrite
the problem in a Hamiltonian formulation by introducing action—angle
variables. We construct a Birkhoff’s normal form, which allows us
to implement Nekhoroshev’s and KAM theories. One aim is to pro-
vide Nekhoroshev’s exponential stability estimates; this task has been
achieved through the Poschel formulation of Nekhoroshev’s theorem
([56]). Then we show the existence of KAM tori around the elliptic

fixed point through a suitable parametric representation of the torus.
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The formulation of the problem that we have introduced depends
on two small parameters, namely the eccentricity e of the two massive
bodies and a rescaling parameter n measuring the distance of the elliptic
fixed point placed in the origin of the phase—space. In our work, we
provide the domains, in terms of the two small parameters e and 7, in

which the two theorems can be applied.

Let us remark that we have introduced a new formulation of in-
tegrability of the Sitnikov’s problem. In fact, in classical literature,
the problem is integrable by taking the eccentricity e = 0 and it is
non-integrable for e # 0; in particular,the eccentricity measures the
perturbation. On the contrary, we consider a Hamiltonian formula-
tion such that the size of the perturbation is not measured only by
the eccentricity, but also by another parameter, namely the distance
from the elliptic fixed point 7. Therefore, we remove the dependence
of the angle variables to higher orders in such a way that the problem

becomes integrable also for values of e # 0.



CHAPTER 1
Resonances in the Solar System

This Chapter is almost entirely the reproduction of the review pa-
per “Resonances in the solar system” written in collaboration with
Alessandra Celletti; it will appear in the proceedings of the meeting
“Astronomia: storia e cultura” held in Campobasso (Italy) on May
21°¢ 2009 (see [16]).

In this Chapter, we describe how the resonances work and we pro-
vide several examples of resonant bodies in the solar system. We de-
scribe the orbital resonances showing which effects they can have on
the bodies involved and then we show many examples of them. Then,
we describe the spin-orbit resonance and we provide a model which
describes the problem. Successively, we provide some examples of the

occurrence of the spin—orbit resonance.

1.1. Introduction

A resonance in Celestial Mechanics occurs when some of the quanti-
ties characterizing the motion of two or more celestial bodies are related
in such a way that their ratio amounts to that of two small integers.
Two main kinds of resonances are present in the solar system: orbital
resonances and spin—orbit resonances. For the first kind we consider
three bodies, for example Sun, Jupiter and an asteroid. We measure
the orbital period of Jupiter and of the asteroid around the Sun; an or-
bital resonance occurs whenever the ratio of these periods is a rational
number. In the case of the spin—orbit resonance, we consider a satellite

moving around a central planet. We measure the period of revolution

15



16 1. RESONANCES IN THE SOLAR SYSTEM

of the satellite around the planet, and the period of rotation of the
satellite around itself; whenever the ratio of the two periods is a ratio-
nal number, one speaks of a spin—orbit resonance. To have a physical
meaning, the integers whose ratio provides the rational number must

be typically small.

The solar system is plenty of resonances, both of orbital and rota-
tional type. Once we will accumulate enough data concerning extra—
solar planetary systems, it will be very interesting to see whether res-

onances within exoplanets are as frequent as in the solar system.

1.2. Orbital resonances

The most frequent resonance in the solar system is the orbital res-
onance, or mean motion resonance. It involves the orbital periods of
two objects orbiting around a common primary. In particular, an or-
bital resonance occurs when the periods of revolution of two planets
(satellites) orbiting around the Sun (the host planet) are such that
their ratio is close to an integer fraction ([53]). Of course, in physical
situations the ratio cannot be exactly equal to a rational number, but
often a precision to the third or fourth decimal digit suffices. Let T
and T, be the orbital periods of the two celestial bodies. Let p ,q € Z
with ¢ # 0. The two bodies are said to satisfy an orbital resonance of

order p : ¢, whenever it is
v _p

T, g
Therefore, an orbital resonance implies a periodic repetition of certain
geometrical configurations between the two bodies, so that the recip-
rocal gravitational influence has a periodic character: their attraction
increases when the two bodies approach each other, and it decreases

when the two bodies are faraway. The periodic occurrence of the same

dynamical configuration can contribute to stabilize or destabilize the
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orbit: one has stabilization whenever the two bodies move in a syn-
chronized way so that they never approach too much, thus avoiding
drastic changes of the orbits; viceversa, if the bodies approach closely,
one orbit might slowly change, thus providing a modification of the

trajectory which can become quite consistent over long time scales.

We will show different cases of orbital resonances in the solar sys-
tem. Jupiter and Saturn are close to a 2:5 resonance: while Jupiter (the
inner planet) completes five orbits around the Sun, Saturn (the outer
planet) has made exactly two turns. Other examples are given by the
Galilean satellites of Jupiter: Io—Europa and Europa—Ganymede are
both in a 1:2 resonance (the Laplace resonance), Ganymede-Callisto
are in a 1:4 resonance; concerning the satellites of Saturn, we find that
Titan—Hyperion satisfy a 3:4 resonance, Mimas—Tethys and Enceladus—
Dione are both in a 1:2 resonance, Titan-Iapetus are in a 1:5 reso-
nance. Another very important resonance occurs between Neptune and
Pluto, which satisfy a 2:3 resonance. Many other orbital resonances are

present in the solar system; some of them are discussed below.

1.2.1. A zoo of resonant planets and satellites. Neptune—
Pluto. Asremarked before, orbital resonances can be extremely stable
and self protecting: this is the case, for example, of the Neptune—Pluto
pair. Pluto moves on a so highly eccentric orbit, that it crosses the orbit
of the giant Neptune, which moves on an almost circular trajectory.
Nevertheless the orbital resonance keeps Pluto away from Neptune,
and it prevents the two planets from a collision as well as from a close

encounter.

The orbital periods of Neptune and Pluto are, respectively, T =
164.8 years and Tp = 247.9 years: thus, their ratio is

Tp 3
— =15042 =~ —
TN 27
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namely, while Pluto completes 2 orbits around the Sun, Neptune has
made 3 revolutions. Let us assume that Neptune moves in a circular
orbit and that the initial position of Pluto is at aphelion (namely, when
the distance between the planet and the Sun is maximum). With ref-
erence to Figure 1.1, the alignments between Sun, Neptune and Pluto
(namely the positions at which the gravitational interaction between
the three bodies is stronger) take place at the initial position (marked
by index 0), after 1 revolution of Pluto and 1.5 orbits of Neptune
(marked by index 3), and again when the initial condition is restored
(marked by index 6). In these configurations, Pluto is always at the
aphelion and the distance from Neptune is maximum, so that Pluto is

not strongly influenced by the gravitational attraction of Neptune.

b Ty
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FIGURE 1.1. The resonance between Neptune and Pluto
(after [16]).

Plutinos. There are many other objects, called Plutinos, sharing
with Pluto the 2:3 resonance ([53]); their large number provides an
indication of the importance of this resonance in shaping the dynamical
structure of the Transneptunian Belt. Other orbital resonances can be

found in the Kuiper Belt (which is a part of the Transneptunian Belt),
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like those of order 1:1 (Neptune Trojans), 1:2 (the Twotinos), as well
as 3:5, 4:7 and 2:5.

After the discovery of the Plutinos, the official status of Pluto as a
planet became controversial. Many scientists wondered whether Pluto
should be considered as a separate body or just part of the Plutinos
population. In 2006, a resolution of the IAU (International Astronom-
ical Union) provided the official definition of a planet. According to
this resolution, there are three main requirements needed to acquire
the status of a planet:

1) the object must be in orbit around the Sun;
2) the object must be massive enough, so that it becomes a sphere in
hydrostatic equilibrium under its own gravitational force;

3) the object must have cleared the neighborhood around its orbit.

Due to the presence of the Plutinos, Pluto does not satisfy the third
requirement; for this reason, in 2006 the TAU assembly downgraded
Pluto to the status of a “dwarf planet 7, a celestial body satisfying the

first two conditions, but not the third one.

Asteroid belt. We have mentioned that orbital resonances can
also act to drastically change the trajectories. An important example
can be found in the Asteroid Belt, the big region populated by small
bodies in heliocentric orbits between Mars and Jupiter. If the number
of asteroids is plotted as a function of their semimajor axis (recall that
semimajor axis and orbital period are related by the third Kepler’s law),
one immediately notices a certain number of empty zones, the Kirkwood
gaps ([53]). These gaps correspond to orbital resonances of order 1:2,
1:3, 2:5, 7:3 (compare with Figure 1.2). Asteroids once populating
these regions have been ejected thanks to repeated perturbations due

to Jupiter.
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There are also populations of asteroids temporarily trapped in a
resonance, like the Alinda family (close to the 1:3 resonance) and the
Griqua family (corresponding to the 1:2 resonance). These groups are
characterized by a very high eccentricity, which steadily increases due
to the interaction with Jupiter, until some objects eventually have a
close encounter with an inner planet that provokes their ejection from
the resonance. In particular, chaotic mechanisms seem to be at the
basis at the depletion of the 1:3 resonance ([60]).

On the contrary, there are regions in which the concentration of
asteroids is very high; they correspond to specific resonances, like the
Hilda asteroids in a 2:3 resonance with Jupiter, the Thule asteroids in

a 3:4 resonance and the Trojan asteroids in a 1:1 resonance.

NEAREARTH MAIN BELT TROJANS

number of objects
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| |
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L

semimajor axis (AU)

FIGURE 1.2. Asteroids histogram showing the number

of asteroids versus their semimajor axis (after [16]).
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Saturn’s ring. The occurrence of orbital resonances is also found
within planetary rings. For example, some depletions which are ob-
served within Saturn’s rings seem to be strictly related to orbital res-
onances with Saturn’s moons ([52], [53]). In particular, the Cassini’s
division is a gap within Saturn’s rings; a potential particle within the
Cassini’s division would be at a distance from the planet correspond-
ing to a 1:2 resonance with Mimas (one of the satellites of Saturn).
This means that the particles which would be located in the Cassini’s
division make two orbits, while Mimas completes one trajectory. This
resonance causes Mimas’ pulls on the ring particles to accumulate,
destabilizing their orbits and leading to a sharp cutoff in the ring den-
sity. We also remark that some ringlets seem to be maintained by the
gravitational effects of some small satellites, like Pandora, Prometheus

and Janus.

Lagrangian points. A very peculiar resonance is that of order 1:1,
namely the synchronous resonance. It occurs when the bodies share
the same orbit. By definition a planet clears the neighborhood around
its orbit by ejecting everything else around. Nevertheless, an excep-
tional case is represented by the 1:1 resonance and in particular by the
triangular Lagrangian points ([11], [52], [53]). These positions corre-
spond to the stationary solutions of the equations of motion describing
the circular, restricted, three—body problem. This model is composed
by three bodies of masses m, ms, ms, orbiting under their mutual
gravitational influence. In the restricted framework, we assume that
the third body has negligible mass with respect to the two primaries
with masses my, my. Moreover, we suppose that the primaries move

in circular orbits around their common center of mass.

The Lagrangian points correspond to five equilibrium positions of

the equations of motion. In a rotating frame, at the Lagrangian points



22 1. RESONANCES IN THE SOLAR SYSTEM

the gravitational attraction of the two primaries is counter—balanced by
the centrifugal force, so that the third body is stationary with respect

to the primaries (see Figure 1.3).

The first three solutions, found by L. Euler, are called Ly, Lo, Ls;
they lie on the line defined by the two primaries (respectively, between
them, beyond the smaller, beyond the larger). For this reason they are
called collinear equilibrium points (see Figure 1.3). The other two solu-
tions are L4, L and they were found by J. L. Lagrange. These points
are located at the corners of two equilateral triangles, whose common
base is defined by the line between the primaries (see Figure 1.3). Due
to their particular configuration, these equilibrium positions are called

triangular Lagrangian points.

When Lagrange studied these solutions, he did not know about any
celestial body orbiting near the triangular positions; in fact, he assumed
that such solutions were just a mathematical construction, without any
physical relevance. It was only in 1906 that the first asteroid orbiting
in a triangular Lagrangian point was observed; it was named Achilles.
Since then, astronomers discovered a multitude of asteroids sharing the
orbit of Jupiter, behind and ahead the planet, which are located very
close to the triangular equilibrium solutions with Jupiter and the Sun

(see Figure 1.4).

The asteroids located around the triangular Lagrangian positions
on Jupiters orbit are denoted as the Greek asteroids (being the winners,
they precede triumphantly the god Jupiter) and the Trojan asteroids
(sadly lagging behind). However, Hector and Patroclus appear in the
enemys camp, since they were discovered before the convention of nam-
ing Greeks those in L, and Trojans those in Ls was invented. In many
cases such distinction is not adopted and the two groups are generically

referred to with the name Trojans.
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Beside Jupiter, there exist other planets having small bodies lo-
cated at their triangular Lagrangian points. For example, we observed
asteroids in the triangular Lagrangian points of the Sun-Mars and Sun-
Neptune systems. We can find small natural moons in the triangular
Lagrangian positions of the system composed by Saturn and some of
its satellites, like Tethys and Dione; finally, the triangular Lagrangian
positions of the Earth-Sun system are populated by clouds of inter-
planetary dust ([53]).

We conclude by mentioning that the triangular Lagrangian points
are stable equilibria provided that the primaries mass ratio satisfies a
mathematical inequality, which is widely fulfilled by the Jupiter-Sun
system ([52]).

L4

LS

FiGURE 1.3. The Lagrangian triangular and collinear
points (after [16]).

Laplace resonances. Another particular example of orbital reso-

nance in the solar system is the Laplace resonance. It occurs when the
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/' TROJAN
ASTEROIDS

TROJAN
ASTEROIDS

22 13 1.5 2.7
Light minutes Astronomical units

FIGURE 1.4. Greek and Trojan asteroids on Jupiter’s

orbit are spread around the triangular Lagrangian points

(courtesy NASA).

frequencies (which are proportional to the inverse of the orbital peri-
ods) of three or more bodies satisfy a linear combination with integer
coefficients. A concrete example can be found within Jupiters moons:
the frequencies of Ganymede, Europa, lo are in a 1:2:4 orbital reso-
nance. The pairs lo-Europa and Europa—Ganymede are both found in
a 1:2 resonance: thus, the periods of revolution of Io and Ganymede
are in the ratio 1:4. This peculiar resonance prevents the occurrence

of triple conjunctions of the three satellites.

Titan—Hyperion. An interesting example of orbital resonance is
provided by Titan and Hyperion (satellites of Saturn), which satisfy a
resonance of order 3:4. Thanks to this dynamical configuration, Hyper-
ion, a small and irregularly shaped satellite, is protected from a disrup-
tive perturbing action of Saturn’s largest moon, Titan. Being closer to
the planet and moving faster, Titan periodically overtakes Hyperion;

when this happens, the two bodies experience a minimum approach
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distance, while their mutual gravitational perturbation reaches a max-
imum. The existence of a resonance allows the conjunctions to take
place only when Hyperion is at the apocenter of its orbit, which cor-
responds to the largest possible distance from Saturn, and therefore
from Titan. As a consequence, the attraction due to Titan does not

contribute to an ejection of Hyperion from Saturn’s system.

1.3. Spin—orbit resonances

The table of “Physical and Photometric Data” published by the
Astronomical Almanac provides an astonishing scenario (see Table 1):
the biggest satellites of all planets always show the same face to their
host planet. This situation is known for the Moon since antiquity;
indeed, humankind have been able to observe the hidden face of the
Moon only thanks to the Russian Lunik spacecraft, which circumnav-
igated the Moon in 1959. The physical reason behind the fact that
the satellite always points the same hemisphere is the following: the
period of revolution of the satellite around the planet is the same as the
period of rotation of the satellite around its spin—axis. In this case one
speaks of a synchronous or 1:1 spin—orbit resonance. More generally,
one has a spin—orbit resonance of order p : ¢ for some integers p, g with
¢ non-zero, whenever the ratio of the revolutional (7}.,) to rotational

(T}o¢) periods amounts to p/q:

T’rev p
=7 ».q€EZ, q#0.

Trot -
In the solar system, the only exception to the synchronous resonance
is provided by Mercury ([27]), which is observed to move in a 3:2 spin—
orbit resonance, since twice the orbital period around the Sun equals
three times its rotational period within an error of the order of 10~

In other words, within a very good approximation, during two orbital
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revolutions around the Sun, Mercury makes three rotations about its
spin—axis.

TABLE 1. Physical data of the satellites: the satellite-to—planet
mass ratio, the radius, the sidereal period of rotation P with S meaning
synchronous with the orbital period and C' meaning chaotic rotation

(reproduced from The Astronomical Almanac Online and produced by

the U.S. Naval Observatory and H.M. Nautical Almanac Office).

1.3.1. A model for the spin—orbit resonance. In order to
write the equations of motion of the spin—orbit coupling between a
satellite S and a planet P, we can introduce a simplified model, based
on the following assumptions:

(1) the satellite is a triaxial body, orbiting on a Keplerian ellipse around
the planet;

(77) the direction of the spin—axis coincides with that of the smallest
physical axis of the ellipsoid;

iii) the spin—axis is perpendicular to the orbital plane;

iv) dissipative effects as well as perturbations due to other bodies are

neglected.

Let us denote by a, e, r, f, respectively, the semimajor axis, ec-
centricity, orbital radius, true anomaly of the Keplerian orbit of the
satellite. In particular, the quantities r and f are known functions
of the time; for circular orbits the orbital radius is constant and the
true anomaly is a linear function of the time. By a proper choice of the
units of measure, let us normalize to one the gravitational constant and
the period of revolution. Under the assumptions (i)—(iv), the equation
of motion describing the spin—orbit problem takes the form (see, e.g.,
10)):

j+€<g)3sin(2x—2f) —0, (1.1)



1.3. SPIN-ORBIT RESONANCES

Planet Satellite | Mass ratio Radius (km) P
Earth Moon 0.0123 1737.4 S
Mars Phobos 1.672-107% | 134 x11.2x9.2 S
Deimos 2.43-107° 7.5 x 6.1 x 5.2 S

Jupiter To 4.704-107° | 1829 x 1819 x 1816 | S
Europa 2.528 - 107° 1562 S

Ganymede | 7.805-107° 2632 S

Callisto | 5.667 - 107° 2409 S

Amalthea | 1.10-107° 125 x 73 x 64 S
Himalia 2.2-107° 85 0.4

Thebe 58149242 S

Saturn Dione 1.92-1076 562 S
Rhea 4.06 - 107 764 S

Titan 2.366 - 1074 2575 S

Hyperion | 1.00-1078 164 x 130 x 107 S

lapetus 3.177-107° 736 S
Phoebe 1.454-1078 107 0.4

Janus 3.363-107° 97 x 95 x 77 S

Epimetheus | 9.33 - 10719 69 x 55 x 55 S
Prometheus | 2.75 - 10710 74 x 50 x 34 S

Pandora | 2.39-1071° 55 x 44 x 31 S

Uranus Ariel 1.56-107° 581 x 578 x H78 S
Umbriel 1.35-107° 585 S

Titania 4.06-107° 789 S

Oberon 3.47-107° 761 S

Miranda | 0.08-107° | 240 x 234 x 233 S

Neptune Triton 2.089-1074 1353 S
Proteus 218 x 208 x 201 S

Pluto Charon 0.1165 605 S

TABLE 1.

27
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where the quantity x denotes the angle formed by the direction of the

largest physical axis — belonging to the orbital plane — with a reference

axis, say the perihelion line (see Figure 1.5) and the parameter ¢ is
3L—I

defined as e = 3 25 where I; < I, < I3 denote the principal moments

of inertia.

We remark that the equation of motion is integrable in case of
equatorial symmetry, say I = I, such that ¢ = 0. For the Moon or
Mercury the parameter ¢ is of the order of 107*. There exists a close
relation between equation (1.1) and a standard pendulum equation,

once (1.1) is averaged over a resonant angle.

The Fourier series expansion of equation (1.1) reads as

—+00

T+ € Z W(%,e) sin(2e —mt) = 0, (1.2)

m#0,m=—o00
where the first few coefficients W (%, e) are reported in Table 2; the co-
efficients have been expanded in power series of the orbital eccentricity
as W(%, e) = Wi (e) + W™ (e) + W5 (e) + ..., being Wi*(e) = O(¢).
Let us now concentrate on a given resonance of order p : 2 for some
p € Z. We introduce the resonant angle as v = x — £t; we can express

equation (1.2) in terms of v equation as

400
"?—l—eW(%,e) sin 2y+¢ Z W(%,e) sin(2y+(p—m)t) = 0.

m#0,p, m=—00

Averaging over the time, one obtains a pendulum-like equation
. p 0
’7+€W(§,6> sin2y =10,

which admits the energy integral

1
572 — gW(g,e> cos2y=FE,

being E the total mechanical energy. The equilibrium points corre-

spond to v = 0 and v = § (modulus 7). If W(£,e) > 0 then v = 0
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is stable, while v = 7 is unstable. The equilibrium correspond to the

exact resonance and the librations correspond to small displacements

around the resonance.

FIGURE 1.5. The geometry of the spin—orbit problem
(after [16]).

1.3.2. Resonant planets and satellites. In this Section we re-
view the main cases of bodies of the solar system trapped in a spin—
orbit resonance. The survey starts from the inner body, Mercury, to

the outermost Pluto.

Mercury. Around the middle of the XX century the general belief
was that Mercury was rotating synchronously with the Sun. In that
case Mercury should have shown a very hot hemisphere, permanently
exposed to the Sun. Astronomical measurement did not agree with
such assumption; around 1965 Giuseppe Colombo ([26], [27]) conjec-

tured that Mercury was not rotating synchronously with the Sun. As a
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5| Wit(e) | Wi (e) | W5(e) | Wy (e) | Wi (e) | W5™(e) | Wi (e)
-1 et 7e0
24 240
_1 e 11ed
2 48 768
1 e e3 5e®
2 T2 16 T 384
5e2 13e4 35e8
1 1 — 16 T 288
3 Te _123€3 489¢°
2 2 16 128
92 17¢2 _ 115¢* 6018
2 6 48
5 845¢3 _ 32525¢5
2 48 768
3 533¢* _13827¢8
16 160

TABLE 2. Expansion in powers of e of the coefficients

W (%, e) appearing in (1.2).

consequence of the action of the solar torques on the permanent asym-
metry of Mercury’s equatorial plane, Colombo suggested that the ratio
between the period of revolution and the period of rotation of Mer-
cury was 3/2. The theoretical expectation was later confirmed by the
observations performed by Mariner 10, a spacecraft launched in 1973

toward the inner planet.

Moon. The period of rotation of the Moon amounts to about 27.3
days and it coincides with the period of revolution around the Earth.
As a consequence the Moon always points the same face to the Earth.
Observers on the Earth can never see the far—side of the Moon. The
hidden hemisphere was disclosed to humankind only in 1959, thanks
to the images provided by the Russian spacecraft Lunik III. Indeed,
due to lunar librations an Earth’s observer can see about 59% of the

Moon’s surface.

Hyperion. The population of satellites around Saturn is very rich and

one can find satellites of any size and shape. Among them, one of the
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most intriguing satellites is Hyperion, a small body orbiting between
Titan and Iapetus on an almost circular and planar orbit. Its shape is
rather irregular, as witnessed by its asymmetric dimensions (see Table
1). Hyperion’s period of revolution amounts to about 21.28 days; J.
Wisdom ([61]) conjectured that Hyperion was tumbling chaotically,
due to its peculiar shape. Ground—based observations confirmed the
prediction ([45]); as a consequence Hyperion became the first concrete

example of chaos in the solar system.

Charon. The dwarf planet Pluto has three satellites; while two of
them, Nix and Hydra, are very small, the closest satellite, Charon,
has the peculiarity of being quite big in comparison to its planet (the
radius amounts to about 604 km, while Pluto’s mean radius is about
1151 km). Charon’s orbital period amounts to about 6.387 days and
it coincides with its rotational period; moreover, such period coincides
also with the period of rotation of Pluto around its spin—axis. This
situation is called complete spin—orbit resonance and it implies that

both Pluto and Charon never turn their backs to each other.






CHAPTER 2
Aubry—Mather theory for twist maps

Let us consider an integrable system, namely a system for which
a sufficient number of first integrals is available; if we add a small
perturbation to the system we get a new system very close to the first

one to which we refer as a nearly—integrable system.

The solution of a nearly—integrable system can not be written in
an explicit way; but, if we know the dynamics of the integrable one,
from the KAM theory and from the Aubry-Mather theory we can have

many information about the dynamics of the perturbed system.

For this reason we want to describe some results about these the-
ories. In the first Section we provide a short description of the KAM
theory in the conservative setting for a time—dependent Hamiltonian
in an n—dimensional space. The theory can be extended also to dis-
sipative systems. In the second Section we provide a more detailed
review about the Aubry-Mather theory, focusing on twist maps and in

particular on dissipative twist maps.

2.1. The KAM theory

The KAM theory (acronym of the three mathematicians A. N. Kol-
mogorov, V. 1. Arnold and J. Moser who developed the theory) provides
many information about the dynamics of systems close to an integrable
one. If we consider an integrable system described by the Hamilton-
ian H(I,¢,t) = H(I) with I € R" and ¢, t € T", we know that
the dynamics is ruled by regular bounded and quasi—periodic motions;

33
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the phase—space is 2n—dimensional and if we fix a level of energy for
the system we can find some invariant sets of dimension n given by
I = const. These sets are tori and on them quasi—periodic motions
take place. The frequency w € R™ of such motion is given by

. OH
b="r =

Let us add in the Hamiltonian a small perturbation depending also on

w .

the angle variables, say
H(I,¢,t) = Ho(I)+cH.(1,0,1) , (2.1)

where £ > 0 is the perturbing parameter and H,, H; are smooth func-
tions; we wonder how the dynamics changes under the perturbation.
From KAM theory we know that “most” of the invariant tori which fo-
liate the phase-space of the integrable system obtained by taking ¢ = 0
survive under a “small” perturbation (meaning a “small” value of ¢).
“Most” of them means that a set of tori with full Lebesgue measure can
be found: in particular the KAM theorem states that given an Hamil-
tonian of the form (2.1) satisfying a non-degeneracy assumption, then,
all the tori with frequency satisfying the Diophantine condition sur-
vive under a small perturbation provided the size of the perturbation
is sufficiently small. We recall that an irrational number w satisfies the
Diophantine condition if there exist suitable constants v, 7 > 0 such

that

for any m, n € Z" \ {0}. This condition is necessary in order to
guarantee the convergence of the series describing the equation of the
torus. In fact, from perturbation theory, some terms of the form |w -
m + n| come out; they are at the denominator, they can be very small
and for this reason they are called small divisors. If the Diophantine

condition holds, the convergence of the series in which the small divisors
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appear, is guaranteed. It can be shown that in the sense of Lebesgue
measure, almost all w € R™ satisfy the Diophantine condition. From
the KAM theory we also know that invariant tori surviving under the
perturbation are just a little deformed and displaced with respect to
the integrable ones and they are called KAM tori. Moreover, we know
that the motions taking place on the KAM tori are quasi—periodic with
the same frequency of the corresponding motion of the unperturbed

system.

We know that the perturbed system is not integrable, therefore
we can not find an explicit solution of the equations of motion but
the persistence of KAM tori provides important properties about the
stability of the dynamics: in fact, in low dimension (n < 2), the KAM
tori constitute obstructions for the dynamics and confine the motions
in bounded regions. If the number of degrees of freedom is n = 2, the
phase-space is 4-dimensional and an energy level is a 3-dimensional
space, while the KAM tori are 2-dimensional surfaces; this means that
such tori separate the energy levels in bounded regions and a generic
orbit either lie on an invariant torus or it is trapped between two of
them for all times. In both cases the motion is confined and it will be

very close to its initial conditions.

2.2. The Aubry—Mather theory

KAM theory ensures that the most of the invariant circles survive
in systems that are small perturbation of integrable systems. Now we
wonder what happens to those circles which do not persist under the
perturbation and therefore break-down. The Aubry-Mather theory
gives some answers: it claims that when an invariant circle breaks—
down, it is replaced by an invariant set on which the orbits preserve

many features of those they have before the break—down. From the
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point of view of the Aubry—Mather theory, all the invariant sets in
which the dynamics takes place, are called Aubry—Mather sets (in the
following we will provide a rigorous definition), apart from the nature of
the rotation number and from the size of the perturbation. According
to whether the rotation number associated to the set is a rational or
an irrational number, the nature of the set can vary. If the rotation
number is rational it can be formed by periodic orbits; if it is irrational
the Aubry—Mather set can be an invariant circle on which a quasi-
periodic orbit takes place or it can be a particular set occurring when
the invariant circle with that given irrational rotation number does not

persist. This particular set is a Cantor set and it is called Cantorus.

Let us define a Cantor set (see [1]):

DEFINITION 2.1. A Cantor set is a set which is perfect and nowhere

dense.

A set is perfect if it is equal to its set of accumulation points and
it is nowhere dense if its closure has an empty interior. Let S! be the
unit circle and let us suppose that f : S' — S! is a homeomorphism
with irrational rotation number, and let F(x), with x € S, be the set
of accumulation points of the sequence {f™(x)}>2, where f" is the n'"

iteration of f. Then we can state the following:

PROPOSITION 2.2. The set E(x) is independent of x. Moreover,

E = E(x) is the unique, minimal closed invariant set of f.

Moreover the following Proposition can be proved (see [1]);

PROPOSITION 2.3. The set E is either the whole of S* or it is a

Cantor set.

The existence of Cantori is based on this proposition and of course

on the Aubry—Mather theorem.
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2.2.1. Area—preserving twist maps. Let us provide some defi-
nitions and notations. Let A be the unit cylinder S* x R. The lift to
R2 of a set B C A is denoted by B, and the lift to R? of a function f
on the cylinder is denoted by f.

DEFINITION 2.4. A diffeomorphism f : R? — R?, f = f(0,r) is
called twist map if:
1) f commutes with T where T : R?* — R? is the unit translation
T@,r)=0+1,r),
2) f is orientation preserving,
3) there exists § > 0 such that for all (6,r) € R* one has

A(mi f(0,7))
or

where m; : R? — R? is the projection m(0,r) = 0.

>0 (2.2)

From condition 1), it follows that f is the lift of a unique map
f:A— A of the cylinder; from 2) it follows that f is end preserving
(namely it preserves the orientation of the boundary of an annular
region contained into the cylinder); finally, from 3) it follows that the
image under f of a vertical line is the graph of a continuous function

(i.e. the vertical line is necessarily deviated, see Figure 2.1).

y=1

=0
x=0 x=1

FIGURE 2.1. Geometrically, the twist condition states
that the image of a segment x = const forms a graph

over the x axis (after [50]).
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Let us define the rotation number of a set as follows:

DEFINITION 2.5. Let f : A — A be a twist map and z € A; then

the rotation number of f in z is

p(f,2) = lim m(/"(z) (2.3)

n—00 n

if it exists.

Let C be a curve belonging to the cylinder and homeomorphic in
S1: then, if we consider f restricted to C, it can be proved that the limit
exists and it does not depend on the point z € C' (see [?]); therefore

we can associate the rotation number to the curve C.

DEFINITION 2.6. A point (0,r) € R? is called p/q—periodic if there
exist p € Z and q € Z" with (p,q) = 1, such that f9(0,r) = (6 + p,r),
where f9 is the ¢ iteration of the map f.

Using the same notation of Definition 2.4, we can provide the fol-

lowing;:

DEFINITION 2.7. An Aubry—Mather set for the twist map f, is a
minimal closed set M, invariant under f and under T, on which the
projection m s injective and f is order preserving, i.e. for all xq,
Tro €M

m(z1) < mi(ze) = m(f(z1)) <m(f(z2)) . (2.4)

The sets satisfying equation (2.4) are called f-ordered. In Fig-
ure 2.2 we show two examples of sets, the former is an f-ordered set
and the latter is a non—f—ordered set. All points of an f—ordered set
have the same rotation number (see [1], [5], [38]): this means that a

unique rotation number is associated with any Aubry-Mather set M.
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a) b

Sfx1)

fxz)
Jtx)

X2

T(X1) m(f(x))  mi(xz) (f(xz) (X))  Ti(x2) T (f(x2) (f(x1)

FIGURE 2.2. a) Example of a f-ordered set: the set
{1, o} satisfies (2.4); b) example of a non—f-ordered

set: the set {x1, 22} does not satisfy (2.4).

As already said before, this number can be rational and in this case
the set M can be formed by an ordered collection of periodic orbits,
otherwise the number can be irrational and M could be a Cantor set.
It could be that M is an invariant circle both if the rotation number is

rational or irrational (see [38]).

DEFINITION 2.8. Let us define the orbit under f of a point z =
(0,7) € A as the set given by O(f,2) = {f*(2) + (1,0) : k,l € Z}; we
will say that z is a Birkhoff p/q—periodic point if it is p/q—periodic and
if its orbit O(f, z) is f-ordered.

This means that the orbit of a Birkhoff p/¢—periodic point belongs
to an Aubry—Mather set; in fact, it is minimal if p, ¢ are relatively
prime and it is closed; being formed by a finite number of points.

Let us see some steps leading to the statement of the Aubry—Mather

theorem, whose results are obtained independently by the two mathe-

maticians.

The first step is the well-known so called “last geometric Poincaré

theorem”. Let us see a simple version (see []):



40 2. AUBRY-MATHER THEORY FOR TWIST MAPS

THEOREM 2.9. Let f be an area—preserving map on the compact an-
nulus moving two points on the boundary circles on opposite directions

(twist condition). Then f has at least two fized points.

In 1912, Poincaré just enounces the theorem, but he does not prove
it. One year later, Birkhoff proves an analogous result with a weaker
thesis in the statement, namely “at least one fixed point”. In 1925,
Birkhoff provides a new version of the theorem that is named as the
Poincaré-Birkhoff theorem. Let us consider amap f : A — A not twist,
but such that it satisfies the twist condition on the boundary, namely,
said pg and p; the two rotation numbers of f restricted respectively
to R x {0} and R x {1}, it must be py < p;. The Poincaré-Birkhoff
theorem states the following (compare with [38]):

THEOREM 2.10. Let f be the lift of an area—preserving map on the
cylinder such that it satisfies the boundary twist condition. If p/q €
[po, p1] and (p,q) = 1, then [ has at least two p/q—periodic orbits.
Moreover if pg < 0 < p1, then f has at least two fized points.

Birkhoff does not say what happens to the orbits with different
rotation numbers and he does not provide any information about the
nature of periodic orbits he speaks about. Aubry and Mather prove
that the orbits of theorem 2.10 are ordered orbits (they are Birkhoff

orbits) and moreover they prove the existence of quasi—periodic orbits.

In an integrable system, the orbits of a twist map f have the fol-
lowing properties:
1) they lie on invariant circles;
2) they are cycle ordered;
3) they exist for any rotation number in (—o0, +00);
)

4) they minimize the action.
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If we perturb the system, KAM theorem ensures that “most part”
(i.e. a set of full measure) of invariant circles survive under a small
perturbation provided the small perturbation is sufficiently small and
the rotation numbers of such invariant circles satisfy the Diophantine

condition.

The Aubry—Mather theory states that the circles that do not sur-
vive and that break—down are replaced by invariant sets on which the
orbits keep some of the properties they have in the unperturbed case.
These sets are the Aubry—Mather sets. Let us state the Aubry—Mather

theorem (see [|) after the following definition:

DEFINITION 2.11. Consider a twist map f : A — A; consider f
restricted to Co = R x {0} and C; = R x {1}, let py and p; be the two
rotation numbers associated to Cy and C4, respectively; then p1 > po

and [po, p1] is called twist or rotation interval.

THEOREM 2.12. Let f be the lift of an area—preserving twist map
on the cylinder. Then f has Aubry—Mather sets with rotation number

w for all w € [po, p1].

Moreover, the theorem provides some properties of such sets:

THEOREM 2.13. Let M be an Aubry—Mather set for the lift f of an
area—preserving twist map on the cylinder. Then
1) M forms a graph on its projection w(M); this projection is Lipschitz
with Lipschitz constant L depending just on the twist constant given by

L = Hlf a(ﬂ-lf(ev T)) :
(0,7 EM or

2) all the orbits in M are f-ordered and all of them have the same

rotation number. It is called rotation number of M and it is noted by
p(M);
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3) the projection w1 (M) is a closed invariant set for the lift of a home-
omorphism on the circle and f restricted to M is conjugated to the lift

of a homeomorphism through .

From Proposition 2.3 and from Theorem 2.12, we can deduce that,
if w is a rational number, then the Aubry-Mather set is a collection
of periodic orbits, while, if w is irrational, then the Aubry—Mather set

could be either an invariant circle or a Cantorus.

2.2.2. Katok’s results. In [44], A. Katok gives more informa-
tion about the properties of Aubry—Mather sets; in particular, quasi—
periodic sets and Cantori can be obtained as limit of Birkhoff periodic
orbits. Its proof holds for area—preserving twist maps, and more gen-
eral, he replaces the hypothesis of area—preserving twist maps with

twist maps which preserve a positive measure.

He proves a new version of Aubry—Mather theorem and he provides
a proof based on two different steps: the first one is valid for any twist
homeomorphism f : A — A, independently of the fact that it is area—

preserving. It is stated in the following theorem (compare with [44]):

THEOREM 2.14. (Katok) Let f be a twist homeomorphism. If f
has a Birkhoff p/q-periodic orbit for any rational number p/q in the
twist interval [po, p1], then f also possesses a minimal Aubry—Mather

set with any irrational rotation number in the twist interval.

The Theorem 2.14 tells us that if f has a Birkhoff p/g¢—periodic orbit
for any p/q € [po, p1], then f has Aubry—Mather sets with rotation

numbers w for any w € [pg, p1].

This means that invariant Cantor sets are possible in non—area—
preserving systems provided appropriate Birkhoff periodic points are

present.
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In order to prove the Aubry—Mather theorem from theorem 2.14,
we need a result ensuring the existence of Birkhoff p/g—periodic orbits.
Such existence is provided by a generalized version of Poincaré-Birkhoff

theorem (see [44]):

THEOREM 2.15. Let f be a twist homeomorphism preserving a posi-
tive measure on open sets and let p/q belong to the twist interval. Then,

f has a Birkhoff p/q-periodic orbit.

If in addition f is a C' diffeomorphism then, under the same as-
sumptions, f has two different Birkhoff p/q-periodic orbits which form
together an Aubry—Mather set.

To summarize, the previous two theorems provide the result ob-
tained by Aubry and Mather for a twist map which preserves a positive

measure:

THEOREM 2.16. Let f be a twist homeomorphism on the cylinder,
preserving a positive measure on open sets, with twist interval [po, p1].
Then for any p € [po,p1], f has an Aubry—Mather set with rotation

number p.

Katok proves another important property about Aubry—Mather
sets, namely, he proves that they can be obtained as limit of Birkhoff

periodic orbits. It follows from the following proposition:

PROPOSITION 2.17. Let f be a twist homeomorphism. Then
a) the set of all Aubry—Mather sets for a twist homeomorphism is closed
in Hausdorff topology;
b) the rotation number p(M) for an Aubry-Mather set M is continuous
in Hausdorff topology.

The Theorem 2.14 ensures the existence of Aubry—Mather sets for

any rotation number in the twist interval and the Proposition 2.17
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guarantees that, given a sequence of rational numbers {Z—”} converging
to an irrational number w, the p,/q,—periodic orbits converge to the

quasi—periodic orbit with rotation number w.

2.2.3. Dissipative twist maps. We wonder if in dissipative sys-
tems some sets similar to the Aubry—Mather sets can appear and if we

can extend the Aubry—Mather theorem for dissipative twist maps.

Let us start by defining a dissipative twist map.

DEFINITION 2.18. Let f : R? — R? be a diffeomorphism satisfying
conditions 1), 2) and 3) of definition 2.4. We will say that f is dissi-
pative if it satisfies the following conditions:

4) there exists X\ € (0,1) such that for any v € R* we have 0 <
det Df(z) < A, where D f(x) is the Jacobian of the map f;

5) there exists an M € RY such that for any N > M, S' x [N, N] is
a trapping region for f (B is a trapping region for f if it is an annular

region such that its image under f belongs to the interior of B).

Condition 5) is not really necessary to have a dissipative map, but

it is a requirement for some theorems we will see in the following.

Let us start with some remarks.

REMARK 2.1. i) In a dissipative system only one invariant circle
can exist (if there are two invariant circles, the area between them would
be preserved under the action of the map and this cannot happen, due
to the fact that the system is dissipative).
i1) Birkhoff periodic orbits can persist under a small dissipative pertur-
bation (see [1]).

iii) Given the existence of Birkhoff periodic orbits, Katok theorem 2.1}
allows us to conclude that Aubry—Mather sets exist for any irrational

number in the twist interval.
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Let us suppose the existence of Birkhoff periodic orbits; then, Katok
theorem allows us to claim that Aubry—Mather sets with irrational
rotation numbers must occur. Remark ) tells us that at most one
invariant circle can exist; on the other hands, Katok theorem states
that Aubry—Mather sets must occur for any irrational number within
the twist interval; this means that some of these Aubry—Mather sets

should be Cantor sets.

Let us recall the requirements of Theorem 2.14:

e Existence of a twist homeomorphism with not trivial rotation
interval (if the rotation interval is just a number, the theorem
has no relevance).

e Existence of Birkhoff p/g—periodic orbits for any rational num-

ber belonging to this interval.

We also note that stable points of area—preserving maps should
become asymptotically stable if we add a dissipation. This means that,
if Birkhoff periodic points exist, they should appear on attractive sets
of the dissipative twist map. We want to recall the definition of an

attractive set:

DEFINITION 2.19. We will say that an f—invariant set I' is weakly
attractive if, for any neighborhood N of I, there exists a neighborhood
M of T" in N such that f(M) C M. If, moreover, M can be chosen
such that T' = (), f*(M), then we will say that T' is attractive. If
an attractive set contains a dense orbit of f, we will say that it is an

attractor.

Casdagli [9] and Le Calvez [46] extend the Aubry—Mather theory
to dissipative twist maps. They generalize the Aubry—Mather theo-
rem when the attractive set of the whole cylinder lies in a compact

subcylinder for which the map has a non—trivial rotation interval.
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Let us see how the rotation interval for an attractive set of a dis-
sipative twist map can be defined, namely how its endpoints p; and
pe can be defined. Let H be the set of compact connected sets sep-
arating the cylinder, and let I' € H be an invariant set for f. Let
us associate with I' (compare with [5], [9]), two real numbers that
are respectively, the internal rotation number p; and the external ro-
tation number p., as follows. Let us start with the definition of p.:
let L = {(z,y) € R*lz € R,y = 4} be a horizontal line lying above
[' (see Figure 2.3). Let us denote by I" those points belonging to T’
such that their vertical projection on L is bijective (the marked line
in Figure 2.3). Let m : L — I be the vertical projection from L to
[V. Then p, is defined by —p(g) where p(g) is the rotation number
of the map g : L — L defined as g(f) = 771 o f~onw(f). Tt can be
shown that f~1(I") C I so that g is well defined. Moreover, p(g) is
well defined since g is the lift of a circle map and it is monotonic (see
[?]). Similarly, we can define p; considering the horizontal line lying
below I'. Figure 2.3 shows an invariant set [' € H and how the map ¢
can be defined.

g(ﬁ)zﬂ'_l ° f-Ic T 9 L

T

\—/‘flo P

X

FiGURE 2.3. The Figure shows the projections defining

the external rotation number for an invariant set I' € H.
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Casdagli proves that a dissipative twist map with a trapping region (i.e.
which satisfies condition 5) of Definition 2.18), has a unique Birkhoff
attractive set. The Birkhoff set is defined as follows:

DEFINITION 2.20. Let B be a compact connected f—invariant set
which separates the cylinder S xR and such that it is a trapping region
for f. Let A(B) = (,—, f™(B). Then, we will call Birkhoff set, the set
B(f) = 0(A(B))ing N O(A(B))sup

We recall that if A is a compact connected set which separates
the cylinder C, we denote with A,y and with A, the two unlimited

components, respectively, inferior and superior of C'\ A.

The set B(f) is sometimes wrongly called “attractor”: actually,
it is not necessary an attractor because it could not contain dense
orbits. More precisely, we can state that B(f) is an attractive set and
it separates the cylinder in two connected components. Figures 2.4 and

2.5 show two examples of invariant attractive sets.

In some cases B(f) is simply an invariant circle which runs around
the cylinder (invariant rotational circle) and in this case its rotation
interval is trivial because it is reduced to only one point. In this case
we can find periodic points which lie outside the Birkhoff set, and it

happens because B(f) does not describe the whole dynamics of f.

However, when B(f) is an invariant rotational circle, it can contain
Birkhoff periodic points, whenever the rotation number is a rational
number. On the contrary, if we do not know anything about the nature

of B(f), we can not guarantee the existence of Birkhoff periodic points
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FIGURE 2.4. Schematic illustration of the top and bot-
tom of a Birkhoff attracting set. The circles r = R; and
r = Ry allows us to define the rotation interval. Observe
that the top and the bottom of an attracting set are not

necessarily continuous curves (after [1]).

on B(f). For this reason the following result by Casdagli (absolutely
not trivial) is the key to apply Katok Theorem 2.14.

THEOREM 2.21. Let the Birkhoff set B(f) have internal and ex-
ternal rotation numbers p; and p., with p; < p.. Then B(f) contains

Birkhoff p/q—periodic orbits for all p/q € [pi, pe]-

We recall that, when the twist map considered is area—preserving,
rotational circles must necessary intersect their images under the map.
This topological property of area—preserving twist maps plays a very
important role in the occurrence of their Birkhoff periodic points. In
non-area—preserving twist maps, it can be proved that the Birkhoff
set B(f) has an analogous property, more precisely the intersection

property which we define as follows:
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FIGURE 2.5. In the Figure the line AB and A’B’ are
identified. It is shown an invariant circle C such that
p(fic) = o; a focus and a saddle point z*. The union
of C and the unstable manifolds of the saddle is an at-
tractive set A for f. The top of A is C, while its bottom
set is a segment of the unstable manifolds of z*. Thus
pi = 0 and p. = a, so that A has a non-trivial rotation
interval. However the Birkhoff set B(f) is simply the

circle C which as a trivial rotation interval (after [1]).

DEFINITION 2.22. We say that an f—invariant set I' € H has the
intersection property if given any set C € H with C N T # (), then

C'nFC)#D.

In [9] the author easily proves that the set B(f) satisfies this prop-
erty and he explicitly uses the property to prove Theorem 2.21. Then,

an analogue of Aubry—Mather theorem follows from Katok’s result 2.14.

THEOREM 2.23. Let B(f) be a Birkhoff set with non—trivial rota-

tion interval [p;, pe], with p; < pe. Then, for every rational number
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p/q € |pi, pe], B([f) contains a Birkhoff p/q—periodic orbit and, for ev-
ery irrational number w € [p;, pe], B(f) contains an Aubry-Mather set

with rotation number w.

Let us remark that the trapping hypothesis does not guarantee that
the Birkhoff set has a non—trivial rotation interval (see [1]). In par-
ticular, the existence of a non—trivial rotation interval for the Birkhoff
set is not obvious and in [9], the author does not prove such existence.
Such proof can be provided through the Shadowing Lemma and from
some properties of the stable and unstable manifolds of the periodic

points belonging to the attractive set of the map f.

Let f be a C*diffemorphism on R? with a hyperbolic invariant set
A and recall that the orbit of a point zq € R? under f is the sequence
of points {x;}, where z; = f%(x), so that z; 11 = f(z;). Let W*(z, f)
and W"(x, f) be, respectively, the stable and unstable manifolds of a
given point z € A under f. Let f : R?> — R? have also an annular

trapping region 7', and let A be the attractive set A =, o+ f™(T).

Our aim is to prove that there exists orbits in A with a range of
rotation numbers and we will do it by making use of the Shadowing
Lemma. We omit the intermediate steps and we states the following
theorem which guarantees that there exists a non trivial rotation in-

terval for a Birkhoff set, namely for the attractive set A defined above.

THEOREM 2.24. Let y € A be a periodic point of f of period q
and rotation number p/q where p, q are relatively prime. Suppose that
Wu(y, f4) intersect W*(f*(y), f¢) transversely for some 0 < k < q.
Then there exists a non—trivial interval I containing p/q such that, for
every o € I, there is a point with polar coordinates (6,r) € A with
rotation number p(6,r) = «. Furthermore, there are points in A for

which the rotation number does not exist.



2.2. THE AUBRY-MATHER THEORY 51

This theorem gives sufficient conditions for the existence of a non—
trivial rotation interval associated with a given attractive set A, and it
completes the results about the possibility of the existence of cantori

in dissipative twist maps.






CHAPTER 3
On the dynamics of the dissipative standard map

The evolution of a physical problem can be described through some
continuous functions of the time or through functions defined at dis-
crete intervals of the time. In the first case we refer to a continuous
dynamical system, while in the second case we refer to a discrete dy-

namaical system.

The evolution of an /-dimensional discrete system is described by

a mapping represented by a set of equations of the form

£n+1 = i(£n> ’ nec N ) (31)

where z = (21,...,2¢) € R and f = (f1,..., fr) € R". Such equations
describe the dynamics at the discrete time n + 1 as a function of the
solution at the time n; this means that the solution z, of (3.1) at
the time n with initial datum x is obtained by iterating the mapping
starting from xg. In this Chapter we will describe the dynamics of a
particular discrete mapping, namely the dissipative standard map which

is related to the spin—orbit problem through a suitable integration.

First we characterize the conservative mapping showing which kinds
of motion take place and then we compare the conservative mapping
with the dissipative one. Successively, we present some new results
about the existence of periodic orbits in the dissipative standard map.
We prove, through a suitable parameterization and through the imple-
mentation of the implicit function theorem, the existence of periodic
orbits within an interval of a drift parameter involved in the equa-
tion of the dissipative standard map; moreover, through the study of

53
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the behavior of the drift as function of the perturbing parameter, we
define explicitly the Arnold’s tongues in which periodic orbits with a
given period can be found. Arnold’s tongues are well-known structures
(compare with [6], [59]); from a physical point of view, our results allow
as to connect the occurrence of the spin-orbit resonances (associated
with periodic solutions) to the eccentricity of the Keplerian orbit of the

satellite (corresponding to the drift parameter).

Furthermore, the parametric representation of the solution allows us
to write the solution of rotational tori and, therefore, to relate periodic

orbits to quasi—periodic orbits.

The content of this Chapter is included in a paper written in col-

laboration with A. Celletti (see [15]).

3.1. The conservative standard map

Let us introduce the well-known discrete dynamical system called
standard map introduced by B.V. Chirikov in [25] and defined by the

equations

{ Yn+1 = Yn + 5f(xn) (32)

Tn4+1 = T + Yn+1

where z,, € T = R/(27Z), y, € R, ¢ is a positive real parameter, called
perturbing parameter and f = f(x) is an analytic, periodic function.
In particular the classical standard map is obtained by setting f(z) =

sin(x):

n - n+5s' n
{?J+1 Y mnx (3.3)

Tp+1 = Tp + Yn+1

In the following, we will refer to the standard map, with the formulation
given in equation (3.3). We will show some properties of the standard

map and of its dynamics.
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The mapping (3.3) is conservative because the phase space area is
preserved under the action of the map. Indeed, we can show that the
determinant of the corresponding Jacobian associated to the map is

equal to one: setting f.(z,) = Of@n) _ (g T,), we have
g oxr

Wn yn 1 ef.(z,
det(aiy ;j:>:det( fo(@n) )zl.
iy 1 1+4efu(zn)

Another important property of the standard map is its integrability
for e = 0. If we neglect the perturbation taking ¢ = 0, the mapping
(3.3) reduces to

{ Ynt+1 = Yn (3.4)

T4l = Tn + Ynt1
so that, the map is integrable and the solution can be written in a very
simple way because, as we can see, vy, is constantly equal to the initial

value o, and x,, = x¢ + nyo for any n > 0.

In this case the coordinate y, is fixed while z,, varies as x, = xg +
nyYo; in the case in which the initial condition y, is equal to a rational
multiple of 27, the trajectory is a periodic orbit: if the initial datum is
of the form (yo, z¢) = (27T§, xo) with p, ¢ positive coprime integers and
xg € T, the successive iterations of the x coordinate are given by the
following sequence: g+ 27 - %’, 1‘0+27T-2-§, e ,x0+27r-q-§ = 1o+27;
since x( varies on the torus, after ¢ iterations it comes back to its initial
position: therefore, we get a periodic orbit of period q. The quantity
p measures how many times the interval [0,27) is run before coming

back to the starting position.

The situation is completely different if we consider an irrational
initial condition yy: fixed the initial value yy, the y coordinate re-
mains always constant under any number of iterations, while, since
Tp = Xo + nyo, the x coordinate fills densely the line y = y, as the

number of iterations increases. The orbit, given by a straight line, is a
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quasi—periodic invariant curve (see Figure 3.1a): on this curve a quasi—
periodic motion takes place, and any point of the x coordinate never

comes back on itself.

In order to distinguish between periodic and quasi—periodic orbits

we introduce the rotation number w defined by the quantity

. Tn — Zo
W = lim —
n—00 n

The rotation number, when it exists, is the frequency of the motion:
as we have already seen, in the unperturbed case (¢ = 0) the equations

of the standard map reduce to the system (3.4) that can be written as

Yn = Yo
Tn = To + NYo ,
where (z9,yo) is the initial condition. If the rotation number can be

written as w = 27r§ with p, ¢ positive coprime integers, then y, = o,

Ty = To + 2mq = x¢ and the motion is periodic with frequency w; if w

w

> 1s an irrational number, then the

and 27 are incommensurable, i.e.

dynamics associated to (3.4) is quasi—periodic.

As we have shown, in the unperturbed case, the dynamics of the
standard map is completely known and it is fully described by periodic
and quasi-—periodic motions. Let us show how the dynamics changes
when we introduce the perturbation: for € # 0 the mapping becomes
non—integrable, in fact it is not possible to find an explicit solution and
chaotic motions might appear. For € not zero but sufficiently small, the
quasi—periodic invariant curves, called rotational invariant curves, are
slightly displaced and deformed with respect to the integrable case. The
periodic orbits are surrounded by closed trajectories, called librational
curves. As e increases the librational curves increase their amplitude,
the rotational invariant curves are more and more deformed and dis-

torted, and for a given value of € they break—down, leaving place to the
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cantort, which are still invariant sets, but they are graphs of a Cantor
set (for a more detailed description of cantori, we refer to Chapter 2);
moreover, chaotic motions start to appear and they fill an increasing
region. These phenomenons are shown in Figure 3.1, which shows the
evolution of the classical standard map as the perturbing parameter
€ varies: we can see how the invariant curves are deformed, how they
break—down as ¢ increases, or how they are destroyed and they do not

exist for a critical value of ¢.

The existence of the rotational invariant curves provides an impor-
tant property of stability: a solution with a given initial value can not
cross a rotational invariant curve, so if we take an initial condition
between two different rotational invariant curves, the solution starting
from that initial condition will be trapped between the two curves for
all times. On the contrary, their break—-down, starting with the appear-
ance of cantori, allows the solution to diffuse in an extended region of

the phase space.

3.2. The dissipative standard map

The equations (3.3), can be modified in order to introduce a dissi-

pation. In particular, we can define the dissipative standard map as

nt1 = by, + ¢+ esinz,
{y+1 Y (3.5)

Tpt1l = Tn + Ynt1

where z,, € T = R/(27Z), y, € R, € > 0 is the perturbing parameter,
b € R, is the dissipative parameter and ¢ > 0 is a drift parameter. It
is easy to show that the parameter b is the determinant of the Jaco-

bian associated to (3.5); in fact, with the same notation used in the
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FiGURE 3.1. Dynamics of the classical standard map,
starting with o = 7 and varying 100 initial conditions
yo within the interval [—3, 3] as € increases: a) € = 0, b)

€=0.5,¢)e=097,d) e =1.

conservative case, one has:

%n  Qyn b ef.(z,
det 8‘9@/ ;x = det fa(@n) =b.
S o b 1+efp(xy)

We can distinguish four different cases as b varies.
e If b = 1 and ¢ = 0, the map is the conservative standard

mapping (3.3).
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e If b = 0, one obtains the one-dimensional mapping =, ; =
T, + ¢+ esinx,; moreover, if £ = 0 one obtains the circle map
Tpt1 = Tp + C.

e If 0 < b < 1 the mapping is dissipative and in particular it is
contractive.

e If b > 1 the mapping is expansive.

In the following, when we speak about dissipative standard map, we

will always refer to the third case of contractive mapping.

Let us show some properties about the dynamics of the dissipative
standard map. We can find attracting periodic orbits, invariant curves
and strange attractors: we can see that stable periodic orbits become
attractive, and that periodic orbits and an invariant curve can coexist.
In particular, a big difference with the conservative standard map is
that in the dissipative case, only one invariant curve can exist: in fact,
if we have two invariant curves, the area between them is preserved,
contrary to the assumption that the system is dissipative. Finally,
strange attractors are very complicate geometrical structures and they

are shown to have a non—integer dimension, namely a fractal dimension.

If we define
c

1-0
we can see that for ¢ = 0 the trajectory {y, = a} x T is invariant; in

«

fact, the invariance relation

Ynt+1 = Yn = by, +c ,

admits the solution y, = a with a being given by
c
1-0°

From the last relation we can see that the drift ¢ can be written as

a=bax+c = «a=

¢ = a(1—0b) and therefore it becomes zero as b = 1 as in the conservative

case.
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3.3. A parametric representation of periodic orbits in the

conservative case

The existence of periodic orbits is very important to understand the
dynamics of the perturbed standard map as the perturbing parameter
¢ varies. We have seen for the conservative case that an invariant curve
is deformed as € increases and it is destroyed at a certain value of .
Moreover, periodic orbits with very large period can approximate very
well the dynamics of an invariant curve. So, we can study the properties
of an invariant curve (for example the break—-down threshold (compare
with [39]) of an invariant curve with irrational rotation number w),
using the stability properties of periodic orbits with frequencies given

by the rational approximants to w.

We would like to show some results about the existence of periodic
orbits for the conservative standard map; in this Section we will present
the results given in [17]. Let us consider the mapping defined by the
equation (3.3); considering that z, 1 — x, = Yp+1 and z, — T,_1 = Yn,

one obtains

Tpi1 — 2%, + Ty = esinm, . (3.6)

We look for a periodic solution with rational frequency w = 2mp/q for

some p, q € Z,, with p, ¢ coprime, such that it satisfies the periodicity

condition
Yn+q = Yn -
Then we parameterize the solution as

where u(6,,) is a continuous, 2rp—periodic function and the linear flow

6, is such that 0,,; = 6, + w. Then we expand the function u in
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Fourier—Taylor series as

min(j,q)

elu; (6, gl ag;j sin(06,,) (3.9)
Z Z 2

where the real coefficients ag; will be determined as follows. Inserting
the parameterization (3.8) in (3.6), it follows that the function u must

satisfy the equation

u(@y + 27r§) — 2u(8,) + u(f, — 27#5) = esin(0, +u(6,)) . (3.10)
Inserting (3.9) in the previous equation and equating the same orders
of ¢, after a suitable expansion of the right hand side ¢ sin(6,, + u(6,))
around €, one obtains the expression of the coefficients ag;. We omit
the computations (for more details see [17]), but we just want to re-
mark that when we equate terms of order 7 (where ¢ is the period of
the periodic orbit we are considering), one has to choose 6,, such that
sin(gf,) = 0. Such choice compensates the zero term cos(2mq2 — 1) oc-
curring at the ¢*" order and it fixes the value of 6, since 6,, = 6, +27m§
for the linearity of the flow 6,,. Therefore, one has two solutions (mod-
ulus 27):

27

GO:E and 60:—
q

™

It is possible to show that the orbit starting at 6y = 7 is stable for ¢
odd and unstable for ¢ even, while the one starting at 6, = << is stable

for ¢ even and unstable for g odd (see [17]).

As written before, the coefficients a,; can be computed recursively
from the previous equations: by the computations, we can see that the
coefficient a,, appearing in the function u,(6,) = > j_, assin(6,) is
not determined because it disappears from the equations. But it has

no consequences because this term does not contribute to the general
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solution: in fact we can see that

q—1

Z gy sin(06y) = Z gy sin(6y)

=1
0.

since the choice of 6y is such that sin(qf)

REMARK 3.1. In the next Section, we will see that in the dissipative
case, the problem about the disappearance of the coefficients of the ¢'

order can not be avoided, and it leads to a completely different solution.

3.4. Periodic orbits in the dissipative standard map

In this Section we extend the results about the existence of peri-
odic orbits to the dissipative standard map; we could see that there are
many differences with respect to the conservative case: for example in
the dissipative case, there exist many periodic orbits of a given period,
while in the conservative case we have just two periodic orbits, one sta-
ble and the other one unstable; stable periodic orbits in the dissipative
case are attractive. Another difference is that in the conservative case
we are able to write the full expression of the equation defining the
periodic orbit through the parameterization, while in the dissipative
case we can not find the full expression, but just an approximation to

the order of the period.

We will see that in the dissipative case, the drift ¢ plays a very
important role for the existence of periodic orbits: we will show that
periodic orbits of frequency 27p/q, for some p,q € Z,, can be found

within a whole interval of the drift, say Z,,.

Let us summarize the main results obtained about the parameter-
ization of periodic orbits. We define again the dissipative standard
mapping as

ntl = by, +Cc+esinz,
{ Ynt1 Y (3.11)

Tpt1 = T + Yn+1
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where z, € T = R/(27Z), y, € R, 0 < b < 1l,e >0,¢c > 0. A

parametric representation of the solution is obtained by setting
Ty =0, +uld,), 0,€T, (3.12)

where u(6,,) is a continuous, periodic function and the parametric co-

ordinate 6,, evolves linearly. The function u can be written as a series

[o.¢]
j=1

expansion in ¢, say u(6,) = >, u;(0,)e’, where the terms u;(6,) can
be determined by solving suitable recursive equations. The drift ¢ can
be also expanded in Taylor series as ¢ = Z;io c;e’ for some real quan-
tities ¢;. We will show that in the periodic case the series expansion
for u can be determined up to the order j = ¢ — 1. Moreover, the
terms cy, ..., ¢;—1 defining the Taylor series of the drift up to the order
q — 1 are real numbers, while the quantity ¢, (coming out from the ¢
order) is a continuous periodic function of 6,,, namely ¢, = ¢,(6,). As
a consequence, for 6,, € [0,27) the drift is constrained to belong to an
interval, say ¢ € Z,,. In the following, we will see that the determina-
tion of such interval can be also found through an implementation of

the implicit function theorem.

3.4.1. A parametric representation of periodic orbits in the
dissipative case. Let us show in detail the results about the parame-
terization. We parameterize a solution with frequency w € R associated
to the dissipative standard map (3.11) as in equation (3.12), where the
parametric coordinate 6, evolves linearly as 6,11 = 6, +w. Then the
unknown function v = u(#,) is the solution of equation (3.14) given in

the following Lemma.
LEMMA 3.1. Defining the quantity

y=(1-bw-c, (3.13)



64 3. ON THE DYNAMICS OF THE DISSIPATIVE STANDARD MAP
then the function u = wu(6,) associated to the solution (3.12) of the

dissipative standard map (3.11) must satisfy the equation

u(fy, +w) — (1 +0)u(6,) + bu(b, —w) + v = esin(f,, + u(6,)) . (3.14)

Proof.
From (3.11) we get

Tpil — Tp = Ypy1 = by, +c+esing,

= b(x, —Ty1)+cHesing, ,
which provides the following equation:
Tpi1 — (L+b)x, +bx, 1 —c—esinx, =0 . (3.15)

Inserting the parameterization (3.12) in (3.15) and using (3.13), we can
easily see that the function u(6,) must satisfy (3.14). O

Equation (3.14) is valid both for invariant attractors and for peri-
odic orbits. In this Section we are interested in the parameterization
of periodic orbits; to this end we set w = 27p/q for some p, ¢ € Z,
coprime. A periodic solution (x,,y,) of frequency w for the mapping

(3.11), must satisfy the following periodicity condition

{ Tpyq = Tp + 27D

Yn+q = Yn -

We want to prove the following important result about the existence

of periodic orbits for the dissipative standard map:

PROPOSITION 3.2. Let M : Rx T — R x T be the map defined
in (3.11) and let p,q € Z, coprime. Then, for fized values of b, €,
say b="b, ¢ = &, one can find an interval L,, C R, such that for any

c € Ly, the map M admits at least a periodic orbit of period p/q.
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To prove the above statement we start by finding a parameterization
of the form (3.12) for the periodic orbit with frequency w; to this end,
we look for a solution of equation (3.14). We define the function wu for
any 6 € [0,2r), although the periodic orbit consist of ¢ points. The
first point xg = 6y +u(6p) is obtained from an initial datum 6 = 6, and
the other ¢ — 1 points are computed iterating the initial datum by the
law of evolution of the flow 0,,, namely 6,, = 6+ 2wnp/q. Then, to find
the solution u of (3.14), we expand the function u(6,) in Taylor series

400
u(f,) = Z u;(6,)e (3.16)

for some real functions «; which can be expanded in Fourier series as
“+oo
u;(0,) = Z <agj sin(€6,,) + by; cos(@@n)> : (3.17)

/=1

where the unknown real coefficients ay;, by; will be explicitly computed.

We also expand the drift ¢ in Taylor series as
Cc = Z Cj&j s
§=0

with ¢; € R where we fix ¢p = (1 — b)w, which corresponds to the
solution with yy = w for the unperturbed system with ¢ = 0. Similarly

we expand 7 defined in (3.13) as
= v, (3.18)
j=1

where «; are suitable real coefficients.

PROPOSITION 3.3. Consider a periodic orbit of frequency 2mwp/q

with p, q € Zy; given the parameterization (3.12) and the expansions
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(3.16), (3.17), (3.18), the following equation holds for any j > 0

{Sin(wn) [(1 +b)aga?? — (1 b)by; ;pm}

[M]¢

o
>
j=1 1

+eos(0,)[(1 = )ag B + (1 -+ b)bsal?] + 7}

~
Il

J

{Z [ S gin(06,) + Cg’Q) cos(ﬁ@n)}

}g_

Jj=1 1

(3.19)

for some unknown real coefficients ayj, bej, v;. The real constants aép’q),

ép’Q) are given by

aép’q) = cos(2n( - §) -1 (3.20)

() _ .P
By =sin(2nl- L),

while the quantities Sém), Cg’q) and DEM) depend on the terms ag;, by,

foro=1,--- j5—1.

Proof.
The equation (3.19) is obtained by inserting the Taylor—Fourier expan-
sions (3.16), (3.17), (3.18) in the parametric equation (3.14). In fact
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the left hand side of (3.14) can be written as

—+00 “+o00

Z gl { Z [aﬁj sin(40,, + 27r§) + by; cos(£6,, + QWS)]

j=1 =1

—(1+0) [agj sin(46,,) + by; Cos(wn)} }

—+00 “+00

j : p p
+b I ap; sin(£0,, — 2w=) + by; cos(40,, — 2n=) ¢ +
Z Z{ ( ) b os( o}
+oo ) 00
= g’ Z {(1 + b)ay; sin(40,,) cos(27r€8)
=1 (=1 q
J
+(1 — b)ay; cos(46,,) sin(27r€g) + (1 4 b)by; cos(46,) cos(27r€]—))
q q
—(1 — b)by; sin(06,,) sin(27r€§)

+o0o
—(1 + b)(ag; sin(€8,) + by, cos(mn))} +3 e
j=1

which coincides with the left hand side of (3.19), recalling that ozép ),
(P9 are defined in (3.20).

The right hand side of equation (3.19) is obtained as follows. Let us
consider a generic function ¢(6,), then the function ¢(6,, + u) with u

as in (3.16) can be expanded as

) J

o0,+u) =30 3 (@ +4ig) [T 4 g0,
=1 kek; =1
where k = (k1,--- ,k;) € NV and K; = {k : S)_, lky = j}; the order
j of the e-expansion of the function g(6,, + u) is written as the sum
of products of the u, with £ = 1,---, 7, which corresponds to a sum
of products of the derivatives of g and of the functions w,(6,,) for ¢ =
1,...,7. In the specific case ¢(#,) = sinf,, by some computations,
such products can be written as a linear combination of the functions

sin(¢6,,) and cos(€d,,) for ¢ = 0,...,j; the coeflicients of these linear
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combinations are functions depending on the coefficients ay;, by; with

¢ =1,---,iand i = 1,---,j — 1, and they will define Sg’q), Cg’q),
(p,q)

Do,

In the case g(6,) = sind,, the quantities Sg.”q), Cg’q), Dép’q) can be

computed explicitly in a recursive way. By (3.16) and (3.17), we have
esin(f +u) = esin(f + Z elu;(0))

J=1

o j
= esin <«9 + ) & Z agj sin(€6,,) + by; cos(£0, )))
J

j=1 (=1

D [Z (Sy; sin(£6,) + Cyj cos(£6,)) + Dj] [(3.21)

j=1 =1

where we impose the last equality. Let us define the complex functions
dy = di(6,,) such that

e/t 0) =N "y (6,)" . (3.22)

Differentiating (3.22) with respect to e, we obtain

i i d;(6,)¢’ izuﬁf—l = i k(6
j=1 =1 k=1

Equating same powers of €, we obtain the recursive relations defining

dj. in terms of uq, ..., ug, do,..., dp_1:
do(0n) = €™

de(0,) = —Z]u] )di—;(6,) -

Denoting by d the complex conjugate of d, we can easily show by

induction that the function (di(6,) — dx(0,))/(2i) can be expressed
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in the form

di(0r) — di(0n)
21

k+1
= (Awsin(l6,) + By cos((6,)) + Er, . k>0

(=1

(3.23)
for suitable Ay, By, (€ = 1,...,k+1) and Ey. For k = 0 we obtain that
dO(en) — 620(6’”)
21
Assuming that (3.23) holds for £ — 1, we have

=siné, .

di(0n) — di(0n) i di—j(00) — di;(00)
2% - Ezjuj(e")[ 2i

.k 7
1 . .
= 2 j ;(a@- sin(06,,) + bej cos(46,))
k—j+1
{ [AM_]- Sin(00,) + Bex; cos((6,,)
/=1
+Ek_]} , (3.24)

which is of the form (3.23) for suitable coefficients Agp, By, Ey, de-

pending on ay;, by for j = 1,..,k, £ = 1,...,j. Notice that (3.24)

provides a recursive formula for computing Ay, By, Ex. Recalling the

first and the last term in (3.21) and equating same powers of ¢, we get

1 J

% (dj—1(0n) — dj—1(6n)) =Y  (Se;sin(€6,,) + Cy; cos(€6,)) + D;
=1

for j > 1, where Sp; = Ay 1, Co; = Byj—1, Dj = Ej_1 (namely Sg’q),

C’g’q) are functions depending on ay;, by for i =1,--- 5 —1) O

Finding the solution u(f,) of the parametric equation (3.14) is
equivalent to solve the main equation (3.19). In concrete computa-
tions, where Sg’q), C’g D Dj(p 9 are determined explicitly, we equate
same orders of €, so to obtain some equations which allow us to deter-

mine the unknowns ay;, by; and ;.
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REMARK 3.2. For the specific case of the standard map (3.11), con-

taining just one harmonic, the following properties hold:

i) in (3.21) the index ¢ runs from 0 to j; therefore, the unknowns ay;

and bg; are zero for all £ > j;

i1) for j even, only { even appears in (3.21); therefore, if j is even, all

ag;’s and by;’s are zero for { odd;

i11) simalarly, if j is odd, all az;’s and by;’s are zero for £ even.

In order to solve (3.19) we proceed as follows. Equating same orders
of € in (3.19), we obtain three different cases according to whether j is
less, equal or greater than q. We start by considering 7 < ¢; then, for
all ¢ =1, ..., 7, we get the following linear system in the unknowns ay;,
be; and 7;:

(1 ) ar; = (1 = D)5 by = 559
(1= D)3 + (14 B)af Vb = O

v = D](-p ) for j even,

N\

(3.25)

\’yj:O for 7 odd.

We remark that Sépﬂ), C’g’q) and DP9 depend on the ay;, by; for ¢ =

J J
1.---

, ,j — 1, so that they are known whenever the functions u; at

the previous orders are known. The solution of (3.25) provides the
unknowns ay;, by; and y; for { =1,--- ;jand j=1,--- ,¢— 1.

We are now able to determine the function w(6,) and the quantity
~ up to the order ¢ — 1 of their Taylor expansions. Let us denote
by u9Y(6,) and 49V the truncations to the order ¢ — 1 of the e-

expansions of u(6,,) and v, namely

q—1 q—1
w1V (8, = Zuj(ﬁn)sj , yla=h) = Z%Ej ;
j=1 j=1
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where the functions u;(6,,) are given as in (3.17). From the expansion

of v, we compute the expansion of the drift as

q—1
q—1) — § J
C( ): c;en
=0

where we recall that the relation between ¢ and « is given by the equa-
tion (3.13) and therefore ¢y = (1 — b)w and ¢; = —;.

When we equate terms of the same order 7 = ¢, we see that the

coefficients alP? and B%? are equal to zero, being

alP?) = cos(2mq-2) —1=0

a (3.26)
(p.a) : P
¢ =sin(2mg-2)=0.

As a consequence, the unknowns a4, and by, disappear from the left
hand side of equation (3.19) and they cannot be determined. Therefore,
the Taylor coefficient u,(6,,) remains undetermined. On the other hand,
using (3.26), the order ¢ of the right hand side of (3.19) is not zero, so
that such equation holds provided

Vg = Séf]”q) sin(qb,,) + C’é‘;”q) cos(qb,,) + Dc(lp’q) : (3.27)

The consequence of the previous equation is very important since it
shows that ~, depends on 6y, namely 7, = v,(0y) (we recall that the
relation between 6,, and 6, is given by 60,, = 6y + 27np/q); in particular,
being 7,(fy) a bounded periodic function, for 6, varying in [0, 27),
the quantity 7, varies within an interval of the form [y_, ;] for some

endpoints y_, v € R.

For j > q all the u;’s and 7;’s remain undetermined, since they

depend on u,(6,) which is undetermined.

Up to now we have obtained the following result: the solution u(6,,)
associated to a periodic orbit of frequency 27p/q is given up to the order
q — 1, and the orders equal or greater than ¢ remain undetermined; as

we have stressed in Remark 3.1 in Section 3.3, the problem can not
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be avoided because, in the dissipative case, the Fourier coefficients a4
and by, contribute both to the general solution u. Regarding the drift,
the existence of the periodic orbit is ensured whenever -, belongs to
the interval [y_,~,]. In particular, we can write the expansion of the

drift ¢ up to the order ¢ as

D =c9D(0,) =cot+ec; +e¥cy el +ely(6,), (3.28)

where ¢y, . . ., ¢, are constants (depending on b, p, q), while ¢, = ¢,(6,,)
belongs to an interval qu = [c(_p’q), cf’q)] whose endpoints are given by

the minimum and the maximum of the function (3.27) (depending on
b, p, g too). In order to make this computation explicit, we provide in
the next Section, the determination of the parametric representation

for the specific case p =1, ¢ = 3.

REMARK 3.3. In Section 3.5 we will deal with quasi—periodic at-
tractors with an irrational frequency w and we will see that in the para-
metric representation, the difference with the periodic case relies on the
fact that the series expansions (3.16), (3.17), (3.18) can be computed
recursively at any order; concerning the drift, the quantities y; (equiv-
alently c;) are always constants and they are identically zero at odd

orders.

3.4.2. The parametric representation of the 27/3—periodic
orbit. In this Section we show a concrete example for the parametric
representation of the periodic orbit with frequency 27/3. We start by
writing the Taylor expansion of the term esin(6,, + u(6,)) up to the
order ¢ = 3 with u(6,) as in (3.16):

2
e sin(0, + Y lu;(6,))
j=1

1
= esinb, + &’uy cosb,, + £°(uz cos b, — §(u1)2 sinf,) . (3.29)
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Let
)—1
) .

Then, we equate same orders of € in equation (3.19), taking into account

ag1,3) = ay = cos(2ml -
(1,3) _ -
By = Py = sin(2nl -

W=

(3.30)

W=

the expansion (3.29). For j = 1 we have:
sin Qn [Ozl(l + b)a11 — ﬁl(l — b)bll}
+  cosb, [ﬁl(l —b)aj; + a1 (1 + b)bn} +7; =siné, ,

which is equivalent to the following linear system in the unknowns a1,

b1 and ~v4:

As we have seen in Remark 3.2, we stress that the coefficients a,; and
by are zero for ¢ > 1. The first two equations of the previous system

allow us to determine the two unknowns aj; and by;. Recalling (3.30),

we get:
g — — — 1tb
by — —_1=b '
11 2V3(14+b+b2)

The function u; is therefore determined as uy(6,,) = a1y sin 0,,+by; cos b,
with v, = 0.

Let us continue with the computation of the solution of (3.19) to
the second order. Using the above expression for u;(6,) and taking the

second order in € of equation (3.19), we get the expression:
sin 2971 [042(1 + b)a22 — ﬁg(l — b)b22:|
+ COS 2911 [62(1 — b)GQQ =+ 042(1 + b)bgg] + Y2

1 1 1
= 5&11 sin 2071 + 5()11 COS 2071 + 5[)11 s
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from which we obtain the following linear system in the unknowns ass,

b22 and Ya:
az(1 + b)ags — Bo(1 — b)bys = San
B2(1 — b)agy + (1 + b)bgg = %bn
T2 = %bn .
From (3.30) we have ay = —%, P = _\/73’ so that we determine ass,
baz, V2 as
1
022 = ~GaT5r)
bys = 0 (3.32)
o 1-b
2T TRAATb)

Since the coefficients ap and by are zero for ¢ = 1 and ¢ > 2 (see

Remark 3.2), the function us is given by uy = agg sin 26,,.

Let us conclude with the computation of the third order, which
corresponds to the case j = ¢. Considering the third order of (3.29) and
inserting the known functions u; and uy, we get a linear combination
of sines and cosines with known coefficients. Taking the third order in

e of equation (3.19), we get the following expression:
sin 6, [oq(l +b)as — Bi(1 — b)b13}
+  cosd, [51(1 —baz + a1 (1 + b)b13}
+  sin36, [ag(l + b)asz — f3(1 — 5)533}

+  cos3b, [53(1 —b)ags + az(1+ b)bsza] + 3

1 3 1 1
= sin Qn [§a22 — gd%l — gb%l] -+ cos ‘gn |: - Z—lanbu]
, 1 1, 1, 1
-+ Sin 3971 [56122 + gall — §b11:| + cos 3971 [Z&llbll] . (333)

First we note that the coefficients a3 and (3 are zero; therefore in the
left hand side of (3.33) the coefficients of sin 36,, and cos 36,, are zero. As
a consequence, the unknowns asz and b33 disappear from the previous

equation and they cannot be determined. Equating the coefficients of
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sin ), cosf,, we determine ay3, b3. Moreover, equation (3.33) holds

provided
s = S5 sin(30,) + C4 cos(36,) |
with
Sz = %@2 + %a% - ébﬂ oY = ianbn :

so that we have an expression of 73 as a function of 6,, (namely 6y).
In conclusion, the truncation of the function u(6,,) up to the second
order is given by
ne (0,) = e(ay;sin B, + by cosb,) + £2ag; sin 26,
with aq1, bi1, age as in (3.31), (3.32). The approximation to the third
order in ¢ of the drift is given by

3)

c® = ¢y + €%y + 3¢,

where ¢y, ¢, c3 take the expressions

1 1—-5
C =2n—(1-0), Ccy = ,
0 3(1-0) T 4B+ b+ B?)
cs(6,) = —(Séé’:)’) sin 36,, + C’é;’?’) cos 36,) .

The term cg varies within the interval [c_, ¢, ]| with endpoints given by
the minimum and the maximum of c3 as 6, varies in [0, 27); therefore,
the whole drift ¢(® belongs to an interval, say Z;3, in which the existence

of the periodic orbit of period 3 is ensured.

We provide a concrete example of the interval Z;3 that varies as the
parameters b and € vary. For example, we fix b = 0.5, € = 0.5; then, the
drift parameter ¢ can vary within the interval Z;3 = (1.04872,1.06629).
In Figure 3.2 we consider four different values of ¢ within and outside
Z13. Figures 3.2a, 3.2d show that outside the interval, the parameter-
ization does not correspond to a periodic orbit, while a periodic orbit

of period 3 is found in the interval Z;3 as shown in Figures 3.2b, 3.2c.
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a) b)
" J " " " " " .
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F1GURE 3.2. The evolution of the parametric represen-
tation of the 27 /3-periodic orbit has been computed for
b = 0.5 and € = 0.5; the figures show four different orbits
for different values of the drift ¢: a) ¢ = 1.04, b) ¢ = 1.05,
¢) ¢c=1.06,d) c=1.07.

3.4.3. An implementation of the Implicit Function Theo-
rem. As written before, the existence of periodic orbits for the map-

ping (3.11) can be obtained analytically by implementing the Implicit
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Function Theorem in the following way. Let us define the vector func-
tion F' = (Fy, Fy) as:

E(’rOa Yo, b7 £, C) = Mq('r07 Yo; b7 g, C) - (330, yO) - (27Tp7 O) 9 (334)

where (0, o) are the initial conditions and MY is the ¢ iteration of

the mapping (3.11). Then, the following theorem holds:

THEOREM 3.4. (Implicit Function Theorem) Let z = (x,y) and for
some b, €, € > 0 introduce the parameters Ps Pzr Per Pz, € Ry, define
the domains D = {(b,s,c) ER®: |b—bl<pp le—F <ps lc—7 <
pg}, B={z¢eR*: |z— 2zl <py,}. Letus consider the function
F:(z,b,e,c) € BXxD — F(z;b,¢,¢) € R? defined as in (3.34). Having

fized the initial condition zy = (xg,yo), assume that

E(ém 57 ga E) = Q
and that
F
det (8—_> #0 .
ag |(50,5,§,E)

If p2,s pg, Pe; pe € Ry satisfy a smallness condition, defined by some
function C' of the form

C = C(pzy: ppr p=rpe) <1, (3.35)

then there exists a unique, continuous vector function f = i(b@,c),
such that f(b,8,) = z, and F(f(b,e,c);b,e,c) = 0 for any (b,e,c) €
D.

We want to provide an explicit expression for condition (3.35) and

we do it by writing the function F = (F, F3) in (3.34) in an explicit
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form as
q—1 q—1
Fi(zo,90) = yo(b? — 1) + Z be+ EZ b1~ sin
=0 =0 (3.36)

q
F2<I07y0> = Zyj - 27Tp )
j=1

where x; and y; can be recursively written as a function of the initial

conditions (xg, yo):

Jj—1 j—1
y; (o, y0) = Vyo + Z Ve + EZ V1 sin gy,
7 k=0 (3.37)
(o, Y0) = w0 + Zyk .
k=1

If the function F'(xo,yo;b, €, c¢) = 0, then the point (x¢,yo) belongs
to a periodic orbit of frequency 2mp/q for some b, ¢, c. Let us fix the
parameters as b = b, ¢ = &, ¢ = ¢ for some b, &, ¢ > 0; through an
implementation of the implicit function theorem we can to determine a
neighborhood of the parameters b, €, ¢ in which there exists a periodic
orbit of frequency 27p/q with initial conditions in a neighborhood of
(20, Yo)-

Let z = (0, yo); we immediately remark that for € = 0 the Jacobian

associated to (3.36) is zero, being

OF b —1 0
<8_2(§0)) = i Yoo
j=1

For this reason we need to consider a value of ¢ different from zero and

then we compute the Jacobian matrix as follows. Let

<%(§0;b,5,0)> _ ( a f ) |

v 0
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where «, 3, v, 0 depend on b, ¢, ¢, and they can be written as follows:

o= ng(xo,yo,b € c)—bq—1+6§bq 1= ]cosx]gzé
y= gﬁi(a:o,yo,bac Zng) o,
5 = ng(xo,yo,bEC) ;g_fi],

\

with x;, y; defined in (3.37). Let us introduce the positive parameters

Pzys P5> Pz, Pe; consider the domains D and B defined in Theorem 3.4.

According to [13], the values p. , p;, ps, pe must satisfy the following
condition:

0*F

€ =am’-|E(zibe. 0] - | 55

where m is the norm of the inverse of the Jacobian matrix, which can

‘ <1, (3.38)

be written as

m = ’<6F(z0,b € c))l = sup

0z - sup (|8]+[0], al+[v]) -

(bsc)E’D‘a(S 57‘(bsc)€D
(3.39)
We remark that the norm of the function F' can be evaluated as

|E]l = sup (|Fi],[F2]) (3.40)
(b,e,0)€D

and finally the norm of the second derivatives of F' can be defined as

2 2 2 2
o I (= R B
[+ 15 |2l - 41

If we put together (3.39), (3.40), (3.41) we can explicitly evaluate
(3.38), which is indeed of the form (3.35).
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If we fix p,, p;, ps, then the condition (3.35) depends only on pg,

say

C=Clp:) <1. (3.42)

If we solve the inequality (3.42), considering the explicit form given
above, we find that the parameter c is again constrained to an interval
in agreement with what was found using the parametric representa-
tion. The size of this interval depends on the values of p, , pg, pz: if
such values increase, then ps decreases and if they overcome a critical
value, then the inequality (3.42) has no solution. In Table 1, we re-
port a comparison of the size of the intervals of ¢ found numerically,
denoted by Ac™*™ with those found through an implementation of
the Implicit Function Theorem, denoted by Ac!fT. We focus on orbits
of frequency 27/3, having fixed the values of the parameters b, ¢, p,
where p = max(p,,, p;, p=). Moreover, we take the initial conditions
using the first-order parameterization: we can set xy = 6y + cuq(6p),
Yo = weuy(0p) —euq (Ao —w), where, in principle, 0y can be arbitrarily
chosen. An optimal choice for 8y can be taken as one of the solutions
corresponding to the average value of ¢ within the interval for which
the periodic orbit exists. To be sure that the initial datum belongs to
the periodic orbit, we perform a sufficient number of iterations to reach
the attractor; we also check that such initial condition is well inside the

basin of attraction of the periodic orbit.

From Table 1, we can note that the size of the interval Ac'f7 is

always consistently less than the size of the interval Ac¥*™. Moreover,
if we compare the three values for b = 0.5 and € = 0.8 we can see how
the size Ac'fT decreases whenever p increases. Table 1 shows that
in general the agreement between the analytical and numerical values
is quite good; closer values could be obtained through a more refined

version of the Implicit Function Theorem.
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b | e o AAFT ANum
05051072 ]2.89-1072 | 1.71-1072
0.5/0.8|107%|6.18-1072 | 6.74 - 102
0.5/0.8(1072(6.15-1072 | 6.74- 1072
0.5/0.8[1072[3.54-1072|6.74-1072
0.80.5[1073[1.10-1072 [ 1.25-1072
0.8/0.8[1072(3.06-1072|4.83-1072

TABLE 1. Comparison between the amplitudes of the
intervals of ¢ found numerically (Ac¢V™) and by an im-
plementation of the implicit function theorem (Ac'FT)

for orbits of frequency 27 /3.

3.5. Invariant attractors by a Newton’s method.

The aim of the parameterization of periodic orbits is to find the
link between periodic orbits and invariant attractors. In fact, the para-
metric representation allow us to relate the solutions of periodic and

quasi—periodic attractors.

To this end, in this Section, we want to find a solution of the para-
metric equation (3.14) for an invariant attractor with irrational dio-
phantine frequency w € R. We recall that an irrational number w is
called diophantine if it satisfies the diophantine condition, i.e. it is
such that ]%n +m|™' < C|n|", for any n € Z,, m € Z and for some
positive constants C', 7 with 7 > 1. Let us define the operators D; and
Dy as
Dyu(0h) = u(bat5)=ulln=3) . Dyu(0h) = u(bat)—bu(6,~)
and let Ay, = DDy = D1 D,. Then, equation (3.14) can be written as

Apu(0,) — esin(f, +u(b,)) +v=0. (3.43)



82 3. ON THE DYNAMICS OF THE DISSIPATIVE STANDARD MAP

The solution of (3.43) can be found provided the constant 7 satisfies

Y= —<UQAbU> y (344)

ou(h)
o0

if we multiply (3.43) by 1 + ug, we compute the average over 6, €
T and if we take into account that (us) = 0, (Ayu) = 0 and that
((1 4 up) sin(f, +u)) = 0, we obtain (3.44)

where uy = and (-) denotes the average over #,, € T. In fact,

As in Section 3.4.1, we expand the function u and the quantity ~ in
Taylor series around € = 0 as in (3.16) and (3.18); then we insert these
expansions in (3.43)—(3.44) and equating same orders of ¢ we obtain
an explicit expression for the terms u;, ;. Then, by (3.14), it is easy

to show that the first order term w; must satisfy the equation
ur(0n +w) — (1 + b)uy(0,) + buy (6, — w) = sinb, ; (3.45)

inserting in (3.45) the Fourier expansion of u; given by
uy(0,) = Z aleihon
keZ
we obtain the Fourier coefficients

1

O
UL T (e — (14 b) + beFie)

which provide the (real) solution

(b—1)cost,coty — (b+1)sin6,

0,) =
1 (0h) 2(1+ b* — 2bcosw)

This solution can be compared with that found in the periodic case
to see that they are analogous. Through similar computations we can
determine higher order terms. Notice that for 0 < b < 1 the above
function does not contain zero divisors (as it may happen in the con-
servative case b = 1), though the divisors can be arbitrarily small. By
(3.44) one obtains 7, = 0 and it can be shown that 9,1 = 0, while
Yor. # 0 for any k € Z,..
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We remark that in the irrational case the Taylor—-expansions of the
function u and the term + can be computed explicitly to any finite
order N. Moreover, we can associate a specific value of the drift ¢
with a rotational torus. More precisely, a quasi—periodic orbit with
an irrational frequency w there exists for a specific value of the drift,
namely ¢ = ¢(w).

In order to find a better approximate solution of (3.43), one can
implement a Newton’s procedure starting from an approximate solution
given by a finite truncation up to a given integer order NV, of the power
series expansions (3.16), (3.18). More precisely, we can start with an

initial approximate solution of the form
N N
u™M(0) = uiBn)e? AN =Dy (346)
j=1 j=1

The functions u™)(6,) and V) satisfy (3.43) up to an error term

e™)(6,,), namely
Ayu™(0,,) — esin(0, +u™(8,)) + ™ = eM(0,) |

where e™)(6,,) is of order O(e¥*!). Then we can implement a New-
ton’s method as described in [14] adapted to the case of the standard
map: we start from an initial approximate solution («™)(6,,), y¥)) with

(N) " and then we define a new solution which

associated error term e
satisfies (3.43) with an error term quadratically smaller than ™) (4,,).

More precisely, we define the quadratic approximation as
u®*M(0,) = u™(0,) +u90,) , N = ) Ly (3.47)

where the corrections u(?(6,,) and () are given by the following formu-

lae (see [14] for complete details) after having introduced the following
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auxiliary quantities

ouV) w w
=1 =V(0,+ =)V, - =),
T W= V(6 + DV (6~ 2)
= Ve | E=(FE), E=E—-E,
o WOD'E) -~ E(W—lp—lugN)>
(W) = (b= (W=D ™)
B, = D;'E+a(-1+ (b-1)D; W) — ED; Wl
W = VDY WE) ; (3.48)
then, the corrections introduced in (3.47) are given by:
u® = — V{w) , 7=y _E 4 (b-1)a

In this way, a solution provided by the implementation of the for-
mulae (3.48) is such that the associated error term is of order g2V
therefore, larger is IV, closer is the approximation to the real solution.
As an example, we compute the explicit solution (3.46) up to N =7
and then we implement the formulae (3.48) to determine u(**). Let (¥
denote the truncation of the e-expansion of u to the order k. An
approximate solution (Z, ) of the invariant attractor with frequency w

is given by the following expression:

{ 7 =0, +a®(8,)

(3.49)
j=w+a®(0,) —a® (0, —w).

In order to evaluate how such approximation is good we present a

concrete example provided by the invariant attractor with frequency
\f

2mw,, where wy = is the golden ratio.

We compute the analytical solution using equation (3.49), setting
k = 14, fixing b = 0.9 and taking different values of the perturbing pa-
rameter, i.e. € = 0.8, 0.9, 0.98; each solution is obtained using a grid of

3000 values of 6,, € [0,27). We also computed the numerical solution,
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iterating the mapping (3.11) starting from the initial point of the an-
alytical approximation. Let (asg-a),y](-a)) and (:Uﬁ»n),y;n)), j=1,...,3000,
be, respectively, the analytical and the numerical trajectories. Fig-
ure 3.3 reports the graphs obtained computing the distance between
the analytical and numerical solutions, namely the graph over 3000

iterations of the error quantity

() (n) (a) (n)
Sl + 7+ ) + )

The agreement between the two approximations is good as far as ¢
is small; when the perturbing parameter increases, the graphs show
a larger discrepancy between the analytical and numerical approxi-
mations, until the breakdown threshold is reached (in this case the
breakdown threshold amounts to about 0.972, see [?]). It is obvious
that, for higher values of the perturbing parameter, a refined descrip-
tion requires an approximation to larger orders (and consequently a

much higher computational effort).

02
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FIGURE 3.3. Graphs of the error quantity (3.50), mea-
suring the distance between the analytical and the nu-
merical approximation (see (3.49)) of the invariant at-
tractor with frequency 2mw, for b = 0.9, k = 14 and a)
e=0.8,0) e=0.9, c) e =0.98 (after [15]).
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3.6. Drift convergence and Arnold’s tongues

3.6.1. Arnold’s tongues. The parametric representation of peri-
odic orbits shown in Section 3.4.1 tells us that for each rational number
p/q, the existence of a periodic orbit of period p/q is ensured if the drift
parameter varies within an interval. By equation (3.28) it is obvious
that the interval depends on the perturbing and dissipative parameters.
More precisely for a given period p/q and for a fixed value of the dissi-
pation b, the amplitude of the drift interval decreases as the perturbing
parameter gets smaller. Indeed, Figure 3.4 shows the variation of the
drift as a function of the perturbing parameter for three periodic orbits
with frequency 27 -1/3, 27 -1/2, 2w -2/3 and for two values of the dis-
sipative parameter, i.e. b = 0.5 and b = 0.8 (respectively, Figure 3.4a
and Figure 3.4b). If we plot the drift parameter versus the perturbing
parameter we can recognize the typical structures of Arnold’s tongues
(compare with [6], [59]). Within each Arnold’s tongue the periodic
orbit is stable, where the stability is evaluated by computing the eigen-
values of the monodromy matrix along a full cycle of the periodic orbit.
The stable periodic orbits become unstable through a saddle-node bi-

furcation, when approaching the boundary of the Arnold tongue.

3.6.2. Drift convergence. The parametric representation (Sec-
tion 3.4.1) of the periodic orbits and the construction of quasi—periodic
attractors (Section 3.5) provide many information about the relation
between periodic and invariant attractors. In particular, we recall that
a whole interval Z,, of the drift is associated with a periodic orbit
of period p/q, while a unique constant ¢ = c(w) is associated with a

quasi—periodic orbit of frequency w.
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F1GURE 3.4. Arnold’s tongues providing the drift ¢ as a
function of €. Each plot shows the tongues associated to
three different periodic orbits, precisely with frequencies
27-1/3 (left), 2-1/2 (center), 27-2/3 (right). a) b = 0.5,
b) b= 0.8 (after [15]).

If we consider a sequence of rational numbers p;/q; converging to
an irrational number w, we have numerical evidence, corroborated by
the analytical expansion, that the sequence of the intervals Z, /.. tends
to the constant c¢ related to the orbit with frequency w. Moreover,
by equation (3.28), we can see that the size of the interval Z, ,,. de-
creases as ¢ increases. In the same way we have numerical evidence
that periodic orbits of period p;/g; tend to the quasi-periodic orbit
with frequency w. Let us show a concrete example: we explicitly deter-
mine the functions u; = u;(6,) up to the order 6. Then, we evaluate an
approximation to the 6 order of the expansion of the drift (see (3.18))

for the periodic orbits with frequencies 27p,/q;, where p;/q; is equal

to a rational approximant to the golden number w, = ‘/52’1. Let us
denote by 'ygi} 0 and 7(52) the approximate drifts, respectively, of peri-
odic orbits and the orbit associated to the golden frequency. Figure 3.5
provides the logarithm of the difference |71()?)/qj — %(g)| as j increases; the
plot shows a fast convergence of the periodic drifts associated to the

Fibonacci numbers p;/q; to that of the invariant attractor. However,
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this approximation to the 6" order is valid only for small values of .
For higher values of €, we need a higher order expansion or a numeri-
cal evaluation to obtain more refined results. In Table 2 we report an
average value of the drift within each interval 7, /.. found through a
numerical evaluation to show how the average value of the drift tends

to the drift of the invariant attractor with frequency 2mwy.

log of the difference

2 K

2 . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600
q

F1GURE 3.5. Plot of the logarithm of the absolute value
of the difference of v, /,, minus v, versus g; for b= 0.9,

e = 0.5 (after [15]).
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p/q c p/q c

1/2 |0.322143 | 21/34 |0.385862
2/3 10.421515 | 34/55 |0.386159
3/5 |0.375734 | 55/89 |0.386046
5/8 |0.390044 | 89/144 | 0.386089
8/13 | 0.384586 | 144/233 | 0.386072
13/21 | 0.386640 | 233/377 | 0.386079

TABLE 2. The drift parameter for several periodic orbits
approximating the golden ratio for b = 0.9, ¢ = 0.9. The

value of the drift for the golden ratio amounts to ¢ =

0.386077.
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CHAPTER 4
Some new results on the Sitnikov’s problem

The problem we are going to introduce is one of the most sim-
ple applications of the three-body—problem, but not trivial; it is an
example of a non-integrable dynamical system in which chaos could
appear. In particular, in such problem we can find oscillatory motions,

quasi—periodic and chaotic motions.

In this Chapter we derive the model in terms of the Hamiltonian
formulation of the system. Then, we introduce the action—angle vari-
ables and we approximate the system by a perturbed harmonic oscil-
lator. Through suitable transformations, we remove the perturbation
to higher orders and we construct the Birkhoff normal form. Normal
forms are crucial to understand the dynamical behavior on long time
scales. It is possible to implement theories, like Nekhoroshev’s theorem
using the Poschel formulation ([56]). We apply this theorem in order
to find the Nekhoroshev’s domain of the parameters involved in which
Nekhoroshev exponential stability estimates can be found. To this end,
we show the existence of KAM tori using a suitable parameterization
in order to write an approximate representation of KAM tori around

the elliptic fixed point of the system.

Some results of this Chapter are taken from an original research in

collaboration with C. Lhotka [29].

91
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4.1. A brief history of the Sitnikov’s problem

The Sitnikov’s problem was introduced by K. A. Sitnikov in 1960;
he treated this problem in order to show the existence of oscillatory
motions for the three-body—problem ([57]). The model describes the
motion of a massless body moving on a straight line perpendicular to
the plane of two primaries which move on Keplerian orbits with eccen-
tricity e (compare with Figure 4.1 and with Section 4.2). The problem
has 1 and 1/2 degrees of freedom, due to the explicit dependence of
the time and moreover it depends on the parameter e. A simplified
problem was treated by W. D. MacMillan in 1913 (see [48]) who stud-
ied the case of zero eccentricity of the primaries’ orbits and he solved
analytically the problems in terms of elliptic functions. J. Moser in
1973 (compare with [51]) showed that the problem is not globally inte-
grable and chaotic orbits exist for a certain set of initial conditions. In
2002, S. B. Faruque (see [37]) provided analytical approximations to
the MacMillan problem in terms of series expansions in the parameters

of the system.

Concerning the elliptic case (eccentricity different from zero), the
first derivation of some analytic expressions in terms of initial condi-
tions and primaries’ eccentricity have been introduced by J. Liu and
Y.S. Sun in 1990 (see [47]). They replaced the periodic differential
equations by an autonomous mapping representing a surface of section
over one primary revolution. Later, in 1992 (see [41]), J. Hagel, using
perturbation theory, obtained a solution of the linearized equation of
motion and then he extended the problem by including nonlinear forces:
the solution gives a good approximation for small oscillations of the
third body. In 1993, R. Dvorak (see [30]) using numerical integrations
showed that invariant curves exist for small oscillations centering on

the barycenter. In 2005, J. Hagel and C. Lhotka (see [42]) derived an
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analytical approximated solution using Floquet and Courant—Snyder

theories.

In recent years the problem has been extended to the case in which
the third body has a non—negligible mass, and therefore it influences the
motion of the primaries (extended Sitnikov’s problem). It was treated
by R. Dvorak and Y. S. Sun in 1997 (see [32]) and by P. Soulis, T.
Bountis and R. Dvorak in 2007 (see [58]); in the latter paper the au-
thors also treated the case in which the third body is not constrained to
be on a straight line and it can move off the z—axis (generalized extended
Sitnikov’s problem). Finally the extended problem was treated by J.
Hagel in 2009 (see [40]) to show perihelion motion of the primaries’

orbits in the circular limit.

4.2. Mathematical formulation

Two bodies of equal mass m; = my (called primeries) move under
Newton’s law of attraction on Keplerian orbits; they orbit on a plane
around the common barycenter, moving in an antisymmetrical way
(r1 = —rg). A third massless point is constrained to move on a straight
line L perpendicular to the plane of the primaries and passing through
the barycenter of the primaries (see Figure 4.1). Since the mass of
the third body can be neglected, the motion of the first two bodies
is not affected by the third body. Moreover, due to the symmetric
configuration of the model, the third body will remain on the line
L. The problem consists in the study of the dynamical evolution of
the third body, which is periodically subjected to the action of the

primaries.

We normalize the time so that the period of the primaries is 27, and the

mass unit so that the total mass is one, i.e. we consider m; = mgy = 1/2
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my =0

FIGURE 4.1. The Sitnikov’s model (after [51]).

and the length unit so that the gravitational constant G is equal to one.
Let z be the coordinate describing the motion of the third body. The

Hamiltonian describing the system is given by

1 1
H(y, z,t) = Sy — ——e 4.1
(y:2z:t) =5y O (4.1)

where y = 2 and r(¢) is the distance between one of the primaries and
the barycenter. If the eccentricity is zero, the motion of the primaries
is circular; then r(¢) is a constant (r = 1/2) and we get an integrable
system (MacMillan problem). If the eccentricity is different from zero,
then r(¢) is a known function of the time and it can be expanded in

Taylor series around e = 0. It can be written as (compare with [7]):

r(t) = %(1 + irn(t)en) , (4.2)
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where the terms r,, are trigonometric polynomials in the time ¢. Up to

the fourth order we have:

ri(t) = —cost,
1

ro(t) = 5(1 —cos2t)
3

r3(t) = g(cost —cos 3t)
1

ry(t) = g(cos 2t — cos4t) .

We can also rewrite the fractional term of the Hamiltonian as

1 11 I —3 (z>2k
S i = , 4.3
mmﬁﬁ7wﬁ@fr§(k>r 43
where the brackets are the binomial coefficient and the convergence of

the series is guaranteed provided |z(t)/r(t)| < 1.
By setting
z =y
0H
0z’

the equation of motion derived from (4.1) is given by

Yy =

(r(t)? + 22)3 .

Inserting (4.3), the equation of motion takes the form:

z':g ( _j ) (%) . (4.5)

Expanding it up to a finite order N, we get the equation of motion

in the following polynomial way:

N B
P83 D (e e en(h) s ) (46
p=0 a=0

where ¢, , € R, d,,,, € R, k € Z are suitable constants.
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For the integrable approximation e = 0 and small oscillations, i.e.
z << 1 the approximate equation of motion (4.6) turns out to be the
equation of the harmonic oscillator with natural frequency w = /8.
In this assumption, the massless body performs small oscillations with
frequency w around an elliptic fixed point centered at the origin (see

Figure 4.2). We provide the expansion of (4.6) up to the order N = 4:

2 4+ [8+424ecost + €*(12 + 36 cos 2t) + €*(27 cost + 53 cos 3t)]

+ (—48 —240ecost)z® =0 . (4.7)

The double sum in (4.6) is therefore, the perturbation of an har-
monic oscillator. We can see that it also contains of non zero average
terms (the part given by the d,,,, coefficients). In the next Section, we
will perform canonical transformations in order to remove this pertur-

bation to higher orders and to obtain a Birkhoff normal form.

In Figure 4.2 we show a phase portrait (with the Poincaré section
condition 7(t) = ry,) for the value of the eccentricity e = 0.1. We can
observe the elliptic fixed point at the origin; close to the linear prob-
lem, for very small oscillations around the barycenter, we can observe
closed invariant curves; these closed curves exist up to a certain value
of the initial conditions; moving away for the barycenter the curves
break—down and unbounded and chaotic motions are possible. In the
domain of closed invariant curves we can observe islands which exist
around stable periodic orbits of the problem. It is known (compare
with [28]) that in between such islands we can have hyperbolic points,
separatrices and sometimes only thin layers of chaotic motions. Never-
theless, these motions are bounded and never lead to escape. Outside
the “main island” we see two islands of invariant curves around a stable
point which correspond to the 2:1 resonance, where the primaries make

two compete revolutions whereas the third body completes exactly one
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oscillation (for a more detailed description of the phase-space of the

Sitnikov’s problem as the eccentricity e varies, see [30], [31]).

nNo

[N

b
b Lo

-
DT —=OITO U — 1IN D

FIGURE 4.2. Phase portrait of the Sitnikov’s model for
the eccentricity e = 0.1 (after [31]).

To understand the nonlinear and time dependent effects close to the
center z = 0, we perform a canonical transformation to action—angle
variables of the harmonic oscillator and, doing this, we also rescale the

action variable by some 1 > 0, obtaining the following transformation:
Y =V 2wnJjcos g
z =

. w=+V8. (4.8)
,/%nJl sin

In this way the new action .J; becomes of order unity and the param-
eter 1 measures the distance from the origin. We note that, in order
to obtain a symplectic transformation, we have to multiply the result-

1

ing Hamiltonian by n~'. Taking into account the equation (4.6), the

transformation (4.8) allows us to rewrite the Hamiltonian into a more
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suitable form to apply canonical perturbation theory. Furthermore,
before rewriting the new Hamiltonian, we want to introduce a new
set of variables (Js, 92 = t) to extend the phase—space; then, the new

Hamiltonian takes the form:

N
H = wh+h+Y pelJien)
k=1
+ Z Qi (J1ie,m) - cos(kgy + lpo), (4.9)

(k,l)ez?

where p;, and gx; are polynomials in Ji, e, n (for easier notation we
denote the new Hamiltonian with the same symbol H). Note that,
the sums represent the perturbation of the system; it is again split into
non-zero and zero average contributions, like in the formulations of the
equations of motion (4.6).

For the ongoing analysis it is important to estimate the region of
convergence of the series in e and 7. For this reason it is preferable to
reorder the terms in the Hamiltonian (4.9) such that the Hamiltonian

can be written into the form:
N
H = ho(J1, o) + > T, (4.10)
k=1
such that the following holds for any k:

Pt
D,

‘ <1, (4.11)

so that the D’Alambert criterion can be applied. Since the terms hy
in general will depend on both the eccentricity e and the parameter n,
being J; and Jy of order O(1), the criterion (4.11) has to be fulfilled
in the whole domain of interest of e and 7. Thus, up to order N = 16
(which is the machine precision limit), we found the critical values
eerit =~ 0.612 and 74 >~ 0.4. Therefore, we have to limit the domain

for the ongoing analysis to (e,n) € (0, €crit) X (0, Nerit)-
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Up to 5 order the Hamiltonian written in terms of hy, is given by:

ho - \/gjl + JQ y
hl = 0 5
hg = 0 5

3V2 3vV2
hs zieJl cos(2¢; — ¢2)+3\/§GJ1 COS qbz—{—%_eg]l cos(2¢1 + ¢9)
3\f

9v2
hy = e2J, — —nJ2 —62J1 cos 2¢1 + T\/_62J1 cos 2¢5

9 9v2
+%—62J1 cos(2¢1 + 2¢9) + %—621]1 cos(2¢1 — 2¢)

3
—3nJ7 cos 2¢; — 4_177‘]12 cos4doy

272 272
BEET: e3J1cos(2¢1—¢2) 3 e3
27v/2

16

53V 2
L2
16

53v/2
J1 cos ¢o+ \/_63J1COS3¢2

53v/2
16

+ e3J1 cos(2¢1 + ¢2) + e J1 cos(2¢1 + 3¢s)

1
e3Jy cos(2¢1 — 3¢2) — ;elen cos(2¢1 — ¢2)

15 45
) cos(4¢py — o) — Ze(]fn cos (o)

15 15
—?len cos(2¢1 + ¢2) — gejfn cos(4¢1 + ¢2) . (4.12)

4.3. New formulation of the problem

In this Sections we perform a suitable sequence of canonical trans-
formations in order to obtain a new Hamiltonian close to an integrable
one starting from (4.12), namely we will remove the perturbation to
higher orders. The implementation of the algorithm is performed by
standard Lie-transformation theory by using a sequence of near—to—

identity transformations. This allows us to find a new set of variables
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(J,ET)7 ¢;(:)>, k =1,2 in which the Hamiltonian (4.12) takes the form:

HOJD I, 68 69 en) = 200, 05 e,n)
+R(T+1)(‘]1(r 7J 9 1 7¢2 76 77)(4 13)

which define the Birkhoff normal form of a nearly—integrable Hamil-
tonian system. The upper index (r) labels the variables at the rt"
normalization step, Z() is called the normal form term, R™) the re-
mainder of the Birkhoff normal form, which is at the basis to introduce
the concept of the optimal order of truncation and exponential sta-
bility (this is strongly connected to Nekhoroshev’s theory [54]). In
fact, we will see that the size of the remainder provides the size of
the perturbation. Next, we will use the normal form of the approxi-
mate Hamiltonian formulation (4.12) at order r closest to the optimal
order of truncation; we will find a parameterization of a torus persist-
ing under the perturbation of the remainder, and we will perform the

Nekhoroshev’s estimates around it.

4.3.1. The Birkhoff normal form. In this Section we present an
algorithm which allows us to rewrite the Hamiltonian (4.12) in a more
suitable way in which the perturbation is removed to higher orders;
the explicit computations are based on a program developed by C.
Efthymiopoulos (compare with [33]). Let us consider equation (4.10);
the equations of motion are given by

. om 8hk
O = Gz = wld ZaJk

- 8hk
Jp = 8¢>k Z (4.14)

for k = 1,2, where wy = 0hy/dJ, is the frequency of the unperturbed
system, J = (J1, J2), ¢ = (o1, #2).
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The idea is to find a canonical transformation (J, ¢) — (J',¢') from

old to new variables, such that the nonlinear effects become negligible:

0o aH,_ a7 Y]
. OH'
Jo= 2 —0.(J,¢), 4.15

where H' is the Hamiltonian in the new variables, w’ denotes the new
frequency in terms of the new variables and O,.(.J’, ¢') is the non—normal
form contribution. The equations (4.15) define the normal form of
the dynamical system; the new Hamiltonian H’ is called the Birkhoff

normal form.

The transformation is obtained using the method of Lie—series. We
summarize the computational algorithm, which is needed in the calcu-
lations. Given an Hamiltonian of the form H = Hy+¢eH;, let us define

the Lie—derivative as

Iy = {‘7 W} )
where the curly brackets stand for the Poisson brackets; then, the Lie—
operator can be defined as its exponential as:

LW = exXp lW .

This operator has many properties; in particular we need two of them:

i) we use the fundamental result that the time—evolution of the action—
angle variables of a Hamiltonian system H (J, ¢) can be written in terms
of

J(t) = exp{tlyJ(0)}
o(t) = exp{tind(0)} ,

which generates a symplectic transformation in phase space. The idea
is to use this property to construct a symplectic transformation in

order to remove the perturbation to higher orders of . Therefore, an
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e—close canonical transformation (where € is a small parameter) from
old (J©,¢®) to new (JM ¢M) variables can be implemented using
the Lie-operator:

JD = exp{ely, J©}

o = exp{elw, o}

where we have replaced the Hamiltonian through a generating function

Wi and the time flow in ¢ through the parameter flow in ¢.

i1) The Lie-operator is flat, i.e. given a function f, then

f(LwJ, Lw¢) = Lw(J, ¢) ;

this means that under a change of variables, the Hamiltonian trans-

forms as follows
HU(IW, 60) = explely, HO (], )} .

Expanding the exponential and the perturbing part into Taylor se-

ries in € as
HY = (1+elw, + .. ) (ho(J) + ma(J, @) +...)

we get order by order the following terms: at £ we get hg, at ! we
get ly, ho + h1, and similar for higher orders. Our aim is to remove
the dependence of the angles to higher orders. To this end, we write
the generating function W (that removes the perturbation) as W =

>« Wi; then we implement the Poisson brackets to obtain:
{ho,Wl}+h1 =0 5 (416)

which is called homological equation. Let us consider the Fourier ex-

pansion of h; as

hy =Y hp(J)expf{i-k- ¢},

keZ



4.3. NEW FORMULATION OF THE PROBLEM 103

then, the homological equation can be solved, provided that the gen-

erating function W itself has the form

W= wialJ)expli-k- ¢} .

kEZ

The coefficients w; j can be found by implementing the Poisson brack-
ets, calculating the derivatives and comparing coefficients of the same
Fourier orders. We obtain an explicit expression for the coefficients
given by

g

i-k-w

(4.17)

Wk =

In (4.17), the terms of the form k - w appear at the denominator. It is
therefore necessary to exclude Fourier terms containing zero divisors.
We can do it in the assumption to be far away from the resonances.
This completes one iteration of the Lie-transformation method. In a
similar way, we can eliminate terms of second and higher orders up to

7 so to obtain the Hamiltonian in normal form as in (4.13), namely
HO(JD, ¢ e,n) = 20 (I e,n) + ROD(ID, 905 e,m) , (418)

where Z(") and ROV are, respectively, the normal form and remainder
at order r. If we fix an order of truncation r = r¢, the frequency is fixed
as wy(J) = 0200/ 8],/6(”)) while the higher order terms can be bounded
by the norm of the remainder, namely dR"o+1) / 8(;5;(”)).

4.3.2. Application to the Sitnikov’s problem. In the case of
the Sitnikov’s problem, we aim to transform the Hamiltonian (4.10),
given up to r** order through (4.12), into the form (4.18) by the method
of Lie-transformations described above. The Hamiltonian is already
in a proper form, therefore we implement the homological equations
(4.16) and we solve it for suitable generating functions. We will show

the explicit calculation up to the order 4.
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At the 0" order, the solution, as already indicated, is the identity
given by kg = V/8J; + Jo. We omit the 1°* and 2"? order; in fact, since
hi = hy = 0 we get from straightforward arguments that k; = ko = 0
with the generating functions W; = W, = 0. At the 3"¢ order, the

homological equation takes the form:

3v2

%223 + \/5682/;3 — 3V2eJ) cos ¢y — 5 eJy cos(2¢1 — ¢2)
_ 3—\2/§eJ1 cos(2¢1 + ¢2) =0, (4.19)

from which we determine W3 as:
3v/2eJy sin(2¢p; — ¢s)
44/8 — 2

3v/2eJy sin(2¢p; + ¢)
+ ;
48 +2

from this equation we get k3 = 0. Repeating the procedure we get at

Wi + 3v/2¢.J; sin(¢s)

(4.20)

4% order the homological equation

%2;4 . \/5382/;4 _ 3\2/§€2J1 cos 26, — 9\2/562J1 08 2¢y
— %e%}l cos(2¢1 + 2¢3) — 9+4/§€le cos(2¢1 — 2¢s)
- 3\2/§€2J1 +3J7n cos 201 + ngn cos ¢
n %]1277 _0. (4.21)

the function W, is therefore given explicitly by solving (4.21). We

obtain the term k, as follows:
1
ky = Z<6\/§€2J1 —nJ3) . (4.22)

With the help of the algebraic manipulator Mathematica we have

obtained the non resonant normal form up to order 16. We omit the
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calculations and we write the normalized Hamiltonian as:
H(IG) _ Z(16) + R(17)

where

315 4 045 ¢, 364575
———e"J — —e¢ ——e
6av2 116 C T 114082
4725 4 g 5 43T 48087v/2
16v2° T Taary © VT Tgran
14559, 11025 , , 5 2511345 , , ,
— e —e J — — € J
1736v2° 1 64 M T Tsmagyal !

8919 , , 1 ) L\ 36—,
_ J —(62J—9J )——2J
woaa” Jin+ g \6V26Rh = 9Jin) — Z7vaet ),

3969 625 47
+ It + ——Jin? + ——
1282 1M 64 1M

V8 + ., . (4.23)

7(16)

+ €4J1

As we can see the normal form depends explicitly on the action vari-

ables J and on the parameters e and 7.

For the Nekhoroshev’s estimates the remainder plays a very impor-
tant role because the estimates are derived from it, and it represents
the perturbation. To get optimal results, it is necessary to reach the
optimal order of truncation, such to render the perturbation exponen-
tially small, i.e. we are looking for a normal form of order r = 7y,
such that the norm of the remainder |[RT+V(Jy, Jy, ¢1,d2;¢€,n)| be-
comes minimal. In our case, the norm of the remainder depends on the
parameters e and 7 (note that we require Ji, J; being of order unity).
We calculated the normal form for fixed e = ey and n = ny up to or-
der r = 40 (by using a program developed by C. Efthymiopoulos [33])
and we see as the norms of the remainder depend on r. We found
three different behavior according to different values of (e,n). We give

specific examples of the behavior of the norms in Figure 4.3, which
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demonstrates the dependence on the optimal order of truncation by

the parameters e and 7.

0. 005

0.002
z 0.001

0. 0005

0. 0002

0.0001

100

10

IR|

5 10 15 20 25 30 35 40
r

FIGURE 4.3. The remainder R as function of the order
of truncation r is plotted as e and 7 vary. a) In the case
e = 0.02, n = 0.01 the norm is a decreasing function of
the order r; b) In the case e = 0.04, n = 0.03 the norm
has a minimum between the order 5 and the order 40; c)
In the case e = 0.04, n = 0.09 the norm is an increasing

function of the order r (after [29]).
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4.4. Nekhoroshev’s estimates

In this Section we first show a short description of the Nekhoro-
shev’s theorem, which provides information about the long term stabil-
ity properties of nearly—integrable systems. The original statement of
the theorem (see [54]) concerns Hamiltonians having a property called
steepness, but this concept can be replaced by other more familiar hy-
potheses. The theorem was reformulated by many authors (compare
with [4], [34], [35], [36], [56]), who replaced the steepness condition
with other conditions as the convexity, or quasi—convexity or the three
jet condition. In particular we will use the Poschel version given in
(56].

4.4.1. Nekhoroshev’s theorem. Let us consider the Hamilton-

ian given by

(compare it with equation (4.18)), where hy is the integrable part,
h. is the perturbation depending on a small parameter ¢ € R and

J C U C R2 Let us define the norm |uls of a function u with Fourier

expansion Z ug(J) exp{ikf} as

keZ?

juls = sup 3 fux(D)] - exp{lls} |
Jev [

for some s € R, where |k| = |ki| + |ka|. Let w(J) = 0sho(J) be the
frequency and let Q(J) = 92ho(J) be the Hessian of the unperturbed
part, which is assumed to be uniformly bounded with respect to the
operator norm induced by the Euclidian norm. Let M be a bound of
the norm of Q(J). We will say that the integrable Hamiltonian hg is

[, m—quasi—convez if there exist constants [, m > 0 such that hq satisfies
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at least one of the following conditions in the whole domain of J € U:

[{w(), O > 1li]l
(Q(1)E€) = mlelf, (4.25)

for all ¢ € R?, where (-,-) stands for the scalar product. We can now

state the Nekhoroshev’s theorem as stated by Poschel [56]:

THEOREM 4.1. Suppose hg is [, m—quasi—convex, and

mr
|hels < e <o = ﬁ, (4.26)

where 1o = 4l/m, A = 11M/m, n is the dimension of the system (in
our case n = 2). Then for every orbit with initial position (Jy, o) €

U x T? one has

7(0) = ol < Bo( =) (4.27)

for
So €0\ ¢
< — | — .
\t]_Toexp(6<8>), (4.28)
where a = 1/2n, Ry = 19/A, Ty = A%s/Q,

with Qg = SUDP||7—Jo||I<Ro ||w(‘])|

Nekhoroshev’s theorem is very important because it provides a
property of stability for very long times, and it is applicable to real
physical systems because sometimes the life-time of the system is

shorter than the stability time derived from the theorem.

The theorem in its present form is constructive, meaning that it
can be directly used to derive the stability time for a given dynamical
system. The parameters [,m and M and the dimension n are given
from the unperturbed part of the Hamiltonian. The Nekhoroshev’s
regime can be derived from the inequality (4.26) together with an upper
bound for €, which is the norm of the perturbing part h.. The variation

in action space follows from (4.27) and finally the stability time from
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(4.28). The free parameter s can be set such that the stability time

becomes optimal.

In order to apply this theorem to the Sitnikov’s problem, we have
to check that the system satisfies the required conditions. Actually, the
unperturbed Hamiltonian turns out to be concave, namely the Hessian
of hg is negative definite. So, the second of condition (4.25), is satisfied

for some m > 0 provided that we introduce the absolute value, namely

{Q(NE ) = mllglf* .

It can be done because Nekhoroshev’s theorem can be proved also in
the concave case. It is sufficient to consider the Hamiltonian given by
—hg — h., whose motions are conjugated to the Hamiltonian hg + h.

through an inversion of the time [62].

Therefore, we can find an explicit stability time for the system
through (4.28); moreover, through (4.26), we can provide the conditions
that the system has to satisfy in order to apply the theorem. In fact,
the size of the remainder provides a value of the perturbation, and it
explicitly depends on the two parameters e and n; for any value of
them the optimal order of truncation r,, changes and the norm can
be computed through an easy algorithm. In particular, we can find a
domain of the eccentricity e and the rescaling parameter n for which

the condition (4.26) is satisfied.

Figure 4.4 shows the domain of e and  for which condition (4.26) is
satisfied. It is a grid of discrete values of e and 7; the continuous border
of the domain is not easy to compute. Table 1 shows the Nekhoroshev’s
time corresponding to some values of (e,n) such that condition (4.26)

is satisfied.
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FI1GURE 4.4. The Figure shows the domain of e and 7:

the red triangles define those points (e, n) such that con-

dition (4.26) is satisfied; the blue triangles those points

for which the condition is not satisfied.

TABLE 1.

e i time
0.001 | 0.001 |2.22844 - 10
0.001 | 0.005 | 2.53508 - 108
0.005 | 0.002 | 1.3257 - 106
0.01 | 0.002 399216
0.015 | 0.001 136643
0.02 | 0.001 91556
0.02 |0.0001 | 4.03721 - 10°

The Table shows the Nekhoroshev’s stability

time using formula (4.28) provided by [56] for some val-
ues of e and 7 such that the condition (4.26) is satisfied.
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4.5. Parameterization of invariant tori in the Sitnikov’s

problem

In this Section we want to provide an explicit parameterization of
invariant tori for the Sitnikov’s problem, which is a nearly—integrable
system. Let us consider the normalized Hamiltonian (4.18) truncated
up to the optimal order 7,,. We want to introduce a new parameter ¢
being of the same order as the remainder. We rewrite the Hamiltonian

omitting the index r to simplify the notation as

H(Jla J27¢17 ¢2a @ﬂ?) = Z(le J2a 6777) + €R<J17¢17 ¢2a 6777) : (429)

Provided that the eccentricity e and the rescaling parameter 7 are in
the Nekhoroshev’s domain, the remainder will be small too. We will
consider e and 7 as fixed parameters and we will take as perturbation
the size of the remainder (which is exponentially small as we have seen

in the previous Section).

In this case the concept of integrability is different from the concept
used in classical literature of the Sitnikov’s problem; in fact, usually
the eccentricity measures the size of the perturbation and the inte-
grable case is considered when the eccentricity is taken equal to zero
(see [48]). In the Hamiltonian formulation used in our work, the per-
turbation depends on more parameters and after the normalization,
the unperturbed Hamiltonian turns out to be dependent on the eccen-
tricity, so that some values of e # 0 can be considered to be part of
the integrable case. In fact, if the remainder is equal to zero, which is
the integrable case, we have ¢ = w(J;e,n) (the unperturbed frequency

depends on e).

We introduce the following parameterization of the action-angle
variables in order to find a representation of an invariant torus for

the Sitnikov’s problem with frequency © = (w;,ws). Let us write the
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variables in the following way:

¢1 = 01+ ui(0y,0)

P2 = by

J1 = U1(91,92)

JQ = v2(91, 92) s (430)
where 01,0, € T and uq, v, vy are real, analytical functions. In par-

ticular, 6;, 0, are functions of the time and they are such that their

derivatives with respect to the time are equal to the frequency of the

élzwl
éQZCL)Q.

From the equations of motion derived from (4.29), we can derive

torus:

some conditions about the frequency Q = (wy,ws). In fact, let us denote
by R.(z,y) the partial derivative of R with respect to the variable z;
then if we derive the equations of motion from the Hamiltonian (4.29),
we obtain:

( .
¢1 = g_i = W(Jlée;n) +€RJ1(J17¢17¢2;6777)

. el

o= o =1 (4.31)
Jl = gTZ = _€R¢1(‘]17¢17¢2;6777)

L j2 - % = —€R¢2(J1,¢1,¢2;6,77) .

Let us define the operator D as D = wa%ﬁa%z' Then, if we differentiate

the parametric equations (4.30) with respect to the time, we obtain

(

¢ = wy + Duy (64, 65)
$2 = w2

Ji = Duy(6y,65)

Jo = Duy(0y,65) .

(4.32)
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If we equate equations (4.31) and (4.32) we obtain the following equal-

1ties:

w1+Du1(91;92) = w(Jl;e,'r])+5R11(J1,¢1,¢2;e,7))

Wy = 1
DU1(91,02) — _€R¢1(‘]1a ¢17¢2; 6777)
DU2(91,92) = _5R¢2(J17¢17¢2§€>77) ) (433)

that provide the following relations:

oz
wp = W(Jl;f%??) = 3_J1
Wy = 1
DU1(‘91,92;€777) = €RJ1(J17¢17¢256777>
Duvy(01,02;5e,m) = —eRy, (J1,01,02:€,7)
D02(91,92;€,7)) = _€R¢2<J17¢17¢2;6777) . (4-34)

As the reader can see, we have introduced the dependence on e and 7

in the functions uy, vy, v as it comes out from (4.33).

We can use the above equalities in order to find the parameteriza-
tion of the torus with frequency (wy,ws) = (w, 1); we recall that we are
in the extended phase—space where the angle variable ¢ is the time t;
in fact, from wy = 1 we get 6, = t, since 92 = wy = 1. Then we note
that, in the right hand side of (4.34), if we insert the parameterization
(4.30), we obtain some equations in the unknown functions uy, vy, vy

as follows:

w+ Duy(01,05;e,m) = w(vise,n) +eRy, (vi,601 +ur,05e,m)
D01(91,92;677l) = —5R¢1(U1791+U1792;€,77)

Duy(6y,02;e,m) = —eRy,(v1,601 +uq,02;€,m) . (4.35)
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We can note that the first and the second equations are uncoupled from
the remaining one; therefore, from those we can find the functions
u; and vy, and successively from the third equation we can find the
solution vy. In order to find an explicit solution of the system (4.35),

we want to expand the function uq, vy, v9 in Taylor series as follows:

+oo
u1(01,02;,e,m) = Z5julj(91792§6777)
j=1
400 ‘
v1(01,02;e,77) = Zsjvlj(ﬁl,eg;e,n)
7=0
+o0

B, 0s0,m) = D eluyi(6r,0ie,m) (4.36)

=0

for some real functions u,;, u1;, u1;. In order to have the convergence of
the Taylor—series (4.36), we should require some convergence conditions
about the Taylor coefficients w;;, v1;, v2;, namely we will require that
‘ ULj+1

U1
(4.36) in (4.35) we obtain some equations, which allows us to compute

< 1, and the same requirement is done for v;; and vy;. Inserting

explicitly the Taylor coefficients. In fact, if we equate same orders of ¢
we obtain recursive equations that, step by step (labelled by the index
J), provide the solutions u,;, v1;, va;.

We will show how to compute the Taylor coefficients w;;, v1; explic-
itly for the first three steps, namely for the orders j = 0, 1, 2. Let us
consider the first two equations of (4.35); if we insert the Taylor series
(4.36) and if we expand the functions R;, and R4, around e, we get

the following equations (for easier notations we omit the dependence
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on 017 927 €, 77)

w+eDuyy +*Dugg + -+ = w(vig) + efi1(vio, v11)
+&2 fa(v10, V11, V12, Ur1) + -+

Duyg +eDvyy + 2 Dvjg + - - -

eg1(v10) + 5292(U107 U1, UL ) F e

(4.37)

where the functions f; and g; are obtained from the expansion of R,
and Ry, , and the dependence on the v;s and the u,;s is written explic-
itly. In the following we will denote by a) the first equation of (4.37)
and by b) the second one. We start by equating the order j = 0 of

(4.37): from a) we get an expression of w in the unknown wvyg:
w=w(vy) , (4.38)

and from b) we get

Ov1o Ovig
—_— — = 4.39
50, oy, 0 (4.39)

DU10 =W

from which vy turns out to be equal to a constant (for the moment it

is unknown).

When we equate terms of order j = 1 in (4.37) we get the two

following equations in the three unknowns wvyg, v11, 411:

(9u11 8u11

Duy; = w891 + 20, = f1(v10,v11)
0 0
Dvyy = waLelll + aLHl; = g1(v10) (4.40)

In order to find a solution we introduce a new notation: we split the
function vy (and the same will be done for the other unknown func-
tions) as sum of two parts: one is the average of vyg, the other one is
the part with zero average of v19. We will denote by v19 the average

and by ;o the zero average part. We recall that the average h =< h >
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over T" of a function h(z) with z € T" is defined as

- 1
h = @n) /Tn h(z)dzx .

Let us consider the equation Dz = w where z and w are smooth func-

tions; in order to guarantee the existence of the solution of such equa-
tion, we must require that z is a zero average function (see [12]). In

this case, from (4.40) we can get two more equations given by

<f1(U10,U11)> = 0

< gl<U10) > = 0. (441)

If we insert the expression vy = v19 + U1 in the last equation, we see
that the constant v, disappears, because it multiplies terms with zero
average, so that any constant satisfies the equation: we can choose it
to be equal to any constant. On the contrary, v1; does not disappear

from the equation and it turns out to be equal to zero.

REMARK 4.1. From equation (4.38), if we fix 019 = const, we are

fixing the frequency of the torus we are looking for.

Now we insert vyg = const in (4.40) b) and we write vi; = 011 + 011
then, equation (4.40) b) depends only on @1; so that, from it, we can
determine explicitly 71 (it turns out to be different from zero). Then,
we insert vq; in (4.40) a) in order to obtain an explicit expression for
U11. So, at the end of the order j = 1, we have the explicit form of v1q,
U11, U1

We can proceed to the second step, namely equating terms of order

j =21in (4.37). We have the following equations

Oura Ou2

20, ' 00,

ov ov
waTlf + 37122 = g2(v10, V11, U11) , (4.42)

Dujps = w = fa(vi0, V11, V12, U11)
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and

< fo(vig, v11, V12, u11) > = 0

< ga2(vio, 11, un1) > = 0. (4.43)

From the last equation, in which the only unknown is %1, we get again
that @y, disappears, so that we choose, for example, u;; = 0. Then,
coming back to equation (4.42) b), we can easily see that it depends
only on 15 which we can explicitly determine. Successively, we consider
the first equation of (4.43) that depends only on 09, so that it can be

explicitly determined.

To summarize the recursive algorithm, at each step we have four

equations given by

Duyj = w5 + S0 = fi(vig, -+, vrj 11, i)

Duyj = wpt + G5 = g5(vios UG-t UaGon) (4.44)
< fi(vio, -+ vijuan, - U ony) >=0 '

< gj(Vi0, "+, ViG-n), Uty Wig-n) >= 0,

and four unknowns, namely ;(;_1), @15, V15, V15, S0 that we are able to

determine explicitly all of them.

REMARK 4.2. i) At any order the term uy; disappears from the
equations, so that the constant can be arbitrarily chosen, and it will be
taken always equal to zero (while it does not happen for vy; that, as we
can see in the following, it can turn out to be different from zero).
it) The functions Duy; and Duvy; always depend, respectively, on ;
and vy;, being ui; and vy; constants, and therefore, such that their

deriwatives with respect to 61 and 65 are equal to zero.

We want to show some real calculations of the functions u;; and vy
for j = 0,1,2. To make easier and, above all, faster the computations

we do not take the normalized Hamiltonian up to the optimal order



118 4. SOME NEW RESULTS ON THE SITNIKOV’S PROBLEM

of truncation, but we consider the normalized Hamiltonian up to the
order 10. From the previous Remark, we consider the functions 1,
and w15 equal to zero from the beginning (always to make more clear

the notations of the formulae).
We start by equating the order j = 0; from (4.37) b), we get

9
T o)+ (0, 62) =0,

that says to us that the function ;9 must be equal to zero. From (4.37)

a) we can fix the frequency w as
1
w=3 (4f2 +3v2e? — 977) . (4.45)

At this step, actually, the frequency depends on vy, which is equal to
a constant. It can be chosen equal to one in order to obtain the action

Jp of the order unity.

REMARK 4.3. We must guarantee that the frequency written in
(4.45) is a diophantine number. Let us show the following argument: we
consider w as a continuous function of e, i.e. w = w(e) with e € [0, ey
for some ey. We know that there exists a set of full measure of dio-
phantine numbers w; it implies that there exists a subset E C [0, eq] of
full measure, such that for any e € E, w(e) is diophantine. Now we can
fix e such that w(e) is a diophantine number. We also note that if we
consider the Hamiltonian (4.29) truncated to another order, we obtain
different dependence on e. In particular, if we consider the Hamilton-
tan truncated to a higher order, we get an expression of w in which
more terms in e appear, but they turn out to be of higher order of e.
Therefore, when we fiz an order of truncation of the Hamiltonian, we
can consider the frequency w we find, as a truncation of the frequency
given by considering the Hamiltonian truncated up to the optimal order
[63].
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Then, we can proceed with the order j = 1; equating the first order

of € of equation (4.37) we get the following:

8@11 82211

“0, T 0,

cos Bya01 + cos 302a0 3 + cos(20; — 30s)as, 3
+cos(2601 — Os)as, 1 + cos(260; + 0s)as

+ c0s(261 + 363)as 3 + cos(461 — O2)ay 1
+cos(4601 + 63)as 1 + gnvn

(91311 81711

wa—el + 8_92 = sin(201 - 302)172,_3 + sin(201 - 92)[)27_1

-+ sin(91 + 92)[)271 + sin(291 + 392)[)273

+ sin(491 — 92)[)47_1 + sin(4€1 + 92)6471 s (446)

where the terms a;; and b; ; (related to the coefficients i and j of sin
and cos) are known polynomials in the variables e and 7. We recall
that we have to solve equations (4.44), namely we have to equate to
zero the average of the right hand side of the previous equations; when
we solve them, we obtain that v;; must be equal to zero.Furthermore,

we obtain the following expression for #;; and vq;:

U11(01,02) = sin(fy) + sin3(62)co 3 + sin(260; — 302)co 3 +
sin(26y — 0y)co, 1 + sin(260; + 03)co 1 + sin(260; + 302)co 3
+sin(460; — 09)cq,—1 + sin(460; + 02)cq

011(01,02) = cos(20; — 03)da 3 + cos(26, — b3)da 1
+c0s(261 + 02)da 1 + cos(26; + 305)ds 5

+COS(4¢91 — 92)d4’71 + COS(401 + 092>d471 . (447)
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Then, equating terms of order 7 = 2 we obtain the equations of the

form:
Oty Ouyy
w + = e,n) cos(ki16, + ko0
06, 96, (h%elc (pte. cos(iat + o)
+q(e,n) sin(k160; + kgé’g)) +r(e,n), (4.48)
Oy 0D :
W ge = 2 (sl coshafithale) (e, n) sin(kify+hafs))

(k‘l,kz)GK
(4.49)

where K C Z*\ {0}, p, q, 7, s, t are suitable polynomials in e and 7.
Let us point out something about these equations. If we focus on the
right hand side of (4.48), we can see that some constant terms given by
r(e,n) appear so that, setting the average of the right hand side equal
to zero, we obtain a solution of v, different from zero; in particular we
get:
1
Vg = ﬁﬁ (120677@27_1 + 120enas 1 — 30enas,—1 — 30enaq
—|—53\/§e3b27_3 + 27\/5631727_1 — 240enbs, 1 + 27\/563[)271

—240enby,y + 53v/263b 5 + 120enbs 1 + 12067754,1) , (4.50)

where a;j, b;j; are again polynomials in e and 7. Moreover we are able

to compute explicitly 412 and 015 that we can write as:

~ €, .
u12(61, «92) = Z (% s1n(k191 + k'2(92>
(k1,k2)ek ! 2

¢,
—f—% COS(]'ClQl -+ k’g@z)) s (451)

- sle, .
1)12(01, 02) == Z (ﬁ 81n(k191 + k202>
(ki kel b T2

t(e,n)
+wk;1 I k‘2 COS(klel + kg&g)) . (452)
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We remark that we are far from the resonances so that, the denomina-

tors turn out to be different from zero.

Formally, we could go on to any order, but the computations be-
come more and more difficult. Furthermore, we need to check the the
series that we are constructing converge and it can be proved that there

exists a domain of e and 7 such that the series converge.

The outlook is to improve the estimates of the previous Section,
(namely extend the estimates to larger values of the parameters) by
expanding the Hamiltonian around one of the invariant tori and per-

forming the normalization to higher orders.






Conclusions and perspective

The study of the problems treated in this thesis can provide many
information about real phenomena observed in our Solar System. For
example, the analysis of the dissipative standard map provides inter-
esting results concerning the spin—orbit resonances; further studies on
these models could enlighten us on the evolutional history of the ro-
tation of Solar System bodies. The results obtained for the dissipa-
tive standard map can be generalized for the corresponding continuous
spin—orbit problem. In order to obtain new information it would be

interesting to extend the results to higher dimensional models.

A further step would be to prove the existence of cantori for the
dissipative standard map by using the Aubry-Mather theory for dis-
sipative twist maps and to use the parameterization to construct a
cantorus with an irrational frequency w as limit of periodic orbits of
period p,/qy.

Concerning the Sitnikov’s problem, it would be very interesting to
improve the estimates provided by applying the Nekhoroshev’s theorem
in a neighborhood of a KAM torus. Moreover, it could be interesting
to extend the problem to the case in which the third body is not con-
strained to be on a straight line, but it can move in the whole space,
or to the case in which the third body has non—negligible mass, so
that it perturbs the motion of the primaries. Furthermore, we can add
some kinds of dissipation as, for example, a linear drag or a Poynting—

Robertson drag or a loss of mass of the third body.
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