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Introduction

This thesis summarizes the results obtained as a part of the candidate’s PhD research
work described in the papers [1-6], and deals with the dynamical study of models of
interest for Celestial Mechanics, using both analytical and numerical investigations.
Given the heterogeneity of the subjects treated in this work, the detailed description of
the specific analytical settings, as well as of the final outcomes, is left to the initial
section of every chapter. We rather devote the current Introduction to a general
illustration of the models and the approaches adopted, focusing our attention only on
the main results. The variety of the themes treated, as well as of the methodologies
used, is one of the peculiarities of Celestial Mechanics, and in general of Dynamical
Systems, which make these fields such an attractive choice for those who decide to
delve into them. Indeed, a wide range of techniques and approaches has been developed

for this purpose.

The overall work is divided into two parts, each one based on a different type of
dynamical system. In the first part, a particular class of billiards, designated as galactic,
is taken into consideration (see Figure 1). Special emphasys is given to the case of the
galactic refraction billiard, although the case of the Kepler reflective billiard (see for
example [7, 8]) is treated as well in Chapter 3. In few words (see also Figure 1), the
Kepler billiard can be described as a bounded domain inside which a massive body
sits. If the energy of an inner particle is positive, it moves along Keplerian hyperbolae,
which, hitting the boundary, are reflected back. The major difference with refraction
case is that, in this second model, the particle is no longer constrained in the interior
of the boundary, and can exit following a specific refraction rule. The word galactic
for such models emphasizes, of course, their relation with Celestial Mechanics: in the
case of the reflective billiard, this link is correlated with the presence of a gravitational
center. On the other hand, the refractive case has been inspired by the physical
model of an elliptic galaxy having a central core, such as a black hole, in its center.
This model has already been introduced, although with a different formalism, in [9],
where, through both an analytical and a numerical approach, its chaoticity has been
inferred from estimates of the mean Lyapunov exponent (for which it is worthwhile

to mention [10] and the references within). While the reflective case has already been
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Fig. 1 Left: example of galactic refraction billiard. Right: galactic reflection billiard.

introduced and studied (for example, in [7, 8], where the problem of integrability is
addressed), the refractive one presents some substantial novelties. In particular, in
this case the particle is subject to the action of a discontinuous potential: indeed,
taken a closed and regular domain D € R?, we suppose that a harmonic oscillator-type
potential acts in R? \ D, while a central mass j dominates the dynamics in D. As a
consequence, the resulting trajectories are concatenations of elliptic arcs outside D
and, as long as the inner energy of the particle is positive, hyperbolic ones in D. On
the boundary 0D, a refraction Snell’s law holds, deflecting the velocity vector while
preserving the inner or outer energy. The reasons for requiring this type of junction
rule can be retrieved by studying the problem from different perspectives: from a
physical point of view, it represents a generalization of the classical Snell’s law for
light rays and can be obtained as a limit behavior when, taken two constant potentials
and an interface of size e which continuously connects them, we send € — 0. On the
other hand, from a variational point of view it is the result of a critical point argument,
which translates, choosing suitable coordinates, in the conservativity of the first return
map associated to the complete outer-inner dynamics. We stress that this kind of
model belongs to the general family of refractive billiards, which can be constructed
whenever a particle moves under the influence of a discontinuous potential and the
transition is governed by some generalization of Snell’s law (see also [11] and (kx)
below), and that most of the techniques that we will describe can be generalized by
modifying the potential. Similar models which take advantage of the relation between
the rules of the motion of the light and the behavior of particles under a gravitational
influence (the so-called optical-mechanical analogy) appear in more applied contexts, as
in [12, 13]. Here, the metamaterials, that is, materials whose refraction index can be
opportunely engineered, are used in order to have the light rays mimic the trajectories
of a particle moving according to a gravitational force field. Other models where the

two different potentials are coupled and the corresponding trajectories are patched are
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the Sun-shadow dynamics (see [14]), where the pure Kepler’s and the Stark’s problem
are paired, and the inverse magnetic billiard (cfr. [15]), which presents very strong
analogies with our model from the point of view of the analytical setting. Here, straight
lines in the interior of a closed billiard are concatenated with circular trajectories with
proper Larmor radii, depending on a constant outer magnetic field. However, in both
these models the transition between the two regimes does not deflect the velocity vector,
as it happens in ours. The formalism used, as well as, where possible, the adopted
techniques (for example, the construction of a first return map), are mainly inspired by
the ample literature on classical Birkhoff billiards, where the particle is free to move
along straight lines in the inner region and, hitting the boundary, is reflected back.
Although this subject has been widely studied since the beginning of the XXth century
(cfr. [16], and, for an accurate survey, the book [17]), at present there is a number
of open problems (just to cite some examples, see [18]) and recent relevant advances
(such as [19-21]). As for the study of the refractive case, to the best of our knowledge
this has never been carried on. It is a worthwhile effort to begin its analysis with some
basic results, such as the search for equilibrium trajectories and the derivation of their
stability (which, as we will see, will require an accurate analysis). We will then pass on
to the application of powerful analytical tools, deriving for example from KAM and
Aubry-Mather theories (see [22], [23, 24] and [25]), and conclude with the study of the
(possible) chaoticity of both the refraction and the Keplerian billiard.

This first part is organized into three main chapters:

o Chapter 1 starts by introducing the analytical model for the refractive galactic
billiard. In particular, given a closed and regular domain D € R?, we will study

the motion of a particle subject to a discontinuous potential of the type

2
w
Ve(z) =€+ —||z|| z2¢ D
V(z) = 2", , (+)
V}(Z) = (C: + h + W z I~ D
z
where &£, h,w and p are positive constants. We study the zero-energy trajectories
associated to this potential, supposing that, whenever an inner or outer orbit

reaches the boundary, its velocity is refracted by following Snell’s law

Vi(2)sinay = \/mSiHOéE, ()

where Z is the transition point and oy, ag are respectively the angles that the
inner and outer trajectories form with the normal unit vector to 0D in Z (see
Figure 2). It is clear that the shape of the boundary 0D influences heavily the
overall dynamics, even determining whether it is globally well defined or not. Of

course, this influence extends on the form and properties of the associated first
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Fig. 2 Snell’s law between inner and outer arcs. Here, t and n are respectively the tangent
and the outward-pointing normal unit vectors to 9D in Z.

return map. The main purpose of this chapter is to study the local complete
outer-inner dynamics around the so-called homothetic periodic solutions, obtained
in the direction of a point z € 9D whenever z 1. 0D and the half-line starting
from the origin in the direction of Z intersects dD only once (in the following
sections of this work, and in particular in Chapter 3, these points will be denoted
as central configurations). Indeed, in such cases the radial arcs in the direction of
7 are invariant for both the outer and inner ' dynamics, and are not deflected
by Snell’s law as a; = ap = 0. We will show that, although, in general, the
complete dynamics may not be well defined for every initial condition on 9D,
locally around the homothetic orbits it is possible to construct a well-defined and
differentiable first return map (we stress that the construction of a first return
map to study the continuous dynamics of the billiard is a quite classical technique
deriving from the theory of Birkhoff billiards, see for example [17]). We can then
study the linear stability of the equilibrium homothetic trajectories, defining a
stability criterion based on the sign of the discriminant A of the characteristic
polynomial associated to the Jacobian matrix of the first return map centered
in the equilibrium itself. The quantity A depends on the physical parameters
E, h,w, u and on the geometric features of the boundary 0D up to the second
order (in particular, on its curvature in the central configuration): it is then
possible to study the stability of every homothetic trajectory under changes of the
physical parameters, as well as of the boundary’s geometry, searching for some
kind of bifurcation phenomena. This is done explicitly in the case of a centered
elliptic domain (namely, 0D is an ellipse with center in the origin), for which

asymptotic estimates are provided as well. In this case, the analytical results

'To treat the singularity at the origin, a regularization technique, such as the Levi-Civita one (see

[26]) is in order.



are also substantiated with numerical computations, with the construction of a
suitable Poincaré map. The study of the elliptic case is finally concluded with the
analysis of non-homothetic two-periodic brake orbits, where two homothetic outer
arcs are connected with an inner Keplerian hyperbola: under some conditions
involving the ellipse’s eccentricity and the inner parameters h and p, we will be

able to prove the existence of such kind of orbits by means of a shooting method.

Chapter 2 is devoted to the analysis of the refractive dynamics for close-to-circle
domains, whose boundaries can be parametrized in complex notation with smooth

curves of the type

Ve - R/QWZ - R2’ 76(5) = (]- + Ef(gv 6)) ei£7

where f(£;€) is a suitable smooth function on R /9,7 x [-C,C] and ¢ is the polar
angle. When e = 0, the domain 9D is a circle, and the corresponding first return
map is globally well defined and completely integrable: in particular, choosing
suitable action angle variables (£, I), it can be expressed as a shift in &, while I is
preserved under iterates, and the rotation number (see [25]) associated to every
orbit is represented by the shift itself. On the other hand, when € # 0 and f is a
generic smooth function, it is not possible anymore to give an explicit expression
for the first return map associated to the perturbed domain, and neither establish
any general facts upon its good definition. Nevertheless, is € is small and f is
regular enough, it is possible to construct invariant sets of initial conditions for
which the perturbed dynamics, though not explicitly determined, is well defined
and conservative. To do this, a sharper analysis of the variational properties of
our map is in order, and the critical point argument that leads to the Snell’s law
assumes a crucial role. Whenever the perturbed dynamics is well defined and
area-preserving, abstract theorems coming from the Aubry-Mather theory can be
used to prove the existence of orbits with prescribed rotation numbers, including
periodic ones. As a by-product of the invariance of perturbed orbit obtained
from KAM theorem, a result concerning the existence of caustics (see for example

[27, 28, 17] for the classical billiard case, and again [15] for the inverse magnetic
billiard) is obtained.

Chapter 3 will consider a wider class of domain shapes, focusing on the con-
struction of a symbolic dynamics (see [29, 30] for a systematic dissertation on
the subject) locally around the homothetic equilibrium trajectories. The overall
reasoning follows the trails of [31, 32], where the existence of a symbolic dynamics
is shown respectively for the classical N-centre and the anisotropic N-centre
problem by discerning again between an outer and an inner dynamics. In our
case, the inner dynamics is simpler, since the presence of a single Keplerian

centre instead of a cluster of N massive bodies allows us to obtain more explicit
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results; on the other hand, the presence of a completely different outer dynamics,
and especially the replacement of a C! junction law with the Snell’s refraction
law, requires the application of new techniques, as for example the use of the
Poincaré-Miranda fixed point theorem (see [33]). In our case, the existence of a
symbolic dynamics for the refractive model is proved provided the energy jump
h between the inner and outer potential is large enough and under very general
hypotheses on D. In particular, it will be required that the function || - || restricted

to 0D admits at least two central configurations P, P such that

— they are strict maxima or minima for the function;

— they are not antipodal, in the sense that the origin does not belong to the

straight segment between P and P.

An example of such kind of domain is represented by the centered non-circular
ellipse already presented and analyzed in Chapter 1. We will denote as admissible
the domains that satisfy such assumption. As we will see in the chapter, the
non-antipodality property for the central configuration is a necessary condition
for ensure that the inner dynamics is well defined, that is, that there exists a
unique inner Keplerian hyperbola, satisfying suitable topological constraints (the
so-called (ThT) property), connecting every pair of points of 9D sufficiently close
to the homothetics; indeed, to connect two point with a unique arc of this type
it is necessary that they belong to neighborhoods of non-antipodal homothetics.
The alphabet of our symbolic dynamics will then be given by the non-degenerate
central configurations of 9D which admit at least another non-antipodal and non-
degenerate central configuration. Analogous results can be obtained, applying
a somehow simplified reasoning, to the case of the Keplerian reflective billiard,
under the same admissibility hypotheses.

The chapter continues going through the consequences of the existence of a
symbolic dynamics for admissible domains, combining it with the stability analysis
performed in Chapter 1, to investigate the possible presence of a chaotic regime
in both our billiard models. In particular, under stricter assumptions on the
nondegeneration of our central configurations, by the joint application of the
results obtained in these Chapters 1 and 3, one can infer that, for large enough
energies, every homothetic trajectory used as a letter for our symbolic dynamics
is a saddle equilibrium point; as a consequence, one can construct infinitely-many
heteroclinic connections between every pair of them. The presence of multiple
heteroclinics, along with the existence of a symbolic dynamics, is a strong indicator
of complex behavior. That goes in the direction of proving that our systems
are chaotic, although not being enough. The final step can be performed by
adapting a classical argument by Kozlov (see [34]), in order to show that, if h is

large enough, then there are no analytic first integrals associated to our system.
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Again, the reflective and refractive case go side by side in this analysis, suggesting
that, under the admissibility conditions described in Chapter 3 along with the
nondegeneration of at least one central configuration and provided that h is
large enough, both the billiards are analytically non-integrable. This conclusion,
when applied to the case of a centered elliptic domain, can lead to different
consequences depending on the case: for the refractive billiard, this represent
an analytical justification for what has already been observed, numerically, in
the simulations presented in Chapter 1. As for the reflective billiard, this result
represents an interesting complement to [7], where the integrability of the focused
elliptic billiard (namely, with an elliptic boundary with one of the two foci in
the origin) is proved; note that a focused elliptic billiard does not satisfy the

admissibility property, having only two central configurations which are antipodal.

The second part of this work is focused on providing stability estimates for geocentric
satellites and orbiting bodies, taking into consideration reliable models, within a
Hamiltonian setting. Knowing the long-term behavior of the bodies orbiting around
Earth is a crucial goal in Celestial Mechanics, from both a theoretical and a practical
point of view, especially in view of estimating the orbital survival times of operating
satellites or space debris (see for example [35-37]). In particular, this last theme
has been an important subject of recent studies and source of concern for scientists
and space agencies: at present, more than 30000 bodies have been recorded and are
constantly monitored, and, based on the European Space Agency simulations, the
actual number of orbiting objects larger than 1 c¢m in size is likely over one million
[38]. As the altitude strongly influences the behavior of a satellite, it is convenient to
distinguish the geocentric orbits into three main subgroups: LEO (Low Earth Orbit),
up to 2000 km from the surface of Earth, MEO (Medium Earth Orbit), between 2000
and 30000 km, and GEO (Geosynchronous Earth Orbit), about 42164 km from Earth’s
center, where the geostationary orbits lie (see [39-43] for a thorough study of the
dynamics of satellites in different regimes). While in LEO the dynamics is highly
influenced by the atmospheric drag (cfr. [44]), in MEO and beyond the dissipation
due to the atmosphere is negligible, and one can consider a model that takes into
consideration only the gravitational effects of Earth, Sun and Moon, leading to a
conservative system. In this region, the shape of the Earth must be considered to find
its actual gravitational potential (the so-called geopotential, see [45] where it is derived
and expressed in terms of spherical harmonics), and the lunar and solar gravitational
attractions act as a third-body perturbations. The study presented in this work is
mainly focused on object in MEQO, and takes into consideration, sometimes underlining

analogies and differences, two models:
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o the so-called Jy-model, where only the effects of the geopotential, truncated up
to order (2,0), are taken into account. Physically, this means that the oblateness

of Earth is considered;

o the secular geolunisolar model, which includes, in addition to the J; effects, the
gravitational attractions of the Sun and the Moon. We mention [46-49] and
the references therein to show the relevance of such model to describe all the
important dynamical behaviors occurring in the MEO region. Here, secular

stands for averaged over short-period terms.

The mathematical tools employed to perform our stability analysis are based on
perturbative methods (see for example [50]), and, more precisely, on normal form
theory (see [51] for a detailed description) and the celebrated Nekhoroshev theorem (see
[52, 53]), here presented in its nonresonant version, as stated by Poschel in [54]. In
practice, we will describe and apply two methods, based on the above theoretical tools,
ensuring that, as long as the considered time period is within suitable computed bounds,
the orbital elements of the body do not undergo large variations that could produce a
drastic change in the overall orbit. We refer to these procedures as semi-analytical, in
the sense that, while rigorous analytical methods are followed, the coefficients of the
Hamiltonian functions that we will use are computed numerically.

In general, starting from a generic Hamiltonian #(I,u), expressed in action-angle
coordinates (I,u) € R" x T" (n being the number of degrees of freedom of the system),
we refer to normal form as a new Hamiltonian function, obtained through a series of

canonical transformations, of the form

H(I,u) = ho (I,u) + hy (I, u),

where hg enjoys suitable properties, depending on the model, and hy, the remainder, is
small with respect to hg. As an example, if hy depends only on the actions, then by
means of Hamilton’s equation one can observe that Iy,..., I, are quasi-integrals of the
motions, in the sense that their variation depends only on the small remainder.

This is for example the starting point of Nekhoroshev theorem, which, under suitable
non-degeneracy hypotheses on hg, ensures the stability of the action variables, in
the sense specified before, for times which are exponentially long in the inverse of
the remainder’s size. In the original paper, the non-degeneracy hypothesis required
by Nekhoroshev is the so-called steepness condition, a geometric assumption rather
complex to verify in practice. Nevertheless, there are sufficient conditions implying
steepness, such as converity, quasi-convexity and three-jet non-degeneracy (see [55]),
which are simpler to check; recent studies [56, 57] extend the class of sufficient conditions
to more general properties. Applications of Nekhoroshev theorem to systems of interest
for Celestial Mechanics can be found in [58] in the case of the three body problem and

in [59] for the Trojan asteroids.
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Fig. 3 Stability time in the Jo model for the semimajor axis a for different initial values. Here
the allowed excursion is Aa = 0.1Rp, where Rg is the Earth’s radius. Figure taken from [4].

This second part is again organized into two chapters, which describe the reasonings
and the results obtained by applying two different methods to study the stability of

our satellites:

o Chapter 4 takes into considerations both the J; and the geolunisolar models,
following the trails of [60]. In general, the reasoning adopted to obtain stability
estimates will be as follows: given the Hamiltonian H (I, u), in our case, either
the J, or the geolunisolar one, we will search for a normal form such that the
term hy admits an integral of motion (which will depend on the model; in general,
let us call it A). At this point, given a suitable functional norm || - ||p over a

bounded domain D in the variables, by the mean value theorem one has that

AA

t<Tstab: ||h ||
1{|D

IA(t)] < AA.

We obtain then a lower bound for the stability time, up to which the variation of
the quasi-integral A is controlled.

The above reasoning is employed for the J; model to estimate the stability of the
satellite’s semimajor axis, while, in the secular geolunisolar system, it is applied
to the Lidov-Kozai quasi integral A = v/1 — €2 (1 — cosi) (see [61]). Figure 3
and Table 1 show the stability time, in years, obtained by means of the above
analysis.

As a final result presented in the chapter, the three conditions of convexity, quasi-
convexity and three-jet non-degeneracy, sufficient to guarantee the steepness of
hg, are checked on our two models. From the numerical investigation, it emerges
that, while the J; normalized Hamiltonian is only three-jet non-degenerate, the

geolunisolar one is quasi-convex: this is a nontrivial fact, translating in the



Altitude | Stability time
3000 km 4.61551 - 10
20000 km | 2.20144 - 102
35790 km | 3.51266 - 10™°
50000 km 1.07263 - 10°
100000 km | 3.36609 - 107

Table 1 Stability time for different altitudes in the domain (e,7) € D = [0,0.1] x [0,0.1] for
the secular geolunisolar model.

evidence that the addition of the Moon and the Sun to our model removes the

degeneracy from the J; model.

« Chapter 5 resumes the algorithm and the results of the application of Nekhoroshev
theorem in its nonresonant formulation to the secular geolunisolar model. This
version of the theorem, which can be applied to domains in the variables which
are far from the resonances, does not require any particular assumption on
the nondegeneracy of hg, and is again based on the smallness of the remainder
term. In particular, whenever the size of h; is less than a certain threshold value
(depending on hy and the size of the action’s domain), we are again able to bound
the variation of the actions for a certain interval of time, which turns out to be
exponentially long with respect to the inverse of the remainder’s size itself; it is
therefore crucial to control the growth of the term h; during the normalization
process. While the study in Chapter 4 was focused on small inclinations and
eccentricities, in this case a wider domain, including the orbital parameters of
most of the operating satellites, is considered; as for the semimajor axis, relevant
results have been obtained for MEO distances between 10000 and 20000 km.
Figure 4 presents the stability time obtained in such cases, and requires some
words to be correctly interpreted. The white regions in every graphic represent
the values of eccentricity and inclination for which the nonresonant Nekhoroshev
theorem (at least, following the presented algorithm) does not apply because
the remainder is too large; the color scale in the remaining region denotes the
obtained stability time. As one can see, the domain of applicability of the theorem
tends to shrink when a grows, while the stability times diminish: a heuristic
explanation for this phenomenon will be provided at the end of the chapter.
Moreover, as we will see, the inclination-dependent resonances of the system (see
for example [62]) play a crucial role, leading to the presence of domains in the
orbital parameters for which the nonresonant hypothesis is not satisfied. In such
regimes, it is worth to use Nekhoroshev theorem in its complete formulation,
performing a systematic and accurate study of the geometry of the resonances

that characterize of the system.
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Now that the models, as well as the problems related, have been described, it is
clear that, although both of them come from Celestial Mechanics, they present
fundamental differences in the construction and in the methods of investigation.
Nevertheless, there is a fil rouge that connects the research presented in this whole
work. First of all, we are dealing with models that can be considered as particular
examples of n—body problem, where the gravitational interaction of the particle
with many different massive objects has been considered. In particular, in the
refractive galactic billiard the influence of the central mass is counterbalanced by
the gravitational interaction of our test particle with the elliptic galaxy’s mass
distribution, which translates in a harmonic oscillator-type potential. As for
the geocentric motion described in the second part, we have again to take into
account the gravitational field generated by a body with a proper volume, namely,
the oblate Earth, as well as the Sun’s and Moon’s point-mass attractions.
Furthermore, in both models the dynamics of the particle is highly influenced by
its distance from the center of the corresponding reference frame, and different
regimes can be detected: in the refractive billiard the separation between them
(harmonic and hyperbolic motion) is of course neat; in the satellite’s case, it is
less evident and definitely smooth, but it is clear from the results obtained that,
increasing the altitude, we pass from a regime in which the Earth’s attraction
dominates to a condition where the effects of Sun and Moon are more and more
relevant.

As for the problems addressed, the issue of stability plays a central role in both
parts, representing the main argument of study in the second one. On the other
hand, the motion around particular equilibrium trajectories, for which an accurate
stability analysis has been provided, is crucial in Part I, and in particular in
Chapters 1 and 3.
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Part 1

Dynamical results on galactic
billiards






Chapter 1

Stability and bifurcations in galactic
refraction billiards

1.1 Introduction and description of the model

According with Bertrand’s theorem, among all central forces with bounded trajectories,
there are only two cases with the property that all orbits are also periodic: the attractive
inverse-square gravitational force and the linear elastic restoring one governed by
Hooke’s law.

In this first part we consider a dynamical system of physical interest, where such two
forces act in two complementary regions of the space; a Keplerian attractive center
sits in the inner region, while a harmonic oscillator is acting in the outer one. In
addition, the two regions are separated by an interface >, where a Snell’s law of ray
refraction holds. Hence trajectories concatenate arcs of Keplerian hyperbole with
harmonic ellipses, with a refraction at the boundary. When the interface also has a
radial symmetry, then the system is integrable; in this chapter we will study the effect
of symmetry-breaking on the stability and bifurcation of periodic orbits. Chapter 2
will be devoted to the analysis, in terms of KAM and Mather theories, of systems with
close to circular interfaces.

Our first motivation comes from an elliptical galaxy model with a central core, of
interest in Celestial Mechanics [9], which deals with the dynamics of a point-mass
particle P moving in a galaxy with a harmonic biaxial core, in whose center there is
a Black Hole. As known, Black Holes appear when, caused by gravitation collapse,
the mass densities of celestial bodies exceeds some critical value, and act as attractors
of both matter and light. Following the relativistic equivalence between energy and
matter, the critical behaviour in the presence of Black Holes has been the recent object
of investigation related with optical properties of metamaterials [12]. In this framework,
light behaves in space as in an optical medium having an effective refraction index

which incorporates the gravitational field and may have a discontinuity accounting for
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the inhomogeneity of the material itself. Therefore, our type of systems are of interests
in view of possible applications in engineering artificial optical devices that control,

slow and trap light in a controlled manner [63].

Going back to our model in Celestial Mechanics, supposing the axes of the galaxy’s
mass distribution being orthogonal, we can then use a planar reference frame whose
x and y axes are the galaxy’s ones, while the BH is at its origin. In the described
reference frame, we denote with 2 € R? the particle’s coordinates. Here, the plane
R? is divided into two regions, according to whether the gravitational effects of the
galaxy’s mass distribution or of the BH dominate. The BH’s domain of influence is set
to be a generic regular domain 0 € D C R?, and the particle moves on the plane under

the influence of inner and external potentials

%(Z):E:"i_hf—'_L ifzeD
Vi(z) = 1=l (1.1.1)
w2 2 ) . .
Ve(e) =& = |=II° ifz ¢ D,

with & pu,w > 0 and £ + h > 0, while the behaviour of the particle’s trajectory while
it reaches the boundary 0D = ¥ is ruled by a generalization of Snell’s law (i.e. the
conservation of the tangential component of the velocity through the interface, see

Section 1.2). The motion of P will take place inside the Hill’s region
H={zeR® | Vg(z) >0}

for computational reasons, we impose 2€ > w? to ensure that the circle of radius 1 is

contained in H.

Vi

Fig. 1.1 Left: trajectory for the general case. The inner and outer arcs are connected by a
refraction Snell’s law. Right: a period three orbit for an elliptic domain with eccentricity
e = 0.3 and physical parameters € = 2.5, w = v/2, h = 0.1 and w=1

Our aim is to study the trajectories of zero energy of the system whose potential is
defined as in (1.1.1), in relation with the geometry of the boundary 0D, taking &, h, u
and w as parameters. The study of this kind of orbits is performed by means of the

broken geodesics method (see [64]), where the inner and outer dynamics are considered
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separately and then the corresponding arcs are connected on dD. Though usually
0D will be elliptical shaped, most of our results just involve its geometrical features,
namely its tangent and curvature. If for example D intersects orthogonally both
coordinate axes, as we will explain in a moment there will be two collision homothetic
periodic solutions in the horizontal and vertical directions. Taking advantage of Levi-
Civita regularisation ([26]), we may indeed assume motions to be extended after a
collision with the gravity center by complete reflection. We are concerned with the
stability (dynamical and structural) of such periodic trajectories and their bifurcations
in dependence of the system parameters. We shall focus in particular on bifurcations of
period-two brake trajectories, where the term brake refers to orbits admitting a point
with vanishing velocity. In the case of an elliptic domain we will be able to describe
the full picture, in dependence of the physical parameters.

Although the presence of periodic orbits depends in general on the global geometry of D,
as well as on the physical parameters £, h, u, w, there is a class of them whose existence
is guaranteed by particular local conditions on 9D: this is the case with the homothetic
orbits, namely, of the form z(t) = p(t)v, where v € R is a given configuration vector
and ¢(t) : [0,00) — R is a scalar function. Let us suppose that 9D is a curve of class
C?, and, with an abuse of notation, identify any point q € 9D with its position vector
q — 0. Now take p € 9D, and suppose that it satisfies the two conditions!

()  pLoD,
(1) the ray starting from 0 in the direction of p does not intersect (1.1.2)

0D more than once.

In this case, the system admits a collision homothetic orbit in the direction of p,
which we denote by Z,(t). Condition (i) is necessary to assure that the orbit is not
deflected by Snell’s law when crossing the interface 0D. As a consequence, conditions
(1.1.2) not only imply the existence of the homothetic orbits, but also the existence
and uniqueness of inner and outer arcs in some neighbourhoods, as well as the good
definition of the refraction law in its vicinity (see Section 1.2). Under the hypotheses
(1.1.2), it makes then sense to study the linear stability of z, under the regularised flow
by considering its Jacobian matrix M centerd in z,. Taking A(€) as the discriminant
of its characteristic polynomial, the following Theorem provides a full characterisation
of stability in terms of the physical parameters and the local properties of 9D in p.
Theorem 1.1.1. Let us suppose D = ~(I), with v € C*(I), B

y:€€I CRw y(€) € R%. Take € € I such that, setting p = v(§) and identifying
it with its position vector, it satisfies (1.1.2). Denote k(&) the curvature of v at v(§),

and denote with z, the homothetic orbit in the direction of p. Let the inner and outer
potentials be defined as in (1.1.1). Therefore

o if A(§) >0, then z, is linearly unstable;

Tn the following chapters, we will refer to such points as central configurations of our problem.
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e if A(€) <0, then z, is linearly stable,

where we have denoted:

A(é)(s h, p,w;y) = ABCD
= g2 (V6O = VE6®) (10O - 1).
B =&~ (In(@1kE) ~ 1) (V¥i01&) ~ Ve () V(1)

C ==/ Ve(y(€)) + 2|7 (I BV Vi(v(£)),
D =+ 2@ (I @IKE) - 1) VVir€) (VW) = VVe((©)))

When 0D is an ellipse, the stability of the four homothetic orbits, which are parallel

to the coordinate axes, can be studied explicitly in terms of the physical parameters
of the problem and the eccentricity 0 < e < 1 of the ellipse. By symmetry, only the
homothetic orbits intersecting the positive directions of the axes, which we denote with

Zp and Zr /o, are considered.

Corollary 1.1.2. If 9D is an ellipse, explicit expressions for A(0) and A(w/2) are pro-
vided in (1.6.3), leading to the complete description, in terms of the physical parameters
and of the eccentricity, of all stability regimes.

As the expressions of the A(0) and A(w/2), though explicit, include the many
different parameters in a rather intricated formula, the general study of their sign can
be arduous and we shall perform it numerically in general and analytically in some
specific regimes; indeed, an asymptotic analysis for ¢ — 0 can be done, leading to
a rather simple stability criterion for small eccentricities. In particular, we have the

following result for small eccentricities.

VE+h+ 1 - V2E — w?
I 2V/2€

VEFhtp V2E — w?
2V/2€

Corollary 1.1.3. If , then, for small eccentricities, zZy is

stable and zZ o is unstable. Symmetrically, if , then, for small

eccentricities, zy is unstable and zr 3 is stable.

A similar asymptotic analysis, which holds for arbitrary eccentricities, can be per-
formed for high values of h or p and & (see Proposition 1.6.1): fixing all the parameters
but h (resp. ), if h (resp. p) is large enough, both zy and z/; are unstable homothetic
orbits. In such cases, with the additional hypothesis of a good definition of the dynamics
on the whole ellipse, we can infer the existence of an intermediate non-homothetic
stable periodic orbit with exactly two distinct crossings of dD. Furthermore, if £ is
large enough, one has that z;/, is unstable, while the stability of z, is determined by
the value of y, in the sense that there is a threshold value ji(w, h, e) such that if © <

Zo is unstable, while if ¢ > @ its stability is reversed.
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As the eigenvalues of the Jacobian matrix M depend smoothly on the physical param-
eters of the problem, bifurcation phenomena (see for example [65]) occur whenever
a variation of any of £, h, u or w determines a change in the sign of A: Section 1.7
provides concrete examples of such transitions.

The second class of periodic orbits on which this chapter is focused is represented by
the two-periodic brake orbits, where two homothetic outer arcs are connected by an

inner Keplerian hyperbola.

Theorem 1.1.4. Suppose that dD is an ellipse with eccentricity e € (0,1/v/2), and

consider £ > 0,w > 0 such that 26 > w?. Then there are i = (€, w,e) and

h = h(E,w,e, ) such that, if 4 > ji and h > h, then the dynamics admits at least two
nontrivial brake orbits of period two.

Nontrivial here stands for non homothetic. The existence of this type of periodic
orbits on the ellipse is a significant fact, which distinguishes the strictly elliptic case,
namely, with e £ 0 from the circular case: we have indeed that, while in the latter
there are infinitely many homothetic orbits, there is no possibility to have a nontrivial
two periodic brake trajectory.

As in the case of Theorem 1.1.1, also Theorem 1.1.4 admits an extension for general
curves which share with the ellipse a common behaviour near to the homothetic orbits
up to the second order and a particular type of global convexity property with respect
to the hyperbolee. In particular, we shall define a class of boundaries v for which the
inner arcs are globally well defined.

Definition 1.1.5. We say that the domain D is convex for hyperbolefor fixed
h. & and p if every Keplerian hyperbola with energy £+ h and central mass p intersects
0D at most in two points. 2

The domain D is convex for hyperbole if the previous condition holds for every
positive £, h and .

As we will see in Remark 1.6.5, Theorem 1.1.4 remains true whenever a domain D:

e is convex for hyperbolz;

» is everywhere transverse to the radial direction, in the sense that there are not

rays starting form the origin and tangent to 0D;

e OD =~(I),v € C*(I) and v(£) = v0(&) +71(£), where 7y parametrises the ellipse
and 7, has the same symmetry of the ellipse and is such that

n(kr/2) = A (kw/2) = 51 (km/2) = (0,0)  for k=0,1,2,3.
2We recall that a Keplerian hyperbola is the solution of the Cauchy problem

{Z”(S) = —puz(s)/Ilz()1, 12/ ()1?/2 = €+ b+ p/l|2(s)]]
2(0) =po, 2'(0) =g

for some initial conditions pg, vy € R2.
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In the case of the ellipse, our analytical study is enriched by a numerical investigation,
presented in Section 1.7, where the behaviour of the dynamics in different cases of
interest is described. Of special interest is the evidence, under particular circumstances,
of diffusive orbits, even for very small eccentricities (i.e., near to the circular case,
which is integrable), which is a strong sign of chaotic behaviour.

The figures of the current chapter are taken from [1].

1.1.1 Analogies and differences with Birkhoff billiards

The model investigated in this work falls into the category of billiards and it is worth to
focus our attention on the possible analogies and the fundamental differences with the
classical Birkhoff case (see [16]). First of all, the rays are curved by the gravitational
force inside D; moreover, reflection at the boundary is replaced by an excursion in
the outer region in between two refractions. Similarly to billiards, our model can be
described by an area preserving map of the cylinder, but, as we shall show in Chapter
2, the twist condition (see [25]) may be violated even in the simplest case of a circular
domain. It should be noted that refraction imposes a new constraint, because the
interface can only be crossed outwards when the inner arc is transverse enough to the
boundary (cfr Section 1.2).

There is a wide literature on Birkhoff billiards, with recent relevant advances (see
the book [17] and papers [19-21, 66]), including some cases of composite billiard with
reflections and refractions [11], also in the case of a periodic inhomogenous lattice [67].
Special mention should be paid to the work on inverse magnetic billiards, where the
trajectories of a charged particle in this setting are straight lines concatenated with
circular arcs of a given Larmor radius [15, 15]. Let us add that, compared with the
cases quoted above, additional difficulties arise because the corresponding return map
is not globally well defined and from the singularity of the Kepler potential.

As a concrete example on how the considered model presents intrinsic analogies with
classical billiards, as well as important differences, let us consider the case of an elliptic
domain and take again Corollary 1.1.3. In classical elliptic billiards of every eccentricity
(see for example Section 4 in [17]), the straight orbit segment corresponding to the
major axis determines always a saddle point for the associated billiard map, while the
one coinciding with the minor axis is a center. A similar behaviour can be observed in
our refractive model when the domain is an ellipse with small eccentricity, but with a
fundamental difference: while this model admits the same equilibrium orbits of the

classical billiard, their stability depend on the value of the physical parameter &, h, w, u.
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1.2 Preliminaries: Jacobi distance and Snell’s law

As already pointed out in the Introduction, the Snell’s law used to rule the junction
between outer and inner arcs relies on a variational (critical point) argument. To state
it properly, it is necessary to give some basic definitions and results, which are treated
in more details in [31]. As we will see in Chapter 2, the below discussion is intimately
related to the good definition of our first return map as well, which can be retrieved,

as in the classical Birkhoff case, by taking into account a suitable generating function.

1.2.1 Jacobi length and distance
Let us start by taking a generic fixed-ends problem of the type

zl"(s) = VV(z(s)) s€0,T]
§||Z’(s)||2 —Vi(z(s))=0 s€]0,T] (1.2.1)
2(0) = 20, 2(T) = z

with zg, z; in a suitable subset of 2 C R? and V(z) a generic potential of class C* ()
such that V(z) > 0 almost everywhere, The reasoning described in the current section,
although treated in general, will be then applied to the potentials Vg and V;: as for
the inner case, the Levi-Civita regularisation technique (described in details in Section
1.3) makes us retrieve the regularity of the solutions of the corresponding fixed-ends
problem, allowing to proceed with the subsequent demonstrations also for V7, at least
in a regularised sense.

Let us take zg, 21 € Q such that the following assumption holds.

Assumption 1.2.1. Let us assume that, given the problem

2(s) = YV (=(5) s €[0,7]
SIZGIF = V() =0 se0,T] (1.2.2)
2(s) € Q s €0, 7]

2(0) = 20, 2(T) = 2

for some T > 0, there exists a solution z(-) = z (; 20, 21) € C?([0,T)]) (possibly in a
regularized sense). This solution is supposed to be unique in a suitable homotopy class.

With reference to the outer and inner potential, suitable conditions on the endpoints
for which the existence and uniqueness hold are guaranteed, case by case, in Sections
1.3, 2.3.1, 2.4.1 and 3.2. The definition of a suitable homotopy class will be used, in

Chapters 2 and 3, to ensure the uniqueness of the inner arc with fixed endpoints.
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Definition 1.2.2. Given zg, z1 satisfying Assumption 1.2.1, define the Jacobi length
of the path z as the quantity

L@ = [ G

and the Jacobi distance between zo and z; as
d(z0,21) = L (2 (+;20,21)) -

Remark 1.2.3. In view of Definition 1.2.2, we observe that:

» whenever the arc connecting zy and 2z, is unique, the Jacobi distance d (2o, z1) is
well defined and differentiable;

o the functions d is not a proper distance: as a matter of fact, when for example
V = Vg and zy = z, d(z0,21) represents the non-zero Jacobi length of the
homothetic outer arc. An analogous observation can be carried out when V =V
and again the endpoints coincide (see Section 1.3 for more details);

o the Jacobi length is invariant under reparametrizations of the path Zz.

The Jacobi distance, and in particular its partial derivatives with respect to the
endpoints, represents the starting point to give a variational characterization of the
Snell’s law.

Although in the previous discussion the Jacobi length has been defined only for the
solution of Problem (1.2.2), the corresponding quantity can be computed for any path

contained in the set

2(0) = 29, 2(T") = 21,
Hzozlﬁ{zeHl ([O,T],RQ) for some T > 0 (0) = 20,2(T) = 2 }

V(z(s)) >0 for all s € [0,T]

namely, for every curve in H' that connects z to z; lying in the Hill’s region associated
to the potential V.
There is a strong relation between solutions of Problem (1.2.2) and critical points of L

in H,,,,, which passes, naturally, by the resolution of the Euler-Lagrange equations.

Lemma 1.2.4. A path z € Hp,p, is a critical point of L(-) if and only if it is a solution
of the Euler-Lagrange equations

d FETEAC I O AN =0 e in
ds( V(( )>Hz’<s)H) . V(z(s))vx/( () =0 ae. in[0,T]. (1.2.3)

Proof. One has that z is a critical point for the Jacobi length if and only if for every
v € Hy([0,T)]) it results dL(z)[v] = 0. This is equivalent to require that the following
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chain of equalities holds:

d d (T
0= CZEL(Z+€U)6O_<CZG/() 12'(s) + ev'( H\/V )+ ev(s )ds)

|e:0

(s N 2(s)) - v(s)ds
/ ||z (6)- /() + S 2 STV () - vls)d

(2O N L O ovn]
_/0 [ d8< v ))Hz’(s)II) ) V(z(s))VV( ( >>] (o) ds

where in the last equation an integration by parts has been employed. As the identity
must be true for every v € Hj([0,7]), one has that the Euler-Lagrange equations
(1.2.3) must hold for almost every s € [0, T. O

We stress that if u € C*([0,T]) N Hp, p, is such that V(z(s)) > 0 and ||2/(s)|| > 0
for every s € [0,7T], by continuity one can infer that Eq. (1.2.3) holds everywhere in
[0, 7). Making use of the previous result, it is possible to find a connection between

solutions of problem (1.2.2) and critical points of L(-).

Lemma 1.2.5. Let zZ € Hp,p, be a solution of Problem (1.2.2) such that V(z(s)) >0
for every s € [0,T]. Then Z is also a critical point of the Jacobi length L.

Proof. Let us start by observing that, if z is a solution of problem (1.2.2) such that
V(2(s)) > 0 in [0,7], then z € C*([0,T]) N Hp,p,([0,T]) and ||Z'(s)|| > 0 for every

€ [0,T]. We will then prove that Z is a critical point for L(-) by verifying that it
solves the Euler-Lagrange equations (1.2.3) for every s € [0,T]. As a matter of fact,
one has, for every s € [0, T,

> ( vize) ||§8||>

_ VV(EGs) - Fs) F(s) V(i(s))é,,(s)_ VGE)

N o OS]

and the Euler-Lagrange equations follow from the first two lines in Eq. (1.2.2). The
conclusion follows from Lemma 1.2.4. O

Z'(s) - 2"(s) .,

ECIE

Lemmas 1.2.4 and 1.2.5 are fundamental to compute the derivatives of the Jacobi
distance with respect to variations of the endpoints zy and z;: this represents the first

step to give a variational justification to our Snell’s law.

1.2.2 Snell’s law.

Let us now pass from the case of a general potential V' to our model, considering the

outer and inner potential Vi and V7, respectively in R* \ D and D. With reference



12 Stability and bifurcations in galactic refraction billiards

to Definition 1.2.2; we will denote with Lg,dg (resp. Ly, d;) the Jacobi length and
distance corresponding to the outer (resp. inner) potential. As our arcs start and end
always on the boundary of our billiard, from this moment on our endpoints will belong
to 0D, and will be such that Assumption 1.2.1 is verified.

Recalling that 0D is parametrised by a regular curve 7 (see Theorem 1.1.1), it is
convenient to express the distances as a function of the curve’s parameter rather
than of the endpoints in the plane. Take then &2 ¢ ¢! ¢l € [0, L] such that the
corresponding pair of points ~ (flE ) )Y <§2E> and y (5{ ) )Y (gé) satisfy Assumption 1.2.1
respectively for the outer and inner problem (with an abuse of notation, in this case we
will say that £F,¢F, €] and & satisfy Assumption 1.2.1 as well). We can then define

the functions

Sp(&r, &) = dp(1(60),7(&)),  S1(&1, &) = di(v(€1),7(&)). (1.2.4)

Let us recall that the distances dg and d; are infinitely-many differentiable as functions
of the endpoints in every set in which they are well defined; by the chain rule, this
implies that the lengths Sg and S inherit the regularity of the curve 7. In our case,
since this curve is supposed to be at least of class C*([0, L]), the two Jacobi lengths
have the same regularity in every subset of [0, L] x [0, L] in which the inner or outer
dynamics are well defined.

Denoting with 0, and 9, the partial derivatives respectively with respect to the first

and second variable, one has

0uSE (67,€5) = Vrde (v (6F) .7 (€7)) -4 (¢F)
0Se (F.6F) = Vidp (v (£F) 7 (&5)) -4 (¢5)

(and similarly for S;), where Vp, and Vp, are the gradients with respect to the first

(1.2.5)

and the second point.

Lemma 1.2.6. Let ¢ ¢F ¢l ¢} € [0, L] and h > 0 such that Assumption 1.2.1 is
verified. Then

0uSe(€F, &) = Vi () TS TSN s ey

B TS (1.2.6)
il €)= Vi €D TAEETEsel
Sl 6) = WD) I T TS e

Proof. Let us observe that the partial derivatives in Eq. (1.2.5) can be expressed as
directional derivatives of the (inner or outer) Jacobi length in the direction of §() for
suitable ¢ € [0, L]. Taking for example 9,5z (¢F, £¥) (analogous expressions hold for
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the other derivatives enlisted in Eq. (1.2.6)), one has

0aSu(&,65) = 0y 5eryde (v (6F) .7 (&) = Ovaer) L (25 (57(6F),7(&)))

where, in general, 0, , denotes the directional derivative with respect to variations of
the first endpoint in the direction of the unit vector o.

To find the explicit expression of 9,5, let us start by assuming that £ # ¢F. It is
straightforward to verify that zg(-) = zp (-; 7(§1E ) , 7<§2E )) is a classical solution of the
associated Bolza problem such that Vg (zg(s)) > 0 for every s € [0,Tg]: by Lemma
1.2.4, the outer arc is a solution of the associated Euler-Lagrange equations for every
s € [0, Tg]. Let us now consider the new parametrization s — t(s) given by

dt _ V2Vi(ze(s))
t(0)=0
where Ly = Lg(zg) € R as in Definition 1.2.2 with V' = Vg, and define 2(t) = zg (s(t)).

Defining the new time derivative as * = —, it holds that ¢ € [0, 1] and that

%7

vt € [0,1] DI\ VE (2(t

Moreover, by the invariance of the Jacobi length under reparametrizations, one has
that

Su (67,6) = Lu(zp) = L (3),

and then, by (1.2.5), 9,55(¢F,£5) = 0, A(€P) Lg (2). Starting by (1.2.3), one can prove
that the reparametrised curve Z satisfies the Euler- Lagrange equations

a (oey _oc
dt\0z) 0z’
where £ = ||2(t)||*Vi(2(t)) = L%, namely,

c;lt (2Ve (2(8) 20)) = IE@) 1PV Ve (2(2) - (1.2.8)

Let us now compute 8177(5{3)11 g (2): differentiating £ with respect to the first endpoint,
one gets

2LEdsepybe = DaepL
1 .
= Ousery || DIV Ve (G0t
1 .
— [ 0rsgep (IEOI Ve G(0) ) e

= /01 (2Ve (2(6) (1) - D1 3¢5y 2(8) + 1EO) PV Vi (2(1)) - O 3¢ 2(2)) et
(1.2.9)



14 Stability and bifurcations in galactic refraction billiards

Moreover, multiplying (1.2.8) by 0, ;(er)Z(t) and integrating the result in [0,1], one
obtains

1d
[ (Ve G0 20) 056 20 = [ IEOIPTVE (2(0) 0y ey 2(0)
= | 2V (30) 2(t) - Duaep) 28) + IEOIPVVE () - e 5(H) (1.2.10)
= —2Ve (2(0) £(0) -4 (&F) .
where the second equation is obtained by integrating by part and observing that

01 42y 2(0) = Y(&F) and 91 4(¢5)2(1) = 0. Comparing now (1.2.10) and (1.2.9) and
recalling the expression of Lg, one gets the final expression

sl (9) =~ EEEO s () - — U GO gt (6F).

Returning now to the time parameter s, one obtains

2p(07(60), (&)
12(0; (&), v (&)l

The same identity can be extended to the case ¢F = ¢F by observing that

0aSp(&7. &) = —\/Ve(v(&F)) Y(&7).

Ve (zE(s Y(EFY, v(£F ))) > 0 almost everywhere in [0, 7| and by taking into account

the differentiable dependence of zp ( Y(EEY, v(£F )) with respect to variations of the
endpoints.

In the inner case one can use the same reasonings, keeping in mind that, whenever a
collision occurs, one can consider the corresponding regularized system. O

For the sake of completeness, let us focus on the time parameter ¢ used in the
proof of Lemma 1.2.6, and defined in Eq. (1.2.7). In general, it is called geodesic
time, and corresponds to the unique time parametrization such that the quantity

d
[f = ||d—tz(t)||\/V (2(1)) i.s constant along z. We will refer as kinetic time as the usual
time parameter s for which Problem (1.2.2) is solved.

We are now ready to validate the refraction Snell’s law

Ve(y(€))sinag = \/Vi(y(§)) sinay, (1.2.11)

where:

e (&) is the transition point between the outer and inner region (or viceversa);

e «ag, ay are the angles of the two arcs with respect to the outward-pointing normal

unit vector to v in &.

The variational argument justifying (1.2.11) can be explicited by means of the partial
derivatives of Sk and S;.

Let us take g, & € [0, L] such that there exists a concatenation outer-inner arc starting
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from y(£g) and arriving in v(&7). More precisely, this means that there exists € € [0, L]
such that the pair £g, & and &, &; verify Assumption 1.2.1.

We can then consider the total Jacobi length of the concatenation composed by these
arcs, denoted, following the notation introduced in Eq. (1.2.4), by Sg(&g, &) + S1(€, &1).

Definition 1.2.7. We say that the concatenation between v(g) and y(&r) of transition
point (&), with € € [0, L], satisfies the Snell’s law if & is a critical point® for the total
Jacobi length, namely, if

d
& (Se(&p, ) +51(€:€1))),_, = 0. (1.2.12)

An analogous condition can be established for a concatenation starting with an

inner arc.

Note that condition (1.2.12) is equivalent to require that

OsSE(Ep,€) + 0.51(,&1) = 0, (1.2.13)
which, in view of Lemma 1.2.6, can be rephrased as

S €))L o 40009
Ve O et @l O TV @ et T Y

Eq. (1.2.14) can be easily translated into Eq. (1.2.11), and can be interpreted as a

conservation law for the tangential component of the trajectory’s velocity vector across
the interface. Let us observe that Eq. (1.2.11) has an evident correlation with the
classical Snell’s law for straight light rays, which can be derived again from a variational
minimization problem (known as Fermat’s principle). In this sense, our refraction
law can be seen as a generalization for generic potentials and curved geodesics of this
classical Snell’s law. In particular, while in the classical case the geodesic arcs are
always minimizers for the Jacobi length, in our case the solutions of the Bolza problems
are only critical points of the corresponding lengths Lg(-) and L;(+): this justifies the
use of a criticality condition rather than a minimality one (which, in any case, can be
retrieved working locally around the transition point).
Let us now return to Eq. (1.2.12), observing that, if {g, ¢ and &; are such that
d
d¢
3This criticality argument can be replaced in a minimality argument if we consider a more general
definition for the inner and outer Jacobi distances, whose variables can be points not necessarily
lying on 0D, and restrict our analysis to a strongly convex neighbourhood for both the inner and

outer Jacobi metric (see [68]). In such case, indeed, the geodesic arcs connecting any two points are
minimizers for the Jacobi length.

(317513(51375) + 0,51(¢, 51)) # 0, (1.2.15)
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then by the implicit function theorem it is possible to express locally the transition
point as a function of the endpoints, that is, £ = & (€g,&0)*. In such case, we can then
express the total Jacobi length of the complete concatenation from v () to v (£g)

only as a function of the endpoints as

S (€m,&1) = Se (68, € (€n,€0) + 51 (€(€m60) &)

The function S (g, &), in accordance with the case of classical Birkhoff billiards (see
[17, 25]), can be defined as the generating function of our model, and will be used in
Chapter 2 to derive, at least implicitly, the associated first return map in the case of
the close-to-circle refractive billiards.

Let us conclude this section by analysing the good definition of our refraction rule: as
already mentioned, for the Jacobi distances (outer or inner) to be well defined it is
necessary to take endpoints for which the existence and uniqueness of the (outer or
inner) arc are satisfied, and this problem will be addressed case by case in the next
chapters. On the other hand, this is not enough to guarantee that Snell’s law can be
always verified: as ¥z € R*\{0} one has that Vz(z) < V;(Z), the equation

. ( Vi(z) )
Qy = arcsin sin ag

Vi(2)

iy
is always solvable in the domain [—5, 5] Viceversa, the crossing from the interior to

the exterior of the domain may encounter an obstruction: indeed, the equation

o ( Vi(z) )
Qp = arcsin sin oy

Vi(Z)

Vi(2)
VE(2)
we define a critical angle, depending on z and, as parameters, on the proper quantities
of the problem &, h, i1, w, that is

QU erit = arcsin )

admits a solution if and only if sin ay| < 1: in order to guarantee the solvability,

Vi(2)

In this way, the passage from the inside to the outside of the domain D takes place as
long as oy € [—ay crit, g erit) (We stress that, for |a;| = ay e, the refracted outer arc
turns out to be tangent to dD). From a dynamical point of view, this means that the,

for Snell’s law to happen, every incoming inner arc must be transverse enough to the
boundary 9D.

“The nondegeneracy condition (1.2.15), as well as the domain of good definition of £ (¢g,&;), will
be the subject of a thorough analysis, in the context of the close-to-circle billiards, in Chapter 2.
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1.3 Local existence of inner and outer arcs: a transver-
sality approach

This section is devoted to state existence of outer and inner arcs, close to the homothetic
ones, which will be next used to apply a broken geodesics technique. We shall use a
classical transversality approach, reminiscent to the one in [69], to which we refer for a
more detailed exposition. It is worthwhile stressing that, when dealing with the inner
dynamics, we shall take advantage of Levi-Civita regularising transformation.

From now on, we will always suppose that D is contained in the outer potential’s Hill’s

region

H:{pER2

CU2
E—|pl*>0
2||p|| },

and assume that its boundary 0D is parametrised by v : I — R? with v € C%
Moreover, as already said in Section 1.1 and as we intend to assume from this moment
on, we identify any point in R?, and in particular of the curve, with its corresponding
position vector with respect to 0. We focus on the points of v which satisfy a local

transversality property, as well as a local star-convexity, namely:

€ € I'such that: (i) (&) H4(6)

(77)  the ray starting from 0 in the direction of (&) intersects
0D only once.
(1.3.1)
As in this chapter our main interest lies in the local study of the trajectories around the
homothetic solutions, defined as in Section 1.1, characterised as in (1.1.2) and whose
directions are in a subset of the ones identified by (1.3.1), for the moment we restrict
our analysis to a neighbourhood of ¢: condition (1.3.1), along with the regularity of =,

assures indeed the existence of an open interval I’ C I such that £ € I’ and

Ve e I' y(&) f4(S)- (1.3.2)

Furthermore, possibly taking a smaller I, we can suppose that condition (1.3.1(ii))
holds for every £ € I'. The local transversality property of v(I") with respect to the
radial directions and its star-convexity with reference to the origin will be the main
ingredients to guarantee the existence of the inner and outer arcs in a neighbourhood

of a homothetic solution.

Theorem 1.3.1. Suppose that the domain’s boundary 0D is a regular curve parametrised
by v : I — R? and suppose that & € I satisfies (1.3.1). Then there are €(§) >0

and 650(§_>_> 0 such that for every & € I, a € [—7/2,7/2] with |£ — &| < €5 (€) and
la| < €4(&), there exist T > 0,& € I such that the problem (in complex notation
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(&) = [v(E)lle?)
,21”(3) = —w?z(s) ;
S =€+ S =)l =0
2(0) = (&), #/(0) = woe™ ™+,

with vy = \/25 — w?||v(&0)||%, admits the unique solution z(s;&y, ) and

2(T; &, ) = v(&) € OD. )
Moreover, for every s € (0,T) one has y(s; &, ) ¢ D.

The proof of the above result is based on the following Lemma, and the subsequent
Remark. We will postpone to Chapter 2 the explicit proof of an analogous result,
obtained taking into consideration the Bolza fixed-ends problem instead of the Cauchy

one.

Lemma 1.3.2. Suppose that € € I satisfies condition (1.3.1). Then there exist do(),
61(), p(€) > 0 such that for every & € I, By € R with |€ — &| < do(€) and |6y| < p(€),
defined the unit vectors (in exponential notatwn) &1 =5/ |V (&) and &y = iy, there
exist T'> 0 and & € I such that the problem

(s) = —wy(s)
L., 2 w? 2 _
SIZ6)IP — &+ Zll=(s)] =0

Z(O) = ’Y(f@), Z/(O) = 7'“0{1?‘1 + 90.@'2,

with 1o = 79(6y) = \/25 — W2||y(&) | — 63, admits the unique solution z(s; &, 6y) such
that 2(T; &, 6) = v(€1) € OD. Moreover, |€ — &1] < 61(€).

The proof relies on a transversality argument, standard in detecting one side
Poincaré sections, based upon regularity of solutions of Cauchy’s problems and the

implicit function theorem (see, e.g. the similar construction in [69]).

Remark 1.3.3. The validity of condition (1.3.1(ii)) in a neighbourhood of & entails
that the point v(£1) defined as in Lemma 1.5.2 is such that, for every

s e (0,T(&,6)), z(s 50,90) ¢ D, that is, there are no other intersections of D and
the arc z([0, T(&o, 00)], &0, 60) other than (&) ad ~v(€1). This is in fact a consequence
the continuous dependence on the initial conditions, for which, if (o, 60) are sufficiently
close to (€,0), then z(-; &, 60) is arbitrarily close to z(-;€,0) in the C° topology.

The above Lemma states the existence of a local Poincaré section in the energy
manifold of D x R? for the outer dynamics in a neighbourhood of the initial condition
of a radial brake orbit (namely, the direction of the velocity vector coincides with the
radial one) and under some local conditions on dD. The condition |6y < p(€) = p
can be rephrased by considering the angle a € [—m/2, 7/2] between the initial velocity
y'(0) = 7oiy + Oy and the radial unit vector ; of v(€) (notice that a and 6y have
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always the same sign). In particular, one has that

. . — :
tana = 70 = 00 — & 90 — tan@\/ZE w ||/7(€(2))H _ f(Oé,fO)
"o \/25 — w?[|y(&)[I* - 63 1+ tan «

As f(a, &) is continuous and f(0,£) = 0, there exist €4, €¢, > 0 such that ez, < do(€)
and, if |a| < € and |€ — &| < e, then |fy| < p. Taking together Lemma 1.3.2 and

Remark 1.3.3, one can eventually state Theorem 1.3.1.

In the case of the inner arcs, we turn to the problem

2"(s) = —”Z({:)ng(s), s €10,5],
Lo e_no " _o 1.3.3
SIZI =€ =h—t =0, sefo.s) 133

2(0) = 2, 2'(0) = vo;

for some S > 0 and some initial conditions zg € D and v pointing inward the domain
D, and denote with z(s; zp, vo) its solution (with an abuse of notation, in the following
the initial velocity will be defined either by its angle with the radial direction or its
orthogonal component to the latter). As the Keplerian orbits with positive energy
are unbounded (see for example [70]) and D is bounded, for every initial condition
for which the arc enters in D there is S > 0 such that the it encounters 9D again in
a point which we call z;. We search for constraints for 2y, vy such that the velocity
vector at this point, denoted with z’(g : 20, Vo), 18 transverse to 0D in the sense that
z’(S’; 20, Vo) and the tangent vector to D in z; are not parallel.

The singularity at the origin of the inner potential can be treated by means of the
Levi-Civita regularisation technique (see [26]), which consists in a change both in the
temporal parameter and the spatial coordinates, in order to remove the singularity of

Kepler-type potentials. In particular, the following Proposition holds.

Proposition 1.3.4. Problem (1.5.3) is conjugated, via a suitable set of transformations
called Levi-Civita transformations, to the problem

"(1) = Q*w(T), T € 10,7,

W@ - B = P =0, e .T] (134)
(O) = Wy, w’(O) = wo

g

g

for suitable wq,wy, T, 2 = 2E + 2h, E = p.

Proof of Proposition 1.3.4. Setting r(s) = ||z(s)||, consider the reparametrisation
s = s(7) such that

d 1 d d? 1 d 1 d?

& rGE)dE e GEPd rE)P d
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Denoting, with an abuse of notation, " = d/d7, the first and second equations in (1.3.3)
become

1 K
2r(7)? r(7)
Identifying now R? and C, let us consider a new spatial coordinate w € C such that
2(7) = w*(7): we have then

r(7)2"(7) — (7)) (F) + pz(7) = 0, 1)) — & —h— =0.

2r(F)w(F)w"(7) — w(@)?*(|w' (7)1 = p) =0, 2/l (D> — p = r(7)(E + h)
= 20" (7) = w(7)(€ + h).

Finally, considering the new time variable 7 = 7/2 (again, with an abuse of notation,
"= d/dr), one obtains the final Cauchy problem

1{/’(7’) =2(E + h)w(r), Te[-T,T]
§||U/(T)||2 —(E+N)wIP=p Tel-T,T]

w’ (1) = Q%w(7), Te[-T,T)]
— 1 / 2 Q2 2
=\l @I =S llw)"=£ e[-T.T],

w(=T) = wo, w' (=T = 1wy

for some T > 0 and suitable initial conditions wy, 1wy (we will return to the determination
of wg and wy in Proposition 1.3.10). The solutions of (1.3.3) can be then seen, in a
suitable parametrisation, as complex squares of solutions of a harmonic repulsor with
fixed ends boundary conditions, energy equal to EF = pu and frequency

Q=206 +h). O

We will refer to the time variable 7 as the Levi-Civita time, and to the new reference
system as the Levi-Civita plane.
By means of this regularisation, which is of independent interest and will be used
again in Section 1.5, one can infer the local existence and transversality of solutions
of Problem (1.3.3) in the vicinity of the homothetic orbits, in terms of both initial

positions and velocities.

Theorem 1.3.5. Let us suppose that 0D is a closed curve of class C*, 0 € D,
parametrised by v(&) : I — R?, and suppose that there is & € I such that condition
1.8.1 is satisfied. Then there exist \e,(€) > 0 and 0 < M\o(§) < 7/2 such that for every
€0 € [€ = Nep, €+ Ng] and a € [~ Ao, Mo there are T > 0 and & € I such that the

problem in complex notation
1 7
)= ——t—z(s), S|P =E+h+ ) s€0,S
[12(s)||> 2 12(s)l

2(0) = 1(&): = p(€)e ™, (0) = —ﬁWaw@m
P(ﬁo)

(1.3.5)
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admits the unique solution z(s;&,a). Moreover, z(T;&,a) = (&) € 90D, and
2 (T; &, a) = 2/(T) is not tangent to D. More precisely, there exists 0 < o < m/2,
depending on &, such that, if 5 € [—mw/2,7/2] is such that

J(T)=V2,/E+h+ p(lg)ei(e(&Hﬁ), we have § € [—0,0].
\ 1

Remark 1.3.6. As in the case of the outer dynamics, taking possibly a smaller X\,
one can assure that z((0,T); &y, «) € D, namely, that z(s;&y, a) does not intersect 0D
for s € (0,T). This is in fact guaranteed by the validity of condition (1.3.1(ii)), the
continuous dependence of problem (1.3.5) on the initial conditions and the fact that
0eD.

To prove Theorem 1.3.5 we rely again on some preliminary results, taking into
account the transformation of the billiard’s boundary passing from the physical to
the Levi-Civita plane. Like in the outer problem, suppose that 0D is a closed curve
of class C? parametrised by (&) : I — R?: passing to the Levi-Civita plane, v is
transformed according to the same rule w? = z. As the complex square determines a
double covering of C, it is clear that every arc z(7) in the physical plane corresponds
to two arcs w(7) in the Levi-Civita plane, depending on the choice of wy, which is such
that wj = 20, and a suitable transformed velocity 1. In the following, we will work
with the Levi-Civita variables, taking respectively for wy the negative determination of
the square root of zy and for w; the positive determination of the square root of zy,

namely, in polar coordinates,
_ i _ i _ 01 _ i
20 = ||z0]|€™® = wo = —\/||20lle 2, z1 = ||z1]|€ = w1 =/||z1]le 2. (1.3.6)

The transformed boundary follows the same rules, and is defined in two neighbourhoods
of wy and wy. More precisely, let us suppose that & satisfies condition (1.3.1) and,
additionally, y(€) points in the direction of e; = (1,0): for the sake of simplicity, we
will focus on this particular value of &, as for every & € I satisfying (1.3.1) we can

consider the rotated basis (e}, €}) such that & has the properties of .

Definition 1.3.7. Letting £ be defined above, there exists € > 0 such that, if y(§) is
expressed in polar coordinates, namely, ¥(€) = p(€)e®®, the curves

(&) (E—EE+8) > C, ¢(8) = \/p(€)e?O),
6.(€): (E—6E+) > T, ¢(8) = —\/p(©)e®O = \[p(e)eCO24m)

are well defined in the Levi-Civita plane and represent the local transform of ~.

As an immediate consequence of the conformality of the map w — w? we have the

following

Lemma 1.3.8. The transformed curves ¢+ (&) preserve the angle between the radial
and the tangent direction of y(&). In particular, if condition 1.5.1 holds for v(§), then
it holds for ¢ (&) with & € (£ — €,& + €), possibly reducing €.
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Let us focus on the transformed inner arc in the Levi-Civita plane: the next
Proposition states the existence, under suitable hypotheses on the initial conditions, of

a solution of Problem (1.3.4) which has the desired transversality properties.

Proposition 1.3.9. If con_dztzon 1.3.1 holds for ”Z(é), then there are X\ > 0,0 < € < €
such that, for every & € [£ — €, &+ €], Oy € [=\, A] there are T > 0,& € I such that
the Cauchy problem

w” (1) = QPw(r), Te[-T,T]
1 2

I@P - TP =2 re[-1.T)
w(0) = ¢ (&), w'(0) = #oex + foes

with 1o = \/2E + Q2||p_(&)||2 — 62 admits the unique solution w(T; &, 6y). Moreover,

w(T;&o,00) = ¢+(&1). In addition, w'(T (&, 00); o, 00) § ¢+ (£1(€0,00)), namely, the
reqularised arc is not tangent to 0D in ¢4 (§).

The proof is again rather standard and relies on a transversality argument for
the regularised flow. Moreover, continuity of the regularised flow with respect to the
initial conditions and angle preserving of the complex square map entail the desired

transversality property.

Let us notice that the smallness condition on the velocity’s orthogonal component
6y can be given also in terms of the angle between the radial direction and the initial

velocity vector. As in the outer case, we can consider the angle o € [—7/2, 7/2] between
w'(0) = 7oeq + Bpey and ¢_(€) and have

0
tana = — =

. — g, &).
o 2B + Q2o (%)) — 62

0 : 2F + 2 2
: o =t T L6
1 4+ tan o?

As g(a, &) is continuous and ¢(0,&) = 0, there exist A\, > 0 and )¢, > 0 such that
A, < € and, if |a] < A\, and |€ — &| < Ag,, then [fo] < X.

Proposition 1.3.10. Let us consider € € I such that y(€) = pey, p > 0, and suppose
that condition 1.3.1 holds. Let € > 0 such that the curves ¢+ : [—€ + £, € + &] are well

defined, and choose & € [—€+ &, e+¢] and B € [—= z] Then the system (in polar

272
coordinates)
#'(5) = o) se 0.9,
Lo e H
—[Z'(s)||F =& — h — =0, s €10,5],
1)) B 0.5)

2(0) =v(&) = p(&))eiﬁ(fo)7 ( ) = \/_m £1(0(€0)+5)
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is conjugated, in the Levi-Civita plane, and considering T = 7(s) the Levi-Civita time,
to the problem

w' (1) = Q2w(§72'2), Te[-T,T]
NP = S o) = B re -,

(0) = —/p(&0)e™ 2, w'(0) = — /2B + 02p(&)e /2

for a suitable T' > 0. In other words, the angles between the original initial conditions

g

and the transformed ones, namely, z(0), 2(0) and w(0),w’(0), are equal.
Proof. From the definition of ¢_, we have that

w(0) = 6-(§0) = —y/p(€)e" "WV = y/p(go)e 0T,

To compute w'(0) = dw(0)/dr, we go through the following Levi-Civita transformations:

1
. izi , then, for s =0,

ds |27 (s))] dF

. d 1 d
\/51/5+h+Le’0(§°):—20 = —2(0
P(fo) ds ©) P(fo) dr ©)
o z=w? then

ﬂp@o)m ) = 1 2(0) = 20(0) (o)
o 7 =7/2, then
ﬂ\/meiw@“)*m = w(O)ddw(O)
0 T

(S
— w'(0) = —\/2E + Q2p(&y)e’ €)%+

]

The angle between the initial conditions in the physical plane is then preserved
after the passage in the Levi-Civita reference frame: this assures that, if we fix some
'smallness" condition on the angle o between the initial velocity and the direction of
v(€) in the original reference frame, they will hold also in the Levi-Civita plane. This

allows, along with the previous results, to state Theorem 1.3.5.

Notation 1.3.11. In the following, we will refer to the outer differential equation
along with the energy conservation law with (HSg), while (HS;) and (HSp¢) will
denote the inner differential problem respectively in the physical and in the Levi-Civita
variables, with their own energy conservation conditions. More precisely, we will write
(HSE)[z] if z satisfies the outer differential equation with zero energy, and use the
analogous notation for (HS;) and (HSLc).
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1.4 First return map

As in the previous Sections, let us suppose that the boundary of the regular domain D
defined in Section 1.1 can be parametrised by a regular closed curve 7 : I — R% Given

(0 (0 8

some initial conditions z5 ’, vy and v(() ), let us consider the solutions z;(s) and

zp(s) of the two systems

(HSp)[=(s)] s € [0,T7] (HSE)[2(s)] s € [0, T]
21(0) = 2", £4(0) = vg” 2m(0) = 257, 25(0) = vg”

(1.4.1)
for some T, T > 0. Fixed z, € 9D, vy € R? such that it points towards the exterior
of D, we want to describe (supposing that it exists) the trajectory obtained by the
juxtaposition of an outer arc zg and the subsequent inner arc z;, namely zg;(s) defined
by

zp(s) s€10,Tg)
zp1(s) = z1(s) s €[Tg, Ty + T} (1.4.2)
zg)(s) s=Tg+ 1Ty,

where the branches zg, z; and zg) are solution either of the outer or the inner
problem and are connected by following the Snell’s rule. In particular, we require
2p(Te) = 2z1(Tg) and z;(Tg + T;) = zg)(TE + T7), and, using the notation

ZE(TE) = Z[(TE) = Z1, Z](TE + T]) == Z(El)<TE + T[) = 29

o= eTe) o A(Te) o ATt T 2" (Tp + Tr)
Iz5(T)l” " 2(Te)ll” 120 (Te + Tl 2 (T + 1)
we demand
(HSE)[z6(s)] s € [0, T]
2p(s) € D, zg(Tg) € 0D s € (0,Tk) (1.4.3)

25 (0) = 20, 25(0) = vy

(HSp)[z1(s)] s € [T, Tg + T1]
Z[(S) < D,Z[(TE + T[) € 0D S € (TE,TE + T[) (144)
\/ VE(Zl)’Ul el = \/Vf(zl)vi el

(HSp)[zi () s € [Tp+ Ty, Tp + Ty + T

Z}E(l)<3) ¢ D, ERS (TE+T17TE+TI+T]

mvz t €2 =/ VE(Zz)Ué * €2,
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for some T, Ty, T > 0 and where e; and e, are the unit vectors tangent to 9D respec-

tively in z; and z,.

1.4.1 Local first return map

We wish to construct the iteration map which expresses

(z1,v1) = (zp1(Te + T1), ' £1(Te + T7)) as a function of (zg,vp) in a suitable set of
coordinates.

Let us suppose that the point zg;(0) = v(§) € 9D is the starting point of the outer
branch of zg;(t): then, denoting with ¢(§) and n(§) respectively the tangent and the
outward-pointing normal unit vectors of v in £, the initial velocity v can be expressed
as v = 1/2Vg(7(§))(cosa n(§) +sina t(£)), where o € [—7/2, /2] is the angle between
v and n(§), positive if v - £(£) > 0 and negative otherwise. Then, once ¢ is fixed, the

vector v is completely determined by a. We can then consider the map

F:BcC(Ix[-n/2,7/2]) = I x|—7/2,7/2],
(€os o) = (&1, 1) = (§1(&o, ), 1(§0, o)),

where the pair (&1, 1) completely determines (z1,v;. The determination of the domain
of F', denoted with B, is a nontrivial problem, whose main issues are discussed in
Remark 1.4.2.

Although F' is not explicitly defined, taking together the properties of the solutions
of Problem (1.4.1) and Snell’s law (1.2.11), under some suitable hypotheses on 0D, one
can characterize one particular class of fixed points of F', deriving from one-periodic
homothetic solutions of (1.4.1):

Remark 1.4.1. Initial conditions zg;(0) = v(€), 25;(0) = \/2VE(E)V(E)/||7(€)| corre-
spond to a homothetic solution of Problem (1.4.1) if and only if

BEGERG s

and the segment ty(€), t € [0,00), does not intersect 0D fort # 1.
Therefore, if condition (1.4.5) holds, the pair (£,0) is a fived point for F, which we
call homothetic.

Remark 1.4.2. The conditions for F' to be globally defined on I x [—m/2,7/2] are
essentially two:

(i) the existence and uniqueness of the outer and inner arcs for any initial conditions;

(7i) the good definition of the refraction rule for every incoming arc: according to the
reasonings in Section 1.2, it is equivalent to require that for every inner arc, if
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we denote with By the angle between 27(Tr + Tr) and the inward-pointing normal
vector to D in (&), we shall have |B1| < Berit = arcsin(\/VE(V(&))/V[(V(&))).

In other words, condition (ii) is verified if the inner Keplerian arcs z; are transverse
enough to the domain’s boundary OD. This obstruction to the good definition of F
may be circumvented by considering a suitable prolonging according to which, whenever
|B1] > Berit, the test particle returns back in the interior of the domain with an angle
B = By. This extension, corresponding to the so-called total reflection, is somehow
suggested by physical intuition and by analogy with the classical Birkhoff billiards, as
well as the traditional Snell’s law for light rays. However, as this approach leads to
technical difficulties due to the passage to the tangent case for |Bi| = Bera and the
consequent loss in reqularity, in this work such extension is not considered, and, by
definition, the map F will be well defined only when |B1| < Bt for every inner arc ®.
Theorems 1.53.1 and 1.3.5 provide sufficient conditions for (i) to be satisfied, as well
as proving the existence of a small neighbourhood of the homothetic initial conditions
for which the inner arc is arbitrarily transverse to 0D. As a consequence, even though
the global definition of the first return map F can not be assured without additional
requirement on vy, the hypotheses of the existence theorems guarantee that the map is
locally well defined near to the homothetic solutions.

As we will see in some specific cases, there are particular conditions on which the
homothetic solutions are not the only one-periodic solutions of Problem (1.4.1). On
the other hand, the study of the stability of this particular class of points allows us to

derive important informations on the behaviour of F.

1.5 Stability analysis of the homothetic fixed points
of F

1.5.1 The Jacobian matrix of F'

Without loss of generality, let us assume that, in complex notation, ¢ € I is such that
1E) = (@)1 and 4(&) = () lie. Then the point 5 = (,0) is a fixed point
for F', whose stability properties can be deduced from the spectral properties of the

Jacobian matrix

o6 o6
- 0&. Oag).
DF(E0) = | g0l ol (15.1)
8750\15 %E’

which can be derived through the implicit function theorem, even though F is not
explicitly determined.

Let us consider a generic potential V(z) and, once fixed zy,2; € R?, consider the

°As we will see in Sections 2.3.1 and 2.4.1, this is true if D is a disk or a perturbation of the latter,
provided ag # +7/2.
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function z(s) = z(s; 20, 21) which solves the fixed end problem (1.2.2). As already seen
in Section 1.2, z(t; 29, 21) = 2(s(t); 20, 21) is a critical point for the Jacobi length L(y(t))
with endpoints y(0) = 2z y(1) = z1. We denote L(z(t; 2o, 21)) the value of this length.
Note that neither the outer nor the inner arcs are global minimizers of the Jacobi
length with fixed ends. Indeed, it can be proved (though is not relevant in this context)
that the inner arc is a local minimizer while the outer one has Morse index one (cfr
[71, 72]). We recall from Section 1.2 that:

o t is the geodesic time, whose relation with the kinetic time s is discussed in
Section 1.2;

« L) = [ 1OV 0)d:
o L =1L(2(t;20,21)) = [|2(t)||\/V (2(t)) = const.

If we consider a generic unit vector e, recalling and generalizing (1.2.5) the directional
derivatives of d(zp, z1) with respect to the first or second variable, denoted respectively

with v and w, can be written as
Dewd(20,21) = Vd(20, 21) - €, Oewd(20,21) = V., d(20,21) - €

z 3 1.5.2
Vi) = VO Vadtn ) = WED) (152)

Note that the derivatives are expressed in terms of geodesic time. Let us now define

the generating function
S(&o, &) = d(v(60),v(&1)),

and define the tangent unit vectors eg = ¥(&)/||7(&)|| and e; = (&) /|| (&1)]|. From
(1.2.5),

6508(50761) = vzod(7(€0)>7(€l)) * €0,

(1.5.3)
0,8 (80, &1) = V., d(7(€0), 7(&1)) - €1

Turning to the trajectory zg;(s) which describes a complete cycle exterior-interior,
we can use the previous formulas to describe some geometric properties of the latter.

Referring to (1.4.1) and further equations, define:

&0, €, & € I such that v(&) = 20, 7(5) = z1, Y(&) = 29;

» «p the angle between vy with n(&);

e (o, 81 respectively the angles of 2'g(Tg) and 2';(Tx) with n(&);

o), ay respectively the angles of 2/ (T + Ty) and /W (T + T;) with n(&).
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Then, from (1.5.2), (1.5.3) and Snell’s law, one finds the relations

—/Ve(v(&)) sinag = 350515(50,5)7

Vi(v(€) sin fo = 9, S (0, €),
- \/msmﬁl = 0,51(£, &),
Vi(y(&)) sina) = 9, S(€, &),
VVe(r(€)) sinag = y/Vi(y(€)) sin fo
VVir(&))sinal = Vi(v(6)) sinar,

where Si and S} refer respectively to dg and d;. Removing Sy, 51 and ) from (1.5.4),
one obtains

(1.5.4)

Oe,Se(&, &) + VVE(Y()) sinag =0,

(€0, €
0e, S (€0, €) + 0,51(€,61) =0, (1.5.5)
aflsf(éa gl) - VE('Y(gl)) sinaq = 0.

We can then define the function

® = [ng, 0] x [ng,ma] x [ng,nd] < [ng nd] x [ng,na] — R,
Oz, S0, €)
i ©1(&o, @0, €, 61, 1) Ve (7(&)) i
(€0, @0,&, &1, 01) = | @2(&o, 0, &, &1, ) | = | 06 SE(§0,€) + 9 S1(&:61) | 5
®3(&0, 0, &, &1, ) 96,51(&, &)

Ve(y(&1))

sin ag

sina; —

where [, 7] and [n,, 7] are neighbourhoods respectively of ¢ and 0 such that the
inner and outer dynamics are well defined (we remark that the existence of such
neighbourhoods is assured by Theorems 1.3.1 and 1.3.5).

If &, € and & define respectively the initial, junction and final point of zpr(s), and
ap, a1 are the angles of the initial and final velocity vectors of zg;(s) with the direction
normal to D in the initial and final points, then, from (1.5.5), ®((&, o, &, &1, 1)) = 0.
The point ¢ which describes the homothetic solution defined in Remark 1.4.1, which
we call 2(s), is given by ¢ = (£,0,&,£,0): clearly, ®(g) = 0.

Under the hypothesis of nonsingularity of the matrix

acI)1 8<I>1 6@1
ag lg 0% lq da, lg
D (I) _ aq)2 3<I>2 8<I>2 1
(€&1,01) (Q) - 85 . 0&, . day : ) ( .5.6)
0P; 003 005
o |, &), oy,
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which we will prove in Section 1.5.4, the implicit function theorem guarantees the exis-
tence of a function ¥ : I1 x J; — [5 X I3 x JQ, (fo, Oéo) — (é(fo, Oéo), €1<§0, CY()), Oél(fo, Oéo)),
where Iy, I, I and J;, J» are suitable neighbourhoods respectively of ¢ and 0, such

that
V(&o, a0) € It X 1 @((§0, 0, ¥((§0, 0)))) = 0.

Moreover, defined

ov om % o

350 |3 8@0 l7 850 ‘(E_,O) 8040 ‘(E,O)
(0,20) (Q) — | 9% ! aa()'q ) (é0,0) (p) = (950‘ g 80&0‘(50) )

0%y Oy oo " 0oy

98 |7 dag la 9o ) dag l€0)

one has that
Die.00) ¥ (P) = (D, 0 ®(@) ™ Digy,a0)P(q)-

Recalling (1.5.1), we see that DF(p) is composed by the last two rows of D¢y o) ¥ (D).

To compute (1.5.6), the second derivatives of Sg(&,€) and S;(€, &) computed in p are
needed.

1.5.2 Outer dynamics: computation of the derivatives of

Se(&o, £)

Let us define 2g(s) = zr(s;7(£),7(€)) the homothetic solution of problem (1.4.3)
(without loss of generality, suppose that it is defined in [-7, 7T for some T" > 0 to
be determined). Recalling that, from the initial assumptions on &, (&) = ||y(£)|e*
and (§) = ||7(§)||z'eig, we have that Zg(s) = xOE(s)eig, where ¢ (s) : [-T,T] — R is a
solution of the one-dimensional fixed-end problem

g (s) = —w’xg (s), s €[-T,T]
1 / 2 CU2 E 2 B

§|$o (s)]" + ?|x0 (s)] _—5 =0, sec[-T1,T]
ay (=T) = zf(T) = |7 (&)

Then we have

Zp(s) = \/%cos ws)ei = larc(:os (wh(@H)
pls) = = - cos(ws)e®, T=0 V2E ) (1.5.7)

5o(=T) = —2(T) = /26 —w?|[7(€) ]2
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taking into account (1.5.2) and the relations

E 2(0 1,
d_ L 4 Vi (2t (o>>|%§0§ - e
dt 2V (z(t(s))) ds V(28 (1)t = \}’z’(T)

one has

. - V2 Ph @I

8§OSE<57 ) = VzodE(,y(g)?PY(g)) ' 7(6) \/5 7(6) - 07 (158)
8515]5‘(5 g) =
As for the second derivatives, we have

92,566, €) = V2 dp(7(£),7(€)4(E) - ¥(€) + Vo du(v(€),7(E)) - 4()
3215E(§_aéj)_= v? dE( &),y @)’Y(_) 7_( )+_VzldE(’Y(_),7(5)) 5(€) (15.9)
02,6,56(&,€) = V2, L dp(v(£),7()3(&) - 4(§)

0z, ¢,5u(€,€) = V2, de(v(£),7(€)3(E) - 4(€),

where, defining e = ie®,

V2,de(7(€),7(E)Y(E) = 17(E) 106 (Devdr) ((€), 7(€)) = [I7()]|Pe. <_\}§2;E(_T)>

B@Id )
- \/5 %(aE,UZE) (_T)’
(1.5.10)
and, similarly,
V5202030 = L (5,20 ),
V4 ds0(©2©O1O = - L L @uue) (-, waa
V2,0 1©)5O = L (01,20 (1)

The functions 0z ,2g(s) and 0z, 2p(s) are the first-order variations of 25(s) with respect
to the variation respectively of its first and second endpoint along the unit vector e,
which is orthogonal to 2p(s). If we define fo(s) = 0s,25(s) and fi(s) = Ds.wip(s), we
have that fo(s) = fo(s)é and fi(s) = fi(s)e, with fo, f1 : [=T,T] = R to be determined.
Consider z(t) = 25(t) + fo(t) the geodesics obtained by varying the first endpoint of

2p(t) in the direction of (&) expressed with respect to the geodesic time ¢: it solves
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the Euler-Lagrange equation with £ = ||2(¢)||*Vz(z(t)), namely,

0= —jt )V (=(1)) + |EOIPVVi(=(t) =
_ Zj(g@ (6) + folE)V (ult) + folt >>)+||2E<t>+fo<t>||2va<2E<t>+fo<t>>:
:—2<fo V(E(t)) + 0PV V(s (t) folt) =
et g [ERCO) .
B V2Vi(Ze(t(s))) 48 ( V2Ve(2p(t(5)) ZE(t(S)))deO(t( ))) "

+ [|20(t(s))l V2 (Ze(t(s )
= fo(s) = V2V (2x(s)) fols) =

where we took only the first-order terms and used the transformatlon rules between d/dt

and d/ds, the conservation of L = ||25(t(s))||\/Ve(25(t(s))) and the Euler-Lagrange
equation for Zg(t).

Since fo(=T) =€ and fo(T) = 0, fy(s) solves the one-dimensional system

f(;/(s) - —w2f0(8), s € [_Tv T]
fo(=T) =1, fo(T) =0,

namely, recalling the definition of 7" in (1.5.7),

f —1 v2E cos (ws) — v2e sin (ws) | e
b= (wnvmu N e T >)'

With the same reasoning and taking into account that f;(—7") = 0 and fi(T) = e, we
have that fi(s) = fo(—s), and then we can finally find

d. e G -
—Ogv? (_T) = _ = )
ds ™" )26 — w22
d E
7857UZE(T) = — — — é,
A 7(€)I12€ = & ()P s
d. £ i o
d—ﬁawzo (—T> = — = €,
: I ©lly28 ~ I
;i é,wz(?(T) _ 5 - W2H’}/(§)“2 e

IVE)]/2E — w2 V)P
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Taking together (1.5.9), (1.5.10), (1.5.11) and (1.5.12), one can find the analytical

expressions of the second derivatives of Sg(&, &), computed for § = & = £

s o r A arn_ IHOIPE— @ L (E
% Se(6:6) = A SIE0 =~y i B e = VR3O

2 A 2 N3 il 2
Oz0,e,58(&,€) = 0g, ¢, S(€,€) = _2\|||’Z(H§_)H V (7(5))

If ~ is parametrised by arc length, ||¥(€)|| = 1 and %(€) = —k(é)n(€) = —k(é)eié, where
k(€) is the curvature of « in & Eqs.(1.5.13) simplify then in

(1.5.13)

%&maw@=%&wﬁw@

VE(’V(S))

mwuﬁ§4* T OMMW%D,@MQ
0z, ¢, SE(1(£),7(€)) = 0, ¢, Se(v(£),7(£)) = —
we el e e e

Eq. (1.5.14) highlights that the second term in 0z S (v(€),7(€)) represents a perturba-

tion of the homogeneous second derivative with respect to the circular case, where
<||’y(§)||k(§) — 1) =0 for every £ € I.

1.5.3 Inner dynamics: computation of the derivatives of S7(&, &)

With reference to the Notation 1.3.11, from Proposition 1.3.4 we know that the fixed

ends inner problem

{wwm& s €07, s

21(0) = 2L, 21(Ty) = 21,

is conjugated, by means of the Levi-Civita transformations, to the regularised problem

(HSpe)w(T)] Te[-T.1T],
w(=T) = wy,w(T) = w;

dr 1
here Q> =2(€ + h), E = =zl w =2 and T = h that — = :
where (€ +h), W, wy = 2y, wi = 2z, and 7 = 7(s) such tha 5 = 0]

In the following, we will work with the Levi-Civita variables, taking respectively for wy
the negative determination of the square root of zé and for wy the positive determination

of the square root of z{ , namely, in polar coordinates,

6o i1

= llzolle™ = wo = —/ll2lle™>, 21 = |l={lle™ = w1 = /[l=A]le=.  (1.5.16)
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To compute the derivatives of S7(v(&o), (1)), define then

Li(e(0) = [ IO Vite0)t = [[ 100 € + o+

where ¢ € [0, 1] is the usual geodesic time. Passing to the Levi-Civita plane:

Li(z) = 2/01 Hw(t)H\/Q(S + h) ”w(;)”Q + pdt

= [ ol S o)+ £t = 2L

According to the choice for the initial and final point of w(7) defined in (1.5.16), in the
Levi-Civita plane the function S(&, &) can be written as

S1(€0.&1) = di(v(&0), v(&1)) = 2d1(d—(&), 9+ (&1)) = 251(&, &),

where d; is the distance associated to Ly and ¢_(€), ¢4 (€) are as in Definition 1.3.7. We

can then compute the transformed of (), (&), ¥(£), seen both as initial and ending
point of our arc. Without loss of generalization, let us suppose that (&) = ||v(€)]/(1,0)

and 4(€) = [|7(€)(0,1): using the relation ¢4 (£)? = y(£), one has

¢-(§) = ———=(0,-1) = ——==t_(),
2/l 2/ (@)

where t_(€) = (0, —1) and ¢, (£) = (0,1), and ¢ (€) satisfy the equations

() = 2O + 00359 B

In order to compute the derivatives of Sy(&,€), we can use the same techniques used
in Section 1.5.2 for the outer dynamics, taking into account that, in the Levi-Civita
plane, the starting and final point are different.

Let us start with the derivation of the homothetic equilibrium orbit: in the physical

plane, it corresponds to the ejection-collision solution Z;(s) of the fixed-end problem
(HS1)[z(s)]; s € [0,T7],
Z(O) = Z<TI) = 7(5)7

which corresponds, in the Levi-Civita variables, to the solution wg(7) of the problem

{(Hsm)[wm], re -1,
w(=T) = ¢_(&),w(T) = 6, (&),
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from which one obtains

VIE 1 (2@

= wh(~T) = wh(T) = \/2E + 2[(£)](1,0).
Proceeding as in (1.5.8), one has then
06, S1(E.€) = —jiwu—m D) =0, Si(E ) = jiwz)(T) D (E) =0

As for the second derivatives, taking into account that ¢4 are not parametrised by arc
length:

9251(6,6) =203 S1(£,€)
= 2V2 di(6-(£), 6:(£)_(€) - d_(€) + 2V uydi(d—(£), :(£)) - (£

_ IO o G
T ol (6-(€): 01O - (©

F 2V di(6-(0), 6:() - $-(€) =
- Q”AW)(”)H (0, gn) (1) -1-(€) — V2up(~T) - (&),
#5168 =L (0, o m) (1) 1.0+ VauiD) 6.6

s o F i > d
8&)7515[(5,5) = Q\H/Z?‘,Y)(H )H dT (a )wwo) (_T) ’ t*(g)a

) s @R d ty (€
9, ¢,51(&,€) T 2V2[y(9)] dr (a f)”wo) -8 (1.5.17)

We can compute the variations 0, (g ,wo(7), Oy, g .,wo(T) as in Section 1.5.2: by

imposing 9, (g),wo(7) = Jo() = go(T)t- (&) and J; (g ,wo(7) = Gu(7) = g1(T).(E) we
have that gg( ) and g;(7) are solutions of the two one-dimensional systems

9(1) = Qgo(7),7 € [T, T) | g{(1) = L (7),7 € [-T,T)
9o(=T) =1,90(T) = 0, g(=T)=0,0(T) =1,
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and then we obtain

LT Ty E+ 0?9 ;

(a, Uwo)( T) = — t*(é):
dr VIhOIV2E + 21
d E _
(0, @) (T) = ———— ()
dr VIV EIV2E + 2@
d E _
7(at+ 3 ,wwO)(_T) = = = t+(£)7
dr VI @IV2E + 2@

E(aq(g),wwO)(T) =

VIF©IV2E + Q24 (©)]

Then, taking into account (1.5.17) and recalling that E = u, Q% = £ 4 h, we finally
obtain (recall that we are assuming that v(€) || (1,0))

20 (F 7 17 )II2 p+2(E+h) ||7 =
9, I\S, = I )
- 0{(3 )II2 u+2(5+h H’V -
||7( )II2 Z

82 S 7’ ¢ = 82 S 77 3 = a =
eoc191(8,€) 160 91(6:€) Ay vy (1(6))
(1.5.18)

If v(¢) is parametrised by arc length, ||%(€)|| = 1 and 5(£)k(€) = (—1,0), then

.- 1 = 1
6.6 = (4O - 577 1.0 =

and Egs.(1.5.18) simplify as

2 E o 92 ¢ £) — 3 3 1
HSED = RSED = W 0 (10~ i)

0% ¢ S1(€,€) = 02 ¢, S1(£,€) =
v R T W

(1.5.19)

1.5.4 Stability properties of (£, 0)

Let us now suppose that v(£) is parametrised by arc length (the general case can be

treated in the same way, taking into account the explicit expression of ¥(€)): taking
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together (1.5.14) and (1.5.19), one can see that they can be written in the form

afgoSE(ga §) = 55215E(5, ) = Ey +¢eg,
8520,51SE(57 g) = agl,gosE(ga 7) = —Fy,

E _ Ve(v(§))
PR _ 5 = (@@ — 1) ECD)
A& Ve (0) R O o

0% S1(€,€) = 2.81(€,€) = Iy + e,

8520’515[(57 g) - 852175051(57 ) = —Iy,
1

P - S— er=— k() - Vi((),
41 E) 12 Vi (€)) ( I (€ >||>

The terms eg\; can be seen as the perturbations induced to the second derivatives

when the domain’s boundary 9D is not a circle. Turning to the matrices defined in
Section 1.5.1, we have that

8520,51 Sk (57 5)

= 0 0
Ve(v(©) B
Dieyan®(@) = | 0, S6(6.€) +02,51(6,€)  82,¢,51(6€) O,
OaSi(6O) %SIEE)
Vi(y(8)) Vie(v(£))

whose determinant is given by

det (D, an®(@)) = — r 3 =Y
( (€€1,a1) q) 817 ()P Vi(v (&) VE(v(E))

in the Hill’s region H. The implicit function theorem can be then applied and we have

that there exist Iy, I», I, Ji, Jo» neighbourhoods respectively of ¢ and 0 and there is
a function W : I} x J; — Iy x I3 X Jy such that for every (&, ag) € I; X J; one has
(&0, v, ¥ (&0, ) = 0. Moreover

) -1 )
Digy,00) (D) = — (D(é,&,al)@(Q)) D (¢5,00)P(7)-

The function F : (&, ap) — (£1(&o, ), 1 (&0, o)) is given by the last two components

of U, then DF(p) is composed by the last two rows of D(g, o,)¥(p). Direct computations
show that

(1.5.21)

DF(];) _ All A12
A21 A22
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where

2¢ep + e n EE(€E+€[+[0)
Iy FEyl, ’

A = Ve (- + 3 ) + V@) BT
2€E(€[ + [0) + 8[(81 + 2]0) n EE[eE(EI + Io) + 61(81 + 2[0)]

Ioy/Vi(1(6)) Eolo\/ VE(7(§))

er(2lp+er+Ey+¢g)
Agy =1+ —=
=1+ Ey o+ Eoly

Ap =1+

A21 =

The stability properties of the equilibrium in (5 ,0) can be studied looking at the
eigenvalues of DF(p), see [65]: let us denote them with A\; and A\y. Direct computations
show that det (DF(p)) = 1: this is a completely general fact, as the map F' describes
an area-preserving system, and, from an algebraic point of view, implies that A\; Ay = 1.

Therefore we can have two cases:

o A, A €ER= A\ =1/Ag: if Ay # £1, then (5, 0) is an unstable saddle;

e M, A €C/R= )\ =Xy and A\, Ay € S': then (£,0) is a stable center.
We can distinguish between the two cases by considering the characteristic polynomial
of DF((p).

Remark 1.5.1. Denoted by p(\) = A>4+bA+1 the characteristic polynomial of DF(,0),
let A =b* — 4 its discriminant. Then

e if A>0= (£0) is a saddle for F;
e if A< 0= (£0) is a center for F;
The value of A with respect to the physical quantities of the problem can be directly

computed: it results that
A = ABCD,

where

= g2 (V6O = VE6®) (1) - 1).
B:é’—(uw IKE) = 1) (VWi (@) = V(&) VWD)

¢ =~V + 2@ IBY V(@)
D =+ 2@l (@I - 1) Vi) (W) - VWer(@)
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1.6 A direct investigation: elliptic domains

When the expression of () is given, the general theory developed in Section 1.5 can be
used to study the effective stability of the fixed points of the map F. In this Section we
investigate the existence and stability of equilibrium orbits for our dynamical system

when D is an elliptic domain. Let us suppose that 0D is an ellipse with semimajor axis
a = 1 and eccentricity 0 < e < 1. Denoted by b = av1 — e? = /1 — e? the semiminor

axis, one can parametrise 9D as

Y(§) = (cos&, bsin§), & € [0, 27,
which can be written as

2(0) = (1+ f(e, 0))c”.
fle.o)= V1<

—_— 1, 0 2 1).
1 o) " € [0,2n], ec|0,1)

From direct computations and from Remark 1.4.1, one has that the orbit with initial

conditions z(0) = ~(£), 2'(0) = \/Vr(2(0))z(0)/]|z(0)|| is a homothetic equilibrium
orbit if and only if £ = kr/2, k € {0,1,2,3,4}: due to the symmetry of the problem,

we can restrict our study to the two cases § =0 and & = 7 /2. We have that

’7(0) = (170)7 7(0) = (O7b)v 7(0) = (_L 0)
Y(7/2) =(0,b), ¥(7/2) =(=1,0), F(7/2)=(0,-b):

The stability properties of the F-fixed points (£,0) and (&;,0) can be deduced as in
Section 1.5: in particular, from Eqs.(1.5.13) and (1.5.17), one obtains

02 S1(€0,0) = 82 S1(6,0) = I§” + . 32 ¢, S1(€0,0) = 82, ¢, S1(&,0) = —I3",
(

=D o2 @)
Wia@) !

02 Sp(€0,0) = 02, Sp(€0,0) = E + ), 92, ¢, Sp(&0,0) = 82 Su(&,0) = —E,

g0 - 1= o2
2y/Ve(v(&)) ) \/7—

I =~

(1.6.1)



1.6 A direct investigation: elliptic domains 39

02 S1(&,0) = 92.51(61,0) = I§V + eV, 2 ¢, S1(€1,0) = 2 S1(&,,0) = — 1",
2

I = e &=\ Vi&)),
4(1 - €2)y/Vi(1(€)) vimeV
aEQOSE(gly 0) = 8521853(517 O) = E(()l) + 6551)’ 65207515]5(51’ 0) = 85215]51(51’ O) - él)’
ESV ¢ —, e =— - Ve(v(&)),
W= Vet@) R oo
1.6.2
and then we have
A©) = 4O BO GO po) AW = AOBOEM p),
AV = e (V@) - Vi @)
AV = 25 (Vebi&) - it @)
BO = p+ 2 Vi(0(&) (VW& — Ve @) )
BY — - 2VT= @ Vin(@) (Vi) - Velr(@)) )
€0 = & + T\ Velr(&) (VVer@) - VVitr (&)
¢ =& - V(&) (Wetr(&) - Wi (&)))
DO = — Vi (1(&)) + 2y Vi(7(&))C©
DY = —pJVi(v(&1)) + 21 — 2/ Vi (v(&1))Cc
(1.6.3)

1.6.1 Asymptotic behaviours

It is convenient to start the study of the elliptic case by investigating some of the
properties of the first return map on a circular domain. When e = 0, for every & € 0, 27]
the pair (£,0) is a homothetic fixed point for F, with

w? 2 w? 4
w1 (5 (S 1)

0 1

This is consistent with the expression of F' for a circular domain: when D is a disk
of radius 1, from the central symmetry of both the domain and the inner and outer

potentials one has that F' is a rigid translation of the form

Fcirc(éO; Oéo) - (50 + 6(050)7 050)7
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where the explicit expression of #(«) will be provided in Chapter 2. As a consequence,
Acire = 0 for every homothetic point (é ,0). The circular case represents then a
degenerate case for the study of the linear stability of the homothetic points; nevertheless,
the possibility to compute the explicit expression of F;.. allows to study directly the
map: considering the phase space (£, «), one has that the set [0,27] x {0} is the
invariant set containing all the homothetic points, and that all the orbits of F;,.. lie on
the invariant lines [0, 27| x {&}, where the value of §(a) determines their nature. The
systematical study of the circular case, in a more convenient variational setting, is one
of the subject of Chapter 2.

Let us suppose that e > 0 and small. Recalling that b = V1 — €2, the expression of
A® and AD in Eqgs.(1.6.3) can be expanded in Taylor series around e = 0, obtaining,

from direct computations,

A = foe® + fret + O(e), AW = gye® + gue + O(e°), (1.6.4)
; 4(\JE—w?2 = VEThTF 1) (26VET R+ i — /€ — w?/2) (165)
gy = — . (L6.
pnE

Hence, when e is sufficiently small, the sign of A® and A® is determined by the
quantity (25\/5 +h+p— ,u\/é' - w2/2>.
Let us now suppose to fix the parameters related to the external dynamics, namely, £

and w, and to let vary g and h. If e is small enough, A©® and A® have opposite sign;

in particular:

2£ — 2
if VE+h+p < \/Qf/ng . A < 0and A® > 0. Then, from Remark 1.5.1,

I
one has that (0,0) is a stable center and (7/2,0) is an unstable saddle for F’;

ANVE+Fh+u V26 —w?
if >
14 2V/2€

is a center.

, for the same reasoning (0, 0) is a saddle and (7/2,0)

Fixing £ and w, one has also:

lim A® = lim A = lim A® = lim A® = cc.

h—o0 H—>00 h—00 H—00
As a final investigation on the asymptotical behaviour of A® and AW let us suppose
to fix the physical parameters related to the inner dynamics and analyse the sign of
the discriminants for £ — oo. From direct computations, one has

2 _ 2 2_1 B 2_1 9
lo = lim AO — (0 —1)(2h + 2 + w?)(2(b Yh —2u+ (b )w?)
E—o0 b4/JJ2
2_1 2 2 3,2 2 2_1 9 2_1 9
€1zglimA(1>:b(b )(2bh + 21 + bPw?)( (b2 Yh + b2+ b(b Jw ))'
—00 r
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In particular, it results ¢, > 0 for every fixed 0 < b < 1 and h, y,w > 0 and

(b* — 1)(2h + b*w?)

(>0 0<b<land0<pu<p 5

Taking together the above considerations, one can give some general results, which

hold for small eccentricity or for high values of h, p or £.

Proposition 1.6.1. For every £, w > 0 with w?® > 2E we have:

I) for every fixed h,pu > 0:

S VEFh+p V2 —uw?
I <
2 ¥ 2V2E
e € (0,€): Z is stable and Z /o is unstable;
SVEFh V2 —uw?
Ib >
) i 2V2E

e € (o,€): zo is unstable and Zr /2 18 stable.;

, then there is € € (0,1) such that, for every

, then there is € € (0,1) such that, for every

II) for all fired e € (0,1), h > 0, there is i > 0 such that for every u > p the
homothetic fized points (0,0) and (7/2,0) are saddles;

III) for all fized e € (0,1), > 0, there is h > 0 such that for every h > h the
homothetic fized points (0,0) and (7/2,0) are saddles.

For all fived e € (0,1), h,w > 0 there are £ >0 and i > 0 such that, if € > E:

IVa) if u> i, (0,0) is a saddle and (7/2,0) is a center;
IVb) if 0 < pu < 1, (0,0) and (7/2,0) are both saddles.

With the additional hypothesis that the F' is well defined on the whole ellipse, in
cases (I1I) and (II1), as well as (IVb), there must be at least a stable fized point with
& € (0,7/2); hence, by symmetry, F admits at least 4 stable period one non-homothetic
fixed points.

Proposition 1.6.1 (I) provides an approximated relation between h and p through
which one can find two regimes in the parameters such that, for e sufficiently small,
the stability of the homothetic fixed points can be easily deduced. In particular, there
is a curve which, for e sufficiently small, divides the two cases (Ia) and (Ib). As all the

involved quantities are positive, one has

— 2 2
\/5+h+u>\/25 W <:>h>257w,u2—u—5:p(u).
Hw 2\/55 8E?

When € and w are fixed, as well as e small enough, the 2-degree polynomial p(u)
describes then a parabola on the plane (h, i) such that, for fixed p, if h >> p(u), then
we are in case (Ib); on the contrary, if h << p(u), the case (Ia) is verified.
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h e=0.01 h e=0.05
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=
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d

Fig. 1.2 Sign of A® and AW in the (u, h)—plane for € = 10 and w = 2. The red dotted
curve represents the parabola h = p(pu).

We stress that this behaviour holds only for e small enough for f; and g» to be the
dominant terms in the expansions of A©® and A™. Moreover, one can verify that
f1,94 = O(hQ\/ﬁ), and that all the further terms of the Taylor expansion are of the
order of positive powers of  and h: as a consequence, for every e > 0, eventually the

two parameters would be too large to use the above approximation.

Figure 1.2 gives a comparison between the parabola p(u) (red dots) and the effective
curves of change of sign for A® and A® in the (i, h) plane for £ = 10, w = 2 and
increasing eccentricities. As one can see, for very small eccentricities the approximation
given by p(u) is very good even for extremely high values of y and h; on the other
hand, the increase of the eccentricity and of the two inner parameters made this
approximation worse.

Moving to moderate and high eccentricities, the behaviour of the signs of A and A®
becomes more complex: to give an example of this, Figure 1.3 shows the sign of both
the discriminants as functions of h and p and for fixed £, w and eccentricity of the
ellipse. It is present a reminiscence of the original parabola p(u), which tends to widen
for increasing eccentricity, while other sign-changing curves, deriving by the influence

of the higher order terms in (1.6.4), are present.

1.6.2 Arising of 2-periodic brake orbits

As already seen in Section 1.6.1, the existence of non homothetic 1— periodic points of
F can be deduced by the signs of A® and AMW, namely, by the stability properties

of the homothetic points. On the other hand, other analytical techniques can be
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Fig. 1.3 Sign of A(® and A®M in the (i, h)—plane for £ = 2.5, w = v/2 and e = 0.3 (left) or
e = 0.5 (right).

used to assure the existence of particular periodic orbits with period greater than
1. It is the case of the so-called non homothetic brake orbits, namely, 2-periodic
orbits with homothetic outer arcs (see Figure 1.4), whose existence can be proved for

suitable regimes of the parameters through an application of the shooting method. The

Fig. 1.4 Example of 2-periodic brake orbit: the homothetic outer arcs are connected by an
inner hyperbola.

existence of brake orbits is equivalent to the existence of non-homothetic zeros for the
Free Fall map, which quantifies the scattering with respect to the radial direction of
the trajectory after entering the domain. Given 6 € [0, 27|, consider the homothetic
outer arc with initial points (pg, v), where py is the intersection between the ellipse
and the radial straight line of inclination 6, while vy is the outward-pointing radial
vector in the direction of § and such that ||vg||®/2 — Ve(po) = 0: if we denote, as in the
previous Sections, with (p;,v1) the position and velocity vectors after two consecutive
outer and inner crossings (with the respective refractions), the free fall map 6 — §(0)
returns the angle § between v, and p; (see Figure 1.5).

If we consider general domains whose boundary intersects orthogonally the axes, as in
the case of the ellipse, Theorems 1.3.1 and 1.3.5 guarantee that the Free Fall map is
well defined in suitable neighbourhoods of the homothetic orbits in the horizontal and
vertical directions. Nevertheless, as the construction of §(#) only involves the refraction

rule and the inner dynamics, under suitable hypotheses on 9D one can assure that it
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1)

e,

Fig. 1.5 Free fall map on the ellipse.

is well defined globally on [0, 27]; in particular, it is sufficient to require

(I) the good definition of the inner dynamics globally on 0D;
(I1) a global transversality property of 9D with respect to the radial directions holds:

veel ~(&) ().
(1.6.6)

When 0D satisfies the above properties, one can continuously extend 6(f) even in
the case that the first return map F' is not well defined (see Section 1.2): it suffices
to impose §(f#) = w/2 whenever the inner angle (3 is greater or equal to [u.; =
arcsin(y/Ve(p1)/Vi(p1)) and §(0) = —7/2 when 81 < —f.4. As a consequence, the
function § results to be a continuous function of § € [0, 2x|, differentiable whenever
|51 < Berit, as in neighbourhoods of homothetic solutions. Moreover, condition (II)
assures that whenever 6(0) = 0 the Free Fall map is well-defined, since the refracted
outer arc is not tangent to dD.

While the geometrical implications of condition (II) are rather immediate, condition (I)
is implied by taking a particular class of domains characterized by a convexity property
with respect to the hyperbolae. In particular, we shall give the following definition.
Definition 1.6.2. We say that the domain D is convex for hyperbole for fired
h, € and p if every Keplerian hyperbola with energy £+ h and central mass p intersects
0D at most in two points.

The domain D is convex for hyperbole if the previous condition holds for every
positive £, h and p.

The connection between the Free Fall map and the brake orbits is straightforward:
(cosf,sin 0) is the direction of a 2-periodic brake orbit if and only if 6(f) = 0 and,
denoting with &; the parameter in I such that +(&5) has polar angle 6, v(£5) £ 7(&;).
Let us remark that, by the properties of the ellipse, one has that §(kw/2) = 0 for
k =0,1,2,3, and that condition (II) is trivially true. The following Proposition shows
that, when the eccentricity is small enough the elliptical domains are also convex by
hyperbole, leading to the conclusion that, in these cases, the Free Fall map is globally
well defined.
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bc

Fig. 1.6 Nested family of Keplerian hyperbolee F’ for fixed £, h, u and fixed transverse axis.
As ¢ increases, the hyperbolee move from the inner ones (orange) to the outer ones (blue).

Proposition 1.6.3. If D is an ellipse parametrised by (cos (§), bsin(§)) with eccentricity
e € 0,1/V/2), then it is convex by hyperbole.

Proof. Let us start by fixing the ellipse’s eccentricity e and the parameters £, h and p
and by taking the associated family F of hyperbola, which is continuous with respect
to variations of the angular momentum and rotations of the axes. Denoting with ¢ the
absolute value of the angular momentum of a Keplerian hyperbola K in such a family
and with r, its minimal distance from the origin, one has that (see e.g. [70])

62
u<1+ 1+2‘Sj£“2>

Ty =

which is continuous and strictly increasing for ¢ > 0. The distance at the pericenter
is then 0 when ¢ = 0 (homothetic orbit) and varies continuously with ¢. Moreover,
since for the ellipse Theorem 1.3.5 is true for every ¢ € [0, 27|, for ¢ small enough the
hyperbolae of F intersect 0D exactly twice. Let us now fix a direction in R?, and
consider only the hyperbolee in F whose transverse axis is in the chosen direction,
denoting them with F’. As the eccentricity of a Keplerian hyperbolse, whose expression

is
2(E+h)e?
Chyp = \/ L+ (qu)a
is strictly increasing in ¢, such hyperbolee are nested as in Figure 1.6. Let us suppose
that there exists a Keplerian hyperbola in F' which intersects 9D in four points
pa, P8, pc and pp. For the previous considerations on the continuous dependence and
monotonicity of r, and ey, on ¢, there exists ¢ such that the corresponding hyperbola
K in F' is tangent from inside to 9D in a point pp; define 77 = ||pp||. This implies
that, denoted with kp,,(p) and ke, (p) respectively the curvatures with respect to the

inward-pointing normal vector of IC and of D in a point p, we obtain

Enyp (1) 2> ket (pr),

which is a necessary condition for the family ' to admit a hyperbola which intersects
0D four times. The ellipse’s curvature is always bounded from below by b, while one
can compute kpy,(pr) by parametrising K(s) by the kinetic time and recalling that, for
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a generic curve r(t), the curvature is given by

O A
0= R

Observing that pr € 0D, which implies 7 > b, one obtains that, if 5 is such that
’C(g) = DPr,

IR ARG _ IR / ’
e T T T <TF| R T o R R T R

Taking together the bounds obtained for k. (pr) and kpy,(pr), one can find a necessary
condition for the family F’ to admit hyperbolee with four intersection points with 9D,

given by
1

20(b(E + h) + 1) =

It is then sufficient to require

L s ([E+ D
<b<=20"|—b+1|>1 1.6.7
WOE + ) + 1) ( P ) 167

to ensure that F' does not admit hyperbolee of such kind. It is straightforward to
observe that (1.6.7) is trivially satisfied for every £ +h > 0 ad > 0 whenever 2b* > 1,
namely e € [0,1/ \/5) This reasoning can be repeated for every fixed direction for the
axis and for every &, h, u > 0; in particular, it holds also when two of the four points
of the original hyperbola (the blue one in Figure 1.6) coincide: it is in fact trivially
true when pc = pp, and, if p4 = pp or pg = pc, one can take a lower ¢ to retrieve the
original case. Then the convexity for hyperbolee is proved whenever e € [0,1/ \/5)

]

Although deriving the explicit expression of () goes beyond the extent of this
study, the values of its derivatives computed at the homothetic points, which can be
found by making use of Eqgs.(1.6.1, 1.6.2), along with the global good definition of the
Free Fall map, provide a sufficient condition for the existence of the brake orbits in the

elliptic case.

Theorem 1.6.4. For every £ >0, w > 0 such that w® > 2E, e € (0, 1/V/2) there are
h >0, i > 0 such that, if h > h and p > j1, the first return map F' admits at least four
2—periodic brake orbits.

Proof. By symmetry, it is sufficient to prove that, for £, w, b satisfying the hypotheses
of the Theorem, there are A > 0 and i > 0 such that, if A > h and u > i, then
30 € (0,7/2) such that §(f) = 0. To this end, we want to find a regime for the
parameters such that ¢'(0) > 0 and ¢'(7/2) > 0.

Recall the definitions of (&, o), (&1,a1) used in Section 1.4, suppose to work in a
neighbourhood of § = /2, and consider the 6—dimensional variable

q = (0,&), a0, &,0q,0) € (0,7) x (0,7) x {—;T, 721 x (0,7) x [—g,g] x [0, 27]
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From elementary geometric considerations and recalling the refraction relations, one
has that, defined q = (7/2,7/2,0,7/2,0,0), ®(q) = 0, where

1
5 cot &y — cot
ap + 6 — arccot(b cot &)

d(q) = 0a51(&0,&1) + 1/ VE(7(&)) sin ag

OS1(&0,61) — VVe(v(&1)) sinay

d + ay + arccot(bcot &) — arccot (COZ&) ,

is defined in a suitable neighbourhood of q. As a consequence,

M = D(€07a07§1,a1,5)(1>((_1)

|
\
o

0
—b 1

0
0 0
(&1, VVE(1(&)) OwS1(&1.&1) 0
abS (&1, ) 0 absf(gllagl) —\VVe(v(&))
0 1

0 b—g

p w?
= det(M) = E——b2>0.
403\ /€ + h+ /b 2

Applying then the implicit function theorem, ¢'(7/2) can be computed as the last
component of the vector

_ o O O O

— M 'Dy®(q) = —M "

O OO = =

obtaining

o) — WV + E< &)
bfo vV Ve(v(&) (1.6.8)
< (VW@ + 21y +eﬁ>b— Ve(1(6)))

With the same reasoning and taking 6 € (—n/2,7/2), one gets

\/ )+ 61 — Vi 5 (7(&))b
bl (0) \/ By (&J))

( Vel @) — 1 + ") — Va(1(&)) )
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Taking b = V1 — €2, direct computations show that, if

e2(1 — €2)?/2(2€ — e2w?)

p>j=

(22 — 1)2
and . (462 _ 9)
S (V- St iy §
h>h 1 ( £ T e?)w?
L |26 Q- ew)(dp — eVl —e2((1 - e?)u? - 26))
m
then 0’(0) > 0 and §'(7/2) > 0, and the statement is proved. O

Remark 1.6.5. Notice that Theorem 1.6.4 can be extended to general domains D with
boundary 0D parametrized by a curve 7, provided that:

« conditions (1.6.6) hold;
e 7 shares the symmetry properties of the ellipse;

o in the vicinity of the intersections between the coordinate axes and 0D, 5 and
v(&) = (cos&, bsiné) are equal up to the second order, namely:

Y(&) = (cos& + f(§),bsin€ + g(§)),
Fléot) = 9(&on1) = f'(€ot) = ' (Covt) = f"(éov1) = ¢" (Eon1) =0

As a matter of fact, one has that, locally around /2 (the reasoning for 0 is the same),
the vector q defined as in the Theorem satisfies the relation ®(q), with

cos §o + f(%o)

oo+ g6)
a0+~ arceot (1o LS éﬁ?)

®(q) = 0aS1(&0,61) + \/msin ap (1.6.9)
IS1(0,61) — /VE(y(61)) sinay

bcos &y + g’(&))  arecot ( cosér + f(&) )
sin; — (&) bsin& + g(&,)

whose derivatives with respect to all the variables, computed in q, are the same as in
the Theorem.

0 + oy + arccot, (

Example 1.6.6. To make the reasoning quantitative, let us now consider the case
E=25w=+v2u=2and e=0.1. Figure 1.7 shows the signs of A® and AM) as a
function of h. One can see that, while (0,0) is always an unstable saddle, there is a
bifurcation value of h for which (7/2,0) changes its stability, whose value is precisely
hyip = 109.091. Figure 1.8 shows the transition of (7/2,0) from center to saddle, with
the concurrent arising of a two periodic orbit. With reference to Theorem 1.6.4, we
have in this case i1 ~ 0.0511, while h = hy #: the threshold value for the existence of
the 2-periodic brake orbits is then equal to the one for the change of stability of the
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Fig. 1.7 Values of A® and AM as a function of h, with £ =2.5,w = \/i,u =2,e=0.1.

[0

[ITEY

02

- 110

- 110w

||||||

h=110
13 14 T L7 LE
T T T T T T -
eI
1006 i T
e A
nonf e 4is
e i-
Lol I-
17 /:r" - },:
-'/ i _.-/? A
- oK
T o
[T _‘-""
1§ P
.....
T ITY o ‘__,_.-_-_._,.--"
i\ —
L st
e ey
(K} 14 15 2 1.3 LE
g
h=l1&
n
1 1 14 ] ] 7 1. 19
[N
INC
)
1k L~

Fig. 1.8 Orbits of F' in a neighbourhood of the homothetic fixed point (7/2,0) for £ = 2.5,w =
V2, =2,e = 0.1 and different values of h. The transition of the fixed point from center to
saddle is evident. Bottom-Right: the 2-periodic fixed point is detected as the 2-points blue

orbit.
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h=I1{7 =104 k| h=111

TR

Fig. 1.9 Plot of the free fall map (top) and its derivative in 7/2 (bottom) as a function of h.
The other parameters are & = 2.5,w = V2, u = 2,e = 0.1.

homothetic equilibrium point, underlying the concurrence of the two phenomena.
The direct study of the Free Fall map corroborates these findings. As a matter of fact,
Figure 1.9 shows the plots of §(#) in a neighbourhood of § = 7 /2 for different values of
h (before hyif, at hy;p and after it), along with the value of ¢'(7/2) as a function of h:
as one can see, before the bifurcation value the free fall map is strictly decreasing, while
for h = hy;f it has an inflection point with zero derivative at m/2. After the bifurcation
value, two zeros, corresponding precisely to the brake orbits values of 6, appear.

1.7 Numerical simulations

As already pointed out in Section 1.6.2, the validity of the analytical investigations can
be corroborated by a direct comparison with the plots of the map F' in specific cases,
which highlights the variety of the behaviours of the dynamics for different values of
the involved parameters.

This Section aims to gather cases of interest for the dynamics, underlying the effective
role of the bifurcations in the change of stability and the subsequent arising or disap-
pearance of new periodic points for F', as well as the potential presence of diffusive
orbits, that represents a strong signal of chaoticity.

All the below simulations are performed by considering D as an ellipse centerd in the
origin, with semiaxes a = 1 and b = V1 — €2, for different values of e. The routine
is implemented in Mathematica, and involves the numerical integration for the outer
problem in its original form and, in order to avoid the numerical instability due to the

presence of the possible singularity, of the inner problem in its regularised formulation.

Figure 1.10 shows the transition of the map through different stability regimes as
the parameters modify the sign of A©® and A®. The changes of stability of (0, 0)
between (b) and (c) and of (7/2,0) between (c) and (d) are consistent with the plot
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Fig. 1.10 Bifurcations and plot of F' for a small eccentricity in a neighbourhood of the axis
a=0. (a) Sign of A® and A® for £ =9, w =1, e = 0.03 as a function of h and x. The
red dots correspond to h =3, u =46 (b), h =3, u =477 (c) and h = 3, pp = 48.5 (d).
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of the discriminants sketched in (a). In this case, where the eccentricity is small and
the parameters are not much different from each other, the maps results to be regular
also in the vicinity of the fixed points. We observe that in all the considered cases,
for high values of o the map results essentially in a rotation on the ellipse, with small
oscillations in a. A noticeable fact is represented by the overall number of respectively
stable and unstable equilibria in each regime, which is the same even in the case of

generation of non-trivial fixed points for o # 0:

« in the case (b) the saddle nature of (0,0) and (0,7) give rise to four non-
homothetic stable fixed points, whose presence are balanced by four non-homothetic
saddles in the vicinity of (7/2,0) and (37/2,0);

e in the case (c), all the homothetic fixed points result to be stable; although the
stable equilibrium points generated by the saddles in (0,0) and (7, 0) disappear
with their change of stability, the saddles near to (m,0) and (37/2,0) still remain,

leading to four stable and four unstable points;

e in the case (d), the stability of the homothetic points is balanced, and no other
equilibrium points are detected.

This non-trivial fact is coherent with the results one can obtain by applying the theory
of the topological degree to the study of the stability of the fixed points in a discrete
dynamical system (cfr. [73]), although the rigorous application of such theory would
require the good definition and non-degeneration of F' on the whole ellipse.

In view of the approximation given in Section 1.6.1, it is reasonable to think that for
small eccentricities and small values of the physical parameters the dynamics induced
by F' does not differ much to the one sketched in Figure 1.10. Nevertheless, when
de ellipse becomes more eccentric or the parameters differ much from each others, a
variety of behaviours can manifest, including the presence of diffusive orbits, that are

strong indicators of chaos.

Figure 1.11 shows the transition of F' for e = 0.05, £ = 20,w = 1, = 0.13 and
h =1 (a), h=10 (b), h =40 (c), namely, for e very small but with a high difference
in magnitude between h and p. In the considered regime, direct computations assure
that A® > 0 and AWV < 0, leading to the conclusion (7/2,0) is a center and (0, 0) is
an unstable saddle. For increasing values of h, the saddle orbits around (0,0) tend to
diffuse, leading finally a chaotic cloud which surrounds the two stability islands. As in
the case of Figure 1.10, the chaotic region is bounded by invariant curves which induce
oscillating rotations on the ellipse. Furthermore, periodic orbits of period 4 (b) and 3
(c) are detectable.
The other factor which can induce chaotic behaviour is the increasing eccentricity of
the domain.
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Fig. 1.11 Plots of F for e = 0.05, £ = 20,w = 1,4 = 0.13 and h = 1 (a), h = 10 (b),
h = 40 (c). The chaotic behaviour around (0,0) and (,0) is evident even for very small
eccentricities.

Fig. 1.12 Plots of F for e = 0.3, £ =25,w =v2,p=1and h=0.1 (a), h=1 (b), h =7
(c). (d): refining of (c) in a neighbourhood of (7/2,0).
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Figure 1.12 illustrates how for moderate values of the eccentricity the system could
have diffusive orbits around the unstable fixed points, even for small values of the
physical parameters. This case is analogous to Figure 1.8, where the transition of

(7/2,0) from center to saddle produce two 2-periodic brake orbits.



Chapter 2

KAM and Aubry-Mather theories
for the close-to-circle refractive case

2.1 Introduction and statement of the results

In this chapter we will continue the analysis started in Chapter 1, addressing the general
issue of periodic and quasi-periodic orbits (see Figure 2.1) and associated caustics
when the domain is a perturbation of the circle, taking advantage of both KAM and
Aubry-Mather theories (see for example [22-24]).

In order to tackle the problem, we shall recall the definition of the first! return map at
the interface 0D, after two consecutive (outer and inner) excursions, working at the
zero energy level for the potential V' as in (1.1.1). Here, we shall exploit the Lagrangian
structure of the problem, building (locally) a generating function as the sum of an
inner and outer contribution. Here comes a first problem, as these can not be globally
defined. In addition, major difficulties arise from the return map not being globally

defined, from the singularity of the attraction center and from a lack of twist condition

!The phrase first return may be confusing, since it is in fact a second crossing of the boundary;
however, such apparent ambiguity will be clarified in Section 2.2.

Ve

Vi

Fig. 2.1 Examples of trajectories for £ = 2.5, w =1, h = 2 and p = 2. Left: general trajectory
for an elliptic domain with eccentricity e = 0.6. Right: quasi-periodic trajectory for a circular
domain.
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(cfr. [25]), as it can be in shown that, in certain regimes of the parameters, even the
completely integrable circular case admits at least a twist change (see Remark 2.3.8).

Here are our main results.

Theorem 2.1.1 (Circular domains). When D is the unit circle, there are action-angle
coordinates (&,1) € Rjanz % (—1¢, 1), where & is the polar angle, such that we can
express the first return map as a shift

F : Rignz x (=1, 1) — R 277 % (—1.,1.),
(0, Lo) = (&1, 1) = (& + 0(Lo), o),
where O(1) = f(I) + g(I) and

_ 972
arccot £ if I €(0,1.)
I,/4€ — 2(212 + w?)

f(I) =40 if I =0

— 212
arccot £ -7 ifl € (—1.,0)
1,/4€ — 2(21? + w?)

(2.1.1)

and

21% —
2 arccos p -2 ifI€(0,1,)
VAUE + D)2+ pi2

g(I) =40 if I =0

217 —
—2arccos F +27 if I € (—1.,0)
VUE + )2 + p2

are real analytic functions in (—I.,1.). For every I € (—I.,1.), except for a finite
number (at most ten) of points, there holds 6'(I) # 0.

The action I can be expressed as a function of the variables (£, «) already introduced
in Chapter 1. The critical value I, corresponds to the action associated with the total
reflection of the trajectory at the boundary, i.e. when the outgoing refracted trajectory
becomes tangent to the boundary (see Section 1.2) and is given in (2.2.10). In the
circular case, the rotation number (see [25]) of the orbit is p; = O(I) = f(I) + g(I).
Depending whether this value is rational with 27 or not, the corresponding orbits are
periodic or quasi-periodic. In both cases they determine an invariant curve and a
pair of caustics, that is, smooth closed curves such that every trajectory which starts
tangent to remains tangent after every passage in and out the domain D. Let us point
out that caustics come in pair, respectively in D and in its complement. The proof of

this Theorem is performed in Section 2.3.
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Next we consider a perturbation D, of the domain whose boundary 0D, = 7, (R /Q,TZ>

is given by a radial deformation of the circle of the form

Ye : Rjonz, — R?  ~.(6) = (1 +ef(&¢)) €5, (2.1.2)

where f(§;¢) is a suitably smooth function of Rz x [-C,C] and ¢ is the polar
angle. Then, the first return map on the perturbed boundary can be extended as
F(&1;¢e) (see definition 2.4.18), where (&, ) are canonical variables defined in suitable
neighbourhoods of such invariant curves. The following theorem resumes the results
stated in Theorems 2.4.12, here considering a single invariant curve, and 2.4.21.

Theorem 2.1.2 (Persistence of invariant curves (KAM)). Let f € C*, with k > 5. Let
us suppose that 0'(1y) # 0, and assume py = 0(Iy) has a Diophantine ratio with 27 (see
Definition 2.4.8). Then there exists &,, such that for every e € R, |e| < &,, the map

F(ET;¢) admits a closed invariant curve of class C* with rotation numbers py. Each
of these invariant curves generates a pair of regular caustics.

Two invariant curves with Diophantine rotation numbers border an invariant region
for the map F(&I;¢), subject to the application of Poincaré-Birkhoff theorem and
Aubry-Mather theory (see [23, 24, 22]). As the map is area-preserving, we only need to
verify the twist condition. This is a nontrivial issue, as the function 5([ ) may indeed
change its monotonicity. This fact poses some technical difficulties but also gives rise
to a richer phenomenology. We have the following result.

Theorem 2.1.3 (Existence of Aubry-Mather invariant sets). Let p_ < py be Diophan-
tine rotation numbers, such that there are no critical values of the function 6 in the

range [p—, p+]. Then there exists € > 0 such that for every ¢ € R with |e| < & and for
every p € [p—, p+] the map F(& Le) admits at least one orbit with rotation number p.

When p = 27" then for e sufficiently small there are at least 2 (m,n)-orbits, namely,
n

such that, denoted with {(&k, 1) } ey = {Fk(fo, [0)}keN the orbit generated by the initial
point (&, Iy), one has

Vk € N (fk-q-n, Ik-{—n) = (fk + 27m, Ik> =9, (fk, Ik>

This statement can be easily deduced from Theorem 2.4.20; as we shall see there,
however, the actual number of solutions can be larger, depending on the number of

monotonicity changes of the twist 6(I).

To conclude this preamble, let us remark that, although the computations are not
explicitly performed here, with means of the same analytical tools and techniques other
variations of the considered model, more similar to the one described in [9], can be
investigated.

As an example, let us consider € € R and a non-isotropic perturbation of the outer

potential given by
- w? (w+e)? ,
2 2 y )
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where z = (z,y) € R?. Taking, if necessary, h € R instead of h > 0, one can consider

the dynamics induced by the potential

- Vi) itzeD
Vi(z) = Vo) if2¢D (2.1.3)

when

OD = {z € R? | Vi(2) = Vi(2)};

In this case, the potential is continuous and the refraction reduces to a conservation
of both the position and velocity on 9D, leading to a C' junction between inner and
outer arcs. For € € R small, this system be considered again as a small perturbation of

the circular case.

Let us conclude this section by underlining, as already done in Chapter 1, the
connections between our refractive case and the classical Birkhoff case related to
the methods used to study the respective dynamics: in this chapter, the fundamental
argument to prove Theorem 2.1.3 is the extension to small perturbations of the existence
results obtained for a circular domain, which is completely integrable. Analogous
reasonings are used for example in [74] and [20] to prove a local version of Birkhoff
conjecture starting from small deformations respectively of a circular and an elliptic
domain, both sharing the complete integrability property in the classic case.

The figures of the current chapter are taken from [2].

2.2 First return map

As in Chapter 1, we will use the first return map to describe the dynamics in the
close-to-circle case as well. On the other hand, in the framework presented in this
chapter we will use a variational approach, starting from the definition of a suitable
generating function, as it is usually done in the case of classical Birkhoff billiards (see
[17]). In this framework, the variational formulation of Snell’s law (1.2.12) turns out

to be crucial for the generating function to be well defined.

2.2.1 Variational approach

Choosing the right set of canonical variables, the first return map already defined in
Section 1.4 can be expressed in a variational form, which allows to take advantage
of a wide range of powerful theoretical tools, coming from KAM and Aubry-Mather
theories, which allow to tackle the case of small perturbations of a circular domain Dj

(the latter is discussed in Section 2.3, while the perturbative approach is the subject of
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Section 2.4). Following e.g. [25], we can consider the generating function

S R/gﬂ-z X R/Qﬂ-z — R,
S(&0,&1) = Sp(&0, &) + S1(€,&1) = dp(v(%),v(£)) + dr(v(£),v(&)),

where dg and d; are defined as in Section 1.2 and, according to Snell’s law, the

(2.2.1)

intermediate point p = 7(5) is such that £ is a critical point for the function

f(&0,&,&) = dp(v(&), (&) + dr(v(£),v(&)) with & and & fixed. In other words, £ is
a solution of

OpSp(&0, &) + 0.51(€, &) =0, (2.2.2)

where 0, and J, denote respectively the partial derivatives with respect to the first and
second variable. In general, one can not guarantee the global good definition of the
generating function S(&y, &), which depends strongly on the specific geometry of the
domain and on the values of the physical parameters £, h, i, w. On the other hand, the
local definition of S(&, &) needs a nondegeneracy condition: under the assumption of
existence and uniqueness of the inner and outer arcs, which ensures the differentiability
of dp(po,p1) and d;(py, p1) separately, let us consider (&, &,&;) € (R/Qﬂz)g such that
(2.2.2) is satisfied. If

0¢(06SE (&0, E) + 0a51(8,£1)) = 05 Sp (&0, €) + 0251(€, &) # 0, (2:2.3)

then locally around &, &; one can express & = £ (&0, &1) as a function of the endpoints.

Moreover, one has

OabSr (€0, €(£0,&1))
02560, €60, &1)) + 0251(E(%0, €1), 1)
OabS1(£(&0,&1), &)
02Sp(&0,£(&, 1)) + 0251(E(&0, &), &)

If (2.2.3) holds, the generating function is well defined locally around &, and &;, and one

O (€0, 61) = —
(2.2.4)

O, €(€0, 61) = —

can define the canonical actions associated to the system and to the above coordinates

by the relations
Ip = —0¢,5(&0,&1), 1 = 95, 5(&0, &) (2.2.5)

note that, when S(&p, &) is well defined, the same is true also for the actions as functions
of the angles &, and &;.

In order to define a first return map in the new canonical action-angle variables,
one needs to express & and [; as functions of &, and [y: this is possible if a second
nondegeneracy condition holds. Let us consider &, &, £(&, &) such that (2.2.3) holds,
and define I as in (2.2.5): if

afl (]0 + 8505(507 61)) 7é 07 (226)
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one can find & = & (&, ly) as a function of the initial action-angle variables. In

particular, making use of (2.2.2) and (2.2.4), condition (2.2.6) translates in

aabSE(f[):g(gOafl)) abSI( (60751) )
03 S (&0, €60, &1)) + 0251(E(&, &), &)

which is well defined in view of (2.2.3). If (2.2.7) holds, one can then find two
neighbourhoods [y — Ag,, {0 + Ag, ] and [Ip — Ajy, Lo + Mg, such that the new local first

return map

£0, (2.2.7)

F &0 — Agor S0+ Ag) X [lo — Ay, Lo + Ap) = Rygrz — R,
(&0, Lo) = (&1(&0, Lo), 11 (&0, 1o)),

where I;(&o, Io) = 0¢,5(&0,&1(&o, Lp)), is well defined.
The switch from a Lagrangian approach adopted by using the original first return

(2.2.8)

map F' and an Hamiltonian one involving the generating function and the canonical
action-angle variables is crucial as it will allow, in Section 2.4, to take advantage of
the results coming from KAM and Aubry-Mather theories to derive the existence of
orbits with prescribed rotation numbers in the case of small perturbations of a circular
domain (see Section 2.4).

In the circular case, which will be analyzed in details in Section 2.3, both the potentials
and the domain are centrally symmetric: a consequence of the subsequent invariance
under rotations is that the nondegeneracy conditions (2.2.3) and (2.2.7) will result
in fact equivalent, and S, denoted in this case with Sy, will be well defined almost
everywhere.

As a final remark, one can observe that Snell’s law, along with (2.2.5) and (2.2.2),
provides a general relation between the actions Iy, I; and the angles aq, a; defined in

Section 1.4: in particular,

Io(&, 1) = =06, (SB(%0,€) + 51(€,£1))) = —0.58(%, &) =
(

= Lz' i} 0) = sin a
= /2 £(0) - I4( 0)|| Ve(7(6)) 0
) = %Si(€,&) =

I1(&,&1) = 9, (Se(&, &) + S1(€, &
Vi(v(&)) sina) = \/Ve(v(&)) sin ;.

)
V(&)
(2.2.9)

1
IR Ty
Eqgs.(2.2.9) provides a natural boundary for the values that the actions can assume,

V2

which, in a inhomogenous case, depend on &, and &;: in particular

[lo] < \/VE(v(&)) and || < 4/VE(v(&1)),
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where the equalities correspond to the tangent case ag\; = £m/2.

In the case of a circular domain, the bound on the actions is uniform and given by

—\/5—“;2,\/5—‘“;2] = [-1.1). (2.2.10)

For reasons which will be clear in Section 2.4, related to the good definition of the

map F, we will not consider the tangent case, restricting ourselves to the open interval

(_[m Ic)'

2.2.2 Good definition of dg and dj: preliminary results

In this section we deal with the good definition of the Jacobi distances dg and dj, which,
as already pointed out in Section 1.2, Chapter 1, is heavily based on the existence and

uniqueness of the solutions of the problems (recall the notation introduced in 1.3.11)

(HSE)[ze(s)] s €[0,Tg] (HST)[z1(s)] s € [0,17]
zp(s) ¢ D s €(0,Tg) zr(s) € D s € (0,17)
2(0) = pf, 25 (Te) = p 21(0) = p§, 21 (T7) = pi

(2.2.11)

for some T, T; > 0 and fixed p5, p¥,pl, p! € OD. Unlike Chapter 1, where the Cauchy
problems with prescribed initial conditions are considered, here the inner and outer
fixed-ends problems are taken into account: our aim is to find conditions for which
problems (2.2.11) admit unique solutions. Depending on the specific nature of the
considered problem (if for example we are dealing with close-to-circle domains, as in the
case of the current chapter, or with general domains, as in Chapter 3), these conditions
could be related to the billiard shape, the endpoints, the physical parameters, as well
as the geometric properties of the solutions themselves. Here we will present some
auxiliary results, which will be used both in Chapters 2 and 3 to prove the final results
in the respective frameworks.

The outer and inner cases will be treated in different ways, in particular:

« outer arcs will connect points near to the same central configuration (as defined

in 1.1.2) and will be obtained via perturbative methods;

e inner ones connect not antipodal points near possibly different central configu-
rations and will act as transfer orbits between possibly disjoint regions of dD;

these arcs are obtained by purely geometric arguments.

We can say that € € T is a [central configuration] if the corresponding point -y (é)
satisfies the conditions in 1.1.2.
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Let us start with the outer dynamics, observing that the following general result holds
for both Chapter 2 and 3.

Theorem 2.2.1 (Local existence of the outer arcs). Let & € I be a central configuration.
Then there exists dpg > 0 such that for every &,6 € (§ — 6gg, & + dpg) there is a
unique solution zg(-;v(&1),v(&)) : [0, T] — R? of the fized-ends problem

(HSEg) [2(s)] s €[0,T]
2(s) ¢ D s € (0,7) (2.2.12)
2(0) = (&), 2(T) = (&)

for some T =T(&,&) > 0. Moreover the solution zg(-;v(&1),v(&2)) is transversal to
the boundary 0D at the endpoints, namely,

zp(0;7(&1), v(&)) (&)  and 2z (T57(61),7(§2)) 4 (&2).

Proof. The proof of the theoem relies again on a perturbative strategy starting from
the homothetic solution. Let us then start with the case & = & = &: consider the
Cauchy problem

()
Iy (1

Its solution is the outer homothetic arc in the direction of ()

2(0) =1(8), #(0) =w = /2 (£ ~ 1))

= = ~  sin(ws)

2u(5;7(£),7(€)) = cos(ws)y(£) +

Vo.
w

Setting 7' = 27 /w, one has that zg(T;v(£),v(£)) = v(€), and, by the choice of vy,

125 (53 7(€), Y(E)II? + ||z (s, 7(£),7(€)||* = 2€  for every s € [0,T],

so that the energy conservation law is satisfied. Moreover, from the second condition
in (1.1.2), it results that zg(s;v(€),v(€)) ¢ D for every s € (0,T); summing up the
previous considerations, one can conclude that zg(-;v(£),v(£)) is a solution of (2.2.12)
when §; = & = ¢&. _
Let us now pass to the general case; by the regularity of v and the hypotheses on &,
there exists § > 0 such that for every & € (€ —6,& +0):

o (&) K A(E);

o the half-line starting from 0 in the direction of v(&) intersects 9D only once.

This means that, denoting with S the sector between the half-lines in the direction of
v(€ — 9) and (€ 4 6), one has that it intersects D exactly in y((£ — 0, & +6)).

By the differentiable dependence of the Bolza problem with respect to variations of the
endpoints, along with the regularity of v, there exists 6 ¢ € (0,9) such that for every

£,6 € (€ - 5E£75+ Opg) there is T' = T'(§;,&2) > 0 and a unique zp(+;v(£1),7(62))
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solution of

{<H5E>[z<s>1
Z(O) = 7(51)7 Z(T) = 7(52)-

Moreover, zg(+;7(&),7(&)) converges in C'—norm to the homothetic solution

zp(7(£),7(§)) when (&,&2) — (€,€): possibly taking a smaller dp ¢, one has then
that for every &;,8, € (£ — dgg,&§ + dpg) the corresponding solution 2 (+;v(£1), 7(62))
is completely contained in the sector S, and then zg(s;7v(&1),7v(&2)) ¢ D for every
s € (0,T). The same convergence property also ensures that, for § g ¢ small enough,
2p(57(&1),7(&)) is transversal to the boundary 0D at the endpoints. O

As for the inner dynamics, the perturbative approach around the homothetic arcs
is not sufficient, as our aim is to connect points close to possibly different central
configurations (we stress that this was not necessary in Chapter 1, where only the local
dynamics in the vicinity of the homothetic trajectories has been considered). We will
rather use a geometric approach, based on classical results in Celestial Mechanics (see
[70, 75]) and somehow similar to the ones obtained, for different cases, in [71, 72]. A
further difficulty is related to the uniqueness of the inner arc, which is obtained by

requiring an additional topological condition on the solution z; of (2.2.11).

Definition 2.2.2. Let P, P, € R? \ {0} be not antipodal points and
a : [0,A] = R*\ {0} be a continuous curve such that a(0) = P, and a(A) = P,.
We say that « is topologically non-trivial (TnT) if a([0, A]) is not homotopic to the
line segment connecting P, and Py in the punctured plane R* \ {0}.

We stress thatm in Chapter 1, such condition was not necessary, since the Cauchy
problem, instead of the fixed-ends one, has been considered. On the other hand, in
that case the inner arcs obtained by perturbing the collision-ejection homothetic arc
enjoy the (TnT) property by contruction.

Let us start recalling some basic facts on Keplerian hyperbole. In general, the solutions

for the Kepler problem with central mass p at the origin and fixed energy H > 0

Z(s) = — () seR
S ST 2.2.13)
§||z(s)|| — BB =H seR

are branches of hyperbola with a focus at the origin. In particular (see [70]):

o the hyperbola’s semimajor axis a is given by a = —2'1;_];
o the eccentricity e is
2HK?
e=\/1+——,
W

where £ is the norm of the angular momentum, which is constant along the

solutions;
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i

Fig. 2.2 Keplerian hyperbola with a focus in the origin, center C' and second focus F*. The
semimajor axis a is the distance between C and the pericenter of the arc.

« the selected branch is always the closest to the origin.

If we call F* the second focus of the hyperbola (see Figure 2.2), one has that
||F*|| = 2ae, and, by the analytic definition of the conic, any point P of the hyperbolic
Keplerian arc satisfies

|PF*|| — || PO| = 2a. (2.2.14)

These geometric considerations allow us to state an existence theorem for Keplerian

arcs connecting two distinct points of R? \ {0}.

Theorem 2.2.3 (Global existence of inner arcs). Let P, P, € R? \ {0}, P, # P, be
two distinct points such that either:

(NC) they are not collinear with the origin, or

(C) the origin is contained in the segment Py P;.

Then for every H, u > 0 there are exactly two Keplerian arcs with energy H and central
mass | connecting Py to Py. In particular, the two arcs are contained in the opposite
half-planes generated by the line connecting the two points. Moreover, if condition (NC)
is verified, then exactly one of the two arcs is (TnT).

Proof. We prove the theorem by showing that for every Py, P satisfying the hypotheses,
there are exactly two possible positions for the second focus F*. Let us call r; = || B,
i = 1,2, and assume, without loss of generality, that 71 > ry; then from (Eq. 2.2.14) we
have that ||PF™*|| = r; + 2a, i = 1,2, which means that F™* belongs to both the circles
centered in P; with radius R; = r; + 2a for ¢« = 1,2. By a simple result from elementary
geometry, one has that the two circumferences have two distinct intersection points if
and only if
R, — Rs <m<R1+RQ,
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T

[Py

Fig. 2.3 Possible positions of the virtual focus F™* in the non collinear (left) and collinear
(right) case.

which, recalling the definition of the radii, is equivalent to
rr— 19 < PPy <1+ 19+ 4a.

As for any H > 0 the semimajor axis a is positive, the above condition is satisfied if and
only if condition (NC) or (C) hold (see Figure 2.3): in this case, the two circumferences
have exactly two intersection points, corresponding to the only two possible positions
for the second focus F™. This proves the existence of the two hyperbolze.
As for the topological (TnT) characterization, let us observe that if the points P, and P,
are distinct and not collinear with the origin, it is possible to divide the plane R? into
two half-planes, separated by the line connecting the two points (see Figure 2.3), and
such that only one of them contains the origin. We will call Ho(P;, P»; H) the Keplerian
branch of hyperbola lying in the same half-plane with the origin and H;(P;, Py; H)
the other one. It is then straightforward to observe that the branch Hi(P;, Py; H)
is homotopic to the line segment connecting P, and P», while Hy(P;, P»; H) has the
(TnT) property.

O

Theorem 2.2.3 will be the starting point for proving the existence and uniqueness
of a (TnT) inner arc in both Chapter 2 and 3. Nevertheless, let us observe that, unlike
Theorem 2.2.1, it does not give any information on whether our arc lies inside of D or
not. This additional condition, necessary for the inner dynamics to be well defined,

will be proved separately in the two chapters; in particular:

o in Chapter 2, constraints on the boundary 0D are required, as it must be

sufficiently close to a circle;

o in Chapter 3, where a very general class of domains is considered, the result will
be achieved by requiring that the energy jump h from the outer to the inner

region is large enough.

For this reason, we will leave to Sections 2.3.1, 2.4.1 and 3.2 the analogous of Theorem

2.2.1 for the inner dynamics.
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o (Th)

—ag(0)

Fig. 2.4 Representation of the angles a1 (H) and ao(H) between the radial directions defined
by the points P; and P, and the tangent vectors —dr(0) and o5 (ThH) to the Keplerian
hyperbolic arc Ho(Py, P2; H) (see Eq. (2.2.15) and the definitions above.)

Let us now focus our attention on the transversality properties of our hyperbola, which,
as already pointed out in Section 1.2, are fundamental to guarantee the good definition

of Snell’s law. Fix then P, P, and p, and define the families
EEE(Pl,PQ):{H@<P1,P2,H),H>O} 220,1

Focusing on F(, we parametrize its elements. For any H > 0, let oy be a smooth
parametrization of the branch Ho(P;, Py; H) such that oy (0) = P, and oy (Ty) = P,

for some Ty > 0. Moreover, let us introduce the following angles (see Figure 2.4):

O./l(H) = Oél(Pl,PQ; H) =/ (Pl, —O'H(O)) s O{Q(H) = Ozg(Pl, PQ7 H) =/ (PQ,O'H(TH)> .

(2.2.15)
Proposition 2.2.4 provides an asymptotic estimate for the angles oy (H) and aq(H) as
H — oo.

Proposition 2.2.4. Let u > 0 and Pi, P, € R*\ {0}, P, # Py, such that (NC) is
satisfied, and for every H > 0 consider oy (H) and as(H) as defined in (2.2.15). Then

lim o;(H) =0, i=12.

H—o0
Proof. Le us start recalling that the semimajor axis a of the hyperbola which generates
the branch Ho(Py, P2; H) is given by a(H) = pu/2H; hence, a(H) — 0 when H — oc.
Referring to the left side of Figure 2.3, one has that the intersection point between
the two circumferences centered at P, and P, and with radii Ry and Ry lying in the
same side of the origin tends to 0. Then, denoting with F*(H) the second focus of the
considered hyperbola, we have

I}im R*(H)=0, R*(H)=|F*(H)|. (2.2.16)
—00

Define now k(H) as the norm of the angular momentum for the corresponding Keplerian
orbit along Ho (P, Py; H). From the beginning of this Section, we have that

2HK?(H
R*(H) = 2ae = 1—1—#
v

Y

==



2.2 First return map 67

hence

2H

We choose now as a parametrization of Ho(P;, P»; H) the corresponding solution of the
Kepler problem (2.2.13); we still call og(t), t € R, such a parametrization assuming
that oy (0) = P, and oy(Ty) = P2. By the conservation of the angular momentum we
have

e

k(H) = lloa )| lou )] |sincn(H))|
= lloa(Ta)Hlon(Tu)ll | sin az(H)],
while, by the energy conservation law in Eq. (2.2.13) and recalling that r; = || P,

1 =1, 2, it results

lon(0) = V2,[ &+ H,  llou(Tu)l = v2,/ £ + H;
1 2

from which one obtains that, for i = 1, 2,

1 | (HR*(H))* - p?
|sina, (H)| = ( L)) —n ;
24/ riH? + puH
which, in view of (2.2.16), tends to zero when H — oo. O

More precise estimates on the convergence rate of the angles a; to 0 will be given,
in the specific case of the circular domain, in Section 2.3. Moreover, this result will be

of crucial importance in Chapter 3, where more general domains are considered.

Remark 2.2.5. As pointed out in [75, pp. 273-274], the branch Ho(Py, Py; H) as
H — 0o converges to the two straight-line segments from Py to 0 and from 0 to Ps.
With analogous computations coming from elementary geometry one can prove that the
branch Hy(Py, Po; H) converges to the line connecting Py to Ps.

In this setting, the meaning of convergence is purely geometric and it is due to the
convergence of the second foci to some fized positions (since a tends to 0). We will

translate this concept of convergence within a dynamical setting in Section 3.2 and
further.

We stress that more precise results on the rate of convergence of the fixed-end

hyperbolee for H — oo are provided in [76].

Remark 2.2.6. When P, and P, satisfy condition (C), the two branches of hyperbole
found in Theorem 2.2.3 lose the topological classification into Hy and Hi, because
the origin belongs to the segment connecting Py, and P,. Nevertheless, the geometric
asymptotic behaviour described in Proposition 2.2.4 and Remark 2.2.5 continues to
hold: in particular, both branches converge to the line connecting P, and Ps; hence, the
tangent directions in Py and Py tend in both cases to the directions of P, and Ps.

Remark 2.2.7. When P, = P, trough the Levi-Civita reqularization one can prove

that the inner problem

{(H&)[z(s)} (22.17)

2(0)=2(T)= P,
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Fig. 2.5 Antipodal case: the derivative of d;(P;, P») is not well defined in P;.

admits a unique collision-ejection solution z (-; P, Pi; H) (which coincides to the seg-
ment connecting the origin to Py) for some T > 0, in the sense that it solves problem
(2.2.17) in [0, T]\{T'/2}. Although this collision-ejection solution can not be considered
as a classical solution of the Kepler problem (one can refer to it as a regularised solution
of the latter), one can prove that it is the limit of the arc Ho (P1, Py; H), whenever
Py, — Py (see Section 1.3 for the derivation and the detailed study of the regularised
problem). Moreover, as z(+; Py, Py; H) is parallel to the straight half-line starting from 0
and containing Py, the angles ay(H) and ao(H) defined in Eq. (2.2.15) are identically
zero, and then Proposition 2.2.4 trivially holds also in the collisional case.

Let us conclude this section with few words about the antipodal case. As already
pointed out in Remark 2.2.6, when the origin is contained in the segment connecting P;
to P, the (TnT) topological characterization does not make sense anymore. This is not
only a technical difficulty, but has fundamental consequences on the differentiability of
the inner distance d;. As a matter of fact, let us suppose to start with two antipodal
points P, and P,; by Theorem 2.2.3, we know that there are exactly two Keplerian
arcs connecting them, and it is easy to prove that they are symmetric with respect to
the segment P, P, and have the same Jacobi length: the distance d; (Pi, P) is then
still well defined. As for its derivatives, from Section 1.2, and in particular Eq. (1.5.2)
we know that they are related to the tangent vector to the chosen arc in the endpoints.
Let us now apply a variation to one of the two points, say P, in the direction of a
unit vector u transverse to P;. Depending on the sign of our variation (either it points
towards u or —u), the corresponding (TnT) arcs will not belong to the same homotopy
class in the punctured plane R? \ {0}, as they are deformations of one of the two
distinct inner antipodal arcs (see Figure 2.5). As a consequence, directional derivative
of d; with respect to variations of the first endpoints in the direction of u is not well
defined in P;.

2.3 The unperturbed case: circular domain

Let us suppose now that D is a disk of radius 1, and denote it with Dy: in this
particular case, both the potentials and the domain are centrally symmetric, and, as a
consequence, the system is integrable. In particular, it is possible to find the explicit
expression of the first return map in action-angle variables, which in this case is denoted

with Fy, as it will be done in Section 2.3.3. From now and until the end of the chap-
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ter, we will assume that £ > w? to ensure that Dy is contained in the outer Hill’s region.

2.3.1 Good definition of dg and dy in the circular case

Let us now adapt the results already obtained in general in Section 2.2.2 when the
domain D is a circle. As we will see, the explicit expression of 0Dy, as well as its central
symmetry, allows to obtain precise estimates on the quantities involved in Theorem

2.2.1 and its analogous for the inner case. Let us start with the outer case..

Theorem 2.3.1. For every py,p1 € 0Dqy such that ||po — p1|| < 2, there exists T > 0
and a unique z(s;po, p1) : [0, T] — R? solution of the fized ends problem

(HSE)[z(s)] s €[0,T]
|z(s)]| > 1 s € (0,7) (2.3.1)
2(0) = po, 2(T) = p1.

Moreover, z(s;po, p1) is of class C* with respect to variations of the endpoints.

This result can be verified using the same reasoning of Theorem 2.2.1 and observing
some straightforward geometric features of the elliptic arcs connecting every pair of
points on dD0. Nevertheless, it is worth to propose another proof, with more details,

whose by-products will be useful in Section 2.3.2.

Proof. Fix py = ¢ € 0Dy, and, given a € (—n/2,7/2), consider the Cauchy problem

Z"(s) = —w?z(s),
{Z<0> = 0. (0) = v = VEE e (2.2

whose solution z(s; pg, vg) is an ellipse whose parameters depend on the initial conditions
and can be decoupled as
Vo,z . Vo,y .

z(s) = (x(s),y(s)) = (po,x cosws + — Sinws, poy cosws + — sin ws) (2.3.3)
Since a € (—m/2,7/2), the orbit is exterior to D in a neigborhood of s = 0. Let s; > 0
the first positive instant for which z(si;po,v0) € 0Dy again, and define
p1 = € = pi(po, a) = 2(s1;p0,v0). As the system is invariant under rotations, the
shift 0 from 6y to 6; and s; depend only on the direction of vy with respect to the
radial direction, i.e. on . We can then fix py = pg = (1,0), and we have 0g(«) = 6.
The solution z(s; pg, vg) simplifies as

2(t) = (z(s),y(s)) = (COS ws + % sinws, % sinws) : (2.3.4)
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from which one has

2

r(s) = 2%(s) + y*(s) = WT; cos (2ws) + 2 Sin (2ws) + L. Acos (2ws + a) +

w w2 27

w
(2.3.5)
with A € R and & € [0, 27) such that
:_¢
{Acosa _ Y O Asina = —&, (2.3.6)
w w
and, since v, > 0,
_ E—uw? _ <5 — w2> 0
cota = = o = arccot € (O, ) ,
WUy WU, 2
_ E— w? o WUy
cosa = , sina = 237
\/w%g + (£ —w?)? \/w%g + (£ —w?)? ( )
w2 + (€ — w?)?
A=t ==——N/ g ) < 0.
w sin w

The time s; > 0 is such that p(s;) = 1 and is given by s; = (7 — @) /w: if y(s1) # 0
(namely, o # 0), the polar angle 0; of the point p; is given by

arccot (x(51)> if a >0,
y(s1)

0, (2.3.8)

arccot (x(81)> -7 ifa<0,
y(s1)

where we took into account that, for a < 0, 0 € [, 27], then one has to take the
second determination of arccot.

Direct computations of the homothetic solution (corresponding to a = 0) and equation
(2.3.7), along with the definition of #, lead finally to

2

(2 — w?) sin (2«)
Op(a) = {0 ifa=0, (2.3.9)

w2

0z (a) = arccot <(28 ~0?) sin (20) + cot (2@)) -7 ifa<0.

0% (a) = arccot ( + cot (2a)> if a > 0,

If £ > w?, the function fz(a) is of class C' in (—7/2,7/2) and assumes all the values
in (—m, ). Moreover,

e
do

(o) = (26 — w?)(2E — wW? + w? cos (2a))

T
= for all ——,—]. (231
26(€ —2w?) — (2€ — w?)w? cos (2a) > Ulorallae ( 2’ 2) (2:3.10)

From the inverse function theorem, there exist a wunique function
a:(—mm) = (—7m/2,7/2), 61 — «(f;) such that for every 6; we have

pr=e" =2 (sl(a(ﬁl));ﬁo, V2E — wzem(el)) : (2.3.11)
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Moreover, a(8;) € C'(—=, 7).
Fixing now pg, p1 € Dg such that |py—p1| < 2, we have that |6y —6;| < 7, then problem

2'(s) = —w?z(s),

2 (2.3.12)
z(0) = po, Z’(O) =1y = m61(90+a(9190))’

admits the unique solution z(s;pg,p1). If we define T' = s; as above, we have that
2(T;po,p1) = p1 and ||z(s)|| > 1 for every s € (0,T), while the energy conservation
law is ensured by the choice of vg. Moreover, by the differentiable dependence on the
initial conditions of the Cauchy problem and the fact that a/(6;) is of class C*, one can
conclude that z(s; pg, p1) is differentiable as a function of its endpoints.

]

As for the inner dynamics, we can state the below theorem, which refers to the

(TnT) topological characterization introduced in Definition 2.2.2.

Theorem 2.3.2. For every pg,p1 € Do, ||po — p1|| < 2, there is a unique T > 0 and
a unique solution z(s;po,p1) of

(HSp)[z2(s)] s€0,T]
|z(s)]| <1 s € (0,7) (2.3.13)
2(0) = po, 2(T') = p

such that z(s; po,p1) is of class C* with respect to py and p; and:

o if po = p1, 2(8;Po,Po) is an ejection-collision solution;

o if po # p1, 2(8;po, p1) is a classical solution of (2.8.13) which satisfies the (TnT)
characterization. If p1 — po, z(8;po, p1) tends to the ejection-collision solution

2(; po, Po) -
Moreover, there is 0 < C' < 1 such that, for every po,p1 as above,

21(T; pos p1)

21(0; po, p1)
121 (T po, p1) ||

— Do - >C and p;-
[124(0; po, p1) |

> C. (2.3.14)

The quantity C' depends on the physical parameters € + h,pu and on ||po — p1l|. In
particular, it tends to 1 when € — oo or ||pp — p1]| = 0

Proof. If p1 # po, the first part of the proof is a straightforward consequence of Theorem
2.2.3: as a matter of fact, ||po — p1]| < 2 is equivalent to require that condition (NC) is
satisfied. Moreover, by the monotonicity properties of the function ||z(s)|| when z is a
Keplerian hyperbola, one can infer also that [|z(s)|| < 1 for every s € (0,7). When
instead p; = po, one can refer to Remark 2.2.7 to gain the proof.

As for the inequalities in (2.3.14), for £+ h large enough they are a natural consequence
of the asymptotic result in Theorem 2.2.3. On the other hand, using again the peculiar
properties of a circular domain, we can extend this result to any positive value of the
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energy, providing more precise estimates. First of all, let us observe that, whenever
p1 = po, the claims are trivially true, as the ejection-collision solution is always parallel
to the radial direction. Let us then assume that p; # ps, and, as the system is
invariant under rotation, suppose po = ¢~ and p, = €, 8 € (0,7/2) (note that, if
B = m/2, then p; and py are antipodal). Let us call zg € (0,1) the x—coordinate of
both the points, to have p; = (xo, —/1— x%) and py = (xo, 1-— x0> From direct

computations, it results that the unique (7ThT) arc which solves the inner fixed-ends
problem with endpoints p; and p, is parametrized by the equation

(x —ae)?(e? —1) —y* =a*(e* - 1), x<ale—1)

m xo + 1/4a® + 4a + 23

“o2E+h) T %2 ’

whose positive branch can be parametrized as y(z) = vVe2 — 11/(z + a)? — a®. Writing

p1 = p1(z0) = (x0,y(z0)) and vy = (1, 0,y(xp)), we can express the cosine of the angle
between p; and v; as a function

2a + xo(xo + \/4a? + 4a + 2}
c(wo) = p1 - —- = e\l o(0 o) (2.3.15)

|v1] 2+4a ’

1+a
14 2a
¢(1) = 1: this prove the claim for p; and s = T. The same estimate holds for —py
and s = 0, taking into account that for s = 0 the hyperbola points inward the domain
Dy. [

which is strictly increasing for o € [0, 1] and such that ¢(0) = =(C <1 and

Remark 2.3.3. The value of C' depends on the physical parameters of the problem: in
particular, with reference to the proof of Theorem 2.3.2, one has

c(0) = w* _ wﬂhw/?

1+ 2a E+h+u

which tends to 1 when £+ h — oo. As a consequence, one can control the transversality
of z1(8; po, p1) by acting on the value of the total inner energy. This fact is of particular
importance in view of Remark 1.4. 2 since for the first return Fo to be well defined one
needs that the angle 51 = Z(p1,v1) is such that

Vi( E—w?/2
EAENE E 5+;’;+/u. (2.3.16)

If £+ h is such that V1 —C? < —w?/2)/(E+h+ ), and this is true if

\/,u/Q < \/5 —w?/2, Eq.(2.3.16) is satzsﬁed.
Moreover, since for po — p1 the inner arc tends to the ejection-collision solution, the
lower bound C' can be controlled also by choosing the endpoint to be close enough.

The estimates given by (2.3.14) are crucial to ensure that the inner arcs are

transversal to 0D, as much as needed: this is necessary for the first return map to be
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well defined, since, according to Remark 1.4.2, it is clear that these arcs can not be

tangent to the interface.

2.3.2 Study of the map F

Once the good definition and differentiability of the distances d;(po, p1) and dg(po, p1)
is ensured, one can eventually consider the generating function introduced in Section
2.2.1 and given by

So(&0,&1) = Spa(&, &) + Sro(€.&1) = de(v0(40),10(€) + di(70(£), 70(£1)),

where 7o : R/orz — R? denotes the circle of radius 1, and investigate the associated
nondegeneracy conditions (2.2.3) and (2.2.7). Although the complete analysis on its
good definition will be done after the derivation of the explicit formulation of the
associated first return map Fy in Section 2.3.3, the central symmetry of the circular
case allows to give some preliminary informations. As both the outer and inner systems
are invariant under rotations, the associated generating functions can be expressed as

univariate functions depending on the angle spanned by the arc; more precisely,

So(€0,&1) = So(&1 — &) = Spo(€ — &) + Sro(& — €).

Going through the same analysis described in general in Section 2.2.1, the intermediate

coordinate £ is implicitly determined as a function of & and &; by the relation

ag(gE,o(g— §o) + Sf,o(f -¢)=0
if (2.2.3) is verified. In the circular case, the latter translates in
Shol€ = &)+ 5706 — &) #0. (2.3.17)
If (2.3.17) holds, one has

€& i Stle-9
Sho€— &)+ So6— &) 0 Sho(E— &) + Siol6n — &)

and the canonical actions are defined by

aﬁog =

Iy = —35050(51 - fo) = ng,O(é(fmfl) - 50)7

- ;s X (2.3.18)
I = 0g,50(61 — &0) = ST (61 — (%0, 61))-

The first equation in (2.3.18) defines implicitly & = &(&o, Ip), and, as a consequence,
the map Fo, if (2.2.7) holds, that is, if

B ﬁ%,off(fo,&) - 50)5'}:0(51 - g(§0>€1))
St 0§60, €1) — &o) + STo(61 — &(&0,61))

Be, (Io—S7,0(E(é0,&1) —&0)) = £0. (2.3.19)
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As a final remark, note that the validity of conditions (2.3.17) and (2.3.19) are strongly
related to the twist condition (see 77, 25, 23]) associated to the map Fo, defined as
Or,&1 # 0. As a matter of fact, one has

5%,9(5(5;1 —&o) — $o) + S7o(& - £ — &))
St 0(§(80,€1) — £0)ST0(§1 — &(&1 — &0))

and one can then say that, if Fy is given, the twist condition is equivalent to require
the nondegenerations (2.3.17) and (2.3.19) to be true.

NS

2.3.3 Explicit formulation of F,

When the domain D is circular, the first return map Fy : (&, ag) — (£1,01) can be
explicitly determined: in this case, the nondegeneracy given through (2.3.17) and
(2.3.19) can be investigated in the equivalent form given by the twist condition. The
boundary 0D, can be parametrized as v(§) = (cos§,sin§), with £ € R/o,z, and the
symmetry properties of the potentials Vg and V; and the isotropy of the Snell’s law on

a circular domain imply that F is of the form

Fol&o, ) = (&1(€o, ), a1 (€0, ) = (&0 + O(ew), av); (2.3.20)

in other words, the first return map on the circle reduces to a conservation of the
velocity variable o and a shift in the angle € of a suitable quantity § which depends
only on the physical parameters of the problem and on ay. The Jacobian matrix

DFy((&, )) can be then expressed for every pair (&, a) € R)orz X (—7/2,7/2) as

1 ié(a )
DFy(&o, ) = dag "
0 1

From the above considerations, we have that §(ag) = 0g(ap) 4 0;(ag), where Og(ag)
and 0;(ay) represent the excursions in the angles due respectively to the outer and the

inner arcs of the orbit zg;(s).

Outer shift The outer shift has been already computed as an additional result in

the proof of Theorem 2.3.1, and is equal to

w? .
01 (a) = arccot <(2€ %) sin (20) + cot (2a)> if « >0,
HE(CY) =<0 if a = 0, (2321)
_ w? .
0z () = arccot <(25 ~0?) sin (20) + cot (2a)> -7 ifa<O.
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Inner shift As the system is invariant under rotations, without loss of generality let
po = (1,0) be the initial point of the inner orbit and, denoted by vy its initial velocity,
let By € (—m/2,m/2) the angle between vy and the inward-pointing radial unit vector,
namely, —pp; then vy = /2(€ + h) + 2u(— cos Py, sin fy) = (vs, v,). The inner Cauchy
problem is then given by

Mg) = ——H 2(s s
N T

2(0) = po, 2'(0) = wvo.

(2.3.22)

Unlike the outer case, for the inner Keplerian orbit it is not possible to decouple
the 2—dimensional system into two one-dimensional systems in the variables (z,y);
we shall rely on other classical techniques (see [70]) which require the passage in
polar coordinates. Consider the functions r(s) € R* and 6(s) € Rj.z such that

2(s) = r(s)e"®. From the conservation of the angular momentum, we have that

()20 (s) = const = k = ||po|||vo|| sin Bo = \/2E + 2h + 2 sin By, (2.3.23)

while the energy conservation law implies

(F(s 4 r(78(s)) = 5 = 7'(s) = ‘J 2(E +h) - rf(Qs) + Tz(/:) ,

r(s)
(2.3.24)
where the sign depend by the fact that, according to the chosen initial conditions, r(s)
is decreasing. Taking together (2.3.23) and (2.3.24), one has then

E+h=

DN | —

a9 = — k dr. (2.3.25)

r2\/2(E + ) — B 4

The classical results for the two-body problem ensure that, for positive energies, the
Kepler problem is unbounded, and r(t) reaches its unique minimum r, at a time s, > 0.

The value of r, is given by (see [70])

o (1 N \/1 N W) N (2.3.26)

I ft

If we denote with 6, the polar angle of the pericenter and consider the initial conditions
given by (2.3.22), taking into account the symmetry of r(s) with respect to s,, we have

that the inner shift angle is given by

0 = 20, (2.3.27)
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where 6, can be obtained by integration from (2.3.25):

Op "p dr k % du
9p=/0 de:_k/l 2 _ K 2u:]k|/1 26th) 2 4 2p
r2\/2(E +h) — 75 + - u? + T5u

r

2(E+ h)k?
setting = v — p/k? xo=1— p/k* and z; = % 1+ (:2):
0 _ k /f’fl dz
), = — :
k| Jzo \/Q(ZJth) + %i 2
20€+h 2\ /2 ~1/2
Finally, defining y = « <(]€2> + 'Z4> s Yo = (K% — ) (2(5 + h)k* + /ﬂ) ”? and
yr =1L
kv d k k k? —
6, = —/ 1 i S = 77 arccos Yo = - arccos a . (2.3.28)
Hw VT=7 A LR WoTas e

Casting together (2.3.23), (2.3.27) and (2.3.28), one obtains

(2€ + 2h 4 2u) sin By® — p
VAE +R)(E + h + p)sin fo + 2

07 (By) = 2arccos ( ) — 27 if o >0

(28 + 2h + 2p) sin By® — p
VAE +RB)(E + h + p)sin B + 2

67 (By) = —2arccos ( ) +2r it By <0,

(2.3.2)
where the shift is such that 0;(5y) € (—,7) for every 3y € (—7/2,7/2). Note that
lim 67 (B) =0= ma 05 (Bo),

,804)0+ 0—)0_

od s ME+hAp) L d S
531_I>%+ %91 (Bo) = T /335%* TBO@] (Bo)

and then 0; € C*(—7/2,7/2).

Total shift and properties of the overall trajectories The total shift angle
0(ayp) is computed by taking the sum of the outer and the inner shifts and taking into
account the transition laws for the velocities across the interface 0Dy. In particular, if
& and (3 denote respectively the angles wit the normal unit vector of the outer and the

inner velocities of an orbit crossing the interface in a point p € 0Dy, from Snell’s law

2 .
\/5—w—||]5||281n64: E+h+t sin 3;
2 \ 121

one has




2.3 The unperturbed case: circular domain 77

in the particular case of a circular domain, the Snell’s law is uniform over all the
points of 0Dy, and the initial and final angles with the radial direction are equal
for every branch of the orbit. Performing in (2.3.29) the substitution
sin By = \/(25 —w?)/(2(€ + h + p)) sin ag, one obtains the total shift

Qg(ao) + H_f(ozo) if ag >0
0 if Qo = 0

() + 67 (ag)  if ag <0,

where 0} (ap) and 05 () are given by (2.3.21) and

_ 28 — w?) si 2 _ _
0F (a) = 2 arccos (2€ —w)sinag” — = —0; ().
V2(E + 1)(2E — w?) sin ag? + 412
The map is continuous and differentiable with respect to aq, and
d 5 . d ood o
Ee(o) = Jim 709(040) = Jm CT«OWO‘“) =
26 —w? 2V2VEF R+ /28 — P

& I

Passing to the canonical coordinates (&, I), the axisymmetry of the potentials and the
isotropy of Snell’s law on the circle translates in the conservation of the quantity [
both in the endpoints and the transition point &. The first claim is a straightforward
consequence of Eq.(2.3.20), while to prove the conservation of the action across the
intermediate point one needs to consider the actions 1 E and I' associated to S 0 and

S10 separately:

IF (&, &) = 0,SE0(&0,€) =V Ve(v(£))sin By = \/Vi(7(£)) sin B

- - (2.3.30)
I} (&0, &) = —0.510(€,6) = V Vi(7v(€)) sin By.
Since on the circle ap = By and 31 = o}, we have that for every &, & € R Jon.
I(&0, &) = I (&0, &) = 15(%,&1) = Li(&0, &) = (&0, &) (2.3.31)

Moreover, from (2.2.9) one has that in the circular case the global domain of definition

of the actions does not depend on the points &y, &, that is

2 2
I, 1, € (—\/5 - % \/5 - ‘2) = (~I,1)=1T.

Taking into account Eq.(2.3.20), the definitions of 0z and §; and the relations (2.2.9),

.. s i I i ) 2
(2.3.31), in the new set of canonical coordinates (£, 1) € R/o.z x Z we can express the
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first return map as

.FO : R/Qﬂ-z XI—}R/QWZ XI,

) (2.3.32)
(&0, Lo) = (&1, 1) = (S0 + 0(Lo), Lo) = (§o + f (o) + g(1o), Lo),

where
_ 972
arccot €21 if I €(0,1.)
1,/4€ — 20212 + w?)
f(I) =40 if 1 =0
— 217
arccot £ -7 if [ €(—1.,0)
[,/4€ — 2(21? + w?)
and

21% —
2 arccos a -2 ifI€(0,1,)
VAl 2

g(I) =140 ifI=0

21% —
—2 arccos s +2r if I € (—1.0)
VAUE + D)2 + 22

are C'! functions in Z.

Remark 2.3.4. Direct computations show that for every € > w?, h > 0,u > 0 and
for every I € T one has f'(I) > 0 and ¢'(I) < 0: the outer and inner shifts are
then invertible in I, and one can define the inverse functions f(0) = f~'(I)1=1(9) and

3(0) = g (I)i1=1(p)- From the regularity of both f and g, we have that f and § are of
class C in the respective domains. In particular,

f(@)=(-mm), g(I)=(-0,0),

0 = 21 — 2arccos 26— . (2.3.33)
V2(E +h)(28 — w?) + 22
Moreover, ~ o . 3

G=E+g() & 1=5(& -8 =LE8).
Lemma 2.3.5. For every I € Z, except for a finite number if points, f'(I)+ ¢'(I) # 0.

Proof. Direct computations lead to

' / _ \/5(252—(5+212)w2) 8(5+h>12+4(5+h)ﬂ+4ﬂ2
Pt = V2E =W —22(E2 — 221?)  EFhFp— P(AE + )+ p?)
A(I?)  C(I?)

B(I?)  D(I?) .
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Since for every I € Z we have that A(1?), B(I?),C(I%), D(I?) > 0,
ff(D+d(I)=0X=1%c {O,If) is a solution of p(z) = 0,

where p(z) = A*(z)D?*(z) — B*(z)C?(x). As p(z) is a real polynomial of degree 5 in
X, one can have at most ten values of I € Z such that f'(I)+ ¢'(I) = 0. O

We define Z = {I € Z | f'(I) + ¢'(I) = 0} as the set of the critical points of the
function f + g¢.

Proposition 2.3.6. The generating function So(&o,&1) is well defined in R jorz X R o7,
except for a finite number of pairs (§o,&1) in the quotient space (Rjazz X Rjorz)/ ~,

where (§o,61) ~ (£,&1) € & — & =& — &

Proof. For Sy(&o,&1) = Sgo(&o, £) + S[}O(é, &1) to be well defined, one needs to verify
condition (2.2.3). From the definition of the actions

aé(abSE,0<§07£) + 3a51,0(£a fl)) = 35([1]3(5075) - [é(éa fl)) = 851{9(5075) - 35[[{(57 fl)

:85];(5—50)_8557(51 —f) - (f%f) +9/(1[)>1 1(%0,61)

which is zero if and only if & — & € (f + ¢)(Z). O
Proposition 2.3.7. For every (&, o) € Rjax7 X (I\f) the first return map JFy

1. 1s area-preserving;

2. satisfies the twist condition
96

a1, — (&0, 1o) # 0.

Proof. The area-preserving property of Fy is a direct consequence of the variational
formulation of the problem: when ¢ is well defined, we have (expressing & = & (&g, Ip))

92506, &) B 1
081 = =550 (60,61 Ot = =5 (6o )
_ 9350(&0, 1)0250(&0, &1) 9350(&0,&1)
Ogo L1 = 0apSo(&0,&1) — Do S0 (Eo. €1) , o, 1 = 7@50( Al

where, from (2.3.34),
& -9/E-&)
J'(€ =) +7(& —¢)

is well defined and different from zero for every (&, Iy) € R )2,z x Z\Z. Whenever JF
is well defined, the determinant of its Jacobian matrix is

OatvS (€0, €1) = Oeoer S(€0,&1) = OupS1(€, 1), = —

det (Digy 10)F0) = Oey€101, Ty — D1o&10, 1y = 1
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thus Fq is area-preserving.
As for the twist condition, we have d;,& = f'(Io) + ¢'(1o), which is nonzero whenever
L¢ . O

Summarizing the previous results, we can then conclude that the set Z\Z is the finite
union of open intervals (at most eleven, but possibly the whole (—1,, I..) if Z = (%), in
which Fy is well defined, area-preserving and satisfies the twist condition with constant
sign.

Remark 2.3.8. Locally around £I. and O the sign of 0;,&1 can be easily determined
as a function of the physical parameters £, w, h, p: as a matter of fact, one has

lim 0;,& = lim+ 01,61 = +00
N

I—1.

and

0/E-Y 4JETFTh T
O (60,0) = == — . k.

then, for every & > w?, h > 0, > 0

o 31 €(0,1.) such that for every I € T with |I| > I it results 95,6, > 0;

L20/E-Y  AWEFha 2,/5—&2 JETRTh
cif > . ; VERREI) 57 ¢ 0,1)
such that for every I € (=1, 1.) with |I] < [ one has 01,&, > 0 (resp. 0;,&1 > 0);

.f2\/5—w?/2 _WEF R+
1
3

i
a change of sign, which corresponds to a change of twist for the map Fy.

(resp.

e additionally, , the derivative 01,61 admits at least

2.3.4 Periodic solutions on the circle

Once the general properties of Fy on the circle are defined, we can pass to the study of
its orbits. To this end, given (&, ly) € R/arz X T\Z, let us define the orbit of (&, Iy)
as the sequence of the iterates {(&, Iy) toez = {Fg (€0 10) Hics-

Definition 2.3.9. The rotation number’ associated to (&, Iy) through Fy is given by

&k — &o
T

p(&o, lo) = lim (2.3.36)

In the circular case, one can easily see that for every (&g, Ip) for which Fy is well
defined one has p(&, Io) = 0(1).

2Numerical investigations shows that this case is consistent, in the sense that there are values of the
parameters £, h, u and w such that the sign of f' + ¢ is constant (for example & = 2.5,w = 2, u = 2
and h = 2).

3With an abuse of notation, in Section 2.4.2 we will use the same definition to identify the rotation
number of the lift of a map of the annulus R 5.7 X [a, b], that is, its periodic extension to R x [a, b].
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As the action I is preserved on the circle, we have that, taking into account the phase
space (§,1) € R)arz x I, the straight lines R 9.z % {Io} are invariant for the dynamics
induced by Fy. We can then distinguish between two types of orbits:

o if 0(1y)/2m = p/q € Q, then

(&, 1y) = (&0 + 27, 1) =2x (&0, Lo);

in this case, we say that the point (&, /y) and the associated orbit are
(p,q)-periodic;

o if O(1y)/2n ¢ Q, then for all & € R /2.7 the orbit with initial point (&, o) is
dense in R o,z x {Io}.

A particular class of fixed points for Fj is given by the ejection-collision solutions, which
form an invariant line of periodic points of period one defined on R /9,7 x {0}. Taking
advantage of the continuity of the function f 4+ g on Z, one can state the following

existence result.

Proposition 2.3.10. Given C' =0 — w, where 0, as in (2.3.33), depends only on the
physical parameters E, h, u,w, for every p € (—C, C) there are two values I* e (— 1, 1)
of the actions such that, for every & € R oxz, p(&o, IF) = p.

In particular, for every p,q € Z such that —C' < 2wp/q < C, there are Iip’q) €(—1.,1.)
such that for every & € R orz the points (&, L(rp’Q)) and (&, I(_p’q)) are (p, q)-periodic.

In the circular case, the existence of two orbits of all the rotation numbers is a
simple consequence of the continuity of the total shift function. As it will be analysed
in Section 2.4, a deformation of the boundary 0D, breaks the symmetry of the system:
in general, the first return map will be not integrable anymore and more sophisticated
tools should be used to retrieve, at least partially, analogous existence results. In this
framework, the persistence of the twist condition under small perturbations of the
boundary will play a crucial role, and this is the reason why, although not immediately

used, this nondegeneracy condition has been investigated in the circular case.

Under particular assumptions on the physical parameters, one can prove the exis-
tence of a second type of fixed points different from the ones which correspond to the

ejection-collision solutions:

Proposition 2.3.11. Fized £ > w? > 0, let us define

AE + \[3E3(4E — w2 . W2
( )>25—w2, po 2w

2 —
28 — w? RE2 W=t ).

/:L:

If(w>p A h>h)or(26—w? <p<pi A h>0) there is I € (0, 1.) such that for
every & € R oxg the points (&, IWY and (€, —IV) are non-homothetic fized points of
F.
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Fig. 2.6 Examples of periodic and non-periodic orbits on the circle in the phase space
(Ea I) € R/27TZ X 1.

Proof. Recalling that f(0) 4 g(0) =0, lim f(I)+ g(I) = @ + 7 and Eq.(2.3.35), from
I—I;

direct computations one has that

o fixed & > w? > 0and u > 0,

f(0) +4¢'(0) <0 <= h > h;

o fixed £ > w? >0,

h>0epu>p and O+7>0<e pu>28 —w

If (u>p A h>h)or (26 —w? <p<j A h>0), we have then that f'(0)+¢'(0) <0
and lim f(I) + g(I) > 0: as a consequence, there exists I > 0 such that
-1

f(I_(l)) + g(I_(l)) =0= f(—]_(l)) + g(—f(l)), and then for every & € R/o:z, (&, j:f(l))
are fixed points of F. Given that I # 0, these points are not homothetic (see Figure
2.7). ]

2.3.5 Caustics for the unperturbed case

A question of great interest in the study of billiards is the one of caustics, which plays
a key role in the determining the regions of the plane where the orbits can access. A
caustic is a smooth closed curve I" such that every trajectory which is tangent to I' in a
point remains tangent to the latter after every passage in and out the domain D. The
issue of the existence of caustics in standard billiards ([27, 17]) and its variants ([15])
has been widely studied; in particular, in the framework of a standard convex billiard
D, Lazutkin used the KAM approach to prove that, if 9D is sufficiently smooth (of
class C*% in the original paper [27], later improved to C°® by Douady in [28]), then

there exists a discontinuous family of caustics in a small neighbourhood of 9D.
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Fig. 2.7 Example of a non-homothetic fixed point for F, with £ = 7,w? = 3,h = 2, u = 15.
In this case, with reference to Proposition 2.3.11, i = 41.6287.

The aim of this Section is to extend the concept of caustic to our refractive model in
the circular case: in view of the presence of two distinct dynamics inside and outside
the domain D, one shall search for two of such curves, which can be studied separately.
Moreover, by the central symmetry typical of the circular case, it is reasonable to
foresee that the inner and outer caustics are circles of suitable radii depending on the

action Ij.

Theorem 2.3.12. For every £, h,w,pu > 0, £ > w?, given Iy € (—1I,,1.):

o the exterior caustic U'g((; Iy) is given by the locus of the apocenters of the outer
ellipses, namely,

Tp:[0,21] = R*  Tp(¢; L) = Re(cos¢,sin(),

\/5—{— \E2 — 213w?

I

Rg

w

e the interior caustic T';(C; Iy) is the locus of the pericenters of the inner Keplerian
hyperbole. In particular,

Ly:[0,2n0] = R* T;(¢; Lo) = Ry(cos ¢, sin (),

RI: b )

where

212 AI3(E +h

In general, following [17] and [78], one shall give the following characterization

for the caustics: take an orbit for our dynamical system and suppose that one of its
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(interior or exterior) branches is implicitly defined through the relation
G(x,y;6) =0, (2.3.37)

where G : R? = R is of class C? in all the variables and ¢ acts as a parameter (for
example, it could denote the polar angle of the initial point of the branch, its pericenter
or apocenter). The caustic I' can be then seen as th envelope of the family of curves
defined by (2.3.37) varying & € [0, 27|, that is, the set of points (x¢(§),y0(€)) satisfying

G(z,y;6) =0
(@3:¢) (2.3.38)
0cG(2,y;§) =0
By means of the implicit function theorem, it is straightforward that if
VG2, ;&) N V(e 0:G (2, y; ) on the solutions of (2.3.38), (2.3.39)

then (2.3.38) defines a regular curve I'(§) = (zo(€), yo(£)).
The proof of Theorem 2.3.12 relies on the evaluation of (2.3.38) in the particular cases
of the inner and outer dynamics: in the case of circular domains, the solutions of such

system can be computed explicitly.

Outer caustic Given py = (p,, p,) = €°°,v9 = (v4,v,) € R?, |Jvg|| = V2E — w?, from
the proof of Theorem 2.3.1, one has that the solution of
(HSEg)[z(s)] s €[0,Tg|

(2.3.40)
2(0) = po, 2'(0) = vg

can be parametrized as

(2(s),y(s)) = (pz cos(ws) + % sin(ws), p, cos(ws) + % Sin(ws)) :

If, as in Section 2.2, o € (—7/2,7/2) denotes the angle between py and vy, recalling

the definition of canonical action (2.2.9) one has

vo = V2E —w?(cosa pg + sina tg) = \/25 — w2 — 212 po + V2Iy t,

were t, = i€ is the tangent unit vector to 9Dy in po. Since in the circular case the
action Iy is constant along the orbits, it can be treated as a parameter in Z. Additionally,
consider the non-homothetic case, that is, suppose Iy # 0 (the case Iy = 0 can be easily

analysed separately, leading to the same result).
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Taking the function 7%(s) = 2*(s) + y*(s), by direct computations one has

£+ /€2 — 2120

2 2

a® = max r-(s)= >0
sef0, 2] () w?
E —\/E? — 2I3w?
b= min r*(s) = 5 >0
sefo.z2) w

In the reference frame whose axes coincide with the ellipse’s ones, denoted with
R(O,z",y"), the outer arc can be then implicitly defined as a segment of the conic

l’”Q y//2
GE,O(fL'H,y//) — ? + bT —1=0.
Denoting by (¢ the polar angle of one of the apocenter points, all the solutions of (2.3.40)
with Z(po, vo) = « are then implicitly defined by

(xcosC —|—ysin§)2 N (ycos( — ycsinC)2

a? b? —1=0

Ge(z,y;¢) =

where ¢ € [0,27] is treated as a parameter.
As

VE = 205w,
0:Gr(.y:¢) = ((a* —v")sin(26) — 2zy cos(20))

the explicit formulation of (2.3.38) for the outer arcs is then, for { # kg, k=0,1,2,3

(xcosC+ysinC)2 N (yCOSC—xSinC)2 _1=0

2 bQ
\/52_7;](%2 (2.3.41)

7 sin(2¢) (x + ycot ) (x — ytan();

note that, in the degenerate cases ( = kg, from 0:Gg(z,y;¢) = 0 one obtains x = 0 or
y = 0.

The solutions of (2.3.41) are the ellipse’s apocenters and pericenters: since the outer
arc of the considered dynamical systems involves only the first apocenter, the only

admissible solution of (2.3.41) is given by

\/5 /&2 — 212w?

w

(#(¢),5(C))

which describes, for ¢ € [0,27], the caustic I'g((; Iy) as the circle of radius Rg of
Theorem 2.3.12.

Although the caustics for the circular domain are completely determined, let us

(cos(,sin(),

investigate the nondegeneracy condition (2.3.39), which will be generalized for small
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perturbations of Dy in Section 2.4.3. By direct computations, one has

\/E2 — 2[3w?

v(%y)GE<x7y;C)|(i,zj) = QCL# (— CcoSs C, —sin C) ,
0
Vi 0cGe(®,y: Q)@ = QCL# (sin, —cos(),
0
leading to
Ve Ge@: ¥ Oln gy L Ve 0cGr(, ¥ Ol ) - (2.3.42)

Inner caustic Let us now consider the inner problem

(HS)[2(s)] s € [0,T7]

(2.3.43)
2(0) = po, #'(0) = v,

and denote with av = (7/2,37/2) the angle between py and vg. Given that
k= llpo A voll = [[pollllvoll sin @ = V21,

one has that the polar equation of the Keplerian inner arc is

r=—2%2
1+ecosf’

with

212 24 4IB(E+h
_ Vr o(&+h)
u 1
Choosing the reference frame R(O, 2", y") where the pericenter is on the positive branch
of the z-axis, the inner Keplerian arc is expressed by

Gi(a",y") = (2 = Da" —y"* — 2pex” +p* =0, 2" < %,
e

(2.3.44)
where the inequality condition expresses the choice of the branch of the hyperbola with
the concavity in the direction of the central mass.

As in the outer case, denoting with ¢ the polar angle of the pericenter, one has that all
the Keplerian hyperbolae with central mass u, energy £ + h and angular momentum

k = /21, are given by

Gr(z,y;¢) = (e* — 1)(wcos ¢ + ysin()? — (ycos ¢ — xsin¢)? — 2pe(z cos ¢ + ysin() + p?
=0

along with

. p
zcosC+ysin( < ——,
¢ty C_e—i—l
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with ¢ € [0,27]. The system (2.3.38) in the inner case becomes then

(e —1)(zcos¢ +ysin()? — (ycos¢ — xsin()? — 2pe(xcos ¢ +ysin¢) +p> =0
2e (ycos(+xsinC) (p—excos(+eysinf) =0
(2.3.45)
with the additional condition (z cos( + ysin¢) < p/(1 + ¢). Problem (2.3.43) admits

the unique solution

(2(0).9(0)) = T (eos C,sin )

which corresponds to the position of the pericenter of the corresponding Keplerian arc,

taking ¢ as a parameter. The inner caustic I';((, Iy) is then expressed by a circle with
radius R; as in Theorem 2.3.12.

It is straightforward to verify that the nondegeneracy condition (2.3.39) is verified:

from

. 2ep , .
v(m,y)Gl(xv Y, C)\(@,g) = _2p<COS CJ S111 C)v v(ac,y)aCGI<I7 Y C)|(iyg) = m(Sln ga — COS C)v
one has

Vi Gr(@, v Oizg) L Vieyo0cGr(@, y; Q)ag)-

2.4 Perturbations of the circle

Many of the results obtained in the circular case, although significant in themselves,
can be generalized to non-circular smooth domains, provided they are close enough to
Dy in a way which will be specified soon. This extension can be performed by means
of classical perturbation theory, as well as of more sophisticated results such as KAM
and Aubry-Mather theorems (see [25, 22, 77, 24, 23]).

To this end, let us consider a class of domains D, whose boundary 0D, = 7. (R /Q,TZ) is

given by a radial deformation of the circle of the form

Ye:Rpmz = R 7e(€) = (1 +ef(&5e)) €, (2.4.1)

where f(&;¢€) is a smooth function of R 5.z x [=C., C.], with C. > 0 arbitrarily large;
note that, from the choice of the parametrization of ~,., the variable ¢ still represents
the polar angle of €.

This section aims to analyze the generating function S., with particular emphasis to
its good definition and nondegeneracy properties, and the associated first return map

F., whose orbits, when possible, will be studied in terms of their rotation numbers.
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2.4.1 Global existence of the outer and inner arcs for the
perturbed dynamics

As for the circular case (see Section 2.3.1), the generating function associated to the
so-called perturbed dynamics, that is, the dynamics induced by the potential (1.1.1)

inside and outside the perturbed domain D,, is given by

S(€O7€1§ 5) = dE(Pye(gO)’ 75(5)) + dl(’YG(&)?’Yﬁ(&l))?

where 7 (€) is the passage point of zg;(s), as defined in Section 1.4, through 0D..

A preliminary passage to discuss the good definition of S, as a whole is to ensure that
the functions dg(po, p1) and d;(po, p1) are differentiable as functions of py, p; € dD.,
namely, that the inner and outer dynamics admit a unique geodesic arc joining py and
p1.

In view of the results of Section 2.3.1, this follows from the continuous dependence of
the solutions of the fixed ends problems (2.3.1) and (2.3.13) with respect to py and p;.
To fix the notation, let us denote with zp\;(s; po, p1;0) the respective solutions in the

unperturbed circular case, where the last variable refers to ¢ = 0.

Remark 2.4.1. Focusing on the outer problem, from the continuous dependence on
po and py of the solution zg(s;po,p1;0) defined in Theorem 2.3.1, along with the
invariance of the system under rotations, there exists pg > 0 such that for every

Po, D1, Po; P1 satisfying |lpo — pi|l < 2 and ||po — poll, 51 — p1ll < pE one finds T > 0
and a unique solution zg(s; po,p1) of the problem

H T
z(0) = po, 2(T) = p1.
For computational reasons, we require pp < 1, ad set
Soo = U Byp(po) = {p € R | dist(p,0Dy) < pr}. (2.4.3)
po€O0Dg
Proposition 2.4.2. There  exists 0 > 0 such that  for  every

Do, D1 € Sy with ||po — prl| < 6 there is T > 0 and a unique zg(s; po, p1) solution of
the fixed-end problem

{(HSEM%(S)] BRALLY (2.4.4)
2(0) = po, 2(T) = p1.

Proof. 1t is sufficient to set 6 < 2(1 — pg). Denoting in polar coordinates py = roe®

and p; = r1e", consider py = €° and p; = €™': we have then ||po—pol|, ||pr —p1l| < pE.
and

[P0 = p1ll < [[Po = poll + [[Bo — Pull + [|Pr — pull <6+ 2pp <2, (2.4.5)
then, by Remark 2.4.1, the thesis is proved. O]
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Theorem 2.4.3. There are 5E_ > 0,eg > 0 such that for every e € R and for every
0,61 € Ryang with |§y — &| < 6p and |e| < €g there is T > 0 and a unique function
25(8;7e(€0), Ve(&1)) = zr(s; &0, €15 €) which is a classical solution of

{(HSE)[Z(S)] s € 10,7

2(0) = 7e(&0),  2(T) = ve(&). (2.4.6)

Proof. The claim is true if 05 < /2 and ég < min{1/ (|| fllee + 10 flloo) s P2/ flloo }-
For, fixed € € R such that |¢| < £g, one has that for every £ € R/s.7

17Nl = [e0e f(§, €)e™ + (1 + e f(€,€)) ie| < 1+ [e] (10 lloo + [1flloc) < 2.

If &9, &1 € Rjaqz are such that [§ — & | < 0p < /2, defining fo = 7e(&0), f1 = 7(&1),
po = €% and p; = €

150 — poll = le| [f(&o)| < le] I fllee < pE,
11 = pll < pE, (2.4.7)
1Do — D1l < ||1Felloclbo — &1| < 2|60 — &1| <6,

then the hypotheses of Proposition 2.4.2 hold and the claim is true.
m

We stress that Theorem 2.4.3 can be proved exactly as in its general analogous in
Section 2.2.2 as well. Nevertheless, relying again on the properties of the map on the
circle, with the proof proposed we obtained more precise estimates on the quantities

o and €g, including their relation with the perturbing function f.

Passing to the inner dynamics, let us recall that, by the choice of the parametrization
of ., the parameter ¢ still represents the polar angle of the corresponding point . ().
This means that if we want two endpoints 7, (£;) and 7. (§2) such that they are not

antipodal, it is sufficient to require that they are sufficiently close to each others.

Theorem 2.4.4. There exist £, > 0, ; > 0 and C > 0 such that for every ¢ € R,
£0,&1 € Ryaqz satisfying &0 — &| < 05 and |e| < &; there ewists a unique
T(&,&) =T > 0 and a unique solution z;(s; &, &15¢€) of

(HS7)[2(s)] s €[0,T]
z(s) € D, s € (0,T) (2.4.8)
2(0) = 7e(&o), 2(T) = (&)

with the following properties:

o if & # &, then 2(s;&,&1;€) is a classical solution of (2.4.8) which satisfies the
(Tn'T) topological condition;

o if & =&, 2(5;&0,&0;€) is an ejection-collision solution.
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In any case, z(s; &, &1 €) is of class C with respect to variations of & and & and, if
we define

Bo = £(Ve(€0), 2'(0: &0, &13€)), Br = L(Ve(&1), 2/ (T &0, 13 €)), (2.4.9)

one has that |Bo| > C and |B1| > C for some C > 0.

Proof. Given py = ~.(§o) and p; = 7.(&1), the existence of a unique (ThT) solution of

{(HSI)[Z(S)] s €1[0,T]
2(0) = po, 2(T) =

is guaranteed by Theorem 2.2.3 as long as |{y — &1| < m. Moreover, from the regularity
of v, with respect to £ and of z(s; po, p1) with respect to the endpoints, we have that
2(s; &, €15 €) is of class O in the variables & and &;.

To prove the transversality properties of z;(s; &g, &1;€), let us observe that by Theorem
2.3.2 and the differentiability of z(s) = z(s; &, &1;€), as well as by the invariance under
rotations of the system, if € is small enough (let us say, |¢| < €; for a certain ¢, > 0)
there is C; > 0, possibly lower than C', such that for every &, &; satisfying the existence
hypotheses, defined py and p; as above, one has

1> P 20
[Pol  |2'(0)]

po Z(T)
> T . 4.
>Cy, 1> Al T > () (2.4.10)

Let us now consider ay = Z(p1,2'(T)) (if ag = Z(—po,2'(0)) we proceed anal-
ogously): setting Cy = arccos(Cy) € (0,7/2), we have |ay| < (s, and, taking
61 = Z(’};€<£1),z/<T>)7 one has

B = L(3e(&),B1) + L(pr, £ (1)), (2.4.11)

where ﬁf =1p,. Then we have that

80l = |26t (1) | - 2660, 55|

(2.4.12)
‘4(]5%75@))‘ > g O, =Cy € (o, g) .
To estimate Z(7.(&), 57 ), let us observe that
(e 5oy | = @) A )i
jsin (46360 70) | = e s (2419
where pi/||py || = ie”" and 7.(&1) = €0ef(&1,€)e™ + (1 +ef(&1,€))ie.
1
If ‘€| < 5/1 = {61,2Hf||oo :
el = VEBef €2 + (0 + 2/ 2)P 2 1 [el /]l > 5
(2.4.14)

_ el 19 f (&, )|

= |sin (26360 0)) | = =g < 2elloes el
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C
If we consider Cy > 0 with 0 < arcsin(Cy) < Cs, setting € < min {5’1, W;H} =ér
3 0o

[sin (£(7e(€1),71)) | < Ca = [B1] > Cs — aresin (Cy) = C > 0. (2.4.15)

Recalling the definitions which lead to £ and C, it is clear that they do not depend on

§o nor &;.
Finally, the condition z(s) € D, for s € (0,7") follows from the smallness of £ (possibly

reducing €;) and the transversality of z(s) with respect to the perturbed domain
0D., which ensures that z(s) do not intersect twice the domain’s boundary in a
neighbourhood of z(T'). O

Remark 2.4.5. Using the same transversality argument described in details for the
inner dynamics, one can prove that, if € is small enough and &y, & sufficiently close,
the solution zg(s; &, &1;€) of (2.4.6), whose existence is ensured by Theorem 2.4.3, is
such that zg(s; &, &1;€) ¢ D. for s € (0,T).

2.4.2 Invariant sets for F.

The good definition of the distances dg(po, p1) and dr(po, p1) for po, p1 € D, allows to

consider the associated generating function

S(&o.&1e) = SE(foyé; £) + 51(57 §i;8) = dE(%(&))aVe(é)) + dl(%(é), Ye(61)). (2.4.16)

When well defined, S(&, &1;¢) has the same regularity of f(,e) as a function of both
the angle variables &, &; and the perturbative parameter e.

This section aims to prove that, under suitable assumptions, the results proved for the
circle regarding the twist condition and the existence of invariant sets with prescribed
rotation numbers (see Section 2.3.4) can be extended to the perturbed dynamics as
described in (2.4.1).

Recalling the notation of Section 2.3, 7T is the finite set in Z = (—1., 1) for which Fy is
not well defined, with I. = /& — w?/2. To highlight the dependence on ¢, from now
on we will use the notation Fy(&o, lo) = F (&, Io; 0).

Proposition 2.4.6. Let [a,b] C Z\Z, and suppose that, in (2.4.1), f € C* (R/%Z X I)
with k > 2. Then there exists £ > 0 such that for every e € R, |e| < &, the perturbed
first return map

F (o, Loie) = (& (&os Lo €) L1 (&o, Los €))

is well defined and of class C’k’Z(R/QWZ X [a,b]). Moreover, F(-,-,€) is area-preserving
and twist.

Proof. Let us consider [a,b] C T\Z, and, with reference to (2.3.32), define

K = {(60.& +0(Io)) | & € Ryznz, Iy € [a,1]} -
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in view of Propositions 2.3.6 and 2.3.7, the generating function S(&,&;;0) is well
defined and infinitely many differentiable in K, and the same holds for F (&, Iy;0)
in Rjgrz X [a,b]. Moreover, K is a compact subset of the torus R/oxz X Rjgrz. In
particular, one has that the quantity

;S (&0,€(&, £1;0);0) + 9251(£(60, 615 0), &1 0), (2.4.17)

with (€, &1:0) such that 9,5 (€0, (0, €15 0); 0)+ B (€(€0, €15 0), &130) = 0, is different
from 0 and has always the same sign for (&, &) € K.

Let us now fix (&,&) € K: by the implicit function theorem, there are two neighbour-
hoods Ag,, Ag, respectively of §y and &, a quantity 5(50, 51) > (0 and a unique function

£(&, €1;¢), defined in Ag, x Ag x [— 5(&o,&1), (€0, &1)], such that the refraction law

O5SE (€0, (&0, €15 €);€) + DuS1(E(E, E15€), E156) = O

holds also in the perturbed case. Moreover, the function £ is of class C*~! in all its
variables. As a consequence, the generating function S(&,&;;¢) is well defined in

Ag, x Az x [—£(&,&),&(&,&)]. Varying (&,&) € K, the family
{Aéo x Ag, | (&0,&) € K}

is a covering of K such that, if (Ag x Ag) N (Agl X Ag,) # (), then 5(50,51; ) coincide

in the intersection. Since K is compact, there exists a finite sequence (fo ,51 )Z , such
that

N
=1

Setting & = r{unNe(fo ,§1 ), one has that for every (£p,§1) € K and every ¢ € R

.....

such that || < &, the perturbed generating function S(&, &1;¢) is well defined and of
class C*~1. In Such set one can define the canonical actions

Io(&o,&15€) = =06, S(&0,&13€)s (6o, &15€) = Og, S (&o, &us€),

and, by the definition of K, one has that for every (£,&1) € K, Io(&,&1;0) € [a,b].
Fixing & € R/2.z and Iy e [a b], set & = fl(fo, Iy;0): from the proof of Proposition
2.3.7, one has that O, (1'0+6§0 (&0, &1; )) # 0, and then, varying (&, Iy) in the
compact rectangle [0,27] X [a,b], one can apply the same reasoning used before to
find 0 < € < & such that for every & € [0,27n], Iy € [a,b] and |¢| < £ the function
1(&0, In; €) is well defined and of class C*~2. Extending &, (&, Ip; €) by periodicity for
£ € R/a,7, one has then that, for every € > 0, le| < &, the perturbed first return map

}—(50,[0;5) = (51(507[0;5),[1 (5071035))7

where I1(&, 1o; €) = 11 (€0, &1(&o, Lo; €); €), satisfies the claim in terms of good definition
and regularity. The area-preserving property is a straightforward consequence of the
existence of the perturbed generating function, while the twist property depends on
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the existence of & (&, &1;¢€), since

a&_@fo)l__ 1
810_ 0&; B 860515(50751;*5).

]

Remark 2.4.7. Proposition 2.4.6 remains valid if we ask weaker reqularity hypotheses
on f(€,€). In particular, if f is of class C* in & and is continuous, along with all its k
§—derivatives, in €, one can find £ > 0 such that, for |e| < &, the map F(&o, lo;€) is of
class C*72 in R /2xz % [a,b] and continuous in €, and the same holds for all its k — 2
derivatives.

The map F (&, lo; €), whose existence under suitable conditions and for subsets of

R j2x7 x I is ensured by Proposition 2.4.6, can be expressed in the form

F(&o, Iy 2) = &1 = &0+ 0(1o) + F (8o, Lo; €) (2.4.18)

I = I+ G(&, Lo; €)

where F and G are of class C*~2 in all the variables and

[Fllns %0, [Gllexs =% 0.

We can now prove the existence of particular orbits with prescribed rotation number
for F.. We will make use of KAM Theorem in the finitely differentiable version of Moser

(cfr [22]); before stating the Theorem, let us now give some preliminary definitions.

Definitions 2.4.8. Let s > 1 and f(&, 1) of class C° in Rjyzz X [a,b]. The s-th
derivative norm of f is given by

() () er

Let us now consider F (&, Io) = (&1(&o, 1o), 11(&0, L)) a given map on the annulus
R oz X [a,b]. We say that F has the intersection property if for any closed curve o
near the circle, that is, of the form

a(é1) = (&, f(&1))

where f is 2r—periodic and with f' small, one has

|f|s = sup ., mqp+my <s.

supp(or) N supp (F(a)) # 0.

If F exact symplectic, the intersection property is straightforwardly verified (see [25,
Chapter 1]).
Finally, given o > 0, define

D(o) = {w ER|Vn,meZ, n>0, |nw—m2r|> an_?’/?}
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the set of Diophantine numbers with respect to the constant o /2w and the exponent 5/2.
According to [25], given
D= |J D(o),

>0

one has that D is dense in [0,1], and by extension in every closed interval of R. As a
consequence, for every [c,d] C R and every p € (¢,d) N'D there exists o, > 0 such that

Vo <o, pe(c+o,d—o)nD(o).

Theorem 2.4.9. (KAM Theorem, [22]) Let a,b € R such that0 < a <bandb—a > 1,
and let

& =& +0(1p)

Folo, To) = {11 .

be a map on the annulus R orz X [a,b]; suppose that there is co > 1 such that

ol < GTOUO) < ¢p.

Moreover, let

& = & +0(Lo) + F(&. L)
I = Io + G(&o, Lo)

a perturbation of Fy that satisfies the intersection property.

Fized 0 > 0 and s > 1, there are oy = do(co, 0,5) > 0 and an integer | =1(s) > 0 such
that, if

F(&o, o) = {

1 |Flo +[Glo < do,

2. F and G are of class C'(R a7 x [a,b]) and |0], + |F|; + |G|; < co,

then F admits a closed invariant curve

{=utp(u) (2.4.19)
I=1+q(u),

with I € [a,b], which induces a mapping
uy = ug + 0(I) (2.4.20)

and such that p and q are 2m—periodic functions in the parameter u with s continuous
derivatives and
Ipls + lq]s < 0. (2.4.21)

Moreover, for every w € (é(a) +0,0(b) — a) ND(o) there exists an invariant curve of
the form (2.4.19) with rotation number O(I) = w.

Remark 2.4.10. The rotation number of the invariant curve (2.4.19) can be derived
from the mapping (2.4.20) as follows: let us take ug € R and consider the sequence
{tn }nen produced by (2.4.20), which is trivially given by u, = uo+nb(I). The orbit of
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F generated by (2.4.20) and lying in the invariant curve (2.4.19) is then {(&n, 1)) bnen,
with
&:ﬂ@+nﬂﬂ+?@m+nﬂﬁ> 2.422)
L =T+ q(uo +nb(I)).
From the definition (2.3.36) and given that p is bounded, one can easily compute the
rotation number associated to the initial condition (&o, Io) = (&(ug), I(ug)) through the
map F as

~|

&n — o — lim 4(]) +P(Uo +n6(1)) — p(uo) = 4(I).

n n—oo

9(507 [0) = nh—golo

S

Remark 2.4.11. Although in the original paper [22] for s = 1 the minimal number
of continuous derivatives required for the application of Theorem (2.4.9) is | = 333,
Riissman and Hermann reduced this number to | =5 and then to | > 3 (see [79] and
[80]). Here, the authors require a more restrictive Diophantine hypothesis, requiring
that the rotation numbers belong to the set
o
o)

On the other hand, it is a known fact that Dy enjoys the same density properties already
claimed for D. For this reason, and in view of Proposition 2.4.6, we require the normal
perturbation f(€,€) to be of class C* (R/gﬂz x [—¢, E]), with k > 5: as a consequence,
F(&o, lo;e) € c (R/gﬁz X [a,b] x [—¢, 5_]), with k' > 3, and the invariant curves, if

existing, are of class Cl(R/QWz).

m

™ n

ﬁgzUDg(U):U{wER|Vn,m€Z, n >0,

>0 >0

Theorem 2.4.12. Let us suppose that &(I,) > 0 in [a,b], and take
Po, P1 € (é(a), é(b)) ND,. Then there exists &,y,, such that for every e € R, |e| < &,p,

the map F(&o, lo;€) defined in (2.4.18) admits two closed invariant curves of class C"
with rotation numbers py and p;.

Proof. To verify the hypotheses of Theorem 2.4.9, let us choose C' > (b — )~ such
that py = po/C, py = p1/C € D (such C exists for the density of D, in R), and consider
the canonical change of coordinates

{g:é,f:CL

Expressing JFy and F. in the new variables, one obtains the rescaled problem

& = &+ 0(I) + F(&, I )
Iy = Iy + G(&, I €),

& =& +0(1h)

F(&, I e) =
[121(/) (50 08) {
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where I' = CI € [d', V] = Cla,b], ) —a' > 1, and

0(2) o) - 1 I |

!

el / I
G(&, Ie) =C G (C&)a 0035> = C G(&, Io; )

are defined for & € R/oxz, I} € [@/,V'] and |e| < € (see Proposition 2.4.6). Note that
the monotonicity and convergence properties

90 (1)) > 0, |Fller-2 =50, [|G]lor-2 <=% 0 (2.4.23)

hold also for the rescaled map, as well as the area-preserving property. Moreover,
as O(d) = 6(a)/C and O() = 6(b)/C, one finds ¢ > 0 such that

Ph: 1 €.(8(a') + 0,8(b) — o) N Da(0).
Since F is exact symplectic, it satisfies the intersection property, and, given that

O € C'([d', b)), there is ¢y > 1 such that
VI, € d,b] gt <O(I) < c.

Fixed s = 1, let us consider | = [(s) as in Theorem 2.4.9, and, eventually taking a
higher ¢y, suppose ¢y > |©];. By Theorem 2.4.9, there exists 6y = do(co, 0, s) > 0 such
that, if (1) and (2) hold for F, then the existence of the two invariant orbits for the
rescaled problem is ensured. From (2.4.23), one can choose 0 < &,,,, < &, such that for
every € € [—Epyp1s Epopi]

|F|0 -+ |é|0 < (50 and ’F|l + |é|l < Cy — |®|l7

then the hypotheses of Theorem 2.4.9 hold and the invariant curves obtained for F
can be reparametrized to be invariant curves for F. In particular, such curves have
rotation number py and p;: for example, let us consider the invariant curve for the
rescaled problem with rotation number pj, which, in view of Theorem 2.4.9, can be
expressed as

{sg = ' + p(u)

_ with mapping v, = v}, + O(I') = v}, + pl.
[6:I’+cj(u') pping u; 0 (I 0 T Po

Returning to the original coordinates and setting u = C o/, one gets the rescaled
invariant curve

{fo =u+ p(u)

_ with mapping u; = ug + 0(I) = ug + po,
Io =T+ qlu) ppIg Uy 0 (1) 0T Lo

with p(u) = Cp (u/C) and q(u) = C~'G (u/C). O

In the phase space (£, I), the curves obtained in Theorem 2.4.12 can be identified as
the graphs of functions of the form 1,(&;¢) € C'(R20z): fixing € € (—Eppp1, Epopr ) let

us consider for example the closed invariant curve of F of rotation number py, which
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|AED)

T/)

I,)(Zj: €)

Fig. 2.8 Sketch of the perturbed dynamics in the region described by Proposition 2.4.6 and
Theorem 2.4.12 in the phase plane (¢, ). Red: the invariant curves of Diophantine rotation
numbers pg and p1, which are deformations of the unperturbed invariant straight lines I = I,

I = I,, (green) such that <1:p0) = po and (fpl) = p1. In the striped region the map

F(&o, Lo €) is area-preserving and twist. The blue dashed lines denote two singular action
values for the unperturbed dynamics (i.e. I € 7).

can be expressed, according to (2.4.19) and (2.4.20), as

Epo(us€) = u+plu;e)

1

with  6(1) = po. 2.4.24
p(use) =1+ q(u;e) oo =r ( )

From the boundedness of p asserted in (2.4.21), if ¢ is small enough (e.g. o < 1) the
quantity
Oué(use) = 14 Oup(u; €) (2.4.25)

is always positive: one can then invert the first equation in (2.4.24) obtaining u(§),
which is differentiable. As a consequence, one can parametrize the curve (2.4.24) as
the graph of the C! function

Iy :Rygrg = R, 1, (§6) = 1 (u(§);€). (2.4.26)

Remark 2.4.13. Taking o sufficiently small and a suitable €,,,,, one can find invariant
curves of F which are arbitrarily close to the unperturbed orbits R oqz X {f } in the
plane (&,1). Then, as ¢ — 0, the functions 1,(;e) which define the invariant curves
in the perturbed phase space tend in norm C! (R/2xz) to the constant functions I p With

é([p) =P
Moreover, Theorem 2.4.9 can be extended to negative twist maps, leading to the existence
result for invariant curves as stated in Theorem 2.1.2

As sketched in Figure 2.8, the presence of two invariant curves with irrational
rotation number leads to a confinement in the dynamics of F (&, Io; €), where, in view

of Proposition (2.4.6), the map is area-preserving and twist. More precisely, the set

A= {(faf) €Rjamz X R | [y(§5¢) < T < Ipl(f;é‘)} (2.4.27)
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is invariant under F_, as well as its boundaries.

In the unperturbed dynamics, the existence of periodic orbits of any rotation number
in a suitable interval is the simple consequence of the continuity of the total shift 6(1);
when € # 0, one can not take advantage of the explicit formulation of the perturbed
map, then this strategy is no longer suitable. Nevertheless, the broad properties of the
map, such as its area-preserving one and the existence of the invariant curves ensured
by Theorem 2.4.12, enable the use of more sophisticated topological results, where
the existence of orbits with prescribed rotation number is proved under more general
assumptions: this is the case of the Poincaré-Birkhoff theorem, here presented in the

version of [25].

Theorem 2.4.14 (Poincaré-Birkhoff). Let F an area preserving map on the annulus
R j2xz X [c,d] which preserves the boundaries and Fg its lift over R x [c,d]. Suppose
that Fgr satisfies the boundary twist condition, that is, the restrictions of Fg to each
boundary component u_ = R x {c} and uy = R x {d} have rotation numbers p+ with

p— < py (the case py < p_ is analogous). If ol e [p—, p+] and m,n are coprime,
n

then F has at least two (m,n)—orbits.

Remark 2.4.15. Theorem 2.4.14 can be extended to area-preserving maps which
preserve invariant strips in R oz X R whose boundaries are fized by F and are graphs
of C functions over the E—axis. Let us take the set A defined in 2.4.27 and consider
®o(&;€), 1(&5€), Lo, I such that

agq)o(f; 5) = Ipo (57 5)7 aé(pl(g;g) = Ipl (5;8>7 é(Ipo) = po, Q(Ipl) = P1,

choosing ®; and Oy such that ®1(&;0) = 1,& and ®o(&;0) = L&, For e sufficiently

small, consider the quantity
2
Ae) = /0 L, (€;8) — Ly (& )de = By (2m;€) — Bo(2m:€) — (B1(0;8) — Pp(0;2)) > 0,

and, noted that A(0) = (]_1 — ]_0> 2w, define the change of coordinates

27

= —=(P1(&e) — Po(&9))
A
o=y A (-1 Iy
27 <Ip1(§;€) - [po(§§5) - il — [0> '

From direct computations, one has that:

(i) V(& I;e) dis C' in all its wvariables and for every fized ¢ € R
det (D(g;l)\lf(é, I;s)) = 1: hence, ¥ defines a canonical change of variables;

(ii) fore =0, V(¢ 1;0) = 1d;
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(iii) W maps the horizontal boundaries of A, that is, {(§,1,,(&:€)) | £ € Rjanz} and
{(&,1,,(&¢€)) | € € Rjgrz} respectively into the straight lines

A(€) jo
2T jl — jo

A I
>0 and I=1I = 2(8)[ 11: > I;
T 11— 1o

[=1)=

() for every & € Rjanz and every fived €, one has

Dy (€ +2m;8) — Po(€ + 275 ) = P1(&5¢) — Po(&5¢) + Afe),

and then
€6+ 2m) = j(”) (@1(€ +2m52) — By (€ + 2m;2)) =
27 , _
= A (P1(&8) = Do(&5e) + Ale)) = £(€) + 2m;

(v) & is strictly increasing in &, while I' is 2m—periodic in &.

Globally, V maps the F.invariant set A into the straight line B = R sz x [I), I]]
preserving the orientation and the boundaries. One can then consider the map
F. : B = B such that F. o ¥ = WU o F., namely, such that F. = Vo F.o W™l It
can be proved that F. preserves the rotation number of the corresponding orbits of F:
for a (m,n)—periodic orbit, it is a simple consequence of (iv), as, taken {(&, Ix) }ren
(m,n)—periodic for F. and defined for every k € N (&, I},) = (&, Iy), one has

<€II<:+7L7 Ilchrn) - \I[(fk—l-m ]k—HL) - qj(&f + 2mm, Ik) - (fé + 2mm, Illc)

Let us now take a F.—orbit with rotation number p € R parametrized, according to

Mather’s definition in [24], by (&, Ix) = (¥1(te), ¥2(t)) such that

terr =tk + 0, Felbr In) = (Srrrs Lesr) = (Pr(te + p), alte +p))
(1t +2m), ha(t + 2m)) = (i(t) + 27, 102(2)),

with ¥y : R = R a weakly order preserving map (not necessarily continuous). Now,
setting (&, 1) = W (&, I) = V(e (t), ¥a(ty)), one has

-7:—5(&,];2) =Vo F(&k, ]k) - \I[(ék—i-la ]k+1) = (él/chlv ]l,erl)?
and, defined (11 (t),a(t)) = V(1 (1), 1ho (1)),
(ot + 2m), o (t + 2m)) = (o (t) + 27, ¥a(t)),

leading to the conclusion that the F.—orbit {(&,, I},) Yren has rotation number p. Note
that for e sufficiently small F. satisfied the hypotheses of Theorem 2.4.14, as for e =0
the identity map is trivially twist. As the preservation of the rotation number holds
also for U1, given a twist map on invariant sets of the type A which preserves the
horizontal boundaries one can pass to the strip B and use Theorem 2.4.14 to prove the
existence of (m,n)—periodic orbits for F.; returning then to the map F., this translates
to the existence of (m,n)—periodic orbits for the original map.
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Making use of Theorem 2.4.14, one can prove, under suitable conditions on the
perturbation, the existence of periodic orbits for the dynamics induced by the map
F (&, Ip; €) with £ # 0. We recall that in Section 2.3 we denoted with Z\Z the set of
well definition of the unperturbed map F (&, Io; 0) and we proved that it is the finite
union of open intervals in R. In particular, the set of the singular points Z is composed

by the critical points of the C' function (1) (see Proposition 2.3.7), and one can set

N

i=1
with N > 0 (possibly N = 1) and A; open intervals in Z. In the following, to ensure
the good definition of the perturbed map in a compact set, a finite union of closed
intervals in Z\Z will be fixed, : in particular, we fix a;, b; € T such that Vi € {1,..., N}

[a;,b;] C A; and, if 0_ = miin {é(ai), é(bi)} 0, = max {é(ai), é(bi)} :

9 = min{A(a;),0(b;)}, and éﬁf’ = max{0(a;),0(b;)}, one has (2.4.28)

Note that, by the continuity of f, such sets {a;}Y,, {b;}, exist.

Proposition 2.4.16. Let a;,b; € T as in (24 28), and fix pi € Dy such that for every
t=1,...,N one has 9 < p() 0 < 6’ . Then there exists € > 0 such that for

< p+
every € € R, le| < &, and for every m,n € Z coprime, n > 0, with Py (p(l) p( ))

for somei € {1,..., N}, the map .7-"(50, Iy; ) admits at least 2k (m,n)-orbits, where k

is the number of the pairs (p(_), Py ) such that p ) < 27T < p@

(i

Proof. Accordmg to Theorem 2.4.12, for every pair p> ) p ¥ ) there is E(Z such that for

every |e] < 5 ) the map F(&, Ip;€) admits two orbits of rotation numbers p and

pi). Moreover, the perturbed map is area-preserving and twist between these two

orbits. Setting € = {minN}, one has that if € is such that |¢| < € all the orbits of
ief1,...,

rotation numbers pg) are preserved and the perturbed map in between is well defined
and area-preserving.

Fixing ¢ € R, |¢| < &, if m, n are such that o ¢ (p(_), Py ) then by Theorem 2.4.14
the perturbed map F (&g, lp; €) admits at leastn2 (m, n)-orbits. As this reasoning can
be repeated whenever a pair (,0@, pg) ) is such that p(z) < 2%% < pgf), the claim is

true. O

Proposition 2.4.16 claims the existence of a unique threshold value of ¢ under
which the presence of periodic orbits of prescribed rotation numbers in a certain set
is guaranteed. Another slightly different approach is proposed in Proposition 2.4.17,

m
where, fixed m,n such that 2r— lies in a suitable interval which does not depend on
n
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prefixed boundary rotation numbers pgi), one can find a threshold &,,,, depending on
m,n, such that for every |e| < &, the presence of the corresponding (m,n)-orbit is

ensured.

Proposition 2.4.17. Given {a;}Y,, {b;}N,, {0V, {6YY, as in (2.4.28), let

m,n € Z coprime, n > 0, such that o e (9_9), H_Sf)) for somei € {1,...,N}. Then
n

3e,n > 0 such that for every e € R, |e| < &y the map F (&, Lo; €) admits at least 2k

(m,n)-orbits, where k is the number of intervals (a;, b;) such that 27 is between 0
n

and 9‘@

Proof. By the density of D, in every bounded interval, one can find py € Dy with
09 < p_ < o < P+ < éjf). From Theorem 2.4.12, one can find &,,, = £,, such that,
n

if e is such that || < &,,,, the map F (&, Io; €) admits two orbit with rotation numbers
p+, and it is area-preserving between them. Applying again Theorem 2.4.14, the claim
follows. O

Extending the discussion beyond periodic orbits, one may search for more general
class of invariant sets. KAM theory allowed us to claim the persistence of orbits with
Diophantine rotation numbers within certain ranges, while Poincaré-Birkhoff theorem
extended the existence result to periodic number with 27-rational numbers between
them. The Aubry-Mather theory allows to move further, providing the existence of

orbits of the perturbed map of every prescribed rotation number in suitable subsets of

R.

Theorem 2.4.18 (Aubry-Mather on the compact annulus). Let F an area and
orientation- preserving twist homeomorphism of the annulus R 2.z X [a, b] which pre-
serves R jonz x {a} and R o,z x {b}, and define p, and py as the rotation numbers of
the two boundary components. Then for every p € [pa, py] there exists at least an orbit
for F with rotation number p. In particular:

e if p=m/n € Q, such orbit is periodic of period n;

o if p & Q, the orbit rotates either on a closed continuous curve or on a Cantor set.

In any case, the orbits with the same rotation number belong to a common invariant set
I',, called Mather set, which is a subset of the graph of a Lipschitz-continuous function
over the £—axis.

We refer to [23, 77, 24] for the definition of Mather set and for a thorough discussion
on the Aubry-Mather theory.

Remark 2.4.19. As in the case of Poincaré-Birkhoff Theorem 2.4.1/, with the same
reasoning also Aubry-Mather Theorem can be extended to maps on invariant sets of the
type A defined in 2.4.27.
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Making use of the same arguments used in the proofs of Propositions 2.4.16 and
2.4.17, one can take advantage of Theorem 2.4.18 to state these existence results in a

more general way.

Theorem 2.4.20. Let {a;}Y,, {0}, {6, {0,3Y, as in (2.4.28). Then:

=1

o letting pgi) € D as in Proposition 2.4.16, there exists € > 0 such that for every

e € R with |e|] < € and for every p € R such that p € [ﬁ@,ﬁﬁf)] for some

i€ {l,...,N} the map F (&, lo;€) admits k orbits with rotation number p, with
k defined as in Proposition 2.4.16;

o for every p € R such that p € [é(j),éﬂf)] for somei e {1,...,N} there isé, >0
such that for every e with |e| < &, the map F(&, lo;e) admits k orbits with
rotation number p, where k is defined as in Proposition 2.4.17.

In both cases, if p = 2" then for e sufficiently small there are at least 2k (m, n)-orbits,
n

where k is defined suitably according to the cases.

2.4.3 Caustics for the perturbed case

The persistence of invariant curves with Diophantine rotation numbers ensured by
the KAM theorem has important consequences for the existence of caustics in the
perturbed dynamics. As a matter of fact, for such invariant tori (which are dense in the
phase space) it is possible to find, although not explicitly, the inner and outer caustics

also for small perturbations of the circular domain Dy.

Theorem 2.4.21. Let & € [0,2x], Iy € T\T such that §(Iy) € Dy. Then there exists
€ > 0 such that for every |e| < € there are I'g(&;¢,0(1y)), I'1(&;¢,60(1y)) respectively
outer and inner caustics related to the perturbed orbit of rotation number 0(1y).

The proof of Theorem 2.4.21 relies on showing that, for € small enough, system
(2.3.38) evaluated both for the outer and inner dynamics admits a unique solution
for each & € [0,27], which defines a regular and closed curve. To prove that, it is

worthwhile to derive the form of G\ (2, y;&) for a perturbed domain.

Outer dynamics Let us consider ¢ € [0,27], po = 7.(¢) and vy € R? such that
llvoll = \/2VE(po) and oo = Z(po, vo) € (—7/2,7/2).

To fix the notation, recall the definition * of 7.(&) = (1 +ef(&,))e® = p(&;€)e™ : as
the perturbation of the circle is only in the normal direction, the curve’s parameter
¢ still represents the polar angle of the point v.(§). We want to find the Cartesian

equation of the outer elliptic arc of initial conditions py and vy.

“Note that, in this section, the quantity p represents the radial disttance of our points, and has
nothing to do with the rotation number of a trajectory.



2.4 Perturbations of the circle 103

Following the same reasoning of Appendix 2.3.1 and denoting with (z(s),y(s)) the
parametrization of such ellipse, its maximal and minimal distances from the origin can

be then computed as

e E4/(E —w|pol|?)? + w2(pg - vp)?
@ = max r(s)= A+ = V(E = w2llpol[2)2 + w2(po - vo)
5€[0,27/w] w w2

o min o2s) = —ag £ ETVELIRIPR o )
s€[0,27/w] w2 w2

(2.4.29)

in the reference frame R(O, 2", 1") whose axes coincide with the ellipse’s ones the latter

is then implicitly defined by the equation

$1/2 y//2 .
@ T T

Let us now search for the angle 3 such that the rotated ellipse

(z'cos B+ y'sin)?  (y cosfp — ' sin 3)?
a? T b2 -

1

passes from pg = ||po||(1,0) in R(O,z’,y"): one has to solve the equation

Ipoll* cos® 3 [Ipoll*sin® B 27 b a’
—1=0= = —-1]>0.
a2 + b2 S B CL2 _ b2 HpOHQ

Denoting by (v, v]) the components of vy in R(O,z’,y"), one has that

) Yy

b a?

_\/612 —0? ’poP

-1 ifv;<0

_ b2
icosﬁz* 11— ——7>.

b a2 o Va2 —b? [[pol[?
o ’p0’2—1 i vy>0

sinﬂ_ =

(2.4.30)
Returning to the original frame R(O, x,y), one can then retrieve the Cartesian equation

of the outer arc as

(35 cos(€ + B) + ysin(€ + B))Q ((y cos(§ + B) — wsin(§ + 5))2_1 —0

GE(xay;éag) = ag + b2

(2.4.31)
Note that, although not explicitly indicated, the quantities a,b and /5 depend on e.
Once obtained the general expression for an ellipse of initial conditions py and vy, we
shall return to the framework of our perturbed problem. Let us then consider I, € Z\T
such that #(Iy) is Diophantine: from Theorem 2.4.9 there exists £ > 0 such that, if
le| < &Y we can define I(£;¢) invariant curve in the plane (&, 1) for the perturbed
map F. such that I(£;0) = Iy and with rotation number 6(1y). Moreover, I(;¢) is
continuous in € and differentiable in &, with 0¢I(; ) continuous in €: as a consequence,

since A(Iy) € D, implies Iy # 0, possibly reducing & one can assume that I(¢;¢) has
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always the same sign of Ij.
For the caustic of the orbit associated to (£, 1(;¢)) to be well defined, it is necessary
that the system

Ge(z,y;&,¢) =0

(2.4.32)
afGE(ma Y; 57 5) = 0

defines implicitly a unique curve I'g(§; ¢) for £ € [0, 27|, that is, that z and y can be
expressed as functions of (£, ¢) globally defined for £ € [0, 27]. As already pointed out
in Section 2.3.5, from the implicit function theorem the local existence of T'g(;€) is

then ensured by requiring the nondegeneracy condition

v(w,y)GE(x7 Y; 57 5) H v(x,y)aﬁGE(xa Y; 57 8) (2433)

on the solutions of (2.4.32).

Lemma 2.4.22. If I € I\T is such that 0(1,) is Diophantine, then there is &2 > 0
such that, if |e| < @ then Gg(x,y;€,€) is continuous in €, differentiable in £ and
such that 0:Gg(x,y; €, €) is continuous in €.

Proof. Recalling (2.4.31), the proof of the Lemma relies on showing that all the
quantities involved in the definition of G(x,y; ¢, €), namely, a 2, b2, cos 3 and sin j3
are continuous in ¢, differentiable in ¢ and with derivative continuous in e, provided
the latter is small enough.

Starting from a2 and b2, from (2.4.29) it is clear that the expression of py - vy as a
function of ¢ and ¢ is needed. Recalling the definition (2.4.1), denoted with ¢(&; ) and
n.(§; €) the tangent and the outward-pointing normal unit vectors to «. in pg, one has
that

vy = \/28 —w?p(&;e)? (cosa ne(&;e) +sina t(E;€)) .

Expliciting cos «, sin «, t(&; €), n.(&; €) and setting for simplicity p = p(&; ¢),
P =dp(&;e)/dE and I(§;e) = I, one obtains

(U:B>
Vo =
Uy

1 V2I (p/ cos€ — psin€) + \/25 —w?p? — 212 (p'sin€ + pcos§)
Vo2 + 0% \V2I (p'sin€ + pcos€) + \/25 —w?p? —2I2% (psin& — p' cos )

vy = p&;e)
VAEe) + (&)

< (p(E:2)y26 = w2 (E) — 212(60) + VELE P (6:2) )

(2.4.34)
which has the desired continuity and differentiability properties provided ¢ is small
enough. This implies that a* and b* have the same properties. Moreover, it is trivial
that a® > 0 and, since for ¢ =0

o £ /E -2l

le=0 w2

> 0,
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by the continuity of b with respect to € we have also b* > 0 for € small enough. Applying
the same reasoning, we can infer v a? — > > 0.

Going back to (2.4.30), cos ( is then continuous and differentiable, and the same
conclusion holds for sin 3 if one can ensure that v; has the same sign for all the points
of the orbit (&, I(§;¢)). From (2.4.34), in the plane R(O,z’,y’) one has

T i (pleavVaI(se) (a2 - (e -2

which for € = 0 translates in

U/ - \/510 7& 0

Yle=0

Taking again advantage of the continuity of v'y with respect €, we can finally ensure
that for € small enough the thesis is proved. ]

Proposition 2.4.23. If Iy € T\Z is such that 0(Iy) € Dy, then there exists g such
that for |e| < € the caustic T'g(&;¢,0(1y)) is globally well defined.

Proof. As the nondegeneracy condition (2.4.33) holds for e = 0 (cfr. (2.3.42)), from
Lemma 2.4.22, for every { & [0,27] there exists £@(€) such that for every
le] < g2 (€) condition (2.4.33) is satisfied. By the implicit function theorem, there are

Ae(€), Ac(§) > 0 such that the curve (z(&;¢), y(&,€)) solution of (2.4.32) is well defined
in R(§) = (5 —Xe(6), €+ Ag(é)) X (—Ae(é), /\5(5)) For the uniqueness of the solution,
if £ and & are such that R(&) N R(&) # 0, the curve coincides in such intersection.
As [0, 27] is compact, it is possible to find N > 0, {{;,...&v} C [0, 27| such that

N

[0,27] C U (gz — (&), & + )‘E(gz)) ;

then, setting

for every € > 0 such that || < &g the curve I'g(&; e, 1) = (x(&;¢),y(&; €)) is globally
well defined in [0, 27]. O

Inner caustics Following the same reasoning applied for the outer caustic, let us

consider the inner problem

"s)= - (s s T
S PO <o

S —E—h— =0 s I
SIZ ) =€~ h Eel 0 sel0,Ty

2(0) =po, 2'(0) =wo

by fixing po = ||polle’, vy = \/2(5 + h+ u/||po|)e™ such that 6, — & € (7/2,31/2).
This last assumption, which is done to guarantee that the hyperbola points inward a
circle of radius ||po||, can be ensured for £ small enough and suitable bounds on 1(§).

Rotating again the reference frame R(O, x,y) by an angle —&, we obtain R(O, 2, y’)
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such that po = |[pol|(1,0).
Recalling (2.3.44), in the reference frame R(O,z",y") were the hyperbola’s pericenter

lies on the positive half of the z-axis, its Cartesian equation is given by:

(e — 1)a"* — y"* — 2pex” + p* = 0 with z < %,
e
where
k? w?+2(E + h)k?
pzuaez\/ p k= 1lpo Awol-

To find the corresponding equation in the reference frame R(O,x’,1), one can search

again for the angle ¢ such that the arc defined by

(e* —1)(2' cos § + 9/ sin0)* — (i cos d — 2’ sind)? — 2ep(z’ cosd + 1y sin §) 4 p? = 0,

/ 5 lsin g < p
T CoSO + Y sin _—€+1
(2.4.35)

passes from pg = [|po|[(1,0). Solving (2.4.35) with 2’ = ||po|| and 3’ = 0, one obtains

p—|lpol

cosd = ,
ellpol

which is in [—1, 1] if we take non-degenerate hyperbole. Referring to U; as the vertical

component of vy in R(O,z’,y'), one has then

(€* = Dllpoll* + 2pllpoll — p*

ellpol

2 _ 1 2 2 2
(& = Dllpo[l” + 2pllpoll —p* o, <0
ellpol|

) ifv;>()
sind =

Returning to the original reference frame R(O,z,y), one obtains then the Cartesian

equation for the inner Keplerian arc

Gi(w,y;62) =(e* — 1)(wcos(d + &) +ysin(d + €))* — (ycos(d + &) — wsin(d +))?
— 2pe(z cos(6 + &) + ysin(d + €)) +p* =0

— . — p
0 ) < —.
weos(0+€) +ysin(60+6) < ——
(2.4.36)
Note that, with reference to the polar angles ¢ and 6,, the angle § can be also expressed
as . g
6= Sm(”—_g) arccos (p—HpoH) . (2.4.37)
| sin(6, — &) ellpol

As in the case of the outer dynamics, the global good definition of the inner caustic
[';(&;e,60(1y)) depends on proving that Gy(z,y; €, €) differentiable in £ and that both

G and 0;G are continuous in e.
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Lemma 2.4.24. If I, € I\T is such that 8(Iy) € Ds, then there is &% > 0 such that,
if le| < &3, then Gi(z,y; €, €) is continuous in e, differentiable in & and such that
0:G(x,y; &, €) is continuous in €.

Proof. As in the case of Lemma 2.4.22, one needs to prove the desired regularity
properties on the quantities p and e, as well as sind and cosd. As all these quantities
depend on k = ||py A vo], let us find the expression of the angular momentum as a
function of £ and I. As already done in Section 2.2, let us now denote with « the angle
between vy and the ‘nward-pointing normal unit vector to . in pg, which we indicate
with n;(€); then referring to (2.2.9) and using the same notation of Lemma 2.4.22, we
have

p

1 V2I (p cos€ — psin€) — \/2(5+h+u/p— I?) (p'sin€ + pcos€)
Vo2 + 07 \V2I (p'sin€ + pcos€) + \/2(8+h+u/p—12) (p'cos& — psiné).

= Jz (402 (e (9) + cosa ) -

And, since py = pe’®,
V2p(&;¢)
VPR(Ee) + (&)
) ) s o )
>< (I(@ (e + (€ svs +ht - P a))
K2 20%(&; ¢)

N T & GD)

X (I(é;a)p(é;ﬁ) +p’(§;€)\/5+h+ p(gg) —12(535)>2

k= llpo A woll =

_ AE + h)P(Ese)
. J R COEYZEE)IE

< (1&2)p(&0) + 0 (& E +h+ upleie) — P&i2) )

The regularity of p and e is then ensured whenever p*(&;¢) + p/ 2(5 ;e) # 0, which is
true for ¢ small enough. As for sind and cosd, from (2.4.37) one can infer that the
requested regularity is ensured if sin(, — &) has always the same sign on the orbit
(&,1(&;¢)). As in the case of the outer orbit, this is a consequence of the continuity
of p(&;e), p'(&¢e) and I(&;¢) with respect to . Denoting with 6,,, the polar angle of
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n;(€), from the definition of o one has 6, — & =6,

(3

— & — a, and then

sin(6, — &) = sin(6,,, — &) cosa + cos(b,,, — &) sin

B ,0(5;6) E+h+ p(gg)

Z 2(e:2) Iy e (E) -
><<\/E+h+p(§;5 P () A O]l - 16 )7 (6) z<5>)

CPGE+h+ i — P& ) +p(69)I(8e)
V&) + (o) S+ h+ s

For ¢ = 0, sin(0y, — &)jc=0 = Io/\/€ + h 4+ p # 0, then, if € is small enough, sin(d, — &)
has always the same sign of I, and sind, cosd are differentiable in & and continuous in
e, with derivative continuous in ¢. O

Making use of Lemma 2.4.24 and following the same reasoning used in the proof of
Proposition 2.4.23, it is possible to prove the existence of a well-defined inner caustic

['1(&e,0(1p)) related to the invariant curve for the map F. with rotation number 6(1).

Proposition 2.4.25. If Iy € I\T is such that 0(Iy) € D, then there exists &; such
that for |e| < &1 the caustic I'1(&;¢,6(1y)) is globally well defined.



Chapter 3

Symbolic dynamics and analytic
non-integrability for galactic
billiards

3.1 Introduction

In this chapter we prove the existence of a symbolic dynamics for a class of mechanical
refraction billiards (but our technique covers also also reflection ones), which symbols
encode the geometry of the associated motions (for an extensive discussion about
symbolic dynamics, we refer to [29, 30]). As for the reflection model (known as Kepler
billiard as well), it refers to the mechanical billiard in which a particle moves under
the influence of a fixed gravitational center and reflects elastically at the boundary
of the inner region; in this case, trajectories concatenate arcs of hyperbolae joined by
boundary reflections.

Both the reflective and the refractive situations correspond to some (possibly ill-defined)
area-preserving map in the cylinder. It is worth to note that reflection billiards have
been extensively investigated with and without internal potentials (as general reference
we quote the monographs [81, 17]).

As in the previous chapters, the configurations associated to the homothetic equilibrium
trajectories play a prominent role in proving our results. For the readers’ convenience,

here we recall their definition, along with the one of the corresponding solutions.

Definition 3.1.1. A central configuration for our dynamics is a point P € 0D such
that

« P is a constrained critical point for the distance function U lop to O, that is,
the position vector P is orthogonal to the boundary 0D at P;

o the half-line connecting the origin to P intersects 0D only at P.

'We denote with || - ||ap the distance function P+ || P|| restricted to the domain’s boundary dD.
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Fig. 3.1 Left: homothetic trajectories for the complete dynamics; the dashed circle denotes
the boundary of the Hill’s region for the outer potential. Right: trajectories for the complete
dynamics in the vicinity of homothetic arcs.

A homothetic collision-ejection trajectory is a one dimensional solution for the complete
dynamics of the type z(t) = A(t)w with \: R — [0, +00) and w € R* (see Figure 3.1,
left).

In order to construct our symbolic dynamics, more restrictive assumptions on our

central configurations need to be made:

Definition 3.1.2. Suppose that 0D admits a C' parametrization. A central configura-
tion P is said to be admissible if

o there exists a second central configurations, P, such that the origin does not
belong to the segment connecting P and P (we say then that P and P are not
antipodally directed, or shortly, antipodal), and

e both P and P are strict local mazima or minima for the function || - ||op.

The domain D is called admissible if its boundary contains at least two admissible
central configurations denoted by P;, 1 € L, #1 > 2.

As we already observed in Section 2.2.2; the non antipodality property is crucial to
guarantee the uniqueness of a (TnT) inner arc (recall Definition 2.2.2) starting from
arbitrary endpoints. Note that admissible domains are generic in C.

Now, assume that the domain D is admissible: we will use the indices ¢« € 7 as the
symbols of our alphabet. The corresponding words will be composed as bi-infinite

sequences of symbols in Z, with the following further admissibility requirement.

Definition 3.1.3. We define the set of admissible words for our symbolic dynamics as

L= {6: (;); € I

for every i € Z, the symbols €; and {;y1 do not }

correspond to antipodally directed central configurations

Definition 3.1.4. Given mutually disjoint neighbourhoods N; € 0D of the central
configurations P;, we say that a trajectory realizes a word { € T% if it visits the
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Fig. 3.2 Example of orbit which realizes the periodic word £ = (...,1,2,3,1,2,3,...). The

orbit visits the neighbourhoods of the three central configurations P;, i = 1,2, 3, in the order
prescribed by £.

neighbourhoods N;, i € I, in the order imposed by { (see Figure 3.2). For refraction
trajectories, this means that there are two consecutive crossings of 0D in-out-in in each
N;, while for the case of reflection trajectories there is a reflection point in Nj.

Given these premises, we are in a position to state our main result.

Theorem 3.1.5. Let D be an admissible domain. For any sufficiently large internal
energy h there exists a subset X of the initial conditions-set, a first return map F ad a
continuous surjective map w: X — L such that the diagram

X f.x

. |7

L5 C

commutes, where o, is the Bernoulli right-shift. In other words, for large enough h,
our refraction (resp. reflection) billiard model admits a symbolic dynamics.

A particular case included in Theorem 3.1.5, which is by the way the key of its
proof, regards the existence of periodic orbits, which is the content of the following

corollary.

Corollary 3.1.6. If h is large enough, for every periodic admissible word £ € L there
exists a periodic trajectory z, which realizes £, in the sense described by Definition 5.1.4.

Under some restriction on the words in £, the corresponding symbolic dynamics
is collision-free. In order to do that we define the set of bi-infinite symmetric words

L C L admitting a symmetry axis and state the following corollary.
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Corollary 3.1.7. Replacing £ with £ = L \ L in the diagram of Theorem 3.1.5, we
obtain that the symbolic dynamics is not collisional, in the sense that any trajectory
corresponding to a word £ € L does not have any collisional inner arc.

To prove Theorem 3.1.5 we shall use a broken geodesic method, reminiscent of the

one used in [69, 32], together with a shadowing lemma based on Poincaré-Miranda’s
fixed point theorem (see [33]). We will perform the proof for planar domains, but it
can be easily extended in any dimension. The technique of the proofs, in essence, is the
same for refraction and reflection billiards, the latter being somewhat simpler. This is
why, throughout this chapter, we shall enter here more in the details of the refraction
case.
We stress that, strictly speaking, the existence of a symbolic dynamics is not equivalent
to claim that our model is chaotic; as a matter of fact, according to Devaney [29],
to have a chaotic dynamical system also the injectivity of the map 7 is required. In
our case, the possible injectivity of 7 may be obstructed by the lack of uniqueness of
the critical point we given by our critical point argument (that is, Poincaré-Miranda
theorem does not guarantee the uniqueness of the fixed point). Nevertheless, the
presence of a symbolic dynamics is a strong indicator of chaos, which is coherent with
the numerical simulations presented in [1], where one can see that, for h large enough,
the refraction model with an elliptic interface presents diffusive orbits typical of chaotic
behaviours. The gap between symbolic dynamics and topological chaos in the general
setting will be filled, in full details, in [3].

An intermediate result, regarding the analytic non-integrability of our billiard can
be obtained by requiring further assumption on a subset (possibly composed by a single

element) of the central configurations of the admissible domain.

Definition 3.1.8. Let D an admissible domain, and let P;, i € I the set of its
admissible configurations. We say that a central configuration P; is nondegenerate if it
is a nondegenerate critical point for || - ||op-

Adapting a classical argument by Kozlov ([34]) we can link the presence of a symbolic
dynamics with the non analytic integrability of the system under the assumption that

at least one of the central configurations is nondegenerate.

Theorem 3.1.9. Let D be an admissible domain, and assume that it admits at least
one nondegenerate central configuration. If h is large enough, then there are not
non-constant analytic first integrals of the motion.

This result is heavily based on two facts: first of all, every nondegenerate homothetic
orbit is a saddle hyperbolic equilibrium if A is large enough; on the other hand, whenever
a central configuration is a saddle, by means of the symbolic dynamics it is possible to
construct a one-side infinite trajectory starting from an arbitrary point of (a suitable
subset of) D and intersecting the stable or unstable manifold of the saddle itself.
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Furthermore, requiring that at least two central configurations are non-degenerate,
it is possible to extend this result to find infinite complete heteroclinic connections
between them: this fact is relevant, since multiple heteroclinics are usually indicators
of a complex dynamics (see for instance [82-84]).

Theorem 3.1.9 implies, for example, that elliptic one-center reflection billiards can not
be analytically integrable at high energies, when the gravitational center coincides
with the center of the ellipses. This negatively complements the recent results about
integrability of the one center reflection elliptical billiard with the center occupying
one of the foci by Takeuchi and Zhao [85, 7, 86]. Note that an ellipse with focus at
the center is not an admissible domain, while it becomes admissible when moving the
gravitational center at the center of the ellipses. The interested reader can compare
our result with the well established theory of integrability of the gravitational n-centre
problem ([87-92]). More on integrability at high energies of the n-center problem can
be found in [93, 94].

3.2 Existence of a local dynamics for general do-
mains

In this first section we will study separately the outer and inner dynamics proving
two local existence results, given by Theorems 3.2.3 and 3.2.7; such results are heavily
based on Theorems 2.2.3 and 2.2.1, presented in Section 2.2.2. We begin recalling some
geometric properties of the domain of the refractive billiard, focusing our attention
on what will be crucial in the following. Given our bounded open domain D C R?
containing the origin, let us take v : [0,L] — R?* ~ € C*([0,L]), such that
0D =~ ([0, L]) and ||5(¢)|| = 1 for every & € [0, L)%
Since 7 is a closed smooth curve, and in particular v(0) = (L), by Weierstrass Theorem,
along with the regularity of 7, the C'-real-valued function ¢ ~ ||y(€)|| admits at least
two stationary points; for any of such points &, it holds

ARG W —0 = (O L) (32.1)
The following definitions have a central role in the construction of both the local inner
and outer dynamics. Although they have been already presented in Chapter 1, let us

recall them for the sake of clarity.

Definition 3.2.1. We say that the domain D satisfies the local star-convexity assump-
tion with respect to £ € [0, L] if the half-line connecting the origin to () intersects
0D only in ~(§).

2Note that, in the current chapter, the regularity hypothesis on v has been weakened, from C? to
c*.
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Definition 3.2.2. With an abuse of notation, we say that the parameter & € [0,L] is a

central configuration if the corresponding point v(€) is a central configuration in the
sense of Definition 3.1.2.

The local existence of outer arcs connecting point near a central configuration
follows exactly as in Theorem 2.2.1, here repeated for completeness. Recall that the

notation used to denote the inner and puter problems has been introduced in 1.3.11.

Theorem 3.2.3 (Local existence of the outer arcs). Let £ € [0,L] be a central
configuration. Then there exists 0 g > 0 such that for every &1, € (£ —0pg, &+ pe)
there is a unique solution zp(-;v(&1),7(&)) 1 [0, T] — R? of the fived-ends problem

(HSEg)[z(s)] s € 0,7
z(s) ¢ D s € (0,7) (3.2.2)
2(0) =7(&), 2(T) =~(&)

for some T =T(&,&) > 0. Moreover the solution zg(-;v(&1),v(&2)) is transversal to
the boundary 0D at the endpoints, namely,

2(0;7(60), Y(€)) H 4(&)  and  zp (T;7(61),7(&2)) #f Y(&2)-

Let us outline that the outer dynamics is local in the sense that an outer arc
connects two points on 9D belonging to a neighbourhood of the same point (&).
Concerning the inner dynamics, our aim is to connect two points in neighbourhoods of
possibly different images of critical points of ||y(-)||. Hence, also the inner dynamics is
local; nevertheless, as we will see in the proof of Theorem 3.2.7, this local structure is
not necessary to show the existence of the Keplerian arcs themselves, but it is required
to ensure that they are completely contained in the domain D.

In order to proceed with the construction of the inner arcs we give the following
definitions, necessary to address the non-antipodality property to neighbourhoods of a

central configuration in a general domain.

Definition 3.2.4. We say that D is an admissible domain if there are N > 2 central
configurations for D, &, ..., &N, such that for every i =1,..., N, it holds #NA(i) > 2,
where

NA(i) = {j e{l,...,N}:~(&) and v(§;) are not antipodal};

in this case every central configuration &, i =1,..., N is termed admissible.

We observe that i € NA(i) for every 7, hence &; is admissible v(¢;) admits a distinct
not antipodal y(&;).
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Definition 3.2.5. To ease the notation, for every § > 0, we define the following sets

Una(3:)) = U (§ 0,6 +9),

JENA(¢)

Pra(6;1) = (& — 6,& + 6) x Una(0;1).
Definition 3.2.6. Let 6 > 0 be such that

o for everyi € {1,...,N} and for every (&,&) € Pxa(0;1) the corresponding
images y(&1) and y(&2) are not antipodal;

o the domain D satisfies the local star-convexity assumption with respect to any

EcU).

Note that, if D is an admissible domain, the quantity § always exists by construction.
We also point out that Theorem 3.2.3 ensures the existence of an outer dynamics when

we restrict to the components of the set U(dg) with

op =min{0,05¢,...,0p¢, }- (3.2.3)

The existence of a local inner dynamics is heavily based on the general results
described in Section 2.2.2, where the problem of finding a Keplerian arc connecting
two given points is dealt in a more geometric, rather than dynamical, framework.

We are now ready to present the analogous of Theorem 3.2.3 for the inner dynamics.
In the following, the domain D is always supposed to be admissible; recall that the
definition of (T'nT) arcs has been introduced in Definition 2.2.2.

rI‘heorqm 3.2.7 (Existence and transversality of the inner arcs). Let N > 2 and
&1,...,&n € [0, L] be admissible central configurations for D. Then:

(i) there exist hg > 0 and 6; > 0 such that for every ¢ = 1,...,N,
(&1,&) € Pna(dr;i), and for every h > hy there exists a wunique
T =T(&,&;h) > 0 such that:

o if & # &, there exists a unique inner arc, z;(-;v(€1),v(&); h) € C%([0,T7)),
connecting v(&1) and (&) and satisfying (TnT), which solves the fized-ends
problem

(HS7)[z(s)] s €10,7]
z(s) € D s€(0,7) (3.2.4)

2(0) = (&), 2(T) = (&)

o if &1 = &, there exists a unique inner arc z1(-;v(&),7(&); h): [0, T] — R?
which is a collision-ejection solution of the fized-ends problem (3.2.4) in

[0, TINA{T/2}.
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gl (53)

Fig. 3.3 The open set A introduced in the proof of Theorem 3.2.7. A is the union of the
circular neighbourhood of the origin B,(0) and of the sectors T;, i = 1,2, 3.

(it) For every € > 0 there exists hy = hy(€) > ho such that for everyi =1,...,N,
(&1,&2) € Pna(d5;51), ad every h > hy, defined the angles

ar = Z(y(&1), —21(0;7(&1), v(&2)5 1))
ay = 2 ((&2), 21 (T;7(61),7(&2); 1)),

one has |a| < € and |as| < €.

Proof. Let us start with claim (i) when & # &. Recalling the Definition 3.2.6, by

Theorem 2.2.3 one has that taking (&;,&) € Pna(0/2;i) C Pya(d;4) and h > 0, there
exists T = T(v(&1),7(&2); h) > 0 and a unique z;(+;v(&1), 7(€2); h) solution of the Bolza
problem

{(Hs,)[z(s)] s €[0,7] (325)

2(0) =v(&), 2 (T) = (&)
which is (ThT). We now have to find a condition ensuring that z7(s;v(&1),v(&2);h) € D
for every s € (0,7T). In general, given P, P, € R*\ {0} not antipodal and distinct,
let us define ¢(P,0P;) as the union of the two straight-line segments from P; to 0
and from 0 to P,. Considering now the arc Ho(7v(&1),7v(&2); € + h) parametrized by
z1(;v(&1),v(&2); h), the convergence property stated in Remark 2.2.5 can be rephrased
as

hlim dist (HO(P]_, PQ; h), c(Pl()Pg)) = 0. (326)

As 0 € D and since D is open, there exists p > 0 such that B,(0) C D; moreover, for
every i = 1,..., N, one can define the conic set (see Figure 3.3)

Ti= {9 [ A e (01), £ e (&—6,&+6)},

and the open set

Fixed 7 € {1,..., N}, by the convergence in (3.2.6), for every (£1,§2) € Prnal(6/2;1),
there exists h;(&;,&2) > 0 such that for every h > h;(&;, &)

2 ((0,7);7(61),7(&2);h) € AC D. (3.2.7)
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Fig. 3.4 Angles of the inner arc z7(-) = z7(;v(&1),v(§2); h) with respect to the initial and
final radial and tangent directions. In particular, a; and as follow the same definition of
Theorem 3.2.7 and 8 = Z(¥(&k),7(&k)), k= 1,2.

By the differentiable dependence of the Bolza problem (3.2.5) with respect to the
parameter h and to the endpoints, and the regularity of v, for every i the function
(&1,&) > hi(£1, &) is continuous on the compact set Py 4(0/2;4); as a consequence, it
admits a maximum value h; ;. Hence, for every h > h; 5, condition (3.2.7) is satisfied
for every (&,&) € PNA(S/Q; i). Setting now hg = max{ﬁl,M, . ;LNyM} and 0; = 5/2,
one has that for every i = 1,..., N, (£1,&) € Pya(dr;1) and every h > hgy the unique
(TnT) solution of Pb. (3.2.5) satisfies also Pb. (3.2.4).

In the case & = &, the existence of the collision-ejection solution z;(+;v(&1),v(&2), h)

such that z7(0;7(&1),v(&); h) = 21(T;v(&1),v(&2); h) = v(&) is guaranteed by Remark
2.2.7.

The proof of claim (7i) follows the same reasoning: if & # &, once fixed € > 0,
recalling Proposition 2.2.4 one has that for every i = 1,..., N and (&,&) € Pna(d1;17)
there exists h;(&1,&o;€) such that for every h > h;(&,&;€) it results |ay| < € and
|aa| < e. The function (&;,&) — h;(&1,&2;€) is again continuous on the compact set
Pna(0r;i) and achieves its maximal value h;;; hence, letting

hl = max{ho, h1,17 ey hN,l}

the claim is proved.

In the case & = &, one can refer again to Remark 2.2.7 to ensure that
a1 = Oy = 0. ]

Note that if we define .

both Theorems 3.2.3 and 3.2.7 hold simultaneously.

We recall that, casting together Theorems 3.2.3 and 3.2.7 and definition 3.2.2, we

can conclude that if € is a central configuration then the complete dynamics admits an

homothetic trajectory in the direction of ().
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To conclude the exploration of the geometric properties of the inner arcs, in the
next result we show that every arc defined in Theorem 3.2.7 is arbitrarily transversal
to the boundary 0D, possibly reducing d; and increasing hy.

Proposition 3.2.8. For every € € (0,7/2) there exist §; € (0,0;] and h® > hy such
that for everyi=1,...,N, (&1,&) € Pna(05;1), and every h > he

s
£63(6), 3 07D (@) ) - 5 <
(3.2.9)
s
’4 (T'(&1,&2);7(61),7(62)5 h)) — 5 <€
Proof. For every ¢« = 1,..., N, the geometric properties of the admissible central
configuration &; imply that
)
cos (£ ((&),7(&)) ) = (&) = =0;
(£(3602(60)) =360
hence, by the regularity of v, for every e > 0, there exists 07 € (0, d;] such that
. ™ €
2607 - 3| < 5 (32.10)

for every ¢ € U (09). Moreover, from claim (ii) of Theorem 3.2.7 one has that there
exists h¢ such that for every i = 1,... . N, (&,&) € Pya(05;14), and for every h > h°

‘4(7(&), =27 (0;7(61),7(&2): 1)) | < % and ‘4(7(52), 21 (T57(6),7(&2); h))| < %
(3.2.11)
Taking together Egs. (3.2.10) and (3.2.11), one can then conclude that, for every
i=1,...,N, (£,&) € Pna(05;1), and every h greater than hf,
PW@Lﬂﬂmmmw@m»—g
< |et@nnten | +|cote, 5 o e - 5| <
and the same reasoning applies to Z(%(&), 27 (T;v(&1), v(&); h)). O

Remark 3.2.9. Theorems 3.2.3 and 3.2.7 ensure the existence of the outer and inner
dynamics separately, provided that the endpoints’ parameters & and & are in suitable
neighbourhoods of &, i = 1,...,N. Nevertheless, this is not sufficient to ensure the
good definition of the complete dynamics, that is, a concatenation between outer and
inner arcs satisfying the Snell’s law.

In particular, as observed in Section 1.2, one has that the refraction exterior-interior
is always possible, while the converse, interior-exterior, can take place if and only
if the inner arc is sufficiently transverse to the boundary. Hence, in order to prove
the existence of a complete dynamics, we should find conditions to have uniform
transversality properties of the inner arcs. On the other hand, this is not really
necessary to our purposes: we will prove a posteriori that the particular concatenations
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of outer and inner arcs that realize a symbolic dynamics for our problem are admissible
trajectories. The idea is that the transversality of an inner arc is indirectly deduced
from the validity of the variational formulation of the Snell’s law (see Eq. (1.2.13) in
Section 1.2), along with the transversality of the subsequent outer arc.

3.3 Symbolic dynamics

The current section is devoted to the construction of a symbolic dynamics using as
building blocks the outer and inner arcs whose existence and properties have been
proved in Section 3.2. The final result is Theorem 3.1.5. Before starting, some technical
results connected to the geometric properties of the inner and outer arcs, along with
their variational consequences in terms of Jacobi distances, are stated. From now on,

we refer to the definitions already given in Section 1.2.

3.3.1 Estimates on angles

As substantiated in Section 3.2, to ensure the local good definition of the outer and
inner dynamics in neighbourhoods of v(&;), i = 1,..., N, the only hypothesis required
on the points & is that they are admissible central configurations, and, in particular,
each & must be a critical point for ||y(€)||. In the following, the nature of such critical
points is crucial to relate the geometry of the domain D to the variational properties

of the inner and outer arcs. We then make additional assumption on D.

Assumption 3.3.1. Let us suppose that there exists a subset T C {1,... N} such
that:

. HI>2;

e for any i € I, the critical point & is a local strict minimum or mazimum for
|17(€)]], so that we can write

where if i € T, (resp. Tyy) then & is a minimum (resp. mazimum,). Let us note
that one of these two sets can be empty;

o the set I corresponds to a set of admissible central configurations for D (see
Definition 3.2.4).

Although Theorem 3.1.5 can be proved under the assumption v € C' and satisfying
Assumption 3.3.1, for the sake of simplicity we will present a proof based on stricter
hypotheses, specified in Assumption 3.3.2; a way more general case will be exposed in
[3].

Assumption 3.3.2. Let us suppose v € C*([0, L]). With reference to Eq. (3.2.8), let
us suppose that d is such that:
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(01) the function ||y(€)| is respectively strictly convex/concave in (& — 6,& + 0] for
every i € I, depending on the nature of the critical point &;;

(02) the angle between the radial directions and the tangent vectors to v is in a small
neighbourhood of /2, namely, there exists As; € (0,m/2) such that for everyi € T
and every & € [§; — §,& + 0]one has

7r ) T
0< 5 — A5 <L (7(8),7(8) < 3 + A5 <.

Let us start our study by considering a geometric property holding when the critical
point & is a strict local minimum. From now on, the quantity 6 > 0 is the one
introduced in Assumption 3.3.2, hg is the energy bound introduced in Theorem 3.2.7
and the set Uy 4(d;17) is the one introduced in Definition 3.2.5.

Lemma 3.3.3. There exist ﬁ_m > hg and C,, > 0 such that for every i € L,,, for every
€ €Una(0;1) and every h > h,, one has

2 (T379(€),7(& + 6); h
% ()16 +9)ih) (4 d) > O
127 (T57(£), 7(& + 0); h) |
2 (T3, v(& = 0);h)
,< = ) (& —0) < —Ch,
12} (T57(£), 7(& + 0); h) |
where zy(+; -, h) is the unique inner arc connecting the specified pair of points with

energy € + h, whose existence is guaranteed in Theorem 3.2.7.

Proof. We will prove only the last two inequalities, as the first two can be derived
straightforwardly from them using the time reversibility and the uniqueness of the
solutions claimed in Theorem 3.2.7. Let now h > hy. By the definition of scalar
product, for every i € Z,,, and & € Un4(d;1), it holds

2 (T579(€),7(& £ 0); 1)
127 (T57(€), v(& £ 6); 1) |

(& £ 6) = cos (4 (z} (T57(8), 7(& £ 0); ), 3(& =+ 5))>7

where the last angle can be splitted as a sum of the form

4(4 (T; (&), (& £ 6); h) (& =+ 5)) = as(&,&,h) + BL(&), (3.3.2)
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where

ax(6.6. 1) = 2(5 (T1(€) & £ )h) (E£0)), and

52(&) = (16 £ 0, 4(E+9)).
We observe that

. SEX) d
cos B+ (&) = il )H (& x0) = d*£||7(§)|||5=§i¢5~

(& £ 6)

Since &; is a strict minimum, the function ||y(&)|| is strictly convex in [§ — 6, & + 4],

dlly(©)ll

and its derivative is strictly increasing in the same interval. Furthermore,

B d _
the extremality of & ensures that d—§||7(£)|||€:§ji = 0, thus, there exist A € (0,1) and

A € (0, As) (where As has been introduced in Assumption 3.3.2) such that for every
i €1,
cos B4(&) > A, cosB_(&) < —4, (3.3.3)

and, still by virtue of Assumption 3.3.2,

O<g—A5<ﬁ+(§i)<g—A<7r, o<g+A<5,(é)<g+A5<w.

Let us now consider the angles o (€, &, h); fix € > 0 such that € < min{A, 7/2— A;s}.
By Theorem 3.2.7, there exists h,, = hi(€) such that for every i € T, for every
£ € Uya(6;1), and h > h,, one has |as(£,&,h)| < € Recalling Eq. (3.3.2), one can
then conclude that

0< 2 —As—e< Z(5 (T +0) <ih) H(E+0)) < T —A+e<r
0< g+A—€< 4(2’1 (T;fy(ﬁ),’y(gi—é);h),"y(f_i—é)> < g+A5+E<T(,

from which one has
cos (é(z’[ (T;v(f),v(& +9); h) (& + 5))) >sin (A —¢€) =C,, € (0,1)
(4(4 (T:7(8)7(& — )3 h) (& — 5))) < —sin(A-8 = ~Cp.
Recalling Eq. (3.3.1), the last inequalities conclude the proof. O

The geometric interpretation of Lemma 3.3.3 is the following: if § is small enough
and & is a strict minimum for ||y(€)||, for sufficiently large energies every inner arc
connecting (& — ) with a non-antipodal point y(¢) forms with (& — 6) an angle
strictly greater than 7/2. Conversely, the Keplerian arcs starting from or arriving in
v(& + §) form with 4(& + 6) an angle strictly smaller than 7/2 (see Figure 3.5, left).
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Fig. 3.5 Estimates on the angles proved in Lemmas 3.3.3 and 3.3.4 for the strict minimum
case (left) and the strict maximum case (right). While in the first case the angle between the
inner arc and tangent vector to 7 is obtuse in & — ¢ and acute in &; + 0; the estimates are
reversed in the second case. Here, for the sake of brevity, z;(t; &1, &2) = 21 (t;v(&1), v(&2); h).

When the critical point & is a strict local maximum we make use of the same
reasoning of the previous lemma, taking now into account the strict concavity of ||y (&)||
around such point. Again, the geometric interpretation of the maximal case can be
found in Figure 3.5, right, and it is completely specular with respect to the minimal

case.

Lemma 3.3.4. There exist har > 0 and Cyr > 0 such that for every i € Iy, for every
€ €Una(0;7) and h > hy one has

o A0 L
|27 (O;’y( i +5)>’7<§)3h) |
2 (096 = 0)2(©sh)

_ . i — 0 Cu,
I (0:9(& = 8),71(€): 1) | e

where zy(+; -, h) is the unique inner arc connecting the specified pair of points with
energy € + h whose existence is guaranteed in Theorem 3.2.7.

Corollary 3.3.5. Taking h = max {Bm, BM} and C = min{C,,, Cy}, one can unify
Lemmas 3.3.3 and 3.3.4 to obtain estimates holding for every i € T.

Taking into account the definition of the distances Sg(&1, &) and Sr(&1, &; h)?, as

well as the expressions of their derivatives, provided in Section 1.2, Lemmas 3.3.3

3Here, the dependence of Sy is explicited since, in view of Theorem 3.2.7, this parameter influences
the good definition of the inner arc itself.
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and 3.3.4 can be translated into the variational formulation given in the following
result, where again strict minima and maxima behave symmetrically. Recall that, given
suitable &, &,,&3 in [0, L] and h > hg, the quantity Sg(&1, &) + S1(&a, &35 ) is the total
Jacobi length of the concatenation of the outer and inner arcs connecting v(&;) to v(&2)
and (&) to y(&3). Symmetrically, S;(&1,&2;h) + Se(£2,&3) is the total Jacobi length
of the concatenation of the inner arc from (&) to v(§2) and the outer one from (&»)
to v(&s). Moreover, 0,5k, and 0,Sg,; denote the partial derivatives of the lengths
with respect to their first and second variable: hence 0,5/ + 9,51/ are the partial
derivatives of the total Jacobi lengths with respect to the transition point.

Lemma 3.3.6. There exists hy > 0 such that
o for every i € T, for every &g € [& — 6,& + 0], &1 € Una(0;1) and every h > hy:

OpSp(Ep, & + 0) + 0.51(& + 6,&1) >
OpSe(€p, & — 6) + 0.51(& — 0,&1) <
5’5,51(51,5@- +9)+ 0, SE(&—F(S ) >
pS1(&1,& — 0) + 0aSE(& — 6,&k) <

(3.3.4)

~— ~— ~— —

o for every i € Ly, the above result holds with the inverted inequalities.

Proof. As the other cases are completely symmetric, we will prove only the first two
inequalities of Eq. (3.3.4). With reference to Section 1.2, and in particular to Eq.
(1.2.6), one has that if i € Z,,

2% (Ti1(6p) & +9)
12 (T59(€R), (& +0)) |

(4 (2 (T31(€0) 76 +9)) 3G + (”)) ’

0S5(E5. &+ 0) =V (G +0) (G +9)

= \/VE (7(& + 5))
< \/VE (1(&+9),

while, making use of Lemma 3.3.3 and Corollary 3.3.5, one obtains that there exist
C > 0 and h > 0 such that for every h > h,

— _ 3 gz 5 i h _
0,51(&i +0,61h) = — VI(’Y(fH‘5)) . ((5_ 5 ! I.h Y (& +0)

> /Wi (7(51‘ + 5)) C.

Taking together the two expressions, one obtains the chain of inequalities

Sp(€p, & +0) + 0.51(& + 0,&;h) > _\/VE (v(&+9)) + \/VI (v&+0)C

e G o+ [e+h C>-—VE+VhC. (335
/ SIVE O+ e+t - F 05 —VE+ VRO, (335)
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Taking then h; = max {S /CQ,B} one has that for every h > h; the quantity

OSE(EE, & + 0) + 0.51(& + 6,&;) is strictly positive.

As for the second inequality of the claim, using again the same reasonings, Lemma
3.3.3 and Corollary 3.3.5, one obtains 9,Sg(Ep, & — 8) + 0,571(& — 6,&7) < VE - \/EC’,
which is negative for h > hj.

Carrying on the same computations one can conclude the proof also when i € Z,. [

Note that, adapting the estimates presented in [76] in a way more general framework,
one can obtain analogous results. On the other hand, for the readers’ convenience here

the computations are described, explicitly, in our specific case.

Remark 3.3.7. If v € C?, in view of the strict convexity or concavity around any &,
1 € 1L, it is straightforward that results analogous to Lemmas 3.3.3, 3.3.4 and 3.5.6 can
be obtained for any d € (0,0). Taking into account this additional consideration, one
can provide the variational interpretation of Lemma 3.5.6 in the C?-case. For large
enough energies, the minimal critical points & with i € T,, are also strict local minima
for the total Jacobi length of the arc concatenation connecting v(&g) to v(&;), either
starting with an inner or an outer arc. Conversely, the mazimal points &, i € Iy, are
also strict maxima for the total Jacobi length.

Remark 3.3.8. From the estimates (3.3.5) one can observe that, as far as h is large,
the dominant quantity in the derivatives of the total Jacobi length is the one related to
the inner arc. In general, this fact holds also for the total length itself and not only for
its derivatives.

3.3.2 Existence of suitable periodic trajectories

The present section is devoted to the statement and proof of a key result, which will
allow, in Section 3.3.3, to prove the existence of a symbolic dynamics for our model.
In particular, we will prove that, for every finite (admissible, in a sense that will be
specified in a moment) sequence of suitable symbols, there exists a periodic trajectory
which realizes it in the sense described in Definition 3.1.4. The first step is to define
our alphabet, as well as the rules to build admissible words.

For every ¢ € 7 as in Assumption 3.3.1, define

with ¢ as in Assumption 3.3.2. Let n € N, n > 1, and define the set IL,, C Z" of the

admissible words of length n as
L, = {g: (loy- sl )il €Tand Vi=0,....,n =1 Lis1ymodn € NA(&)},

where the sets N A (¢;) have been introduced in Definition 3.2.4. By Assumption 3.3.1,
for every n € N\ {0} the set L,, is not empty. Taking the union of such sets over n € N,
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we obtain the set of the admissible finite words

L= |J L. (3.3.6)
neN\{0}

For any fixed ¢ € L we define the (2n + 1)—dimensional open rectangle
HJ£3:3<]b X ]b) X (]i X ]i) X X (In—l X In—l) X ]b, (3.3.7)

where for all k =0,...,n — 1 one has I, = I'%) = (&, —§,&, + ). The rectangle U,
is the domain of (the parameters of) the transition points between the inner and outer
arcs of the periodic solutions we are searching for. To this purpose, define the closed

set
Se={€= (o 6n) €Tr: & =&}, (33.8)

where the identification between the first and last points takes into account the

periodicity of the searched trajectory.

Let us point out that for every j = 0,...,n — 1 the points &; and {41 belong
to the same interval I;, while the points {y;;1 and &2 belong to possibly different
intervals I; and I(j41)modn and correspond to non-antipodal points in R2. Since our
complete dynamics starts with an outer arc, for every 5 = 0,...,n — 1 the points
v(&2;) and y(&2;4+1) must be connected by an outer arc, while we will search for inner
arcs connecting (€ 41) and (& 42). We observe that this justifies also the claim of
Theorem 3.2.3, where we proved the existence of the outer dynamics only for endpoints
belonging to the same neighbourhood of a generic central configuration fy(fl) In

particular, in view of Theorems 3.2.3 and 3.2.7, for every j = 0,...,n — 1 the arcs

2 (5 7(825), v(&oj41)),  2r(57(Ea1), V(E2ja2); ) (3.3.9)

exist and are unique, as far as h is sufficiently large. Moreover, we recall that the
uniqueness of z; is related to the topological characterization (ThT) introduced in
Definition 2.2.2.

Our purpose is to determine periodic trajectories for the complete dynamics as
critical points of the functional Wy (-;h) : Sy — R defined as

n—1 n—1
Wy(&h) =Y Se(&ajr &ajr) + D Si(€ajs, Eajai h). (3.3.10)
=0

=0

The relation between sequences in S, and periodic trajectories for the complete
dynamics can be built as follows: given { € Sy, the corresponding periodic orbit z(-) is
the concatenation of the arcs in Eq. (3.3.9), which is unique in view of Theorems 3.2.3

and 3.2.7. More precisely, one can give the following definition.
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Definition 3.3.9. Givenn € N, £ € L,,, £ €Sy and h > hy, let us consider the unique
arcs enlisted in Eq. (3.3.9) which connect pairs of subsequent points; with reference to
Theorems 3.2.3 and 3.2.7, let us define* for every j =0,...,n —1

T = T (V&) v(E2j1)) s T = Tr (v(Eaj11), 1 (Eaja)i 1) -

J
and the partial sums TV = Z T](Ek)—l—TI(k). Setting TV = 0, consider the concatenation

( §h) [0 T 1)} — R? where, for every j =0,...,n—1,

2(s6h) = 2p (5 = TU 57 (&) 7 (E2540)) s € [T070, 7070 + 7))

2(sieh) =2 (s =TV = iy (€1) 7 (Gay02) 1h) s € [TOD 4T TV

The function z( & h) is trivially continuous, and, since z (0 & h) =2z (T(" b ,5 h)
it is also periodic. We can then extend it by periodicity and, with an abuse of notation,
suppose z ( S h) ‘R — R%

We stress that, except for very special cases, concatenations are not C', as, at every

transition point, the Snell’s law determines a deflection of the velocity vector.

We can give a necessary and sufficient condition for concatenations introduced in
Definition 3.3.9 to be an admissible trajectories for the complete dynamics: the Snell’s
law must be satisfied at every transition point P; = ~(&;), ¢ = 0,...,2n. More precisely,

for every j =0,...,n—1,

Z}; (TJ(«;j); P2j, P2j+1)
Zp (Tg);ng, P2j+1) H
27 (05 Payji1, Pojyo;h)
Z} (0; P2j+17 P2j+2§ h) H
Z} (Tz(j)§ P2j+1, P2j+2; h)
Z} (Tz(j); P2j+17 P2j+23 h) ’
Z}; (0; P2j+27 P2j+3)

25 (05 Pajyo, Pajys)

Vi (Pajt1) Y(E2j+1)

=V <P2j+1) 7(§2j+1)>

(3.3.11)

Vi (Pajta) Y(€2j+2)

=/ Ve (Pj12) Y(E2j12)

Remark 3.3.10. We stress that, fized h and £, the concatenation z (-;é; h) s uniquely

determined: this means that the validity of conditions (3.3.11) depends only on the
transition points determined by £ and on the inner energy.

where, with an abuse of notation, P, = P;.

“Here the Tr and T; denote the final time respectively of the outer and inner arcs defined in
Theorems 3.2.3 and 3.2.7.
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With reference to Section 1.2, the functional W (-; h) introduced in Eq. (3.3.10)
can be interpreted as the total Jacobi length of the trajectory having transition points
in Fy,..., P, 1. Actually, there exists a core relation between trajectories for the
complete dynamics and critical points for the total Jacobi length as a function of
the parameters £ of 7. Let us in fact suppose that, fixed £ € L. and h > hg, the
functional Wy(-; h) admits a critical point in S,, namely, EI§ = (50, . ,égn) € S, such
that VIV, @, h) = 0. Then, for every : =10,...,n—1

ZZE @7 h) = 0S5t (é(?i—l)monna Eail h) +0,5% (ézi, 522'+1) —0
Z (3.3.12)
32/:1 @7 h) = OhS (£2i’52i+1) + 0aS1 (é?i—i—laé?i—l—% h) = 0.

With reference to Definition 3.3.9, consider now the concatenation z (~; § ; h) . Comparing
Eq. (3.3.12) with the expressions of 9,/,5;/r computed in Eq. (1.2.6), one can conclude
that the stationarity of § is equivalent to state that z satisfies the Snell’s law at every
transition point: this means that the concatenation is an admissible periodic trajectory
for the complete dynamics if and only of VW, (5 ; h) = 0. The above reasoning justifies
why the search for critical points of W (+; k) and for periodic trajectories are equivalent.
Provided that h is large enough, the existence of a critical point of Wy(-;h) is a

straightforward consequence of the following classical result.

Theorem 3.3.11 (Poincaré-Miranda Theorem, [33]). Let Fy,..., F; d-functions in the
variables (xy,...,xq) continuous on the d-dimensional hypercube

R={(xy,...,2q)||zx| < L for every k =1,...,d}

and such that for every k =1,...,d

F, o >0
0 ) g 2 01 (3.3.13)
Fk (1’1, e ’xd)kck:L S 0.
Then there exists at least a solution in R of
Fi(z1,...,2q) =0 foreveryk=1,...,d. (3.3.14)

Proposition 3.3.12. Given { € L, the total Jacobi length Wy(-; h) admits a critical
poz’ntg in S, provided h > hi, where hy is introduced in Lemma 3.3.6.

Proof. This proof relies on a direct application of Poincaré-Miranda Theorem; to ease
the notation and the overall proof, some considerations can be made:

o if thereis k € 1,...,d such that the inequalities Eq. (3.3.13) are satisfied with
the opposite signs, taking —F}, instead of F} the Theorem remains valid. As a
matter of fact, the key hypothesis is that any function Fj, is continuous and

changes its sign on the boundaries of j-th edge {(xl 1) € R |;] < L};
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o with the change of variables y, =z, — ¢, k = 1,...,d, one can prove that the
Theorem is valid also in hypercubes centered at any point (cy,...,cq) € R%

o if the inequalities Eq. (3.3.13) are strict, the solution of Eq. (3.3.14) must lie in
the interior of R.

Given these premises, let us fix £ € L and set n = |£|. Recalling the definitions of U, and
S¢ given in Egs. (3.3.7) and (3.3.8) and of the corresponding intervals I;, i = 0,...,n—1,
we know that, if { = (§,...,&m) € Sy, then &y, &oiq1 € I = Eg — 6,8 + (5}, where 0

is defined as in Assumption 3.3.2. Let us now set d = 2n and R = 1} (E X 1:1) For
every ¢t = 0,...,n — 1 and every §{ € S, define

Fy; <§> = St (§2i-1, 6215 h) + 0aSE (§2i5 E2i41)
Foipq (ﬁ) = Sk (&2, &2i41) + 0uS1 (&2i11, E2igas 1)

where £ 1 = &,_1. Computing the above functions on the hypercube’s edges, one has
that for every 1 =0,...,n — 1,

Iy (Q\&zi:&.i& = 0pST (fzzebézi + 5) + 0uSE (gf + 9, §2i+1) :

_ _ 3.3.15
Fait1 (§)|52i+1:€_€-i5 = 0pSE <§2z‘7 o, £ 5) + 0451 (5&- + 4, §2i+2) : ( )

If h > hy, Lemma 3.3.6 ensures that for every i =0,...,n— 1

Fai <§)|§2¢=£_ei*5 g (§>|§2¢=§ei+5 <0, Fauin (§> |€2i 1=, =0 i (g)‘£2i+1:§£i+5 a

one can then apply Poincaré-Miranda Theorem to obtain a solution § € §; of system
(3.3.14). By the choice of the functions Fj, and from direct computations, it results

that VIV, (&) = 0. 0

The main result of this section now follows straightforwardly.

Theorem 3.3.13. Given { € L and h > hy, there e:z:z'sts§ € S} and a periodic trajectory

z (-;g; h) for the complete dynamics which realizes the word £, in the sense that it
connects y (éo) ey Y (éznq)-

3.3.3 Construction of the symbolic dynamics

We are finally ready to prove the existence of a symbolic dynamics for our refractive
billiard model; in particular, we will construct a surjective and continuous application
between a suitable set of initial conditions of trajectories and admissible bi-infinite

words. To this end let us define the energy shell for the external dynamics

== {(e0): €€ 0.0}, 0 € B, ol — Vir(€)) = 0}

We now introduce the sets of initial conditions in = for which:
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« the parameter ¢ belongs to 1), for a fixed € Z, where I™ has been introduced
at the beginning of Section 3.3.2,

 the velocity vector points respectively outward or inward the domain D.

More precisely, we define

[1]

=r={Eve

= ={(&v) €

¢ € 10 and (n(¢),v) > 0}
€€ I and (n(€),v) < O},

H]

where n(&) is the outward-pointing normal unit vector to 7 in y(§).

Since in our model a crossing through ~ implies a refraction of the trajectory, it is
convenient to define analytically a refraction map which of course depends on the
parameter ¢ and the energy jump h. From now on we assume h > hy, where hy is the

threshold value introduced in Lemma 3.3.6 and used in Proposition 3.3.12.

Definition 3.3.14. Fized £ € [0, L] and h > 0, we define the sets

By = {v e R || =2Ve(v(€))} B ={v e R |lv]* = 2Vi(v(¢))}
and the refraction map
Rpi(-&,h): By — B;
v =at(§) +bn(€) = Rpr(vi&,h) = at(€) + sgn(b)y/2Vi(+()) — a® n(€)

where we recall that t(§) is the tangent unit vector to v in y(§).

Remark 3.3.15. Some words are due to understand the previous definition. First
of all, we observe that for every & € [0, L] the vectors (t(§),n(&)) form a orthonormal
basis of the plane. Moreover, since v € BS, (namely, a® +b* = 2Vp(v(€))) and V; > Vi
everywhere in the punctured plane, the quantity 2Vi(v(€)) —a® is always positive, so that
the refraction map is well defined in its domain. Furthermore, it is clear that the normal
component preserves the sign, so that the image of an outward (resp. inward)-pointing
vector is still outward (resp. inward)-pointing. It can also be easily proved that given
a vector v € Bg, its image Rpr(v;&, h) is the unique vector with which v satisfies the
refraction Snell’s law (1.2.11).

The refraction map Rg; is clearly injective; if we introduce the set

Bf = {v € R Jull* = 2V(3()) and (v, #(6)) < 2Ve(1(6))

then Rp;(-;€,h): BS, — B is invertible.

Remark 3.3.16. As already pointed out in Section 1.2, the Snell’s Law (1.2.11) depends
on the point z € 0D, where the inequality Vi(z) > Vi(z) is always satisfied. Hence, the
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transition from inside to outside needs that

Vi(2)
las| < arcsin = Qlepit-
Vi(2)

The restriction of the map Rg(;€,h) to the set Bf corresponds to require that the
angle between an internal velocity and n(§) is less than the critical value ovepi.

Let us now fix (£,v) € Zf and follow step by step the trajectory of the complete
dynamics starting from the initial condition (v(&),v). Assumptions on the allowed
initial conditions will become more and more restrictive as the dynamics proceeds in
order to obtain a final set

xXcyeszr (3.3.16)

rel

for which it is possible to construct a symbolic dynamics.

First of all, let us consider the flow ®3(v(£),v) generated by the Cauchy problem

associated to the outer potential, that is

(HSp)[=(s)]

(3.3.17)
2(0) =7(§), #(0) =v.

As customary dealing with this kind of systems, we consider the projections of such

flow onto the configuration and the velocity space respectively:
HZ(I)%(W')a HU(I)SE(ﬂ)

Let us now consider the outer arc with initial condition (y(&),v). Then we can define
the set

O3 (7(6),v) = (v(&1), 1) for some (&5, 01) € =

el o : "4 (3318
(&) { = 1,5 (v(€),v) ¢ D for every s € (0, s1) } ( |

which contains at most one element. In view of Theorem 3.2.3, there holds
{(f,v) €S T (& v) # @} £ forallreZ.
Let us now suppose that T~ (&, v) = {s1} # 0 and call

(7(51)’ Ul) = (I)SEl (7(5)7 U)'

To proceed with the inner dynamics we need to refract our arc: let us then consider the

initial condition (v(&1),v}) = (v(&1), Rer(vi; &1, h)) to start with an inner arc. Exactly
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Fig. 3.6 An example of concatenation starting from a point (vy(§),v), with (£,v) € A.

as for the outer dynamics, we consider the flow associated to the inner problem

CENED) 5519)

and the set

PP (v(61),v1) = (7(&2), vy) for some (&o,v5) € U E;rf
rENA(r)

v, € B ’

IL,®7(v(&),v,) € D for every s € (0, s9)

T (& v) =4 s3>0

(3.3.20)
where N A(r) has been introduced in Definition 3.2.4. Once more T (¢, v) has at most

one element and we can extend its definition to every pair (£,v) € 2} by requiring that
T (&v)=0 = T ) =0.
In view of Theorem 3.3.13, there holds again that
{(é,v) €= TH(Ev) # @} #£0 forall r €Z;

indeed, it is sufficient to consider a word £ of length at least 2 with the first element

equal to r and take the initial condition of the corresponding trajectory.
Let now (£,v) € ZF be such that T (&, v) # 0 and let (&,v5) as in Eq. (3.3.20). As
v, € B¥ we are allowed to define

vy = Ryj(vh; &, h) (3.3.21)

so that (&, v2) € 2 and we have the initial condition for a second outer arc.

The following non-empty set contains pairs (£,v) which satisfy all assumptions

made up to now (see Figure 3.6).
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Definition 3.3.17. Let us define the set A C [0, L] x R? as the set of pairs (£,v) such
that

1. (&,v) € = for somer € T;

2. there exist s; € T~ (£,v) and sy € TT(,v);

The set A contains initial conditions for which it is possible to construct a complete
concatenation outer-inner arc. It is then worthwhile to define the first return map on

A as follows.

Definition 3.3.18. Let us define the first return map®
F: A— F(A), F(&v) = (&, v9) (3.3.22)
where & and vy are introduced respectively in (3.3.20) and (3.3.21).

The function F' is a bijection by the uniqueness of the arcs claimed in Theorems
3.2.3 and 3.2.7. Now, by recurrence, we construct the set X as the set on which all the

positive and negative iterates of the map F' are defined. Let
Xf=A and X; =ANF(A) =X/ NnF(X;)

and observe that X; # @ (by Theorem 3.3.13); moreover both F' and F~! are well
defined on X; . Then we introduce the (still non empty) sets

XS =X NnFYX;) and X, =X, NF(Xy)

so that the maps F, F~* and F? are well defined on both X3 and X, , and on X, is
also defined the map F 2. Actually, for any positive integer k& > 2 we introduce the

non-empty sets
X=X NnFYX; ) and X; =X/ nFX)

so that on X, the iterates F, with j € Z and |j| < k, are well defined (in our notation
F° =1d). We are then ready to define the set of initial conditions in = that generate

trajectories with an infinite number of transversal intersections with 9D, namely

X=X,
keN
Of course, the set X is non empty, and on X are defined the iterates F?, for any integer
J € Z. As the set X is invariant for the first return map F' (see also the remark below),

it is convenient to consider the restriction

F =Flx

®Note that, in this chapter, the first return map is expressed in terms of the velocity instead of its
angle with the normal vector. Of course, the definitions are completely equivalent.
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Remark 3.3.19. Let us observe that the set X 1is the set of initial conditions which
generate trajectories for the complete dynamics that cross 0D an infinite number of
times. For this reason, the double-inclusion F(X) = X holds. Indeed, for every
x = (£,v) € X it is straightforward to understand that both F(z) and F~*(z) belong to
X.

Let us now consider the set of bi-infinite admissible words
L={teT’ (1 € NA(L), Vj € L} (3.3.23)
endowed with the metric (here p(i,j) = 0if i = j and p(i,j) = 1 if i # j)
dt,m) => =57 (3.3.24)
kEZ
we refer to the book [30] for complete treatment on the subject. It is straightforward
to prove that, with this metric, the subset of the periodic bi-infinite words
Lp ={¢ € L: [ is periodic}
is dense in L. Furthermore, we observe that the elements of ILp are the periodic
extensions of the finite admissible words of the set L introduced in Eq. (3.3.6).
In order to project the set of initial conditions X into the set of admissible words £
we introduce the map x: X — Z such that
X(Ev)=r<=£cI® (3.3.25)
which associates to every (£, v) the index corresponding to the neighbourhood where £
belongs.

Finally, we define the projection map
X = L, (&) = (&) = (4)jez with 4 = x(F (&, v))

through which we are able to associate to every (£, v) the bi-infinite word realized by
the trajectory of initial condition (y(§),v).

We can then consider the commutative diagram

X f.x

ook

L2 L

where o, is the Bernoulli right-shift. In order to prove the existence of a symbolic
dynamics for our model, we are left to show that the map 7 is a continuous surjection.
The rest of this section is devoted to prove this result. Again, we recall that h, is the

threshold value for the energy jump A defined in Theorem 3.3.13.
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Proposition 3.3.20. If h > hy, the projection map 7 is surjective.

Proof. Let us take a sequence £ = ({;);ez € L; our aim is to find (§,v) € X such that
(&, v) = {, namely, the initial condition for a trajectory for the complete dynamics
which realizes ¢ in the sense of Theorem 3.3.13.

First of all, for every n € N let us consider the truncated sequences

ﬁ(n) = (g—m s 7&1)7

which are elements of L. of length 2n + 1. Since h > hy, by Theorem 3.3.13, for every
n € N there exists § " € Sg(m such that the corresponding trajectory

20() = 2 (46".n)

realizes the word (™. Since the trajectories z(™(-) are periodic, without loosing in
generality and possibly with a time translation, we can assume that

2M(0) € (1)),

We now extend by periodicity g ") to obtain a sequence in L

(€M), € =(&"),0

where, for every n, { M eLpisa (4n + 2)-periodic sequence. By construction,
Vke€Z, AN, >0, Jip, €T : & € 10, ¥n > Ny, (3.3.26)

namely, fixed k, the points 5,2") belong eventually to the same compact interval pre-
scribed by the sequence £.

We now start with the diagonal process that will imply the existence of a limit
sequence of parameters in [0, L]%. Let us fix k = 0 and consider the sequence ({én)) :

by Eq. (3.3.26), the compactness of 1) (in this case £y = io) implies the existence of
a convergent subsequence, that is

Elgo € I(ZO), 3 (77]‘70)]‘ CN: 15,0 j—)_o>o oo and géﬂj’o) ﬁ_o)o go.

Now, going on with the same reasoning, for every integer k > 1 there exist £, € 1(+x)
and a subsequence (1;x); C (1k—1)j, Nk — 00, such that

gi("j”“) = &, for every i € Z such that |i| <k,

and in particular ffé’k) = gﬂ:k-

We now define the diagonal index sequence

(@y)n such that a, = n,,.
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Since a, — oo and, for every k, it holds (a,), C (7;x);en, We have that

é—((ln) 7H_O>O E/L"

%

for every i € Z.

Let us now define the limit sequence § = (&);: by construction it results that g realizes
the word £, in the sense that

g2j>£2j+1 € 1), for every j € Z.

In order to conclude the proof, we need to find the concatenation for the complete
dynamics which realizes the limit sequence § . To do that the admissibility of the word
¢ will be crucial. Indeed, since h > hy, Theorems 3.2.3 and 3.2.7 guarantee that for
every jJ € Z there exists a unique pair of arcs

B (57(&) 7(Een))  and 2 (59(&41) V(Eae2)i h) -

We can then define the concatenation z: R — R? of these arcs as in Definition 3.3.9: our
aim is now to verify that z is an admissible trajectory for the complete dynamics. By
construction, z realizes the word £, hence we are left to show that it satisfies the Snell’s
law at every transition point. This fact follows from the differentiable dependence
of the arcs with respect to the endpoints; indeed, for every j € Z, we have the C!

convergence
2w (57 (6557) v (6531)) = 28 (57(E07) v (&)
and
2 (57 (8510) 7 (€5552) 1 h) = 21 (57(a), Y(Eyaa)i h) -
Now the claim follows straightforwardly from the fact that the concatenations (z(a"))n -
(z("))n satisfy the Snell’s law at every transition point.

Defining now (£,v) = (&, 2'(0)) we have that 7(£,v) = £ and the surjectivity is
proved. O

At this point, the continuity of m is the last property to verify. Before proving it,
let us start with a preliminary lemma, which ensures that the time intervals associated
to every (outer or inner) arc are bounded from above uniformly with respect to the

endpoints.

Lemma 3 3.21. Let h > hy; then there exists C > 0 such that for every j € T,

.60 €10 and & € | J IO it holds
1ENA(J)

TE(&Oafl) S Ca T[(&],gg; h) S Ca

where Tg and T; are as in Definition 3.5.9.

Proof. The proof follows easily by the continuous dependence of the outer and inner
arcs with respect to variations of the endpoints and by the compactness of the intervals
I0), jeT. m
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We are now ready to verify the continuity of the map m; we recall that the space of
the admissible words £ is endowed with the metric associated to the distance d(-, -),

defined in Eq. (3.3.24), while in X we will consider the usual Euclidean metric over R®.

Proposition 3.3.22. If h > hy, the projection map T is continuous.

Proof. Let us fix (§o,v9) € X, and take € > 0. We are searching for § > 0 such that, if
(éu U) € X satisfies H(éu U) - (507 UO)H < 57 then

d(m(&,v), (o, v0)) < €. (3.3.27)

To this end, for every k € Z it is convenient to define the k — th projection map
T - X — I7 7Tk<€7v) = X (‘Fk(€7v)) )

where x is defined as in Eq. (3.3.25). Condition (3.3.27) translates in

%P(M(ﬁaviﬂk(fmvo)) < e (3.3.28)

As the above series is always convergent, there exists kg € N such that for every

(&v)e X

, 1
> p (mx(€,v), Wk(govo))g $ W<E;

7
K> ko 4 K[>k

we will now prove that, if 6 > 0 is small enough and ||(£,v) — (&, v0)|| < 6, then

5 p(m(&, ), m(&0, ) _ (3.3.29)

K|
[k|<ko 4

and hence Eq. (3.3.27) is true. We observe that Eq. (3.3.29) is equivalent to require
that, if £ = 7(§,v) and m = w(&y,vo), then ¢, = my for every |k| < ko, namely, that
the trajectories generated by (£, v) and (&, vo) intersect the boundary 9D in the same
neighbourhoods in the first ky steps forward and backward. For ¢ small enough, this
is a straightforward consequence of the continuous dependence on the initial data of
both the inner and outer arc and the refraction law (along with its inverse): let us
in fact define z(-) and z(-) as the trajectories for the complete dynamics such that
2(0) = v(€), 2'(0) = v, 2(0) = (&) and 2,(0) = vg. In view of Lemma 3.3.21, it is
possible to find a > 0 such that both the trajectories cross 0D at least 4ky + 3 times
within the time interval [—a, a] (recall that, for every concatenation outer-inner arcs,
we have exactly two intersections with 9D): for every € > 0, there exists then ¢’ > 0

such that, if ||(&,v) — (&0, v0)|| < 0’
1z = zollco(-a,a <€

As the intervals ~ (ﬁ), j € I, are disjoint, for ¢ small enough the two trajectories

must cross the interface in the same neighbourhoods for s € [—a, a], and then, taking
the corresponding ¢, Eq.(3.3.29) holds. O
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Taking together Propositions 3.3.20 and 3.3.22, one can then prove Theorem 3.1.5
in the case of the refractive dynamics. As for the reflective case, all the previous
considerations can be reproduced (actually, the absence of an outer dynamics leads
to a simpler model), including the existence of a symbolic dynamics under the same
admissibility hypotheses described in Assumption 3.3.1. This consideration concludes
the proof of Theorem 3.1.5

3.4 Non-collisional dynamics

Going back to Theorem 3.2.7, we recall that the inner dynamics naturally includes
collisional arcs. As a consequence, we can not a priori exclude the occurrence of
collisions in the symbolic dynamics found by means of Theorem 3.1.5. Nevertheless, as
we will prove in the present section, if we suitably restrict the set £ we can construct a

non-collisional symbolic dynamics.

Let us start dealing with periodic trajectories: let £ € L, as in Eq. (3.3.6), be
an admissible word and, with reference to Theorem 3.3.13, h > h;. Following the
reasoning of Section 3.3, one can then prove the existence of a sequence § € Sy and
a corresponding trajectory z (-; § ; h) which realizes the word /£, in the sense that the
transition points -~y (éo) Nk (fgm,l) belong to the segments of dD fixed by the
sequence £. It is possible that two or more subsequent elements of § are equal: in
view of Theorems 3.2.3 and 3.2.7, this implies the presence of homothetic outer arcs or
collisional inner arcs. As we will see in this section, the presence of radial segments
has strong consequences on the global structure of z (-; § : h), as it implies a reflection
which involves every arc in the concatenation: this is possible only if £ satisfies precise

symmetry conditions.

Take now £ = ({y, ..., ln_1) and h > hy. As the trajectory z (-;g; h) is periodic,
one can identify ¢ with any of its shift, namely,

0= (lo, .. lar) = (Coymodns - » Ln—1+Kymodn) (3.4.1)

for any k€ {1,...,n —1}.

To describe in details the trajectory z (~; g : h), it is worth to keep trace not only of

the transition points ~ @ ), 1 =20,...,2n — 1, but also of the inner and outer velocity

%

vectors at such points. To this aim, let us define the finite sequences (%‘)?Zoa (171-)?20,
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V2541 = —U2542

Fig. 3.7 Velocity vectors as defined in Eq. (3.4.2) in the non-collisional case (left) and in the
collisional case (right). In the second case, the collisional inner arc forces a reflection in the
adjacent outer arcs.

where, for every j =0,...,n — 1 (see also Figure 3.7, left)®
U = ng (0;7 (éQj) Y <é2j+1)> ) V241 = Z}; (T; Y (éZj) Y (é2j+l)> )
V2n = o,
Uoji1 = 27 (O§’Y (é?j-‘,—l) y Y <52j+2> ;h> . Ugjpe = 27 (T; Y (f2j+1> )Y (éZj—i—Q) §h) ;
QN)O - 6271

(3.4.2)

We now provide, omitting the straightforward proof, necessary and sufficient condi-
tions for the outer and inner arc to be respectively homothetic and collisional, depending

on their endpoints (see Figure 3.7, right).

Lemma 3.4.1. For any 7 =0,...,n—1:

° Zp ('; y (égj) , Y (éng)) is a homothetic outer arc if and only if 52]- = 52j+1. In
that case, one has also that vy; = —v9j11 and the velocities are parallel to the

A

vector vy (§2j) ;

o« 25 <'; v (éjﬂ) .Y (§2j+2) ;h) is a collision-ejection inner arc if and only if
éng = égj+2. As in the outer case, whenever it happens one has that Uy; = —0gj 41

and the velocities are parallel to the vector ~y @zjﬂ)'

The following Theorem underlines as the presence of collisional inner arcs can

impact the overall structure of z (-; § : h).

Theorem 3.4.2. Let £ € L and h > hy; define n = |£|, and suppose n > 1. Let § €5

and z(-) = z (-;g; h) as in Theorem 3.3.13, and suppose that the concatenation z(-)
admits a collisional inner arc. Then:

SFrom this moment on, for the sake of brevity and with an abuse of notation, we will denote with
T the final time of an arc, omitting the dependence on the endpoints and without discerning between
the inner and the outer case.
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1. if n is even, z(-) has another collisional arc and there exists a shift 0 which is
symmetric with respect to the axis that separates €n/2 1 from ﬁn/Q,

2. if n is odd, then z(-) has a homothetic outer arc and there exists a shift { such
that the finite sequence (€0~,. s ln1,by) is symmetric with respect to the azis that

separates i 1y/2—1 from i)z

Before providing the proof of Theorem 3.4.2; let us give an explicit example, which
will be useful to fix the notation and to clarify the reasoning used, in a completely

general framework, below.

Example 3.4.3. Let £ = ({y, {1, 05,05) € L with n = |¢| = 4, and take h > hy: the
sequence § provided by Theorem 3.3.13 is then of the form§ = (éo, ceey ég), with é(] = ég.

Let us suppose that the corresponding concatenation z ('; g ; h) has a collisional inner
arc, and, in view of Eq. (3.4.1), suppose that this arc is given by z; (-; v (53,54; h))

From Lemma 3.4.1, this implies that 53 = 54 and U3 = —0,: by the Snell’s law, one has
then v; = —v4. Recalling the definitions of v; given in Eq. (3.4.2), we have then

(19 (6),7(6)) = = (07 (6) 7 (6).
By the uniqueness of the solution of a Cauchy problem, one can then conclude that the

arcs zg ( (52) Y (53)) and zg ( (54) (55)) parametrize the same curve but in
the opposite sense. More precisely,

e (57(&) .7 (&) =2 (T -7 (&) .7 (&)

and, as a consequence, ég = 55 and vy = —v5. Using the same reasonings, possibly
applied to the inner arc, one can prove that

Uy = =05 == 21 (';’7(51)77(52);@ =21 (T—';’Y@E)),’Y(gﬁ);h)

— él :éG and 171 = —QNJG

= 2p (';7 (fo) Y (él)) = 2E (T — 5 (é@) Y (é?)) — & =& and vy = —ur.

By periodicity, one has also that fo = f’g by means of Lemma 3.4.1 one can
then conclude that the inner arc 2y ( ;v (57) Y (58) ; ) must be of collision-ejection.

The concatenation z (-; § : h) bounces then between the collisional arcs described by
21 (57 (&) v (€4) s h) and 21 (57 (&) v (&) h) (see Figure 3.8).

Let us now analyze the actual structure of ¢; recalling Egs. (3.3.7) and (3.3.8), one
has that éo,él € I(EO), 52,53 € ](51)754755 e 1) and 55,56 e "), Hence, since é3 = 54
and 55 = 51, we can infer that ¢; = {5 and ¢y = ¢3, and then the finite sequence £ is
symmetric with respect to the axis which divides ¢; = {4/ from {5 = £4,.

The reasoning used in the previous example can be generalised to find necessary
conditions on ¢ to have a collisional orbit: as claimed in Theorem 3.4.2 and underlined

in its proof, proposed below, the presence of a collisional reflection arc always forces the
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Fig. 3.8 Graphical representation of a possible trajectory with the structure described in
Example 3.4.3 (to ease the notation, here éj = (éj)) The presence of a collisional inner
arc, along with the periodicity of the whole concatenation and the total number of transition
points (determined by the length of £), implies the existence of a second collisional arc.

complete trajectory to have another reflection, which can be either another collision-

ejection arc or a homothetic outer arc depending, on the parity of |£].

Proof of Theorem 3.4.2. Let us start by assuming that n is even: in view of Eq.
(3.4.1), we can suppose without loss of generality that the collisional arc is the one
connecting y (én_l) to y (én), namely, z; (-; v (én_1> Y (én) ;h). Then, following the
same reasonings used in Example 3.4.3, one has the following equalities:

Vji=0,....,n—1 §n—(j+1) = £n+j7 17n—(j+1) = —Unyj, Un—(j4+1) = —Un+j,
Vi=0,...,n—2

2E ('W (5n—(j+2>) Y (5n—<j+1>)) =ZE (T -3 (ém) Y (€n+j+1)) if j is even,

21 ('W (én—(j-i—Q)) Y (én—(j-i—l)) ;h) = ZI (T - (énﬂ') 7 (én+j+1) ;h) if j is odd.
(3.4.3)
In particular, taking 7 = n — 1, one has éo = égn_l; by periodicity, fgn = fgn_l. Hence
by Lemma 3.4.1, the inner arc z; (-;7 <€2n—1) Y (égn) ,h) must be collisional, and
then the first claim is proved. Let us now focus on the structure of £ = (¢y, ..., l,—1).
Since for every k = 0,...,n — 1 one has égk,égk+1 e 1) equalities in (3.4.3) imply
that for every j = 0,...,n/2 — 1 it holds €, /2—(j+1) = {5/24;, and then the sequence
(€o, ..., ln—1) is symmetric with respect to the axis which separates £, /51 from £, .
Let us now suppose that n > 1 is odd and, without loss of generality, assume that the
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arc 2y (-; v (én) Y (énﬂ) ,h) is collisional. One can infer that

Vji=0,...,n—1 En—j = &ntjtls  Un—j = Unyjgls  Un—j = Unyjsls

Vi=0,...,n—2

“E ('¥ gl (fn_(j+1)) Y (gn—J» =B (T -3 (§n+]~+1) Y (§n+j+2>) if j is even
{21 (-; Y (én—(j+1)> Y (gn—j) ;h) =21 (T -3 (én+j+1) Y (§n+j+2> 3h> if j is odd
(3.4.4)

A

Again, taking 7 = n — 1 and considering the periodicity of § , one has 51 = égn =&y, and
this implies that the outer arc zg (-; v (éo) Y (él)> is homothetic. Eqgs. (3.4.4) imply
also that for every j =0,...,(n+1)/2 =2 one has £(,11)/2—(j+1) = L(nt1)/2+, and then
the finite sequence ({y, ..., ¢, 1,%) is symmetric with respect to the axis separating

Ling1)/2—1 from £g, 110 O
Remark 3.4.4. The proof of Theorem 3.4.2 is particularly rich of further informations:

1. in both the described cases one can not have more than two radial (inner or
outer) arcs; in particular, the concatenation segment between two radial arcs must
contain n — 1 non-radial intermediate arcs. This is necessary to have |¢| = n;

2. with completely analogous reasonings, one can prove that, if z (-,g, h) admits an
outer homothetic arc, then

o if |{] is even, there must be another outer homothetic arc;

o if |{] is odd, there must be a collision-ejection inner arc.

In both cases, the sequence £ must satisfy symmetry properties analogous to the
ones described in Theorem 3.4.2;

3. as a consequence, a periodic trajectory can have either zero or two radial arcs,
between which it is reflected.

Remark 3.4.5. In the particular case n = 1, one has that the concatenation z (~,§, h) is
collisional if an only if it is a homothetic orbit for the complete dynamics. In particular,
this is possible if and only if, being £ = (j), with j € I, one has {§ = & = & = ¢&;.

Theorem 3.4.2 provides necessary conditions on a finite word £ for the corresponding
dynamics to be collisional. By periodicity, we can extend this result to periodic
bi-infinite words in Lp, and, actually, to any admissible word in £. Indeed, if a
concatenation z satisfying £ € £ has a collision, then using the same reasoning as in
Theorem 3.4.2, we deduce the symmetry of the word £. In particular, if £ € Lp we are

again in the case described in Remark 3.4.4.

On the other hand, the same results can be used in a reversed formulation to
have sufficient conditions for the concatenation induced by £ to be non-collisional.
In particular, restricting the set of the admissible words to the ones which do not
present the symmetry highlighted in Theorem 3.4.2, one can construct a non-collisional

symbolic dynamics for our refractive billiard.
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Fig. 3.9 Left: reflection law for the Keplerian billiard. Right: coordinates of the first return
map f : (€0, 00) = (§1,61)-

Corollary 3.4.6. Define the set L C L as
L=1{lec L|Lis not symmetric}

then the symbolic dynamics semi-conjugated to L is not collisional, in the sense any
trajectory corresponding to a word £ € L does not have any collisional inner arc.

3.5 Dynamical consequences: analytic non-integrability

This last section recollects results obtained along the whole study of the galactic
refraction (and reflection) billiard, through Chapters 1, 2 and 3, to investigate the issue
of the chaoticity and integrability of such model. In Section 1.7 we already observed
that a centred ellipse could produce, given a certain choice of the physical parameters,
diffusive chaotic orbits. More generally, the presence of a symbolic dynamics proved in
Section 3.3 is a strong hint of complex behaviors. It is then reasonable to ask whether,
as far as h is large enough, our system is non-integrable.

Let us start with some considerations related to the presence of infinitely many
heteroclinic connections between different homothetic collision-ejection trajectories (on
this topic see for example [82-84]). We will present results which hold both in the
refractive and reflective case, assuming some further assumptions on the domain D,
according to the following definition.

Definition 3.5.1. An admissible domain D (according to Definition 3.2.4) is termed

non degenerate if every central configuration &;, i € Z, is non degenerate in the sense
that

d2
dfégH'y(é‘)Hg:@ # 0.

Proposition 3.5.2. Suppose D is admissible and that there exists a non-degenerate
central configuration &;, for some i € L. Then if h is large enough, the homothetic
trajectory in the direction of ~y <§1> is a hyperbolic saddle equilibrium.

Proof. The proof of this result in the case of the refractive dynamics relies on asymptotic
estimates based on 1.5.1. Here, in particular, a general domain is considered, and,
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after the construction of a suitable first return map f, the stability of the homothetic
trajectories is investigated in relation to the local geometric features of the boundary
and the value of the physical parameters £, h,w, . The inspection is carried on by
considering the sign of the discriminant A of the characteristic polynomial associated
to the Jacobian matrix of f centered in an homothetic direction. By straightforward
estimates, one can prove that, as long as the considered homothetic direction is
nondegenerate, hh_)rgo A > 0, and then ¢ is a saddle point.

Let us now pass to the reflective Kepler billiard. We refer again to the procedure used
in [1] for the computation of A, presenting the explicit computation adapted to the
reflective case. Let us start by giving the analytic formulation of the reflection law:
consider an inner Keplerian arc that intersects the boundary in the point P and with
velocity vector v (see Figure 3.9, left). Decomposing v’ with respect to the basis (¢,n)
given respectively by the tangent and the normal unit vectors to 0D in P, one has
that the reflected velocity v has the same tangent component of v’, while the normal
component is equal except for the opposite sign. Equivalently, if # and ' are the angles
respectively of v and v’ with ¢, one has § = —6' and, as a consequence,

cos = cos?'. (3.5.1)

This relation will be used, in the computation of A, as replacement of the Snell’s

law. Let us now take (P,v) € 9D X B, with r = \/5\/5 + h+ p/||P]| as the initial
condition of an inward-pointing Keplerian hyperbola: it is uniquely determined by
the pair (£, 6), where v(§) = p and 6 is defined as before. We want to construct (at
least implicitly) the first return map that, given a pair (&, 0p), returns the parameters
(&1,01) corresponding to the position and velocity vector obtained after going through
an inner arc and the subsequent reflection (see Figure 3.9, right). By virtue of Lemma
1.2.6 and Eq. (3.5.1), we can infer that the quantities (o, 0o, &1,61) have to satisfy the

relation
_ (agosf (€0,6) + Vi (v (50>)cos90> _ <0>
Og, St (&0,61) — / Vi (v (&1)) cos b, 0

Let us now consider a central configuration €: it is straightforward that the coordi-
nates (§ , 9) = (f 7/ 2) correspond to the collision-ejection homothetic solution in the

0 0
@ (€0, 00, 1, 01) = @légiegigé;)

direction of ~ (5), which is reflected exactly in itself. This means that, denoted with

q = (& 0,&,0) the initial and final parameters related to an homothetic trajectory, one
has that ¢ (g) = 0. Let us now define the matrix

6(1)1 (q) 6¢1 (q)
Do (0) = | 58, o0,
851 (Q) 691 Q)

if det (D(&’gl) (g)) # 0, then by the implicit function theorem f: (&, 60y) — (&1,61) is
well defined in a neighbourhood of (é , 9_), and

Df (ga 9_) = (D(£1,91) (g))il Dgy.0) (Q) '
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From straightforward computations, one has that

e (i (1) = 4 (0 (0050 (69) = -

where the last equation is obtained by taking into consideration Eqs. (1.5.20). The
implicit function theorem can then be applied to obtain

s (69 Vi (9)

afoflsl (5, g) 8§0£1SI (Ea f)

1 (agosf (6.€) 2.5 (5,§))> R8¢
V@) e (€9 ‘

and then A, which is the discriminant of the characteristic polynomial associated to
the above matrix, is given by

- (B9 (g,g>)24

85051 S (éa g)

_ W (Vi (+(&)" (’“ -1 (15) H) ’

< [Vi (7 (9)) (k ©-1 (15) H) T @ uzMVz (+(9))

where we used again Egs. (1.5.20). The final result is then trivially obtained by
observing that, if £ is a non degenerate critical point for ||y (-) ||, then A > 0 for h
large enough. O

Df(&,0) =

For the readers’ convenience, as these sets will be widely used in the following, let
us recall that the construction of the set of initial conditions X is done in Section 3.3.3,
and that the set U(0) is introduced in Definition 3.2.5.
Let us now present two lemmas, which will be the basis to prove the existence of
heteroclinic connections between nondegenerate saddles. They are based on a construc-
tion which is analogous to the one presented in Section 3.3.2, except for the fact that,
instead of periodic trajectories, we consider fixed-ends ones. For this reason, for any

n > 2 consider the sets
:{52(607'--7&171) Ez EIandVi:O,...,n—Q £i+1 GNA(&)},
[U/g: (Io X Io) X (Il X ]1) X+ X (In_g X In—Z) X ]n—17
Slg = {§ = (507 ce 752”—2) S ﬁﬁ : 50 - é{u 52”—2 - éb}v
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where &, ad &, are fixed respectively in Iy and I,,_;. It is easy to prove that

L= U L,
neN\{0}
with L defined as in Eq. (3.3.6).
Let us remark that, in this setting, we have 2n — 3 free points &;,...,&, 3. As a

consequence, given a sequence § € Slg, the total Jacobi length takes the form

n—2 n—2
W& h) =Y Se(&j, &) + Y Si(&ajr, Eajyas ). (3.5.2)
=0

14 s

In this framework, Definition 3.3.9 and Eq. (3.3.11) are the same, with straightforward
modifications in the indices. Again, sequences in S; such that VIV (£) = 0 correspond

to admissible trajectories for our fixed-ends dynamics which realize the word £.

Lemma 3.5.3. Let us fir £ € L, and set n = |{|. Fized &, € 1y and &, € 1,1, there
exists a trajectory which connects v (&,) to v (&) realizing the word €.

Proof. The proof of this result is completely analogous of the one of Theorem 3.3.13,
setting d = 2n — 3,

Ri[()X([lXfl)X...X([n_QXIn_Q),

o,
R = 5 (6)

for every i =1,...,2n — 3. O]

Following exactly the techniques used in Proposition 3.3.20 we can pass from fixed-
ends finite trajectories to one-side infinite ones starting from a chosen point. Before

doing that, it is worth to define the set of the admissible infinite words
£t ={(to,.. . bn,...) €TV L+ 1€ NA(l;) Vi € N}.

Lemma 3.5.4. Let £ € LT and € € %), The there exists v € R? such that (€,v) € X
and w(&,v) =",

The next result is a straightforward consequence of Lemma 3.5.4 and Proposition
3.5.2.
Corollary 3.5.5. Suppose D is admissible and that there exists a non-degenerate central

configuration &, for some i € I. Then, if h is large enough, for every & € U(J) there
exist infinitely many half-heteroclinic connections tending forward (resp. backward) to

the homothetic trajectory in the direction of =y (SZ)

As far as more than one central configuration is non degenerate, Lemma 3.5.4 allows

to construct heteroclinic connections between different saddle points.

"Here, the projection is intended only for the forward trajectory starting from (vy(¢),v).



146 Symbolic dynamics and analytic non-integrability for galactic billiards

Corollary 3.5.6. If D is admissible and the energy jump h is large enough, then
for every pair of non degenerate central configurations &;, Ej, 1,7 € LZ,1# j, there
exist infinitely many heteroclinic connections between the homothetic trajectories in the
direction of ~y (é) and (éj) for both the refractive and the reflective dynamics.

Proof. The proof is identical for both the cases: let us suppose that A is large enough
such that both Theorem 3.1.5 and Proposition 3.5.2 hold. Now, taken i € Z and
Jj € NA(9), call z; and Z; the corresponding homothetic trajectories and consider
the bi-infinite (non-periodic) word £ = (...,4,4,4,[...],4,7,4,...), where [...] denotes
any word of finite length such that ¢ € £. By means of Theorem 3.3.13, find the
sequence (£)rez which realizes £. By the hyperbolicity of both Z; and Z; as equilibrium
trajectories, this sequence must belong to the unstable manifold of z; as well as to the
stable manifold of ;. O

The last result of this section connects the presence of infinitely many half-
heteroclinics to the analytic non-integrability of our dynamical systems. This result is
obtained by adapting a classical argument by Kozlov ([34]) and makes use of Lemma
3.5.4 and Corollary 3.5.5.

Theorem 3.5.7. Suppose D is an admissible domain and assume there exists a non-
degenerate central configuration &;, for some © € Z. Then, if h is large enough, there
are no non-constant analytic first integrals associated to the dynamics.

Proof. On every initial condition (£, v) € X, the first return map, its inverse and all
their iterates are well defined. In particular, let us observe that, fixed £ € [0, L], every
outward-pointing velocity vector v starting from ~(&) is uniquely determined by the
angle a € (—m/2,7/2) between v and the normal unit vector to v at y(§). Using «
as a new variable, the initial conditions corresponding to the homothetic arcs will be
denoted with (éj, 0), j € Z. By construction, and with a slight abuse of notation, there
exists 0 > 0 and ag > 0 such that

X CU(S) x (—ap, ).

Let now G : O — R, with O an open set containing ¢/(5) x (—ao, ag), be an analytic
first integral and let ¢ € R be such that G(&;,0) = c. If h is large enough, by Proposition

3.5.2, the stable and unstable manifolds of (&;,0) are contained in the same level set
{G =c}.

Fix now ¢ € U (0):  Lemma 3.5.4 ensures that there exist infinite pairs
(€, a) € {€} x (—ag, o) that belong to the stable manifold of (&;,0). This means that
the c-level of the analytic function G(€,-) : (—ag, ap) — R admits an accumulation
point. Hence, this function is constant. We conclude the proof by the arbitrarity of

§. O

We stress that, with the obvious modifications on the quantity involved, the above

results hold also in the reflective case.



3.5 Dynamical consequences: analytic non-integrability 147

If the domain D is nondegenerate as in Definition 3.5.1, making use of the estimates
in [76], one can prove that the projection 7 that define the symbolic dynamics determined
in Theorem 3.1.5 is actually injective, so that the dynamical system defined by Fjx is
topologically chaotic. The details of this proof, based on the uniqueness of the critical

point provided by Poincaré-Miranda Theorem, will be described in [3].






Part 11

Normal forms and Nekhoroshev
theory for geocentric satellites






Chapter 4

Stability estimates for Earth’s
satellites through normal forms

4.1 Introduction

One of the major goals of Celestial Mechanics is the analysis of the stability of the
dynamics of celestial bodies. Knowing the behavior in time of the orbital elements of
an object allows one to predict its future, in particular whether it will cross the orbit
of other celestial bodies and eventually undergo collisions. When applied to artificial
spacecraft and space debris orbiting around the Earth, the question of the stability
becomes of crucial importance, especially in view of the problem of estimating the
orbital survival times of operating satellites or space debris. It is therefore crucial to
devise methods that allow to study the orbital stability of objects moving around our

planet.

In particular, we will not consider the complex dynamics of an artificial spacecraft,
which should include the analysis of its shape, composition as well as its rotational
motion. We will rather consider a point-mass body around the Earth, that we can
identify with one of the several millions of space debris orbiting our planet. In fact,
the proliferation of artificial satellites in the last decades has led to the generation of
an enormous amount of space debris with different sizes, from meters down to microns,
and at different altitudes. Space debris are remnants of non operational satellites or the
result of break-up events, either collisions or explosions. Since the altitude determines
the contribution of the different forces acting on the object (the gravitational attraction
of the Earth, its geopotential perturbation, the influence of Sun and Moon, the Solar
radiation pressure, etc.), it is convenient to make a distinction in terms of the altitude.
To this end, the space in the surrounding of the Earth is commonly split into three main
regions: LEO (‘Low Earth Orbit’) denotes the region up to about 2000 km of altitude
in which the Earth’s attraction, the geopotential as well as the atmospheric drag are
the terms which greatly affect the dynamics of an Earth’s satellite; MEO (‘Medium
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Earth Orbit’) refers to the region between 2000 and 30000 km in which the effects of
Moon, Sun and Solar radiation pressure become important; GEO (‘Geosynchronous
Earth Orbit’) refers to a thin (~ 200 km) zone around the geostationary orbits (at
42164 km from Earth’s center), where the satellites are in synchronous resonance with

the 24-hour rotation of the Earth around its spin-axis.

The huge amount of objects (up to millions) in LEO, MEO, GEO needs a careful con-
trol of their orbits and the analysis of their dynamical stability ([39, 42, 41, 95, 43, 96]),
also in view of devising appropriate mitigation measures (see, e.g., [35-37]). For objects
in LEO, it is of crucial importance to evaluate the orbital lifetime, which is strongly
affected by the atmospheric drag which provokes a decay of the orbits ([97, 44, 98-100]).
On the other hand, the study of dynamics at MEO in the conservative regime has
been subject of many works, including the development of analytical models (e.g.,
(101, 42, 102-104]), study of resonances (e.g., [105, 106, 95, 107-113]), as well as the
dynamical chartography (stability maps, onset of chaos) of the MEO region (e.g.,
[114, 115, 46, 47, 116-121)).

In this work we focus on objects in MEO, GEO and beyond, thus not taking into
account the dissipative effect of the atmosphere. Instead of using a propagation of the
orbits to predict the stability time of the orbital elements, we propose a procedure
based on analytical perturbative methods (see also [50]). More precisely, via a suitably
defined sequence of canonical transformations, we construct a normal form of the
Hamiltonian function, which enjoys the property that one or more of the Hamiltonian’s
Delaunay actions define quasi-integrals of motion (namely, integrals of the integrable
part of the new Hamiltonian). Once the transformed Hamiltonian is obtained, the size
of its remainder (which gives a control on the goodness of the approximation) can then
be used to provide bounds on the time variations, and hence the stability time of the
orbital elements (semimajor axis, eccentricity, inclination) as a function of the distance
of the object from the Earth. We refer to this procedure as semi-analytical, which
means that it uses an analytical method, precisely normal forms, whose coefficients are

calculated numerically, namely with the aid of a computer.

We consider two different models to describe the motion of the debris around the
Earth. The first model takes into account only the influence of the geopotential up to
the term Jy of its expansion in spherical harmonics (see [45]); we refer to this problem
as the Jo model and denote the corresponding Hamiltonian as # ;,, which results from
truncating to a suitable power of the coordinates around reference values, and normal-
izing up to a suitable order, as described in Section 4.4.1. The second model, referred
to as the secular ‘geolunisolar’ model (Hamiltonian H s, truncated and normalized
similarly to H j,, see Sections 4.2.2 and 4.5.1), includes also the effects of the Moon and
the Sun, placing, for simplicity, the Moon strictly on the ecliptic; this last restriction
means to omit from the Hamiltonian terms corresponding to lunisolar resonances other
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than the ‘inclination-dependent’ ones. The latter resonances, on the other hand, are
those producing the most important effects as regards orbital stability (see [95, 42] for
a review). Furthermore, instead of formally eliminating the fast angle via canonical
transformations (as we do in the pure J, problem), in H,, we just take the average
of the Hamiltonian with respect to all fast angles, namely, the mean anomaly of the
satellite as well as the fast angles of the Moon and Sun: this averaged model allows us
to focus on the satellite’s long-term dynamics (i.e. the secular one). The averaging is
done in closed-form (see [122]) and leads to formulas equivalent to those described in
[45]. Furthermore, we reduce this last Hamiltonian to action-angle variables around
each forced equilibrium point, which corresponds to a non-zero inclination defining the
so-called Laplace plane (see Section 4.2.2).

In summary, our stability estimates are obtained according to the procedure (i)-(iii)
outlined below:
i) Within the J; model, we make a formal elimination in the Hamiltonian of the fast
angle (mean longitude); as a consequence, we get the preservation of the conjugate
action variable corresponding to the semimajor axis. This allows us to compute the
stability time for the semimajor axis at different altitudes, yielding stability times that
increase with the altitude.
ii) Using H s, instead, the semimajor axis becomes a parameter (with a priori constant
value), while we proceed to analyze the behaviour of eccentricity and inclination. The
latter is obtained using a quasi-resonant normal form, which reflects the 1:1 near-
resonance of the integrable part of Hy, between the frequencies of the longitude of
the ascending node and the sum of the argument of perigee and the longitude of the
ascending node (see Section 4.2.2). This means that, close to the Laplace plane, the
quasi-preserved secular quantities cannot be defined neither as the eccentricity e nor the
inclination 7 alone, but rather by the Kozai-Lidov combination Z =1 — v/ 1 — e? cosi =
(e* +1%)/2 (for e,i small). We then explore the dependence of the stability time of 7
on the altitude of the orbit. Our results show that the Jy and lunisolar terms have
an opposite effect on the time of stability as the distance from the Earth increases.
As a by-product of this analysis, we also compute the so-called forced inclination
(that is, the inclination of the Laplace plane), which corresponds to the shift of the
secular equilibrium from a strictly equatorial orbit to an orbit with small positive initial
inclination, an effect caused by the fact that the perturbing bodies (Moon and Sun)
are in orbits inclined with respect to the Earth’s equator.
iii) Finally, as a first step towards obtaining exponential stability estimates a la
Nekhoroshev ([53]), we check whether some so-called ‘steepness’ conditions are satisfied
for the integrable part of both Hamiltonians H;, and H,,, namely whether the
integrable parts are convex, quasi-convex, or satisfy the three-jet condition (see [55]
and references therein). The results show that the J, model is three-jet non-convex,
while the contribution of the lunisolar terms removes the intrinsic degeneracy of the J,
part and allows us to conclude that the geolunisolar model is quasi-convex. A detailed
application of the non-resonant form of Nekhoroshev’s theorem in the Hamiltonian
Hgis is the subject of Chapter 5.

Summarizing, the previous strategy allows us to obtain three different stability
results: one for the semimajor axis in the J, model, a second for the stability of the
eccentricity and inclination in the geolunisolar model, and a third on the holding,
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altogether, of necessary conditions for Nekhoroshev-type stability of the satellite orbits.
All three results point towards the same direction, i.e. that, at least far from exact
resonances, orbital stability can be ensured at MEO, GEO and beyond for quite long
times (10* — 10° orbital periods, 10* — 10* years). Besides these general numbers,
one may remark that the calculation of the size of the remainder of the normal form
actually provides an estimate of the rate of drift of the orbits in element space, an
information required in orbital diffusion studies for defunct satellites and space debris.
The figures of the current chapter are taken from [4].

4.2 The J; and geolunisolar models

Bodies orbiting around the Earth are primarily affected by the Keplerian attraction
with our planet. However, for an accurate description of the dynamics it is mandatory
to assume that the Earth is non-spherical. Beside the Earth, the satellite dynamics
is subject to the gravitational influence of Sun and Moon. Section 4.2.1 describes
the Hamiltonian model H j,kep, which includes the Earth’s Keplerian term and the
first non-trivial term in the expansion of the geopotential. Section 4.2.2 presents the
Hamiltonian model H g5 sec, which includes J, and lunisolar terms, averaged over the
fast angles.

4.2.1 The J> model

We consider a model describing the motion of a point-mass body, say a satellite .9,
under the effect of the Earth’s gravitational attraction, including an approximation of
the geopotential due to the oblateness of the Earth. Let r = (z,y, z) be the position
vector of S in a geocentric reference frame, with the plane (z,y) coinciding with the
equatorial plane, and z pointing towards a fixed celestial point (e.g. the equinox). We
consider the Hamiltonian describing the motion of .S under the geopotential as the sum
of two terms

HJQk;ep = 7-[k:ep + VJQ 5 (421)
where )
p HE
Hyep = S (4.2.2)

is the Keplerian part (r = ||r||), and

2 1 2
v, = —p,lelE ( - 32) : (4.2.3)

r3 2 2r?

is the J, potential term, arising from expanding the geopotential in spherical harmonics
and retaining only the largest coefficient (see, e.g., [45]). The constants are the Earth’s
mass parameter up = GMp (G = Newton’s constant, Mp = Farth’s mass), Rg is the
mean Earth’s radius, and J; is a dimensionless coefficient describing the oblate shape
of the Earth. Their numerical values are:

e pp = 152984 x 10° RY /yr?;
 Rp = 6378.14 km;
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o Jo=—1082.6261 x 1075.

The Hamiltonian (4.2.1) is expressed in Cartesian coordinates. However, by a
standard procedure, it can be transformed to an expression in the following set of
modified Delaunay canonical action-angle variables

UEQ A=M+w+)
P =./uga(l —v1—¢€?) p=—w-— (4.2.4)
Q = /ugav1 —e?(1 — cost) qg= -9,

where (a, e, i, M,w, Q) are the orbital elements of the satellite (semimajor axis, eccen-
tricity, inclination, mean anomaly, argument of the perigee, longitude of the nodes).
The passage is done by first expressing the Hamiltonian (4.2.1) in elements via the
relations (see e.g. [123])
1 , 1 ,
r = 51"(1 + cos i) cos(f +w+ Q) + 57‘(1 —cosi)cos(f +w — Q)
1 1
y = 57’(1 +cosi)sin(f +w+ Q) — 57"(1 —cosi)sin(f +w — Q) (4.2.5)

z = rsinisin(f +w),

where f is the true anomaly and r, cos f and sin f are given by the series

2 o) B o M
P a1+ S -y Ueme) = Jenlve)) cos(M) (4.2.6)
2 ] 2v
2(1 - e

cos f = (ve) cos(vM) —

sin f = 2\/1—62

b M8 i Mg

[\.’J\»—l

— Jyr1(ve))sin(v M)

In the actual calculations, all series are truncated to order N = 15 in the eccentricity
e. Finally, we pass from the elements (a,e,i, M,w, ) to the canonical variables

(L, P,Q, \,p,q) by inverting Eqs. (4.2.4).

To perform the high order normal form computations described in Section 4.4,
using computer algebra, it is convenient that the dependence of the Hamiltonian on
the action-angle variables be expressed as a trigonometric polynomial. To this end, we
first make a shift transformation L — §L around a reference value a,, with

0L=L—L,=\/pga — /Iipa. . (4.2.7)

This means that the Hamiltonian found after expanding in powers of the quantity J.L
refers to the local dynamics of orbits with semimajor axis a =~ a,. Every time when
we change the reference value a, (i.e. the ‘altitude’ or ‘distance’ of the orbit from
the Earth’s center), we then perform the Hamiltonian expansion anew around L, and
obtain the stability estimates corresponding to that reference value. One may also note
that P = O(e?/2) and Q = O(i*/2), thus all three quantities 6L, P and Q are small
quantities for orbits not very far from the equator and not very far from circular. We
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then expand H j,kep(0L, P, Q, A, p, q) in powers of \/E, \/ﬁ, and \/é up to the same
order N = 15 as the original expansion in the eccentricity (this ensures missing no
term in P, @ in the Hamiltonian up to the order N). After this change, the truncated
Hamiltonian takes the form (apart from a constant):

2N

Hpep = M0l +wi P 4wy Q + Zl Z,(6L, P,Q)
2

2N
+ 2 > Py ok (0L, P, Q) cos(ki A + kop + ksq).  (4.2.8)

s=1 k1,k2,k3€Z
0<|k1[+]k2|+]ks|<s

The functions Z5 and Ps g, g, ks (0L, P, Q) are polynomials of degree s/2 in the action
variables (0L, P, Q). The frequency n.is equal to:
1/2 R2

3ip

n, = + ,2EE B (4.2.9)

7/2 ’
*

while wy, and ws, can be retrieved in Section 5.7 by setting (i.e.) = (0,0). The
Hamiltonian (4.2.8) is the starting point for the stability estimates on the orbits’
semimajor axes; one notices that wy., wo, = O (Jz), a fact implying that both these
frequencies are way smaller than n, ~ (ug/a®)'/? (third Kepler’s law). Accordingly,
for all orbits the angle A circulates at a rate which is O(1/.J;) faster than the rate of
circulation of the angles p, q. Hence, X\ constitutes the ‘fast angle’ of the Hamiltonian
HIY Tokep- 108 elimination through a suitable sequence of canonical transformations leads
to the approximate constancy of the value of the semimajor axis, as detailed in Section
4.4.

4.2.2 The geolunisolar Hamiltonian

While stability estimates for the semimajor axis depend mostly on the Earth’s J5 term,
the question of the long-term stability as regards secular variations in eccentricity and
inclination requires considering the effects of the Lunar and Solar gravitational tides.
Let us consider a celestial body B (either Moon or Sun) with mass M, moving around
the Earth and whose orbit is exterior to that of the satellite. Let r = (z,y, 2) and
r, = (Tp, Ys, 2p) be the position vectors of S and B in a geocentric reference frame,
with r = |r| and 7, = |r,|. The tidal disturbance caused by B on S is described by the
potential

Volr,t) = = (yr R 1b<t>| - T?'“%t))

RRTTORE- i 2W +0 ((;)3> ,

where p, = GM,. The first term —p;/rp in the multipolar expansion (4.2.10) does not
depend on the coordinates of S, therefore it can be omitted from the Hamiltonian of
motion of S. Thus, the tidal (or ‘third body’) perturbation terms in the Hamiltonian

(4.2.10)
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takes the form:

1 3(r-r,t)? L2 3(r-r(t)? _
_ ) —|-'us <2r3(t) _27~§(t)> +03—Hm+Hsa
(4.2.11)

where fi,,,1,, and us, r, are the mass and geocentric position vectors of the Moon and
Sun respectively, and O3 denotes octupolar or higher order terms in the expansion
of the third body potentials. The exact form of the term Hszp depends now on the
model adopted for the geocentric orbits of the Sun and Moon. In the framework of this
chapter, and of Chapter 5 as well, we adopt the following models for Sun and Moon:

205,(0) 2 r5(t)

Hsp = pim (

1. we suppose that the Sun’s geocentric orbit is an ellipse lying in the Earth’s ecliptic
plane (i.e., with inclination 759 = 23.43° with respect to the equatorial plane),
Q, =0° a, = 1.496 - 10® km and e, = 0.0167;

2. we assume the lunar orbit as elliptic and also lying on the ecliptic plane, with
ay, = 384748 km, e, = 0.065 and 7,,0 = 759. Note that this assumption ignores
the precession of the Lunar node (with period ~ 18.6 yr) associated with the
inclination of the Moon’s orbit with respect to the ecliptic (by 5°15'). While the
precession of the Lunar node is important near secular lunisolar resonances’, it
only has a minimal effect far from these resonances, as substantiated by numerical
studies (e.g. [47], [124]). Thus, we ignore this effect in our present estimates.

Under the above approximations, the satellite Hamiltonian H ;,;; takes the form
Hits = Hoipkep + Hap. (4.2.12)

This is a Hamiltonian depending on three degrees of freedom (the coordinates and
momenta of the satellite) as well as on time (through the vectors r,,(t) and r.(t)).
However, contrary to the case of the Hamiltonian H j,p, in which we are interested in
establishing the long-term stability of the semimajor axis over short-period oscillations,
here we are interested in the question of the stability of the eccentricity and inclination
of the satellite over secular timescales. Thus, as customary (see [45], [125]), we average
H 1,15 with respect to the mean anomalies of the satellite, Moon and Sun. The averaging
can be done in closed form (see, for example, [45]), and leads to:

2

1 2 2T r
(av) _ = AdM = / I —
7'[]2 or Jo HJzkep 0 HJQk:ep (12 /—1 — 62 f
(av) 1 2T 27 2T 2T 7‘72”
He =5 [ [ VdMadt, = [ [T V(1 - ecos B)———dEdf,,
472 Jo  Jo 0o Jo

2 /1 _ 2
az\/1—ez,

7”2

1 2r 27 2 27
He = — [ [T viaan, = [ [T - ecos B)——=——dEdf..
s 472 Jo Jo o Jo ( h@ﬁ 4
Here, f, E are the satellite’s true and eccentric anomaly, while f,,, fs are the Moon’s
and Sun’s true anomaly along their geocentric orbits. The averaged J, term takes the

1By secular lunisolar resonances we mean resonances of the form kiw + ng + ng v = 0, with
(ky, ko, k3) € Z3\{0}, thus involving the rate of variation of the longitude of the ascending node of the
Moon.
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form (apart from constant terms):

(av) . o MER% 1 3 . 2 .
HJZ <€,Z,W,Q) = —JQW (2 - 1 sm-iu ). (4213)

The terms H'% (e, i,w,Q) and H'*) (e, i,w, ), instead, turn out to be identical to
those given in equations (3.6) and (3.7) of [42], setting iy, = 0. Then, the Hamiltonian
averaged over all short period terms, hereafter referred to as the secular geolunisolar
Hamiltonian, takes the form

Hoys see(e, i, w, Q) = HE 4 1@ 4 3q(@) (4.2.14)

which, in terms of the Delaunay modified variables, has two degrees of freedom.

Expansion around the forced inclination

As it was done in the case of the J, model (Eq. (4.2.8)), normal form computations
for the Hamiltonian (4.2.14), expressed in Delaunay action-angle variables, require a
polynomial expansion in the action variables around some preselected values. In the
case of the secular geolunisolar Hamiltonian (4.2.14), a natural choice of the origin
for such expansions is the forced element values: writing H g5 sec as a function of the
Delaunay variables, say, Hgs sec(P, Q, P, ¢; @) (where the semimajor axis a is now a priori
constant, hence, can be considered as a parameter), a forced equilibrium is defined as
an equilibrium point of the secular Hamiltonian, i.e., a point (Q(eq), plea) glea) p(e‘”)
for which the following relations hold:

aK7L[gls sec a,71—[gls sec a/7]'[gls sec a/7'-[gls sec
, _ : _ : _ [ Dlsisec | 4.2.1
( op )eq < 8Q >eq ( ap eq aq eq O’ ( 5)

where the subscript ‘eq’ denotes the condition Q = Q\*?, P = P? g = ¢(¢9 p = pled,
In the case of the Hamiltonian (4.2.14), a forced equilibrium solution can be computed
by writing first Hgs sec in terms of the Poincaré variables as

X1 =4/2Qsing, X;=V2Psinp,
Y) =1/2Qcosq, Y;=+V2Pcosp.

Expanding up to quadratic terms in the Poincaré variables, the truncated secular
Hamiltonian has the form

(4.2.16)

H(Y1, Yo, X1, Xo) = AYs + Bi(X] +Y7) + Bo(X5 +Y5) (4.2.17)

where the coefficients A, B, are given by:

4 | 3R%a7/sin (2i0) <QMm L9 Ms>
LT TTS(GMp) A 2t )

B, — 3v GMpRy,J n 3GM,,, (2 — 3sin?iy) N 3GM,(2 — 3sinZiy) (4.2.18)
1 4 a’/? 16 Q%E a§n 16 Q%Eag .
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The Hamiltonian (4.2.17) corresponds to two decoupled harmonic oscillators in the
variables (X1,Y)) and (X, Y3). The second harmonic oscillator (corresponding to the
action-angle pair (P, p), hence, to the orbit’s eccentricity vector) has an equilibrium
point at (XQ(eq), Yg(eq)) = (0,0), implying P = 0 and any value 0 < p*? < 2. This
implies that the sub-manifold of circular orbits e = 0 (corresponding to P = 0) is
invariant under the flow of the secular geolunisolar Hamiltonian. On the other hand,
as regards the pair (X, Y]), Hamilton’s equations for the Hamiltonian (4.2.17) yield:

(4.2.19)

X, = A + 2B
Y, = —2B; X; .

For ig # 0, the equilibrium point of (4.2.19) is given by

e e A
Xl(q):O, }/1(‘]):_5#0
1

2 2
Setting Q°? = ((Xl(eQ)) + (Yl(eq)) ) /2, ieq ~ (2QY )\ /upa)/? (for Q9 small), we
arrive at
o) o AL 1

oA L e - e — ) 4.2.20

More accurate expressions for the forced inclination i“? can be obtained by introducing
(4.2.20) along with the remaining equilibrium values in the derivatives of the full secular
Hamiltonian (4.2.14) and finding the roots of Hamilton’s equations. One can readily
verify that ¢°? = 0 at all orders, while i*? is subject to small corrections with respect
to the expression (4.2.20). In physical terms, the forced inclination (9 defines the
inclination of the Laplace plane: since the perturbing bodies (Moon and Sun) are in
orbits inclined with respect to the equator, a satellite orbit can maintain its inclination
constant when the latter has the value i*?. Inspecting the form of the coefficients
(4.2.18), we find that i? — 0 as @ — 0, while it can be shown that i*? — i , for
values of a greater than the GEO one (see for example [126]), reflecting the fact that
the Laplace plane tends to coincide with the equator for satellite orbits close to the
Earth (as imposed by the oblateness of the Earth), while it tends to coincide with the
ecliptic at large distances from the Earth (where the Lunar and Solar tides dominate).

Returning to the expansion of the secular geolunisolar Hamiltonian, making the shift
transformation §Y; = Y; — Y, allows us to express the Hamiltonian as a polynomial
in the variables (X7, 0Y]) and (Xs, Y3). The Hamiltonian H g se. Starts now with terms
of second degree which we regroup in H:

b1+63 bl—|—64

2

b1 + €
2

_b1+€1

Ho 5

X7+ §Y? + X3+ Yy, (4.2.21)

where by = 2B; and €1, €, €3, €4 are corrections of order (’)(uba:s/z/(u};mag)), with the
index b referring to the Moon or Sun. All these corrections turn to be rather small,
with relative size ~ 107®Byo at semimajor axis a ~ 10* km, where

_ 3VGMgR3,J
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Thus, after a canonical rescaling X; = ¢15.X;, 0Y; = }71/012, Xy = cu Xy, Yo = 172/034,
with (c2)! = (b + @)/ + a) = 1 + O(ud®?/(Bipi’a}) and
(cg4)* = (by+e€4) /(b1 +e3) = 1+O(Mba3/2/(Blou}E/2aZ’), the secular lunisolar Hamiltonian
resumes the form:

Hots sec = % (X7 +72)+ % (X3 +77) (4.2.22)

00

v k1 vkevilivls

+ Z Z hkl,k%ll,lQXl X2 }/1 1/2 .
s=3 ki,ko,l1,l0€N
k1+ka+l1+l2=s

This is the typical form of a secular Hamiltonian, consisting of linear oscillators

(with frequencies vy, 1v5) coupled with nonlinear terms.  However, we have

vy =y + O(,uba3/ 2/ ugzai’), implying that the two frequencies are nearly equal

3 \/ REJ2

|25 A 7 R
2 a7/2

This is a consequence of the axisymmetry of the J; model, implying that the secular
frequencies ¢ = —Q and p = —w — Q are equal for nearly equatorial orbits in this
model. As we will see in Section 4.5, this near-equality implies that with the present
normal form estimates one cannot establish independently the long term stability of
the eccentricity and the inclination, but only the long-term stability of the Kozai-Lidov
integral Z = X2 4+ Y + X2 + Y2, which couples oscillations between the eccentricity
and the proper inclination of the satellite.

Finally, the Hamiltonian (4.2.22) can be written in action-angle variables

X1 = /2Ly sin¢y, Y1 = /2], cos ¢y, Xo = \/27_725111@252, Yy = \/ 212 cos ¢ as

Hgls,sec = wnli +wl (4223)
+ Z Z Z h81 ,82,k1, k2151/2[82/2 Cos(klgbl + k2¢2)'
$s=3 s1,52€N k1,k2€Z
s1+s2=s |k1]+]|k2]|<s

(|kl1+]k|2) = s (mod 2)

The Hamiltonian (4.2.23) is the starting point for all normal form calculations in
Section 4.5. For computational reasons, the expansion in (4.2.23) is truncated up to a
maximal order N = 15, leading to the truncated form

Hgls sec<[17127 ¢17¢2) - Vlll + V2[2

2 182/2
+Z > > By oo a7 2 13772 cos(k gy + k).
s=3 s1,52€N k1,k2€Z
s1ts2=8 k1| +]k2|<s

(|kl1+]k|2) = s (mod 2)

4.3 Hamiltonian Normalization

In this Section we briefly recall some basic definitions related to normal form theory and
its use in obtaining stability estimates based on the size of the normal form’s remainder.
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In Sections 4.4 and 4.5 we will discuss the particular normalizations implemented on
the Hamiltonians (4.2.8) and (4.2.24) respectively.

4.3.1 Normal form and remainder

Consider a Hamiltonian function of the form
H(A, ) = Zo(A) + Ha(A, ) =w- A+ Hi(4, ¢), (4.3.1)

where w; are real constants, and (4,¢) € R" x T" are action-angle variables. We
assume that #; is analytic in the complex domain (4, y) € D,,(U) = B,U x S, (or
simply D, ), where U is an open domain of R", B,U is a complex neighborhood of U
of size p:

B,U={AeC": dist(A,U) < p} , (4.3.2)

S, is the complex strip
Se ={p e C": Re(p)) €T, [Im(p;)| <o, j=1,...,n} (4.3.3)
for p,o > 0. On D,,(U) we define the norm of a function f = f(A4,¢) as

[flloe = sup [f(4 )] (4.3.4)

(évf)er,a

The aim of normalization theory is to introduce a near to identity canonical transfor-
mation @ : (4, ) = (4',¢'), so that in the new variables (4’, ¢') the Hamiltonian
(4.3.1) takes the form

H(AL, ) 04, &) = Z(A.0) + RIA, ) (4.3.5)

with the following properties:

i) the transformation @ is analytic in a domain D, ,(U) with 0 < p’ < p, 0 < ¢’ < 0,
ii) the dynamics under Z(A', ¢'), called the normal form, has some desired properties
(see below), and

iii) under the norm definition (4.3.4) one has ||R||, < ||Z]» implying that the
function R(A’, ¢'), called the remainder, introduces only a small correction with respect
to the flow under the normal form term Z(A', ¢).

Regarding point ii) above, see, e.g., [51] for a definition of the properties of the
normal form term in various contexts of perturbation theory (e.g. in the Kolmogorov-
Arnold-Moser or Nekhoroshev theories). Here we mention three cases of particular
interest, pertinent to our context:

Case 1: Birkhoff normal form. The function Z is independent of the angles ¢’. This
kind of normalization allows us to prove the near-constancy of the action variables A.

Case 2: elimination of short-period terms. The real constants w; in (4.3.1), called the
unperturbed frequencies, are divided in two groups, ‘fast’ {w1,...,wk, }, 1 < Ky <n,
and ‘slow” {Wg, 11, ., Wy}, such that min{|wi |, ..., |wk,|} > max{|wk, 11|, - - -, |wal}-
In this case, it turns convenient to introduce a normalizing transformation ® such that
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the normal form Z becomes independent of the ‘fast angles’ {¢], ... ,gp’Kf}. Such is
the case of the normal form encountered in Section 4.4, leading to estimates on the
stability of the semimajor axis in the J; problem. The corresponding Hamiltonian is of
the form (4.3.1), with n =3, Ay = 0L, Ay =P, A3 =Q, o1 = X\, v2 =D, p3 = q.

Case 3: resonant normal form. The frequencies w; satisfy one or more quasi - commen-
surability relations of the form m-w ~ 0, with m € Z", |m| # 0. The maximum number
of linearly independent and irreducible integer vectors my, 1 <1 < l,,4., yielding exact
commensurabilities for a given set of frequencies wj, satisfies 0 < [,,,4, < n. Since H; is
analytic in D, ,(U) and periodic in ¢, H; admits the Fourier decomposition

Hi(A @) = Y hag(A)e™?, (4.3.6)

kezn

where, according to Fourier theorem, the coefficients |k ;(A)| are bounded by expo-
nentially decaying quantities O(e"ﬂ"). Then, it turns out that the appropriate normal
form Z has the resonant form:

Z(A ) = Y GA)ee, (4.3.7)
keM

for some Fourier coefficients ((A’) and where
M={keZ" : k-m=0foralll=1,... Ly}

is the ‘resonant module’. A normal form of the form (4.3.7) implies the existence of
N — e quasi-integrals of the form I; = K, - A, i = 1,...,n — l;4, Where the vectors
K, satisfy the equations K, - m; = 0 for all [ with 1 <1 < [,,... The quantities I; are
called the resonant integrals of the Hamiltonian (4.3.7).

As an example, whenever v; = v, the secular geolunisolar Hamiltonian (4.2.24)
admits a resonant normal form. We have n = 2, [0, = 1, my = (1,-1), Ay = I,
Ay = I, p1 = @1, 2 = ¢9. Therefore, the normal form contains terms independent
of the angles or depending on the angles through trigonometric terms of the form
cos(k(d] — @5)), k = 1,2,.... The associated resonant integral corresponds to the
‘Kozai-Lidov’ integral Z = I + I5 (see [61]).

Definition 4.3.1. A r-th step Hamiltonian normalization process is a composition of
near identity transformations

M =P, 0P, _10...0P (4.3.8)

mapping the initial action-angle variables to the r-th step mormalized action-angle
variables wvia the successive transformations (A(S),¢(s)) = é(s)(A(S_l)ﬁ(S*l)),

s=1,2,,...,r, (A(O),f(o)) = (4, p), defined so that the compositions

) =P, 0P, ;0...0P
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for all s = 1,...,r are analytic and with inverse analytic within non-null domains
Dp<s>7a<s> # 0, and the rth-step Hamiltonian takes the form:

(") (A(A( r) SO(T)) E(A( r) QD(T))) 7() (A(T)7£(T)) + R(”‘)(A(T))E(r)) (4.3.9)
thh ”R(T)Hp<r)7o'(”'> << HZ(T)H/)(T)70'(T)

The semi-analytical estimates of stability that we will develop in the next Sec-
tions are based on defining a suitable r-step sequence of canonical transformations
Oy, Py, ..., D, reducing the size of the remainder ||R(’")| (1) »(» as much as possible given
the initial Hamiltonian model considered. The appropriate sequence is found using
the method of Lie series (see Section 4.4). The obtained times of stability are of order
||R Topt) Hp(mpt) S(ropty» Where 7,5 is the normalization order yielding the smallest possible
remainder norm. The value of r,,; can be obtained via theoretical estimates (see [127]),
but in practice, it is also limited by the maximum order in which our computer-algebra
normal form calculations can proceed. Theoretical estimates imply that the size of the
remainder norm is exponentially small in the inverse of the size of the perturbation
|H1]|,,0 in Eq. (4.3.1). For example, in the simplest case of the Birkhoff normal form,
we have the following theorem (see [128] for full details).

Theorem 4.3.2. Consider the Hamiltonian expressed in action-angle variables
H(A, p) =w-A+ f(A, ), where w € R" satisfies the following Diophantine condition:
there exist 7, > 0 such that

k- w| > Vk € Z"\{0} (4.3.10)

||

and f is real analytic on D,, for some p,oc > 0. Consider two positive parameters
d<p/2and & < a/2, and forr > 1, let

\ S ._ &
€] = , € =" (4.3.11)
221 + 2 [ £l e
Then, for any
1/7+2
75£T+1 1
r< — i (4.3.12)
2T (27 + 2)! 1/ 1o

there exists a real analytic canonical transformation ® : D, _o55_9¢ +— D, , such that
the transformed Hamiltonian has the form

Hod=h(A)+ Z Z(A) + R4, ) | (4.3.13)

where the remainder R can be bounded as
(r+1) Hf“p, - € 4.3.14
|R || p—26,0—2¢ < gy e: el (4.3.14)

Casting together (4.3.11) and (4.3.14), one readily sees that the remainder grows
more rapidly than any power of r, namely as (r""2)"~'. Consequently, this procedure



164 Stability estimates for Earth’s satellites through normal forms

does not converge for r — oo. In any case, we remark that, as the threshold value for
the normalization order r is proportional to the inverse of H f Hl/ (m+2) " if we manage to
reduce the size of the initial remainder function, then we can increase the maximum
value of r for which Theorem 4.3.2 is satisfied.

Similar estimates hold in the case of the resonant normal form constructions (see
[127]). The behavior of the size of the remainder as a function of the normalization

order r will be examined in detail in our semi-analytical computations in Sections 4.4
and 4.5 below.

4.3.2 Book-keeping and construction of the normal form

Both Hamiltonians (4.2.8) and (4.2.24) are of the form (4.3.1), therefore the above
results on Hamiltonian normalization apply. In order to compute the composition
of canonical transformations required in Eq. (4.3.8), we implement the method of
composition of Lie series, after introducing a suitable book-keeping (see [51]) to separate
terms in the Hamiltonian according to estimates of their order of smallness.

Definition 4.3.3. Consider a ‘book-keeping symbol’ e, with numerical value e = 1. A
book-keeping rule is a splitting of the initial Hamiltonian H(A, ) in the form

H(A o) =w-A+ > HJ(A p). (4.3.15)

s=1

Remark 4.3.4. The splitting can in principle be arbitrary. However, the sequence
of remainders |]R(T)||p(r),g(r) found by Hamiltonian normalization behaves well, i.e.
| R®| o) () < | RV po-1) o=y Jor s = 1,... 1oy when the splitting (4.8.15) is
done so as to reflect the order of smallness of different terms in the Hamiltonian.
Roughly speaking, one must have ||Hsl,o = O H"Hlﬂzg) (see [51]).

Proposition 4.3.5. Lie series: Let x(A, ), called the Lie generating function, be a
function analytic in the domain D, ,(U), and L, denote the Poisson bracket operator
L.-={-,x}. Given positive numbers 6 < p and & < o, assume that
-1 5 _
X
75 | 87
P

Ox

min | > 1.

p—5,0’—§ p—5,0—§

Then, the mapping

(A’ ¢') = exp(L i (4.3.16)

1
]
is an analytic canonical transformation of the domain D,_s5,_¢(U) onto itself.

The proof consists in implementing Proposition 1 of [128] with r = 1.

Proposition 4.3.6. Exchange theorem: Let f be a real analytic function
f:UxT" = R exstended to the domain D,,(U). The equality

FA, @) = (exp(Ly)f(A @) (4.3.17)

A=A o=y
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holds, where (A', ¢") are given by the transformation (4.3.16) and (A', ¢") € D,y_s,—¢(U).

See [129] for the proof. In simple words, the exchange theorem implies that the
result of a Lie series canonical transformation onto a function depending on (A, ¢)
can be found by implementing the sequence of Poisson brackets of the exponential
operator exp(L,) directly on the function f, and substituting, after this operation, the
arguments (4, ) with (4’, ¢").

Normal form algorithm: The above definitions allow us to establish an algorithm
for the calculation of the sequence of canonical transformations (4.3.8) using Lie series.
The algorithm is obtained recursively by defining the r-th step as follows. Assume the
Hamiltonian after » — 1 normalization steps, denoted by H" ™V, is in normal form up
to the book-keeping order r — 1:

HOD = Zo+ eZyt .+ €7 2+ @RI+ @RI £ 2RI 1 (43.18)

Then, the r-th step Lie generating function y, and Hamiltonian H") are computed as
follows:

(i) split R"™Y as R=D = Z0=Y 4 pr=Y where Z"~Y denotes the part of RI"™Y
being in normal form;

(ii) compute x, as the solution of the homological equation

{w-Ax.}+€enl™ =0; (4.3.19)

(iif) compute the r-th step normalized Hamiltonian as H™ = exp(L,,)H""". This
yields the Hamiltonian

HO = Zy+eZy+ ...+ Zo o+ 2+ TR + PR, 4. (4.3.20)
where Z, = 20V,

Remark 4.3.7. In the above algorithm, the notation f) implies a function depending
on the canonical variables (A(T),g(r)), which are connected to the original variables
(4, p) via the composition of Lie series transformations

A, p) =exp(Ly,)oexp(Ly,_,)o...0exp(L,, AM o), 4.3.21
¥ X X X ¥

For simplicity of notation, unless explicitly required in the sequel we do not write the
superscripts in the canonical variables defined in every step, but only in the functions
in which these variables are arguments of.

Remark 4.3.8. In the computer-algebraic implementation of the normalization algo-
rithm, all functions are truncated up to a mazimum book-keeping order, specified by
computational restrictions.
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Remark 4.3.9. The solution of the homological equation (4.3.19) is trivial when the
functions K"V are written in the Fourier representation

hs‘r—l) — Z iLf"Tk_l) (A) exp(lk : f)a

kezn

which gives

Xr =€ Z —=——" exp(ik - ¢).
EEZ” E Q o

i (A)

4.4 Stability of the semimajor axis in the J; model

We will now implement the Hamiltonian normalization discussed in Section 4.3 to elim-
inate the short period terms (depending on the mean longitude A) in the Hamiltonian
(4.2.8), leading to estimates on the long-term stability of the orbits’ semimajor axis.

4.4.1 Normal form

We express the Hamiltonian function in the form (4.3.15), choosing the book-keeping
power equal to s — 2, where s is the index in the Hamiltonian expansion (4.2.8), that is,
collecting together at book-keeping order s all polynomials Z;_9 and Ps_9 , ky.ks- Then

HO (6L, P,Q, )\, p,q) =

4.4.1
:HO((SLvP)Q)+€Hl<5L7P7Q7)\>paQ)+"'+ENHN(6LaP7Qa)\7p7Q) ( )

with Ho = n.0L + w1+ P + w2, Q. The truncation order (in eccentricity and inclination)
is N = 15.

With reference to the algorithm of Subsection 4.3.2, normal form terms are specified
as those non-depending on the mean longitude A\. That is, the Fourier harmonics
cos(k1 A + kap + k3q) to survive in normal form are selected by the choice of resonant
module (see Subsection 3.1) defined by the relation /., = 1, m; = (1,0,0). Follow-
ing the choice of book-keeping as described above, the normal form and remainder
computations where done using a program written by the authors in the symbolic
package Mathematica®. The symbolic program performs M = 12 normalization steps,
implementing steps (i) to (iii) of the normalization algorithm discussed at the end of
Section 4.3. The operation H" = exp(EXT)H(T_I) is truncated in book-keeping up
to the order N = 15. The symbolic program performs this truncation automatically,
since every term in both the Hamiltonians H"™Y and the generating functions ¥,
r=1,..., M carries the book-keeping symbol € raised to some power. Mild memory
requirements (of the order of 100MB) are required for the whole process. We also note
that, for given book-keeping rule, this process takes automatically care of the minimum
and maximum powers in the action variables, as well as the minimum and maximum
Fourier harmonics associated with every book-keeping order (see [51] for a detailed
description of this process).
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After M normalization steps, the Hamiltonian takes the form

My, = HO(OL, P,Q A p,q) = Hiv Lo (0L, P.Q,p, ) + R (6L, P.Q, \,p,q) , (4.4.2)

Ja,sec

where (setting the book-keeping € = 1)

J2,sec

M M M
RO = RUD + ...+ RYY
with Z():Ho.
(M)

The term H, ..

on the fast angle ). On the other hand, the remainder Rféw) quantifies the difference
(M)

will be referred to as the ‘secular Hamiltonian’ (not depending

between the true evolution of all canonical variables and the one induced by H}, /.-
Since in (4.4.2) we can only compute a truncated remainder, we probe numerically that
the finite sum of the leading terms in the remainder (up to order NN) yields a remainder
norm close to the limiting one (which corresponds to the limit N — 00). To this end,
we take as maximum normalization order M = N — 3, ensuring that at least the three
first leading terms are included in the remainder (see [60]). Also, in estimating the size
of the remainder through a suitable definition of the norm, we compute the sup norm
on a closed and bounded domain D C R?:

[fllop = sup |f(e,i,\,p,q)| - (4.4.3)

(e,i)eD
(Ap,q)€T?

The calculation of the sup norm in a fixed domain (e, i) € D, (A, p,q) € T? can
only be done approximately, by taking a grid of values for all variables involved in this
domain, and computing the maximum of the absolute value of the function involved
on this grid. Since this process can lead to quite strong fluctuations in the norm
estimate, for practical purposes we substitute the sup norm calculation with one based
on majorization: consider a function of the form

f(e, i, /\,p, q) = Z fkl,kz,kg, (6, Z) COS(kl)\ + k‘gp + k?gq), (444)
k1,k2 ks

where the sum is over an arbitrary (finite) number of harmonics (ky, ko, k3) € Z* with
\k1| + k2| + |ks] # 0, and the functions fg, k, ks (€, %) are sums of polynomials

fk1,k‘27k3(67 Z) = Z Zgk1,k27k3,81752P51/2(G)QSQ/Q(i) (445)

S1 82

over a finite set of integer pairs sy, so. Define the domain D, (e, i.) in the action space
(P, Q) via the relation: D, (e, i.) ={0 < P < P(es),0 < Q < Q(es,ix)}. Then, one
has:

sSup ‘f(e7ia)‘>p7 Q)‘ < HfHOO,D* - Z Z ’gk1,k2,k3,51,s2‘PSI/Q(G*)QSQ/g(e*’7;*)

(e,i)EDx k1,k2,k3 51,52
(A\p,@)€T?

(4.4.6)
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We can then use the norm (4.4.6) as an estimate substituting the sup norm in all actual
calculations.

4.4.2 Numerical results: stability of the semimajor axis

Having fixed the procedure for the normal form and remainder computations, we
proceed in deriving stability estimates based on the time variations of the value of the
semimajor axis in the Jy problem. Fixing a reference value a, of the semimajor axis,
we assume that, at the time ¢ = 0, we have L = L, = \/pa,, i.e. 6L =0. Our aim is to
estimate the fluctuations of L as functions of the orbital parameters e and .

The first question to settle is that, for every value of the reference parameter a,
we have to specify the range of values of the variables (e, i) for which the remainder
Rffy) is small enough to represent only a perturbation with respect to the dynamics
determined by the secular part. In applications, we compute the value of HRS]QW) || ..
in the domain (e,i) € D = [0,0.15] x [0,7/2], so that the inclination can take all
possible values; the eccentricity is instead taken in a reasonable interval, where we can
find almost all main Earth’s satellites.

With reference to the Hamiltonian (4.4.2), if we consider the dynamics induced
only by the secular part, we obtain that

B (M)
igL — _M =0 ,
dt O\

which implies that 0L (hence L) is a constant of motion. We remind that JL is not the
original Delaunay variable, but rather the one obtained after M normalization steps.
If we denote by 6L the original variable, then we have

0L = exp(—Ly (.. . (exp(=Lyan (SL?))))) . (4.4.7)

To obtain 6 L¥ as a function of the new variable § L, we need to invert the transformation
(4.4.7); we observe that

(exp(£,)) " = exp(—Ly) |

implying
6L(0) — exp<£x(]u)<. .. (eXp<£X(1) (5[/))))) .

Since we are dealing with near-identity canonical transformations, we realize that 6L
is the sum of 6L and short period (small) variations which do not affect its stability.

If we consider the full Hamiltonian in (4.4.2), then L is not constant anymore

because of the dependence of RSJQM) on A. Using again Hamilton’s equations, we see
that

d d d oM, OR(M
—L=—(L+L,)=—0L=— 2 = 2
al = gt = g ) )
Then, for every set of values, say (e*,i*, \*,p*,¢*) € D x T?, we obtain
d d OR(M
(e AP 0| < S (e,1, ,p,q)' < Hm .

(A\p,q)€T3
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Let L(e,i, A\, p,q;T) be the value at time t = T. To estimate its distance from the
equilibrium point L,, we can use the mean value theorem which gives

T. (44.8)

dL
|L(e,i,\,p,q;T) — L.| <||L(e,i,\,p,¢;T) — Ly||oo,p. < Hd

t HOO,D*

Requiring that the right hand side of (4.4.8) is of order of unity, then the stability
time 7" becomes order of O (1/||dL/dt||p.). Let us fix a constant value AL and

suppose that we want to estimate the minimal time 77 up to which the variation of
L(e,i,\,p,q; T) stays bounded by AL:

||L(67ia )\7]7; q; T) - L*Hoo,D* S AL .
Using (4.4.8) we obtain that 7} is given by

AL

n>— . 4.4.
Sl T s _—

Equation (4.4.9) can be used to derive the stability time of the semimajor axis a:
recalling that, in general, L = \/pua, one has that AL = Aa/2y/p/a, which allows to

obtain a lower bound for the stability time of a given by

1 [p Aa

Ty= |
> 2\ a, ||dL/dt]|se.p,

(4.4.10)

This estimate will be used in Section 4.5.3 to obtain results on the stability time at
different altitudes; in particular, Aa is set to be equal to 0.1 Rg.

To check that the norm ||R€(,J;4)||OOVD* is small in the domain D = [0, 0.15] x [0, 7/2],
we compute its value by taking a set of samples for the reference value of the semimajor
axis a,, that correspond to different distances from the Earth’s center (the radius of
the Earth is R = 6378.14 km). Precisely, we consider the following semimajor axes:

all) = (42164 km)/Rg: the reference value for GEO satellites;
e a'® = (26560 km)/Rp: the reference value for GPS satellites;
a® = (8524.75 km)/Rp: an intermediate value in terms of the altitude;

e al¥ = (7258.69 km)/Rp: very close to the Earth’s surface. We remark that in
this case the results obtained are not very relevant from a practical point of view,
because the effect of the atmosphere becomes important.

Table 4.1 shows the values of ”R((]]:[)”OO,D* computed for the above values of a, and
for J, = 1.084 - 1073, namely the real value of the coefficient for the Earth. As we
can see, ||RSJ;/[) |loo.p. is typically very small for all values of a,: this confirms that for
the J; problem it is reasonable to take the domain in eccentricity and inclination as
D = [0,0.15] x [0, 7/2].

Table 4.2 provides the results for the estimate of ||dL/dt||o p,, which show that,
using (4.4.9) with AL equal for all the considered distances a., the stability time for L

increases with the altitude. Figure 4.1 shows the logarithmic plot of ||RSJ:I)||OO7D* in
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Table 4.1 Estimates of HRS]:I)HOQD* for different values of a, in the Jy model.

Semimajor axis a. HR‘(,]:[) [
42164 km 6.6107 | 2.03365- 10"
26560 km | 4.16422 | 1.78552- 1077
8524.75 km | 1.33656 | 5.99718 - 10"
7258.69 km | 1.13806 | 1.45442-107°

Table 4.2 Estimates of ||dL/dt|| p, for different values of a, in the Jo model.

Semimajor axis ay |dL/dt|| s p.
42164 km | 6.6107 | 1.31051-107"
26560 km 4.16422 | 1.04198 - 10°°

8524.75 km | 1.33656 | 3.10705-107°
7258.69 km | 1.13806 | 7.41578 - 107°

a,=42164km a,=7258km
80+ |[R][>10~"1 . 80 ¢ IRI>1077
IR]|I>107"2 .
60" 60! [IR[>10
g g
g IIR|>10~"* g
£ 40+ £ 40 IR[|>10710
Q Q
.g R=
20 20
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
eccentricity eccentricity

Fig. 4.1 Plots of ||R(JJ:I)HOO,D* for (e,i) € D: as = al! (left) and a, = al¥ (right) in the Jy
model.
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Fig. 4.2 Stability estimates for the GEO case (with a = agl)) in the Jo model. (a) plot of
||dL/dt||s,p, as a function of e for fixed values of i. (b) plot of ||dL/dt||~ p, as a function
of ¢ for fixed values of e.
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Fig. 4.3 Stability estimates for the near-Earth case (with a = aiA‘)) in the Jy model. (a) plot
of ||dL/dt||sp. as a function of e for fixed values of i. (b) plot of ||dL/dt||s D, as a function
of ¢ for fixed values of e.

the limit cases a, = afkl) and a, = aff). The plots show that the remainder decreases as
one gets farther from the Earth and it becomes larger when increasing the eccentricity
and inclination.

Figures 4.2 and 4.3 refer, respectively, to ¢ = al and a = a™; the left plots
provide the graph of ||dL/dt|| p, as a function of the eccentricity for fixed values of
the inclination, while the right plots give the norm as a function of the inclination for
fixed values of the eccentricity. We notice that the norms tend to decrease when the
eccentricity and the inclination are smaller, although the effect is more evident in the
GEO region than closer to the Earth.

We now examine how the stability time changes as a function of the semimajor axis
a,: in this case, we consider 1000 values for a, uniformly distributed from a;, = 1.15679
(corresponding to an altitude of 1000 km, which we take as the first reference value,
although in this region weak dissipative effects are possibly affecting the dynamics)
to a; = 16.6786 (corresponding to an altitude of 10° km), using Eq. (4.4.10) with
Aa = 0.1 Rg. Figure 4.4 confirms that the stability time increases with the altitude
also in the case of the semimajor axis. Indeed, while for a, = a;, we can ensure the
stability of the semimajor axis for a period of the order of one year, in the case a, = ay
we have a stability time of the order of 10® years. From an analytical point of view, this
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behaviour of the stability time can be explained by the fact that, for higher distances,
our model can be approximated by Kepler’s problem in which the semimajor axis is
constant.

8000

6000

2000

Stability Time [year]
N
S
S
(@]

100 2x10°  4x10*  6x10*  8x10*  10°
(a- Rg)lkm]

Fig. 4.4 Stability time in the Jo model for a € [ai,,ay] (see the text for the definition of a;p,
ay) allowing a variation of 0.1 Rg.

4.5 Secular stability in the geolunisolar model

Using the J; model, we have demonstrated how the stability of the semimajor axis
can be established against short-period perturbations (depending on the satellite’s
mean anomaly). In this Section, we focus, instead, on the long-term variations in the
eccentricity and inclination of the satellite’s orbit, for orbits close to circular (e < 0.1
rad) and with small inclination (|i| < 0.1). One can easily verify that, within the
geolunisolar problem (Hamiltonian Hii\;ec, see Eq. (4.2.24)), the phase-space manifold
e = 0, corresponding to Iy = 0, constitutes an invariant manifold of the flow, implying
that circular orbits remain so for infinitely long times independently of their variations in
inclination and longitude of the node. On the other hand, for e small, but non-zero, long-
term variations of both the eccentricity and inclination can occur on timescales given by
3VGMgpR%J,

92 a’/2 ’
the secular timescale is of order of Ty, = O ((a/RE)Qng) Tshort, Where Typop is the
characteristic time of the frequency associated to the fast angle. Since J, ~ 1073,
the short and long periods are separated by three orders of magnitudes, a fact which
justifies altogether the simple averaging over mean anomalies which leads to the model
of departure ’Hgglgsec for the analysis of the secular stability. On the other hand, the
fact that 14 ~ 1, implies that, near the equator (or, more precisely, for orbits near
the Laplace plane, see Section 4.2.2), the eccentricity and inclination have coupled
variations (the so-called ‘Kozai-Lidov’ mechanism). Thus, close to the Laplace plane,
the term ‘secular stability’ cannot mean the long-term preservation of the eccentricity
and inclination one independently of the other, but only the approximate preservation of
the combination Z ~ e?+4i* (see below for exact expressions) known as the Kozai-Lidov

the inverse of the frequencies 14 and v, (Eq. (4.2.22)). Since vy >~ vy o~
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integral. The normal form construction and remainder estimates in the present section
reflect these basic properties of the dynamics.

4.5.1 Normal form

Starting with the model Hgls sec given in Eq. (4.2.24), the construction of the nor-
mal form proceeds with the algorithm described in Section 4.3 and the following settings:

i) The book-keeping rule (exponent s in Eq. (4.3.15)) is set as s = s1 + s2 — 2,
where s; and sy are the exponents appearing in Eq. (4.2.24).
ii) The resonant module (Eq. (4.3.7), case 3 of Subsection 3.1) is set as:

M = {(k?hk'z) € ZQ . k?l —I—kfg = 0}

where ky, ks are the integers specifying each Fourier harmonic in Eq. (4.2.24).
iii) The maximum truncation order is set to N = 15, while the maximum normalization
order is set to M = 12.

Here, as well, we use a symbolic program to perform all normalizations, which
works in essentially the same way as described in Subsection 4.1 for the case of the
normal form of the J; problem.

With the following settings, the Hamiltonian after » normalization steps, where r
can take the values r = 1,2, ..M, resumes the form:

MG oD, Ty 61, 62) = 25 o1, ) + 2350y (I, Ty 61— 62) + RO, L, 61, )
(4.5.1)
The term Z (ls) sec(I1, I2), hereafter called the secular part, contains all terms independent
of the angles (corresponding to the choice k3 = ko = 0 in the resonant module). The
dynamics of this term implies separate preservation of the eccentricity and inclination
(the latter around the Laplace plane). Instead, Zgls) ves (11, L2, 01 — @2), called the
resonant part of the normal form, collects all normal form terms depending on the
resonant angle ¢ — ¢,. Finally, RSZ([ 1, Ia, 41, ¢o) is the remainder term, which contains
non-normalized terms of book-keeping orders s =r+1,..., N. After M normalization

steps, we obtain the final geolunisolar Hamiltonian H,, = Hﬁi)sec.

We now look at the dynamics induced by the sum of secular and resonant parts:

Hoorm (11, Loy $1, 02) = 2500 (I, ) + 250 (1, Iy 1 — ),

called, altogether, the resonant normal form H,erm (for simplicity, we drop the depen-
dence on the normalization order r from the notation). The quantity I; + I5 is a first
integral for the dynamics induced by H,,orm, which implies that the vertical component
of the angular momentum, which coincides with ©, is preserved?®. Given that L is

2For the J, model the preservation of the vertical component of the angular momentum is a direct
consequence of the axisimmetry of the truncated geopotential. For the geolunisolar model, the addition
of the external attractions breaks this symmetry. However, the preservation of this quantity turns to
be still true for the Hamiltonian H,,opm,.
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constant, say L = L, = \/{igas, the quantity
L+ I, =L,— L.1—e2(1— cosi) (4.5.2)
is a first integral and, as a consequence, the quantity
T(e,i) =1 —+v/1—€2(1 — cosi) (4.5.3)
is constant for the dynamics induced by the normal form. This means that e and ¢ can

change only in such a way that the value of Z(e, ) remains constant.

The fact that the presence of resonant first integrals determines a locking in the
values of e and 7 is at the basis of the so-called Kozai-Lidov effect ([61, 130]), which
is common, in a wide range of resonant combinations, in many models of Celestial
Mechanics.

4.5.2 Remainder and stability estimates

As already mentioned in Section 4.4.2, we need to guarantee that the remainder is
small with respect to the normal part; we denote again by D the domain over which
the norm HRé%)HOO,D* is computed. For a function f = f(e, i, ¢1, ¢2) of the form:

f(67 i, 92517 ¢2) = Z Z fk17k2,8178211 (6, i)81/2]2(67 i)82/27 (454)

k1,ka 51,52

where the sums are over a finite number of terms, we have

sup ’f(€7i7¢17¢2> S ”fHOO;D*7

(e,i)€D,(¢1,02)€T?

where, recalling the definition in (4.4.6), the norm of f is defined as

[flloom. = D0 37 [ frnkosnsa | 11 (€4, 85) 2 I (en, 1.) "2, (4.5.5)

k1,ko S1,52

There exists an optimal value of M that minimizes the estimate of the remainder’s
norm, as shown in Section 4.5.3 for GEO orbits.

Since I + I, is a first integral for H,,o;m, We have that
{[1 + 127 Hnorm} =0.

To evaluate the stability of Z(e, i), we use the relation:

d
%(-’1 + L) ={L + I, Hgus} = {LL + 127735%)};

then, for every (e*,i*, ¢}, ¢5) € D x T?, we have the following estimate:

d )
L+ D) (eyi, ¢1,09)| < L+ L, RO oorp. -

d % ok ik %
7([1—|—[2)(6’ X 7¢17¢2) dt

< su
dt P

" (eq)eD
(¢1,¢2)€T?
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Let us now consider an orbit with initial point (I, I30) such that the corresponding
eccentricity and inclination belong to D; consider its evolution up to t = T". Using the
mean value theorem, we have that

I(1(T) + I(T)) — (Lo + I20) || < I{L + L3, RUD oo, T (4.5.6)

SettNing I" to be the maximum value for the variation of I1 + I, in time, let us denote
by T the minimum time such that for every T' < T

[(I(T) + I(T)) = (I10+ Lo)|| <T.
From (4.5.6), we have
~ T
T > ) ;
{11 + 12, Ry Hloo,p.

[

then we can use the value of T as T' = I'/||{ 1, + L2, Rgg)} ||, p.» which gives an estimate
for the stability time of I; + I, and, consequently, of Z(e, 7). The stability results for
the quantity Z can be translated in terms of the orbital elements (e, ) as follows: in
view of (4.5.3), for small values of e and i we find

e +i?

1~ 1L, ,
2

(4.5.7)

hence, if we consider the variations of Z, e and ¢, they are connected by the relation

Ail N 26A6+iAi

~ 4.5.
z e + 42 (4:58)
For the limit case of e or i fixed and small, one finds
AT Ae A
— 22—~ 2— 4.5.9
T e i’ ( )

then the relative variation of Z (and, as a consequence, of I; + [5) is proportional to
the relative variations of the orbital elements by a factor 2.

To make the stability results for the geolunisolar model consistent with the ones
obtained in Section 4.4.2 for the J, model, in Section 4.5.3 we set

T =0.05, 2, (4.5.10)
Ay

namely, recalling that AL = Aa/2\/p/a and Aa = 0.1, the maximal variation of I; + I
in the geolunisolar model is equal to the maximal variation allowed for the action L in
the Jy model.

4.5.3 Numerical results for the geolunisolar model

For the geolunisolar model, we take the domain (e,i) € D = [0,0.1] x [0, 0.1] around
the forced eccentricity (which is always zero) and the forced inclination (which depends
on the chosen altitude).
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Table 4.3 Estimate of |\R§%)||OO,D*7 with M = 12, in the geolunisolar model with D =

[0,0.1] x [0,0.1] for different altitudes.

Altitude | ||[R"D| o p.

3000 km | 2.13276- 10~
20000 km | 3.22704 - 10713
35790 km | 1.3774-10" 1
50000 km | 5.39185-107°
100000 km | 1.80878 -107°

Since the stability results strongly depend on the distance from the Earth, we select
five different altitudes, that correspond to cases of interest for the satellite’s problem:

« A =3000 km, above the atmosphere;

e h® =20000 km, that is in MEO region;
h®) = 35786 km, the altitude of GEO orbits;

e B = 50000 km, corresponding to far objects;

« h®) =100000 km, that corresponds to objects which are very far from the Earth’s
surface.

The value of the remainder’s norm depends on the altitude of the orbit: in particular,
we can state that the stability time decreases as the altitude increases.

Table 4.3 provides the value of ||R;?§) lloop. as a function of the altitude, showing a
significant worsening for altitudes after the GEO region.

Figure 4.5 shows the behaviour of the remainder’s norm as a function of (e, i) in

the bigger domain D' = [0,0.1] x [0,7/2]: as we can see, in all cases the domain

)

D' is too large to ensure the smallness of ||R;]l\§ |co.p.- Moreover, the magnitude of

HR;Jl‘g)HOO,'Di increases significantly with the altitude. We can easily notice that the

value of ||R§]l\;[) |oo,p 18 strongly dependent on the inclination: using this fact, we can
detect a value of 7, denoted by i..;;, which is the minimum value of the inclination for
which HRE%) || s, p is of the order of unity. Table 4.4 shows the computed values of 7.
(converted in degrees) for the considered altitudes: we can notice that the smallness
domain shrinks substantially between 50000 km and 100000 km; in any case, we can

see that for every value of the considered altitudes the domain D = [0,0.1] x [0,0.1] is
(M)
gls

contained in the smallness domain of R

As mentioned in Section 4.5, the remainder’s norm depends on the normalization
order M. Although the norm does not converge to zero if M tends to infinity, there is
a value of M, called the optimal normalization order, say Moy, for which the norm of
the remainder is minimal. Typically, this optimal value is greater than the order of the
Taylor expansions of the numerically computed functions, and the estimates for the

remainder is so good that there is no reason to push further the order of the expansion;
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Fig. 4.5 Remainder’s norm for the geolunisolar model in the domain D' = [0,0.1] x [0, 7/2]
for K9, i=1,...,5 (see the text for the definition of h(z)).
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Table 4.4 Value of i..;+ as a function of different values of the altitude for the geolunisolar
model.

Altitude | i..ii(deg)
3000 km 67.1°
20000 km 57.89°
35790 km 58.43°
50000 km 37.95°
100000 km 16.93°

10~4 .
pr— 10_6 ) [ ]
S .
R
= 107% T
10710} )
0 2 4 6 8 10 12

Fig. 4.6 Estimate of HR;%)HOO,D* as a function of the normalization order M for h = h®

(GEO distance) in the domain D = [0, 0.1] x [0,0.1] for the geolunisolar model.

for example, this is the case for the normalized Hamiltonian function which describes
the geolunisolar problem computed for the GEO altitude.

As we can see from Figure 4.6, the optimal normalization order is greater than or
equal to 12, that is the order at which we make our estimates.

Once obtained the smallness of ||Ré]l‘f)||oo7p* in D, we proceed to compute the
stability time for the quantity Z(e,7) =1 — 1 — e€?(1 — cos1).

As we can see from Table 4.5, the stability times are extremely long: this fact
depends on the model we considered, with the Lunar orbit in the ecliptic plane without
precession effects. However, we can notice a relevant decrease in the stability time for
distances greater than GEQO. This behaviour is opposite to that of the J, model where
the stability time was increasing with the altitude (see Figure 4.4). In fact, at low
altitudes the Jo model is strongly affected by the Keplerian part and the geopotential,
while the geolunisolar model takes into account both the inner effect due to the Earth
and the outer effect due to Moon and Sun.

As a final remark, to show the importance of taking the right domain in eccentricity
and inclination, let us assume h = h® and consider the domain (e, i) € B = [0,0.1] x
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Table 4.5 Stability times in years for different altitudes in the domain (e,i) € D = [0,0.1] x
[0,0.1] for the geolunisolar model.

Altitude | Stability time in D
3000 km 4.61551 - 10%
20000 km 2.20144 - 10"
35790 km 3.51266 - 10™
50000 km 1.07263 - 10°
100000 km 3.36609 - 10?

[0,0.5], which is larger than the convergence domain [0,0.1] X [0, i¢] (see Table 4.4).
If we compute the stability time in the enlarged domain B, we obtain just the value
T = 0.00085 years.

4.6 Non-degeneracy conditions

In the previous sections, we examined the question of the long-term stability of the
elements (a,e,i) in the case of the Earth’s satellite orbits using a semi-analytical
computation based on the size of the remainder of the Birkhoff normal form, computed
as described in Sections 4.4 and 4.5. While providing stability times quite long with
respect to any application of practical interests, such estimates cannot probe the
question of the dependence of the optimal remainder on the small parameters of the
problem (the value of J5, as well as the values of (e, i) for non-resonant satellite orbits).
Also, it was stressed before that we have no guarantee of the optimality of the estimates
themselves with respect to the normalization order, which, in theory, should scale as
a power of the inverse of the small parameters of the problem (see [51] for a tutorial
introduction).

All such scalings can be examined, instead, in the framework of the outstanding theorem
developed by Nekhoroshev ([53]). Under suitable assumptions, the theorem gives a
confinement of the action variables for exponentially long times. In particular, the
Hamiltonian must satisfy a non-degeneracy condition which, in the original formulation,
is called steepness condition. The definition of the steepness condition is quite technical
and typically not trivial to verify for a specific Hamiltonian system. However, there
are some sufficient conditions which imply steepness, whose verification requires the
resolution of algebraic equalities and inequalities. This motivates the introduction of
the following definition (see [131, 54]).

Definition 4.6.1. Consider the Hamiltonian h = h(J) for J € B where B C R" is an
open connected set. Denote by w(J) the gradient of h and by Q(J) its Hessian matriz.
Then:

1. h(J) is convex in J € B if

VueR" Q(J)u-u=0&u=0;
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Vu € R" w(d
o(

Yu € R

—————(J)uujur, =0
”%::1 0.J;0.J;0J;, J

We remark that the convexity condition is equivalent to require that the Hessian
matrix Q(J) is positive (or negative) definite in J. We add also the following definition
of isoenergetically non-degenerate which, for Hamiltonian systems with 2 degrees of
freedom, implies quasi-convexity.

Definition 4.6.2. The Hamiltonian h = h(J) is called isoenergetically non degenerate
in J € B with B CR" open, if

@( ) Oh(J)
aJ> 0J

det oh(J) T . £ 0.
(57) v

One can prove (see [132]) that, for every Hamiltonian system with n degrees of
freedom, quasi-convexity implies isoenergetically non-degeneracy: as a consequence,
for two-dimensional Hamiltonian systems, the two conditions are equivalent.

4.6.1 Numerical verification of the non-degeneracy conditions

We now apply the above definitions to the Hamiltonian functions introduced in Sec-
tion 4.2. We consider the following cases:

o the Hamiltonian function related to the J, problem H,,, in form of Taylor
expansion up to order 15 in eccentricity and inclination, normalized up to order
12 with respect to the fast angle A; we denote the resulting Hamiltonian including
the normalized part Hgfgec and the remainder RSJY) (see Eq. (4.4.2)), as

H, (6L, P,Q, A\, p,q) = H Lo (0L, P,Q, p,q) + RGV(SL, P,Q, A, p, q) .

Given the practical stability of the semimajor axis established in Section 4.4.2, in
our computations we set L = L,, i.e., 0L = 0;

« the Hamiltonian function related to the geolunisolar problem H s s in (4.2.14),
expanded around the forced values of inclination and eccentricity (see Section
4.2.2) up to order 15 in eccentricity and inclination, see (4.2.24). The Hamiltonian
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Hgis sec is averaged over the fast angle A and put in resonant normal form with
respect to the angles ¢1 and ¢, up to order 12 in eccentricity and inclination. As a

consequence, the resulting Hamiltonian H gy, = U7 including the normalized

gls,sec?
Z(M)

part Z,; ..., the resonant part Zg(l]\izﬂes and the remainder Ré]l\f) (see Eq. (4.5.1)),

has two degrees of freedom and it is the sum of three terms:

Hgls([b [27 ¢17 ¢2) = Hgls,sec([h [2> + Hgls,res([h [27 (bla ¢2) + Rgls<11a 127 ¢1> ¢2)7

where Hgs res depends only on the quasi-resonant combination ¢; — ¢s.

To analyze the non-degeneracy conditions, we write the Hamiltonian as the sum of
two terms, namely an integrable Hamiltonian h and a perturbing function f. For the
Jo-Hamiltonian, we set h(P, Q) to contain all the terms of H;, that are independent on
all angles, while the perturbing function f contains all other terms. For the geolunisolar
case, we choose h(Iy, I3) to be the angle-independent part of the truncation up to order
2 of Hy,: in this way, the Hessian matrix of h is independent of the actions, and the

computations are easier®.

Since the Hamiltonian functions depend on the parameter L, = \/ua,, we select
four reference values for the altitudes that correspond to distances of interest in satellite
dynamics:

e 3000 km, for near-Earth objects;

e 20000 km, for distance of the order of MEO;
e 35790 km, for GEO orbits;

e 50000 km, for far objects.

For each of these values, we check the non-degeneracy conditions of convexity, quasi-
convexity and three-jet, for both the case of the Js-problem and the geolunisolar models
in the domain* (e,i) € D = [0,0.1] x [0,0.1], which corresponds to a domain in the
actions D" = [0, Praz] X [0, Qmaz] C R?, where Pz, Qmaz correspond to e = 0.1,
¢ = 0.1 and can be computed numerically.

Remark 4.6.3. We notice that a Hamiltonian h = h(P,Q) (or, equivalently, h(I, I5)
in the geolunisolar case) is convex in D" € R?, if the product of the eigenvalues of the
Hessian matrixz of h is greater than zero for every (P, Q) € D". Moreover, h(P,Q) is
quasi-convez in D" € R?, if for every (P,Q) € D" the determinant of the matriz

hll(p7 Q) h12<P7 Q) hl (Pa Q)
A= h21<P7 Q) h22<P7 Q) h2(P> Q) (461)
hi(P,Q) he(P,Q) 0

1S mon zero.

3We made this particular choice after verifying that, in the chosen domain in the actions, there
are no substantial differences between taking all the normalized terms up to order 12 or only the
quadratic truncation.

“From now on, unless otherwise specified, the angles are expressed in radians.
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Table 4.6 Values of A\; A2 for the Jo model for different altitudes and (P, Q) € D”.

Altitudes A1 Ay intervals

3000 km | [~1.53606-10"°, —1.44844 - 10 °]
20000 km | [-3.9009 - 10~ 1°, —3.67893 - 10~ ']
35790 km | [~3.00586 - 1071, —3.19895 - 10~ %]
50000 km | [—4.3889 - 107%% —1, 30545 - 10~ "]

If the convexity and quasi-convexity tests fail, one can control the three-jet non-
degeneracy condition, that we compute, again, numerically, checking that the system

Q(Pa Q) U=
(O°R(P,Q)u) - u =0 (4.6.2)
((8°h(P,Q)u)u) - u=0

evaluated on a grid of values (P, Q) € D" admits only the trivial solution u = (0, 0, 0).
Since convexity implies quasi-convexity and quasi-convexity implies three-jet non-
degeneracy, to identify which of the conditions is satisfied, we proceed in the following
way:

» we begin with the convexity test on the product of the eigenvalues: if the product
is positive for every value of (P, Q) € D", then h(P, Q) is convex;

o if the convexity test fails, we pass to the quasi-convexity condition, checking the
criteria given in Definition 4.6.1 and Remark 4.6.3;

o if the quasi-convexity test fails, we check the three-jet non-degeneracy through
the numerical test based on Definition 4.6.1.

4.6.2 Non-degeneracy of the J, Hamiltonian

We start from the convexity test; we denote by A;, Ay the eigenvalues of the Hessian
matrix of h.

Table 4.6 gives the numerical values of A\; Ay for different altitudes and (P, @) in the
domain D" (we recall that, since the values in the Hessian matrix depend on P and @,
we have an interval for A\, instead of a single value). As one can see, the product
of the eigenvalues is always negative or zero within numerical precision level, leading
to the conclusion that the Hamiltonian # j, is not convex in D” for the considered
altitudes.

We can then pass to the quasi-convexity test. We consider the determinant of the
matrix A defined in (4.6.1) for (P, Q) € D". As we can see from Table 4.7, for every
considered altitude the values of det A are equal to zero within the numerical precision
level, leading to the conclusion that the J, Hamiltonian is not quasi-convex in D”.
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Table 4.7 Values of det A, with A as in (4.6.1) for the Jo model for different altitudes and
(P,Q) e D"

Altitudes det A intervals

3000 km | [-1.99418 - 10717, —1.82748 - 10~ ']
20000 km | [-2.27575 - 107", —2.08271 - 10~ ]
35790 km | [-1.30574 - 10717, —1.19784 - 10~ "]
50000 km | [—5.34517-10" ", —4.9035 - 10~ "]

Table 4.8 Values of A\; and Ay for different altitudes in the geolunisolar model.

Altitudes A Ao
3000 km —11.6416 3.046
20000 km | —0.185307 | 0.0479062
35790 km | —0.0294666 | 0.00703346
50000 km | —0.0188881 | 0.00508227

The failure of the quasi-convexity for the J, problem is a relevant fact: as we will
see in Section 4.6.3, the effects of the lunisolar attraction will eliminate such degeneracy,
making the total Hamiltonian quasi-convex.

We conclude with the test on the three-jet non-degeneracy condition. To make the
computations quantitative, we solved the system (4.6.2) for values (F;, ;) on a mesh
of 10000 points in D". For every pair of values (P;, Q;) the only solution of the system
is the trivial one u = (0,0), leading to conclude that the Hamiltonian of the .J, model
is three-jet non degenerate in D”. This fact is not unexpected as for systems up to 3
degrees of freedom the three-jet condition is generically satisfied (see [133]).

4.6.3 Quasi-convexity of the geolunisolar Hamiltonian

As for the Jy model, we start from the convexity test. In this case, the unperturbed
Hamiltonian is a polynomial of degree 2 in the actions; then, the Hessian matrix
of h(Iy, I5) does not depend on the values of I; and Iy, and the same holds for its
eigenvalues. This makes the test on the convexity of the Hamiltonian easier.

Table 4.8 shows the values of A\; and Ay for different altitudes. As we can see,
in every case the eigenvalues of the Hessian have opposite sign, showing that the
geolunisolar unperturbed Hamiltonian is not convex in R?, and hence in D”.

As for the quasi-convexity, we check whether the matrix A defined in (4.6.1) is
nondegenerate for every value (I, I,) € D”.

From Table 4.9 we can see that the determinant of A is strictly positive for every
value of the selected altitudes and every (I1, I3) € D”. Hence, we conclude that the
Hamiltonian for the geolunisolar case is quasi-convex. As observed at the end of Section
4.6.2, this fact is highly nontrivial, since it means that the lunisolar perturbation of
the Jo model removes the degeneracy.
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Table 4.9 Values of det A, with A in (4.6.1) in the geolunisolar case for different altitudes and
(11,12) eD".

Altitudes det A intervals

3000 km [2206.82, 2335.21]
20000 km [0.0271813,0.0287145]
35790 km | [0.000309172,0.000323288|
50000 km | [0.000113523,0.000118622]







Chapter 5

Nekhoroshev estimates for the
orbital stability of Earth’s satellites

5.1 Introduction

The aim of this chapter is to study the stability of a model for objects in MEO
from an analytical point of view, providing exponential stability estimates using the
celebrated Nekhoroshev theorem ([53]). We stress that, while the Nekhoroshev theorem
is particularly relevant for systems with three or more degrees of freedom, which can
be affected by the phenomenon known as Arnold diffusion ([134]), the applicability of
the theorem in securing the long-term stability in open domains in the action space
holds for systems of any number of degrees of freedom larger than or equal to two. As
already pointed out in Section 4.6, the Nekhoroshev theorem was originally developed
under a suitable non-degeneracy condition, called steepness, while later approaches (e.g.
[135, 54]) focus on the important subcase of convex and quasi-convex Hamiltonians. As
regards the applications, the theorem was proved useful in obtaining realistic estimates
of the domains or times of practical stability of the orbits in a number of interesting
problems in Celestial Mechanics. Among others, we mention the three-body problem
([136]) as well as the problem of the Trojan asteroids ([137], [138]).

In this chapter, we apply the Nekhoroshev theorem to a model approximating the
(averaged over short period terms) dynamics of a small body around the Earth. As
discussed below, this allows to obtain long-time stability estimates for realistic sets of
parameters, at least for altitudes (values of the semi major axis) below 20000 km.

Our main model, explained in detail in Section 5.2, is in principle the geolunisolar
model already introduced in Chapter 4. Let us recall that it is ruled by a Hamiltonian
function obtained as the sum of different contributions, namely, the geopotential .Jy
term as well as the third-body perturbations on the small body by the Sun and Moon.
We assume the spatial case of the small body’s motion, while we approximate the
Moon’s and Sun’s orbits as fixed Keplerian ellipses lying in the ecliptic plane. We
argue (Section 5.2) that the Moon’s precession of the nodes introduces only minimal
effects as regards the problem of determining Nekhoroshev stability, due to the fact
that the frequency of the precession is much smaller than any of the frequencies in
the small body’s motion. As a result, our point of departure is a Hamiltonian model
obtained by a 3 degrees-of-freedom and time-dependent Hamiltonian function, which
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depends quasi-periodically on time, since the (fast) frequencies of motion of the Sun
and Moon are non-commensurable.

Now, similarly to what we already observed in in Chapter 4 and as will be discussed
in Section 5.2, this model is still not convenient for the discussion of Nekhoroshev
stability over secular timescales, because both short and long period effects are included
in it. Working, however with closed-form perturbation theory (namely, without series
expansions in eccentricity and inclination, see [139, 122] for a review), one can eliminate
all short-period terms and arrive at an autonomous Hamiltonian with two degrees of
freedom which is convenient for the description of the secular motions of the small body.
As our basic model, we then adopt the one found after averaging (in closed-form) over
the Earth’s J5 term and the Sun’s and Moon’s quadrupolar (P) terms. Several studies
(see [46-48, 140] and references therein) have demonstrated the relevance of this model
in capturing all important effects for the long-term dynamics at MEO. On the other
hand, unlike Chapter 4, in Section 5.5 we will consider also a more complicated model
including the Earth’s J; and J; terms to first order, as well as J22 terms. The latter are
computed by implementing a closed form averaging through Deprit’s elimination of
the parallax technique ([141-143]). One finds (see the discussion in Section 5.5) that
the relative importance of these terms over lunisolar terms decreases with altitude;
yet, these terms provide relevant contributions to the Hamiltonian for the lowermost
altitudes considered in our analysis (namely, with semimajor axis a ~ 11000 km).

After fixing the initial model, an important aspect of the work presented in this
chapter concerns a number of preliminary operations performed on the initial Hamilto-
nian, which turn to be crucial to the purpose of bringing the Hamiltonian in a form
allowing to explicitly demonstrate the fulfilment of the conditions for the holding of the
Nekhoroshev theorem in the form given in [54]. These preliminary steps are explained
in detail in Section 5.2 below, and can be summarized as follows:

(i) Average over fast angles. We start by averaging the Hamiltonian over the
problem’s fast angles, i.e., the mean anomalies of the small body’s, Moon’s and Sun’s
orbits. After this operation, the semi-major axis a of any orbit becomes a constant
which can be used to label the altitude of each orbit. We stress that an analogous
averaging procedure has been applied in Section 4.2.2.

(ii) Ezpansion around reference values in the eccentricity and inclination. The
remaining elements (eccentricity e and inclination i), which can be mapped into the
action variables of the problem, undergo ‘secular’ (slow) evolution under the averaged
Hamiltonian. Our purpose is to characterize the stability of the orbits in the space (e, 7)
of the orbital elements. To this end, fixing a grid of reference values (e, i,) in the plane
(e,1) for each (constant) semi-major axis a = a,, we perform a Taylor expansion of the
averaged Hamiltonian around the points in action space associated with the reference
point (e, i,). This step is important, since the Taylor-expanded Hamiltonian can be
easily manipulated in terms of normalizing canonical transformations necessary to
perform with the aid of a computer-algebraic program (see below). This step represents
a fundamental difference with respect to the expansion used in Chapter 4 to obtain
the lunisolar Hamiltonian. As a matter of fact, while here the reference values (e, i)
will range over a wide domain of eccentricities and inclinations, in the case already
presented in Section 4.2.2 only small values of e and i have been considered.



5.1 Introduction 189

Table 5.1 Inclination-dependent resonances of order < 4 in the lunisolar model. The coefficients
are such that aw + B2 = 0, where w is the argument of the perigee and {2 is the longitude of
the ascending node ([112]).

a [ ildeg) | a [ i(deg) |« [ i(deg) | a« B i(deg)
1 0 6343 |10 1 90 1 1 4637 |1 -1 731
2 1 o6 1 2 0 2 -1 69 -1 12 78
3 1 587 |3 -1 6733 |1 -3 8147

(iii) Preliminary normalization. We perform a preliminary normalization of the
averaged and Taylor-expanded Hamiltonian, aiming to eliminate some terms which,
albeit reflecting a trivial dynamics (see Section 5.3), may artificially affect the estimates
found by implementing Pdschel’s version of the Nekhoroshev theorem. We argue below
that this step is a consequence of the non-zero value of the inclination of the Laplace
plane with respect to the Earth’s equatorial plane. The value of such inclination has
already been expressed in (4.2.20). A key result of this chapter is the use of normal
form techniques to reduce the size, in the Hamiltonian, of all terms related to the
Laplace plane (see Section 5.3); whenever convergent, this procedure is crucial to
put the initial Hamiltonian in a form for which Nekhoroshev’s nonresonant stability
estimates can be produced, since it allows us to control the norm of the perturbing
function under a suitable choice of the domain in the actions.

Now, following steps (i) to (iii) above, the procedure leads to a normalized 2-
dimensional Hamiltonian expressed in suitably defined action-angle variables (I,u) €
R? x T2, of the form:

H(I,u) = ho(I) + hy(I,u) . (5.1.1)

Using the Hamiltonian (5.1.1), we can derive stability results on the eccentricity and
the inclination by implementing the estimates provided in [54, Proposition 1]. This
proposition refers to the so-called non-resonant regime, i.e., when the fundamental
frequencies deduced by the integrable part of the Hamiltonian, hg, are subject to no
resonance conditions. Under particular assumptions on the non-resonance condition
for hgy, as well as on the smallness of the norm of h; in a suitable functional space
and domain in the action variables (see Section 5.3.1), one can prove that the actions
remain in a small neighborhood of their initial values for a period of time which is
exponentially long with respect to the norm of A;. We remark that Proposition 1 in
[54] does not require any convexity assumption on the Hamiltonian. This assumption
is relevant when analyzing resonant regimes (a thorough analysis of different non-
degeneracy conditions such as convexity, quasi-convexity, 3-jet, etc., has been already
presented in Chapter 4). However, we also stress that, despite our use of Poschel’s
proposition in the non-resonant regime, the presence of resonances at MEO plays an
important role also in our results, as becomes evident in the discussion of our results in
Section 5.4. In fact, we find that our obtained stability domains typically exclude some
zones around the so-called inclination-dependent resonances ([112]), i.e., resonances
appearing for particular values of the inclination of the orbit, independently of the
value of the semimajor axis or the eccentricity. This is because the series constructed in
our preliminary normalization of the Hamiltonian are affected by small divisors related
to the most-important of these resonances, given in Table 5.1. Also, the frequencies
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associated with these divisors influence the determination of the so-called ‘Fourier
cut-off” (Section 5.3) which appears in the implementation of the Proposition 1 of [54].

As described in Section 5.4, the stability estimates obtained in this chapter depend
strongly on the distance of the small body from the Earth’s center: our results show
that the domain of Nekhoroshev stability in the plane (e, ) has a large volume (limited
only by narrow strips around resonances) at the distance of 10000 km, while it shrinks
to a near-zero volume beyond the distance of 20000 km. We should stress that this
result is partly due to the dynamics itself (the Jy dynamics alone is integrable, but
the third body perturbations increase in relative size as the distance from the Earth
increases), but also probably due, in part, to our particular technique used to apply the
Nekhoroshev theorem, i.e. including the processing of the Hamiltonian as described in
steps (i)-(iii) above. We thus leave open the possibility that this latter constraint be
relaxed with the use of a better technique. Also, our present treatment is simplified in
that we ignore the periodic oscillation of the Moon’s line of nodes (by an amplitude
of 11.5° over a period of 18.6 yr) and inclination (by +5°) around the ecliptic of the
Moon’s orbit with respect to the Earth’s equatorial plane. This oscillation introduces
one more secular frequency to the problem; however, it substantially affects the orbits
only for semi-major axes a > 20000 km, which is, anyway, beyond the domain of
stability presently found even while ignoring this effect.

The figures of the current chapter are taken from [6].

5.2 Hamiltonian preparation

In this section, we provide details on the model (Section 5.2.1), on the corresponding
secular Hamiltonian function averaged over fast angles (Section 5.2.2), the expansion
around some reference values for the eccentricity and inclination (Section 5.2.3), and
the preliminary normalization to remove specific terms (Section 5.2.4).

5.2.1 Model

Although the model used in this chapter is analogous to the geolunisolar one already
introduced in Chapter 4, let us recall, for the readers’ convenience, the basic steps of
its construction. This will be useful as, starting from Section 5.2.3, the expansion we
will consider will be different from the one used previously, as well as the normalization
techniques carried on to apply Nekhoroshev theorem.

In particular, we consider the following approximation to the body’s equations of
motion:

. r—r r r—r r
r:—VVE(r)—u@< © 4+ 2 >_/~LM<| LB >, (5.2.1)

v —rof’  [ref? r—ryl o raf?

where Vg (r) approximates the geopotential via the relation

Vi(r) = Viep(l[r[)) + Vi (r) , (5.2.2)

where Vie,(r) = _HE and V, in spherical coordinates (r, ¢, ¢) is given by

r
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r r

Vip(r, @, ¢) = e {<RE>2 @ sin” ¢ — ;)} g (5.2.3)

In the above formulas:

- G is the gravitational constant, up = Gmg, py = Gmas, e = Gme with mg,
mys, Mo the masses of the Earth, Moon and Sun respectively.

- We adopt the value J, = 1.082 x 1072 for the J, coefficient, and Rp = 6400 km
for the Earth’s equatorial radius.

- 1, ry and ry; are, respectively, the geocentric position vectors of S, Sun and
Moon with respect to an inertial reference frame.

The expressions of rg and r); depend on the assumptions on the orbits of Sun and Moon.
Here, the geocentric orbit of the Sun is taken as a fixed ellipse with ac = 1.496 x 108
km, e = 0.0167 and i, = 23.44°, while the geocentric orbit of the Moon is taken as
a fixed ellipse with orbital parameters a,; = 384748 km, ej; = 0.0554 and iy = i.
As already pointed out, the last assumption implies that the only lunisolar resonances
which affect the dynamics of the body are those whose location in the element space
(a,e,1) depends only on the inclination (see [112]). More resonances, instead, appear
when the effect of nodal precession (by a period of 18.6 years) of the Moon’s orbit is
taken into account. However, these resonances affect the dynamics only at altitudes
exceeding the ones where we presently establish Nekhoroshev stability (see [47] and
Section 5.4 below), thus they can be again ignored in the framework of our present
study.

The Hamiltonian function which describes the motion of S can be expressed as the
sum of three contributions:

H=Hp+Ho + Har, (5.2.4)

where Hp = p®/2 + Vg(r) with p = #, and H and H, are the solar and lunar third-
body perturbation terms. Considering the quadrupolar expansion of the third-body

perturbation terms in the equations of motion (5.2.1), we find again the expansions in
Eq. (4.2.10).

5.2.2 Average over fast angles - Secular Hamiltonian

As already pointed out in Section 4.2.2; the secular motion of the body S can be
modeled by computing the average of (5.2.4) over all canonical angles associated to
the fast motions of S, the Sun and the Moon. Note that the period of the Sun is only
‘semi-fast’ (one year, compared to secular periods of ~ 10 yrs for the small body),
and more detailed models can consider also the case of ‘semi-secular’ resonances, i.e.,
resonances in the case in which the equations of motion (and Hamiltonian) are not
averaged with respect to the Sun’s mean anomaly (see, for example, [42]).

Tn the present section, as well as in Sections 5.3 and 5.4, we limit our analysis to the J;-term,
which is the dominant term of the Earth’s potential at all altitudes; however, in Section 5.5 we
will discuss the influence on our results by the terms .Js, .Jy, and J3 (obtained through a canonical
transformation), which become relevant for the lowermost limit in altitude of the MEO domain.
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Averaging with respect to all fast angles leads to the following, called hereafter,
secular Hamiltonian, given by the sum of the averaged contributions of the FEarth, Sun
and Moon:

Hee) = 1E” + HE + HG (5.2.5)

The function H#*9) = (5 (G,0,w,Q) is a two degrees of freedom Hamiltonian, which
can be explicitly computed in terms of Delaunay canonical action-angle variables G, ©
(with conjugated angles w, ), related to the orbital elements by the expressions (see,

e.g., [70]):
G =/uga(l —e€?), © =,/ppa(l —e?)cosi . (5.2.6)

Since the averaged Hamiltonian does not depend on the mean anomaly M of S, the
conjugated Delaunay action L = /uga, and hence the semi-major axis a, is a constant
of motion of the Hamiltonian #'**. We set L = L., or, equivalently, a = a, when
referring to trajectories whose semi-major axis has the reference value a,.

Following the same procedure as in Section 4.2.2, one obtains the geopotential term

2 2
(av) HE IuERE 1 3 2,
e =50~ han —epn <2 Tt (527)

We note that this procedure of scissor averaging yields a formula for H(Eiw), which is
identical to the formula obtained at first order through a Lie canonical transformation,
a procedure known as the Delaunay normalization (see [144, 139]). However, from a
physical point of view, this implies that in all results described below, by elements are
implied the ones found after eliminating from the Hamiltonian the short-period terms
(see discussion in Section 5.5). The same property holds for the averaging of the terms
7-[8 U), 7—[53,”), which can be performed by a canonical transformation leading, to first
order, to the same formula as using the scissor averaging integral

(fw)zl/%/27r _Ho _ fo o 3He(r-ro) dMdM
Ho 472 Jo Jo reo QT%T +2 e ©

(and analogously for 'Hg\‘}v)); we recall that, in this case, it turns convenient to change
the integration variables from M to u (eccentric anomaly of S) and from Mg to fs
(true anomaly of the Sun). We note that, up to quadrupolar terms, this yields the
same result as considering the Moon and Sun in circular, instead of elliptic, orbits
(in which case M, M), would be equal to fg, fur), but replacing each third-body’s
semi-major axis a, with the expression a, — a5(1 — ¢2)/? (index b standing for Sun or
Moon). This replacement accomplishes the first step in the Hamiltonian preparation.

5.2.3 Expansion around reference values (e, %)

After performing the above operations, the Hamiltonian #°) becomes a function of
the body’s action-angle variables (G, w), (0, ), while it depends also on the Delaunay
action L, which however, does not affect the secular dynamics and can be carried on all
subsequent expressions as a parameter (equal to L,). We use, alternatively, a, as the
parameter appearing in the coefficients of all trigonometric terms in %*¢). Furthermore,

it turns convenient to express 2 in terms of modified Delaunay variables instead
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of the original Delaunay variables, as they have already been introduced in (4.2.4)
and (4.2.7) (note that, in the following, I' corresponds to the old P and © to the old
Q). Starting now from the Hamiltonian H(sec)(F, 0, p, q), our goal will be to examine
Nekhoroshev stability in a covering of the action space in terms of local neighborhoods
around a grid of reference values corresponding to a grid of element values (ax, €., i)
(see Section 5.3.2). This motivates to introduce the variables P and @) defined by

P=T,-T,
{Q 66 (5.2.8)

where ', and ©, are the values corresponding to the orbital elements (e, i), and
compute the Taylor expansion of H) in powers of the small quantities (Q, P),
truncated at a maximum order N (we set N = 12)?. We then arrive at the following
truncated secular Hamiltonian model

N
HEN (P .Q,p,q) =S ¢V(P,Q,p.q) . (5.2.9)
7j=1
In the model (5.2.9) we have
D(P,Q) =wi P+ wQ . (5.2.10)

For reasons that will become clear later, for j > 2 we split each of the functions
g(j)(P, @, p,q) as a sum depending only on the actions and a sum depending also on
the angles:

g(P,Q.p.q) = Y o’ PhQ + 3 b P QR i) (5.2.11)
1€7? Lkez?
=5 [1]=j—2

Expansion (5.2.11) is the analogous of Eq. (4.2.23) presented in Chapter 4, though
the latter has been expressed as a trigonometric polynomial instead of the exponential
expansion. Moreover, for reasons related to the particular normalization algorithm we
will use in Section 5.2.4, the terms depending only on the action are separated from the
time-dependent ones. This last splitting completes the second step in the Hamiltonian
preparation. The explicit expressions of the quantities wy, wa, a1, bk for j = 2 are
given in Section 5.7, in terms of the orbital elements of the satellite, Moon and Sun.

5.2.4 Preliminary normalization

It was already mentioned in Section 5.1 that the presence of the averaged lunisolar terms
in (5.2.9) implies the existence of a secular equilibrium solution of Hamilton’s equations
of motion under the Hamiltonian H*°?, corresponding to the values e = 0,i = (9
(see Bq.(4.2.20), where i“? = i) where i is called the inclination of the Laplace
plane or proper inclination. It is easy to see that the non-zero value of the inclination

2This is actually the first difference between the geolunisolar Hamiltonian presented in Chapter 4
and the one constructed here. As a matter of fact, while in the current Hamiltonian (i, e.) could be
arbitrary, in Chapter 4 the expasion was done around e = 0 and the inclination proper of the Laplace
plane.
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sec,N

of the Laplace plane is reflected into the Hamiltonian #! ) by the presence of
purely trigonometric terms, i.e., terms with |1 = 0. Such terms yield coefficients
which are dominant with respect to the remaining terms in the Hamiltonian expansion.
Furthermore, in the splitting of the Hamiltonian as H = ho(I)+hy (I, u), where (I, u) are
action-angle variables, as required for the implementation of the Nekhoroshev theorem
(see next section), the above terms generate terms with a dominant coefficient largely
affecting the size of the perturbation h;(I,u). In the present subsection, we implement
a procedure for controlling the size of the terms (5.2.9) of the expansion, so that we
obtain a Hamiltonian satisfying the norm bounds required for the implementation of
the Nekhoroshev theorem.

More specifically, the aim of the normalization algorithm described below is to
remove, up a certain order N,,., with respect to the expansion (5.2.9), the angle-
dependent terms which are constant or linear in the actions: this leads to a Hamiltonian
HWNnorm) “in which the norm of the angle-dependent part decreases at least quadratically
with the size of the domain A,, in which local action variables are defined.

The normalization procedure relies on the use of Lie series, already introduced in
Section 4.4. In every normalization step, the transformed Hamiltonian is given by

H(new) _ exp(N) (EX)H(Old)’ (5212)

where £, f = {f,x} ({-,-} denotes the Poisson bracket) and exp™ (L, ) is defined by

N
1
exp™M (L) f = §j§£; f. (5.2.13)
s=0 "

To illustrate the procedure, rename the initial Hamiltonian (5.2.9) as H® (where
superscripts denote how many normalization steps were performed). Then:

N

HOP,Q,p,q) =Y g""(P,Q,p,q) , (5.2.14)
j=1
where
9(1’0)(P7Q) = wiP +w@Q
and, when j > 2,
gUOP.Q,p,q) = 3 alVPQR + Y piY PhQleitiptha), (5.2.15)
1€72 1,ke7?
M= 1]=5—2

The second term of the sum (5.2.14) takes the form

g*O(P,Qp.a) = X " PhQ" + Y by et (5.2.16)

1€72 keZ?2
[1]=2
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The generating function y*) eliminating the above terms has the form

D(P,Q,pq) = Y ) PhQretwik (5.2.17)

1kez2

where the coeflicients xflk) are obtained as the solution of the homological equation

{wiP 4w @, xV} = — 37 p5Deilpthan) (5.2.18)
kez?

namely
b(270)

XVpg)=— > ¢ilhpthae) (5.2.19)

kez2 i(wlkl + WQ]CQ)

The normalized Hamiltonian after the first step can be written as

N
HD(P,Q,p,q) = wiP+wQ+ Z*V(P.Q,p,q) +> gV (P,Q,p,q), (52.20)

j=3
where
Z3N = g0 4 Lo (P +wQ) =Y afz’O)Pllle (5.2.21)
1€72
=2
and
Z EX( gl (5.2.22)

In general, since the generating function ™ is constant in the actions, one can see
that, if f(P, @, p,q) has polynomial order ¢ in the actions, then the order in the actions
of the transformed function £, o) f is £ — 1. This means that all terms in HWY can be
labeled through their polynomial orders in the actions: choosing the expansion order
N to be odd and distinguishing the indices j with respect to their parity, we have, for
n=1,...,(N—=1)/2:

n—1
g(2n,1)<P, Q;p; q) _ Z a§2n’l)PllQl2 4 Z Z bl(if,l)Ph QlQei(k1p+k2Q) (Tl > 2)7

1ez? s=01kez?
[1|=2n [1]=2s
2n+1,1) 2n+1,1)
g(2n+171)(p’ Q.p,q) = Z ( n+ PllQl2 + Z Z b( n+ Pthz i(k1pthaq)
€72 s=0 1kez?
[1|=2n+1 [1]=2s+1

(5.2.23)

After the classical normalization step, the function Z (2’1)(P, @, p,q) does not contain
angle-dependent terms which are constant or linear in the actions.

The second step focusses on the manipulation of the term

P Q) = X PR+ Y HIPIQek (522

lez? 1,kez?
=3 =1
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Precisely, the second normalization step aims to remove the second sum in ¢! which
is angle-dependent and linear in the actions. The generating function y?, given by
(5.2.17) with a suitable change in the upper indexes, must satisfy the normal form
equations

(WP +w@Q,x?} = — Y by PhQleithirthan) (5.2.25)
e
which gives
(3.1)
XP(P.Q.pq) =~ > = phQlettherthad,

1 kez? i(wlkl + LLJQkQ)

=1

As a result, the generating function y? is linear in the actions, so that the oper-
ator L, () f preserves the polynomial degree in the actions of any generic function

f(P,Q,p,q).

The second-order transformed Hamiltonian H® can be written as

3 N
HP(P,Q,p,q) = w1 P +wQ+ Y Z9(P,Q) + 3 ¢"(P,Q,p,q) ,  (5.2.26)

Jj=2 Jj=4

where, noticing that ¢'%? =0, one obtains

14]
Z(2,2) _ Z afz’Q)PllQb, Z(3,2) _ Z (1,§3’2)P11Ql2, g(j,2) _ i l')csg(jf2s,2) ]
5—0 S.

172 172
[1]=2 =3

(5.2.27)
Taking into account the parities of the indexes j, one can obtain also for ¢ the
analogous of (5.2.23).

We can now give the explicit formulas for the normalization steps for r > 2.

o The r—th normalization step allows one to transform the Hamiltonian

r—1 N
HOT(P,Q,p,q) = wiP+wsQ + 3 29 (P,Q,p.q) + 39" (P.Q.p.0)
j=2 J=r

(5.2.28)
into

r N
H(P,Q,p,q) =wiP+wQ+ > ZV(P,Q,p,q)+ Y. ¢"(P,Q,p,q),
j=2 j=r+1
(5.2.29)
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with

Z(2,r) _ Z af2,7‘)£)l1¢2l27 Z(3,r) _ Z a{g’T)Pll ng,
172 1€72
=2 =3

j—2
ZG>37r) Z agjvr)Pll le + JZ Z bﬁ:)Pll Ql2€i(k1p+k2Q),
172 s=21kez? 7
[1]=3 [1]=s
) ) Jj—2 . '

g(Jﬂ") — Z ag]ﬂ")Pllle 4 Z Z bgflf)Pllleez(klp—i-kgq) . (5230)

|lle|Z2 s=01kez?
=j [l]=s

By the above parity rules, which apply also for » > 3, both Z (%) and g(j’i) contain
only the terms with s even if j is even and s odd if j is odd. Notice that, for
j >3, ZU" can contain also angle-dependent terms, which are at least quadratic
in the actions.

e The r-th order generating function can be expressed as

(7“—1—1 r—1)
(r) P,Q.p,q) = PllQZQei(k1p+k2q), 5.2.31
o 1122 w1k1—|—w2k2) ( )
1]=0,1

which contains only purely trigonometric terms (independent on the actions) if r
is odd and only terms linear in the actions if r is even.

o After N,o» normalization steps, the final Hamiltonian is given by

Nnon

HOorm) (P, Q,p,q) =P +wnQ+ Y Z9N(P.Q,p,q)

i=2

N
+ Y gUNmermI(PQ,p,q).

j:Nnorm+1

(5.2.32)

From (5.2.30) it is clear that the functions ¢YY might contain terms which are angle-
dependent and constant or linear in the actions. As we will see later, the series are
convergent in particular domains of the parameters. In that case, the normalization
procedure succeeds to reduce the magnitude of all the terms in the perturbation to a
size sufficiently small for the application of the Nekhoroshev theorem.

It is also important to observe that particular angle combinations in the angle-
dependent part of the Hamiltonians can produce, if r is odd, constant terms both in
actions and angles, which do not affect the dynamics; however, when r is even, the
same combinations can produce terms which do not depend on the angles, but are
linear in the actions. These terms represent a perturbation on the frequencies, which
can have important effects on the applicability of Nekhoroshev theorem.

From the definition of the r—th order generating function (5.2.31), one can observe
that the convergence of the normalization algorithm depends heav1 21 on the presence of
resonances, which produce small divisors of the type w1k1 es) ~ ( for suitable
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integers k:Yes), kéres). Section 5.4.2 provides numerical examples of how the presence

of resonances can affect the convergence of the normalization procedure, along with
effects on the variation of the initial frequencies.

5.3 Nekhoroshev stability estimates

We are now ready to recall the version of the Nekhoroshev theorem developed in [54]
for frequencies satisfying a non-resonance condition (see Section 5.3.1). Based on this
theorem, we developed an algorithm computing all quantities needed in order to check
whether the necessary conditions for the holding of the theorem are fulfilled in the case
of the Hamiltonian (5.2.32). The algorithm is presented in Section 5.3.2.

5.3.1 Theorem on exponential stability

Let us consider an n—dimensional quasi-integrable Hamiltonian of the form
H(L 11) = h(I) + fe(L 11) )

with h called the integrable part and f. the perturbing function, depending on a small
real parameter € > 0. The Hamiltonian H is assumed real analytic in the domain
(I,u) € A x T" with A C R" open and bounded. Besides, we assume that H can be
extended analytically to the set D, s, defined as

Dyysy = Ayy X T (5.3.1)

So

where for rg, sg > O:
A, ={Ie€C":dist(I,A) <o} (5.3.2)

and
T?O _ {11 cQCn - Re(uj) c "]I“7 'n%ax |Im(uj)] < 80} .
Jj=1,...,n

Finally, we assume that there exists a positive constant M such that

sup [[QM)l, < M,

IeA,.0

where Q denotes the Hessian matrix associated to h and || - ||, denotes the operator
norm induced by the Euclidean norm on R".
For any analytic function

g(Iu) = Z g (D)™™,

keZm

in Dy, s, we define its Cauchy norm as

p Y lgk(@)elo (5.3.3)

|g|AJ’0780 = Su
IeArg kezn
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where |k| is the /'-norm of k € Z". Finally, let € be such that

’f€|A,T0,80 S €. (534)

The following Theorem provides a bound on the action variables for exponentially long
times; we refer to [54] for the proof and further extensions. First we need the following
definition.

Definition 5.3.1. A set D C A is said to be a completely o, K-nonresonant domain
in A, if for every k € Z"\{0}, |k| < K, and for every 1 € D

k-w)|>a>0, (5.3.5)
where w(I) = orh(I).

Theorem 5.3.2 ([54]). Let D C A be a completely o, K -nonresonant domain. Let
1 1
a,b > 0 such that — + 7= 1. Let e be as in (5.3.4) for some 1o, so > 0. If the following

a
inequalities are satisfied:

1
e < %a?; =€, r < min <a]\jK’r0) , (5.3.6)
then, denoting by || - || the Euclidean norm in A, one has
I Iy|| < < 207 Kso/6
[I(t) = Lol < for Jt[ < e © (5.3.7)

for every orbit of the perturbed system with initial position (Iy,ug) in D x T".

5.3.2 Algorithm for the application of the theorem

To apply Theorem 5.3.2 to the final Hamiltonian ") defined in (5.2.32), one has
to compute all the quantities involved in the Theorem itself. This procedure gives
rise to an explicit constructive algorithm to give stability estimates for every pair of
reference values (e,,7,) in the uniform grid [0, 0.5] x [0,89.5°] with step-size equal to
0.1 in eccentricity and 0.5° in inclination. Notice that the upper value of the grid in
inclination is equal to 89.5° to avoid singularities.

First, we need to determine the greatest integer K, to which we refer as the cut-off
value, such that conditions (5.3.6) hold. From the definition of « in (5.3.5) and €" in
(5.3.6), it is clear that €* decreases as K increases; then, provided that condition (5.3.6)
holds for K = 1, the maximal value K exists. On the other hand, if (5.3.6) does not
hold for K =1, it continues to remain false for all K > 1.

From a computational point of view, the procedure is composed by the following
steps, (S1), ..., (S8), performed for every pair (e, i.) in the grid defined above; by trial
and error, we fix the values of ry, sg, a, b. Their choice is arbitrary and can be tuned
so to satisfy the conditions of the Theorem and to optimize the final estimates.

(S1) Taylor expansion up to order N = 12 in the expansion (5.2.9) around the actions
(P., Q.), corresponding to the Keplerian elements (e,, i,);
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(S2) normalization up to order N, = 6, following the procedure described in
Section 5.2.4, which leads to compute the normalized Hamiltonian H(Nmrm);

(S3) splitting of the Hamiltonian # ") in the unperturbed part ho(P, Q), containing
the terms of H™rorm) which depend only on the actions, and the perturbing part
hi(P,Q,p,q) = HN ) (P,Q,p,q) — ho(P,Q); computation® of w = (wy,w,),
with w; and wy coefficients respectively of P and @ in hg;

(S4) definition of the real and complexified domains in the actions as in (5.3.1) and
computation of the quantity

M= sup [|Q(P,Q)ls; (5.3.8)
(PQ)EA,

in particular, we define
A= [P* — dp(ma:c)’ P, + dp(maw)] % [Q* _ dQ(maz)’ Q. + dQ(max)]

with dP™®) = dQ(™*) = 0.1; we select o = so = 0.1 and, following [54], we
take a = 9/8 and b =9;

(S5) for every K =1,...,50, computation of the quantities

1
aK } ¢ = KK . (530)

ax = min {w -1}, TK:min{aMK,ro K

N<K

(S6) defining € = |h1| .., check of the condition € < €}, for every K =1,...,50;

S7) if € < €F, computation of K, namely the greatest K such that ¢ < €%, and of the
1 y g K
corresponding stability time

SoTR Rs /6
t=——e""7"; 5.3.10
D€ ‘ ’ ( )
(S8) if € > €7, the conditions for the application of Theorem 5.3.2 are not satisfied. In
this case, we impose K = 0.

We remark that the order of the Taylor expansion N = 12, the order of normalization
Nporm = 6, the iteration of K up to 50 are set on the basis of having a reasonable
computational execution time on standard laptops.

5.4 Results

The current section is devoted to the presentation of the results of the application of
Theorem 5.3.2 to the Hamiltonian model described in Section 5.2. This allows us to
derive stability estimates as well as to discuss the convergence of the normalization
procedure.

3With an abuse of notation, we continue to define the new frequencies, which could be modified
by the normalization, with the symbols w; and ws. When, in Section 5.4.2, it will be required to
distinguish between the initial and the final frequencies, the latter will be denoted by @, and ws.



5.4 Results 201

Table 5.2 Inclination-dependent resonances which affect the stability in the lunisolar model.
The coefficients a and 8 are such that ap + 5¢ = 0.

a [ i(deg) | a B i(deg) | a B i(deg) | a B i(deg)
1 0 4637 |0 1 90 1 1 0 1 -1 63.4351
1
3

2 1 33.0156 | -1 2 73.1484 | -2 56.0646 | -2 3 69.007
-4 3 60.0001 | -4 1 51.5596 | -1 784633 | -4 5 66.422

5.4.1 Stability estimates

We apply the algorithm of Section 5.3.2 to probe the Nekhoroshev stability for satellites
with semimajor axes between 11000 km and 19000 km under the model presented in
Section 5.2. The results exposed below highlight the strong dependence of the stability
conditions on the precise values of the elements (e, 7). Of crucial role in this dependence
is the location of the ‘inclination-dependent’ resonances (see Section 5.1). These satisfy
a condition of the form ap + ¢ = 0 for some coefficients «, 3 € Z.

Table 5.2 shows the values of the inclinations corresponding to each pair of coeffi-
cients (o, ). We find that these resonances determine regions where Theorem 5.3.2
cannot be applied. This can be exemplified with the help of Figure 5.1, showing (in blue)
the region where the algorithm of Section 5.3.2 returns that the necessary conditions of
Theorem 5.3.2 hold true. The algorithm provides an answer as a function of the chosen
reference values i, and e, (for a fixed a,). Figure 5.2 shows the Nekhoroshev stability
times computed at every grid point (e, i) in the previous figure’s blue region.

It is evident from Figure 5.1 that increasing the distance from the Earth’s center
causes a shrinking of the size of the domains of Nekhoroshev stability, as well as a
fast decrease of the corresponding computed stability times. From the physical point
of view, this tendency is evident and can be explained on the basis of the simple
remark that the averaged Hamiltonian Hye, + H s, without third-body perturbations is
integrable (this Hamiltonian has in fact no dependence on the Delaunay angles). Since
the overall relative size of third body perturbations increases with the altitude, these
perturbations affect the stability more as a, increases. At a formal level the effect of
the semimajor axis on the estimates can be identified by an analysis of the convergence
of the preliminary normalization algorithm (see Section 5.4.2 below).

On the other hand, also evident from Figure 5.1 is the strong role of resonances in
affecting the stability properties of the system: in fact, around every of the resonances
listed in Table 5.2 we observe, in the figure, the formation of a white zone, which
indicates values (e, 7,) excluded from the Nekhoroshev stability as detected by our
algorithm. As a general comment, the presence of the resonances acts at two different
stages of the computation:

(i) it can affect the convergence of the classical normalization, producing an increase
of the size of the perturbing function and a consequent failure of conditions
(5.3.6);
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Fig. 5.1 Domains of applicability of Theorem 5.3.2 for different values of the altitude. The
blue regions represent the values of (i, e,) for which the Theorem can be applied, while the
red lines define the values of the inclination which are associated with the most important
resonances in the considered regions (see Table 5.2).

(ii) near the low-order resonant values of the inclination, the quantity ax (see (5.3.9))
can be extremely small, even for low values of K. As a consequence, in the
proximity of a resonance, the corresponding value of the quantity € might not
be small enough to satisfy (5.3.6).

At any rate, we stress that Theorem 5.3.2 used in this framework holds only for
non-resonant domains in the phase space; therefore, by definition it cannot be used to
probe the Nekhoroshev stability very close to resonances. We defer to a future study
the question of the precise investigation of the conditions for Nekhoroshev stability

inside resonances, by implementing a resonant form of the theorem, as first suggested
in [53].
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Fig. 5.2 Stability time (in years) computed for the values of (i, es) in the domain of
applicability of Theorem 5.3.2.
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Fig. 5.3 Blue: plot in LogLog scale of | fc| Ay, for a = 13000 km, e, = 0.2, and i, = 23° (left)
and i, = 56° (right). For the computations, we selected A = [Py —r, P+ 7] X [Qx — 7, Q« + 7],
ro =1, so = 0.1. The slope of the plot for high r is compared with that of a line with slope 2
(red); the value at the plateau (denoted with a green line) is compared with the value of the
norm of the purely trigonometric part of f. with sg = 0.1.

5.4.2 Convergence of the preliminary normalization

As pointed out in Section 5.2.4, the aim of the preliminary normalization is to allow
to control the norm of the perturbing function |fe|a,s, by reducing the size of the
complexified action domain A,, (see (5.3.2)). In particular, the consequence of the
removal of angle-dependent terms which are constant or linear in the actions is that,
within certain values of the size of the domain A, , the norm of the perturbation
decreases quadratically with the actions.

Figure 5.3 shows the behaviour of |f|a,s, for a = 13000 km, e, = 0.2 and two
selected values of i,, as a function of the size of the action in the complexified domain
A, (the domain A is set to be a rectangle of width 2r around the central values P,
and Q.). As expected, the value of |fc|4,s, decreases quadratically with r, until it
reaches a plateau, whose value is the norm of the terms of f. which do not depend on
the actions.

As already mentioned in Section 5.4.1, the convergence of the normalization pre-
sented in Section 5.2.4 for #* is crucial to control the size of the perturbing function
hy; such value plays a fundamental role in Theorem 5.3.2. A first study of the ef-
fect of the chosen value of the semimajor axis on the convergence can be performed
by considering a simpler model to which a normalization procedure similar to the
one implemented in Section 5.2.4 can be performed. The model is defined by the
Hamiltonian

. c
H(P,Q,p,q) = w1 P+ wQ + ;Cf + ficosq, (5.4.1)

where the frequencies wy, we and the coefficient ¢, depend essentially only on the J,
averaged Hamiltonian, while the coefficient f; depends on the lunar and solar third-
body perturbation potentials, and it is proportional to the sinus of the inclination iy of
the ecliptic. We will examine the effect of performing the preliminary normalization
algorithm on the Hamiltonian H™ 50 as to remove purely trigonometric terms. After
N, orm normalization steps, the Hamiltonian takes the form:

Nnorm

B=1

7;:]Vno'r'n’ri’l
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where the normalized parts Z;(P, @, q) do not contain terms which depend only on
the angle ¢ (as well as linear terms in the actions multiplied by trigonometric terms).
By an explicit computation of the Poisson brackets involved in the normalization, we
readily find that Ry, +1 contains trigonometric terms with coefficients proportional

to the quantity
NnOT'7VL
Caf1
2¢ — 5.4.3
fl (40)% ) ) ( )

where a = 1, 2,3 depends on the value of N,,.,. The convergence of the remainder
through the steps of the normalization algorithm depends, then, on the value of the
ratio ¢y f /4ws; in particular, when this quantity is greater than 1, the normalization
does not converge. Neglecting the lunar and solar contributions in wy, ws and ¢y, the
coefficient ¢, f) /4ws can be expressed in terms of the orbital elements of debris, Sun
and Moon as

Co f1 1 sin2¢9 ( s He > 5 2 213/2 .
= — -+ - a’(2+ 36* 1 - Cx tan,
dwd  32REupds \(am(l—eum))®  (ap(l —ep))? ( X )
(5.4.4)

As a consequence, it is clear that its size strongly depends on a and i,: it grows sharply
when a increases and when i, approaches 90°.

On the other hand, the coefficient f; is proportional to sin 2ig, that is, proportional
to the (non-zero) inclination i?) of the Laplace plane (see Eqs. (4.2.20) and further).
Hence, the presence in the secular Hamiltonian of purely trigonometric terms is a
manifestation of the presence in the model of a Laplace plane. Since i increases with
a and fi increases both with i and i,, this gives a first explanation of the loss of
stability of the model as a and 7, increase.

As already mentioned in Section 5.4.1, the other important factor influencing the
size of the remainder across the preliminary normalization process is the effect of
resonances, which, due to Eq.(5.2.31), leads to the appearance, in the series terms, of
small divisors. Of particular importance are the small divisors appearing in the series’
purely trigonometric terms, whose size cannot be controlled by altering the size of the
domain in the actions 4,,.

Figure 5.4 shows the behaviour of the norm of the purely trigonometric part of the
perturbation h; (with the notation (S3) of Section 5.3.2) as a function of the inclination
for four different values of a and two different values of e. As one can see, the size of
the trigonometric part reaches its peaks in correspondence of the resonant values of
the inclination, as expected. We also notice that the number of resonances involved in
the growth of the size of the trigonometric part increases with a and e.

As explained in Section 5.2.4, the normalization algorithm used here does not
perform a re-tuning of the frequencies for every normalization step. This fact has
important effects on the applicability of Theorem 5.3.2: when the normalization
converges, the change between the original and the new frequencies is negligible with
respect to their magnitude; on the other hand, when it does not converge, a large
variation in the value of the frequencies occurs, with important consequences on the
computation of ay and, therefore, of the quantities involved in Theorem 5.3.2.

As an example, Figure 5.5 shows the variations of the frequencies as a function of
the inclination for a = 13000 km and e, = 0.2. Comparing Figures 5.4 and 5.5, it is
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Fig. 5.4 Behaviour of the norm of the purely trigonometric part of h; as a function of the
inclination i, for different semimajor axes and eccentricities (left: e = 0, right: e = 0.5). The
red lines represent the inclinations of the resonances (see Table 5.2).
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Fig. 5.5 Variation between the initial (w; and we) and the final (©; and @s9)
frequencies as a function of the inclination i, for a = 13000 km and e, = 0.2. The red
lines represent the values of 7, associated to the resonances which affect the
convergence of the normalization algorithm (see Figure 5.4).

i.(deg) N(i,) K |i.(deg) N(i,) K |i.(deg) N(i,) K |i.deg) N(i,) K
46.5 1 0 89.5 1 0 1 2 1 63.5 2 0
33 3 2 73 3 0 56 3 0 38 3 3
53 4 1 78.5 4 3 40.5 4 D 27 ) 4
21.5 ) 4 28.5 ) 0 69 ) 0 81.5 ) 4
41.5 6 5 50.5 6 5 83.5 6 4

Table 5.3 Comparison between the order N (ix) of the nearest resonance and the computed
cut-off value K, computed for ¢ = 13000 km and e = 0.1.

clear that the resonances which affect the growth in size of the purely trigonometric
part of hy; and the variation of the frequencies are the same.

5.4.3 Behaviour of the cut-off value K

Provided that the classical normalization converges, from the definition of the cut-off
value K given in Section 5.3.2, one expects that exactly at a resonance, once denoted
with N(i,) = |a| + |A] its order, one has K = N(i,) — 1. Since in our analysis the
inclinations are selected in a mesh of [0,89.5°] with step 0.5°, the computations of
the quantities involved in Theorem 5.3.2, including K, are not performed exactly at
resonance (with the exception of i, = 60°, whose distance from the exact resonance
is of the order of 107®): Table 5.3 shows the value of K computed for the points
of the mesh which are near to the resonances up to order 6, with a = 13000 km
and e = 0.1, along with the resonance order N(i,) of the nearest one. With the
exception of the inclinations associated to resonances which affect the convergence of
the classical normalization, the majority of the listed inclinations follows the expected
rule K = N(i,) — 1, while some slight deviation is probably due to the numerical
computation.
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€ [0,90°] on a mesh of step 0.5°.

To conclude, Figure 5.6 shows the relation between the computed values of K
and | fe|a.so.r0 for a = 13000 km, e, = 0.2 and i, € [0,90°]. As expected, the cut-off
decreases exponentially with the norm of the perturbing function.

5.5 Effect of higher order geopotential terms

The results of Section 5.4 were obtained by considering as basic model for MEO the one
based on the J; geopotential terms. It is well known that for the lowermost altitude
at MEO (a = 10000 km) the secular dynamics is shaped by higher order terms (e.g.,
J2) as well as higher harmonics in the Earth’s geopotential. In the present section,
we examine a model in which the J2 terms obtained by second order averaging of the
Jo Hamiltonian term with respect to the particle’s mean anomaly, as well as the first
order averaging with respect to the J3 and J, terms, are considered. The Hamiltonian
is now as in Eq. (5.2.5), but with

HE = H) + G G U U (5:5-1

where

3upR3 5
HY av) J3w (1 ) sin? 1) sin(w)

2a*n>
av 3upR; 3 15€2
7{ ) = =Jy g;nf(—l—lgjL(S—i-;)sin%

_ 39 3 1562 sin? ¢ 3sin?i
3 (1—1—;) sin® i — ejm ' (1— 51211 Z) cosQw)
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while
Hg‘é) - 223555];? ; +n— ;772 — (5 +3n — ;772> sin?
e e (RS S R
+ (?’;’(1 —n) + 585772 + 1857;3) sin* z) C(isfz)

with n = V1 — e2.

The Hamiltonian (5.5.1) can be obtained directly by eliminating the small body’s
mean anomaly through a Lie canonical transformation performed in two stages, as
indicated in [141] (see [139] for details): in the first stage, called the elimination of the
parallax, the Hamiltonian is transformed into a function of the form

I .
HY = Hiep + (hf,j’(a, e,i,w, )
+ hil)(a, e i,w, Q)+ hfﬁl)(a, e i,w, Q)+ hf,egl)(a, e, i, w, Q)) ,
2

thus reducing the dependence of the Hamiltonian on the small body’s mean anomaly
M in only the factor 1/r?. In the second stage, we then eliminate this dependence
with the usual procedure of Delaunay normalization ([145]). It should be stressed
that this procedure yields equivalent results for the terms Hszv), HE;;U) and HSZU) as
the simple scissor averaging of Eq. (5.2.7), but it allows to formally introduce terms
of higher order as HSC;QU)(a, e,i,w, ). Also, an important difference is in the physical
interpretation, since the Lie transformation, which is a near to identity transformation
mapping the original canonical variables to new ones, still contains short-periodic terms.
In the jargon of astrodynamics, this is called a transformation from osculating to mean
elements. As already pointed out in Section 5.2.2, this means that, formally, all the
results on Nekhoroshev stability in this and in previous sections refer to the stability
of the mean elements, while the osculating elements perform short-period bounded
oscillations around the secularly evolving values of the mean elements.

Returning to the latter question, Figure 5.7 allows to compare the results on
Nekhoroshev stability using the Hamiltonian (5.2.5) with Hgv) computed as in (5.5.1),
with those of the simple J-only model obtained as in (5.2.7).

Figure 5.7 provides information on both the domain of applicability of the Nekhoro-
shev theorem as well as the corresponding stability times: we consider the case of orbits
with e = 0.3 and two different values of the semi-major axis, namely a = 11000 km
(top panel in Fig. 5.7) and a = 17000 km (middle panel). The abscissa of each of the
marked points indicates a value of the inclination for which applying Poschel’s theorem
in the form of the algorithm of subsection 5.3.2 yields a positive result, i.e., that the
Nekhoroshev stability criterion holds. The ordinate then indicates the corresponding
time of Nekhoroshev stability. From these figures stem the following remarks:
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Fig. 5.7 Comparison of the domains and times of Nekhoroshev stability for different values
of the inclination between the .J; model (yellow dots) and the model including J2, J3, Jy
(blue dots), for a fixed eccentricity e = 0.3 and semimajor axis equal to a = 11000 km (top
panel), or a = 17000 km (middle panel). A colored point indicates that Poschel’s criterion
for Nekhoroshev stability is satisfied at the corresponding value of the inclination, shown in
the abscissa. The ordinate shows the corresponding value of the Nekhoroshev stability time
(in years). Bottom panel: comparison of the Nekhoroshev stability times as a function of the
semimajor axis a in the Jo model and in the extended model for e = 0.3 and ¢ = 20°.
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i) the two models (named simply J» and ‘extended’) yield practically identical domains
of stability. This is to be expected, since the domains of stability are mostly determined
by the values of the (Diophantine) frequencies of the integrable part of the Hamiltonian
hg. In the extended model, the frequencies differ from those of the J,—model by the
addition of the terms O(.J2), O(J5) and O(.J;). All these terms are about 107 the size
of the leading (J5) terms, thus they only affect the frequencies at the third digit. This
implies, in turn, that all Diophantine constants, cut-off in Fourier space etc., entering
into the application of Poschel’s theorem remain practically invariant in computations
with the extended model.

it) On the other hand, the computed times of Nekhoroshev stability change, by
about one order of magnitude at the lowest limit of the MEO zone (¢ = 11000 km),
and marginally as we approch to the limit of the overall loss of the Nekhoroshev
stability in Poschel’s sense a > 17000 km. The main reason for this difference lies in the
integrability of the J, averaged model, which implies that only lunisolar perturbations
affect the size of the term h; in the Hamiltonian of the simple J, model. In the
extended model, instead, all three O(J3), O(Js) and O(J;) terms contribute to H; due
to their containing cos(2w) and sin(w) terms depending on the canonical angles. It is
noteworthy that the relative importance of these terms decreases as a power of the
semimajor axis (see Eq.(5.5.1)), while the lunisolar perturbations increase with «a, e.g.
as a® for the quadrupolar terms. In particular, we find that the cos(2g) term due to
J3 and J; is dominant over the cos(2w) term generated by the lunisolar perturbation
when a = 11000 km, but the former is only about 1.5% the size of the latter when
a = 20000 km. As a result, the two different models converge as regards the times of
stability as a increases, a tendency shown clearly in the bottom panel of Fig.5.7.

At any rate, it is important to note that in both models the computed times of
stability correspond to 107 orbital revolutions in the lowermost limit of the MEO zone,
reducing to about 10° orbital revolutions in the highermost limit where Nekhoroshev
stability holds. These times are thus quite consistent with applications of the Nekhoro-
shev theorem in the practical context of the long term stability of satellite orbits, as
they are larger by orders of magnitude compared to the satellites’ operational lifetime.

5.6 Conclusions

The work presented in this chapter has a two-fold aim: on one side, we provide a
specific algorithm by which we are able to formally specify the domains in the space of
orbital elements (a, e, ) for which Nekhoroshev stability holds in the sense that all the
necessary conditions for the applicability of Poschel’s theorem for non-resonant orbits
are satisfied. On the other side, in those domains where Nekhoroshev stability holds
we compute the associated Nekhoroshev times, and demonstrate that these times are
long enough to be of use in practical Earth satellites applications. Our main results
can be summarized as follows.

1. We examine in detail a secular model based on a ‘scissor’ averaged Hamiltonian over
the fast angles, including the term J; as well as lunisolar perturbations. For this model,
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we propose: i) a detailed ‘book-keeping’ algorithm allowing to write the Hamiltonian
in a form suitable for the application of Poschel’s theorem, and ii) a ‘preliminary
normalization’, which leads to a model devoid of the effects of trigonometric terms
generated by the shifting of the secular equilibrium from the Earth’s equator to the
Laplace plane. Albeit technical, this step, explained in detail in subsection 5.2.4, turns
to be crucial in suitably engineering the Hamiltonian so that relevant estimates on the
real size of the secular perturbations can be obtained.

2. We then propose, in subsection 5.3.2, a particular algorithm by which the theorem
of Péschel can be transformed into a binary (“yes” or “no”) criterion for the holding of
Nekhoroshev stability in a small domain around any preselected value of the elements
(a,e,1) within the MEO zone. Implementing this algorithm leads to the results of
Figure 5.1: as intuitively expected, we find that the domains of Nekhoroshev stability
shrink as the altitude (semimajor axis a) increases. This is due to the growing size of
lunisolar perturbations as a increases. The most robust domain is found in the intervals
0 <e<0.3and 10° < i < 307% the latter interval roughly corresponds to a domain
well protected from major inclination-only dependent lunisolar resonances.

3. Using the same algorithm we can compute the times of Nekhoroshev stability,
which span from 10° to 107 satellite orbital periods. These times are sufficiently high
for applications related to the operational lifetime and end-of-life deployment of satel-
lites, as well as to the long term orbital evolution of populations of space debris.

4. Finally, we examine a more extended model including the J; and J; harmon-
ics of the Earth’s potential as well as J3 terms obtained by second order averaging
of the Hamiltonian in closed form. While the complexity of the new model renders a
full investigation of this extended model beyond our present scope, we provide some
key comparisons with our basic (only J;) model: i) the domains of stability remain
practically the same in the two models, while ii) the times of stability are affected by
about one order of magnitude at the lowermost limit of the MEO zone, a difference
tending nevertheless to vanish as a increases. Section 5.5 discusses in detail the origin
of these differences.

As a final remark, we should emphasize again that our study was limited only to
the case in which the frequencies of motion satisfy suitable non-resonant conditions.
Another limitation is that we disregarded the slow precession of the lunar nodes with
respect to the ecliptic plane, by simply considering a constant inclination of the Moon,
equal to the one of the ecliptic. Notwithstanding the arguments presented in section 5.2
as regards the precision of this model (presently motivated mostly by our computational
limits), we still emphasize that we consider the results presented in this chapter as a first
step that paves the way to several future directions of research. Among possible future
extentions, we indicate: i) exploring the application of the resonant Nekhoroshev’s
theorem, which becomes relevant for particular values of the inclination associated
with lunisolar resonances, and ii) removing the assumption of a fixed ellipse for the
Moon’s orbit. These possibilities leave open that Nekhoroshev stability might actually
hold in domains larger than the ones found here, extending to altitudes a > 18000 km
were many satellites reside (e.g., GPS and geosynchronous satellites).
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5.7  Analytical expressions of ”H,(,av) and ) in
Section 5.2

5.7.1 Expansion of ’Héav)

In this additional section we provide an expression of 'Hl(,(w) for a third body (index b,
referring to the Moon or Sun) as a function of its orbital parameters (ap, ey, iy, wp, 25)
and the debris’ parameters (a,e,i,w, 2). Up to second order in the eccentricity we
have:

2 2 2
(av) _ a ( _2tde (14 3cos(24))(1 4 3cos (2iy))

= 16a; (1 — e3)3/2 8

15 3
- 162(1 + 3 cos 2ig) sin i* cos 2w — 5(2 + 3e?) sini? sin ip? cos 2(2 — Q)

— 15¢% cos (1/2)* sinig? cos 2(w + Q — Q) — ;)(2 + 3e?) sin (2i) sin (2ig) cos (Q — Q)
+ 30e? cos (i/2)° sin (i/2) sin (2ig) cos (2w + Q — Q)

15
+ ?62(—1 + cos i) sin i sin ig cos (2w — Q + Oy,

— 15¢%sin (1/2)* sin (ig)* cos 2(w — Q + Qbo)) .

(5.7.1)

5.7.2 List of the nonzero terms in H(®%) for j = 1,2

Assuming, as in Section 5.2, that both the lunar and solar orbits lie on a fixed ecliptic
plane inclined with respect to the Earth’s equatorial plane by an angle i, the frequencies
wy and wq appearing in (5.2.10) are given by:

wi = i ™ 4 @ wy = W D 4 ©
where
. 9 .
(J2)  _ _§R2 T (=1 +5cosi,” — 2cosiy)
Wi g te2HE (1pa)2(1 — e2)?
3 R2 Joui%
Wéh) = 35 b2/l COS 1y
2 (ppa)™?(1 — e2)?
(M/©) 3 3/ 3+ 22 — 2(2 + 3e2) cos i, + 5 cos 2i, (1 + 3 cos 2ig)
W1 = —6740/ MM/@ - ;
V1 - e Vim(ane(l - earyo))
wéM/Q) _ ia3/2 (2 + 3€2) cosiy (1 + 3 cos 2ig) (5.7.2)

3t e V91— eie (aM/(D(l - 6M/@)>3.
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The coefficients a; and by in (5.2.15) are given by:

3 LR

a0 =3 i gyl +10eosis — 15c0s i)

3 a MAr |%%0) R 2 . .
") <R3 + I (14 3 cos2ig)(21 + 4e; — 40 cos i, + 15 cos 2i,)

3 LR
D) =3 AT — 2y

3
- 55 ¢ (MM —i—%) (1 + 3cos2ip)(2+ 3e2 — 10 cos i)

(5cosi, — 1)

32 up(l—e2) \R%, | I
3 LRy
a0,2) = — Za“(l — e2)5/2

3 a Py He , 2
R T Y <R3 + i (1 4 3 cos 2ig) (2 + 36*)

15
b(0,0),(+2,0) = —3—2(a2€2 sin? i cos? (i, /2)) (TM + ﬁj)
15
b(0,0),(+£2,41) = T [a262 sin (2ig) cos’ 3 (i «/2)sin (i /2)] ( + ,u@>
TR
15 ] : 2 Ky Ho
b(0,0),(x2,52) = 128 [ %e2(i + 3 cos (2ig)) sin® z*] <r§4 4 %
b b [a262 sin (2ig) sin® (4, /2) cos (i /2)} M /“L@
(0,0),(£2,73) = " 0 .
16 T}
157195 9. e
b(0,0),(2,74) = 32 [ e, sin” 1 sin? (@ /2)} (M - E
3
b(0,0),(0,+1) = 61 [ (2 + 3e2) sin (2iy) cos (22'*)} (ifj\‘j + 'ﬁj)
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