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Abstract

by William POLYCARPE

This thesis is dedicated to the study of a past 5:1 mean motion resonance between
Titan and lapetus, two moons orbiting around Saturn. In the context of the recently
revealed fast tidal migrations of Saturn’s icy moons due to high tidal energy dis-
sipation inside the planet, we have studied the impact of a past 5:1 resonance on
the orbit of Iapetus, which has an eccentricity of 0.03 and an orbital tilt to its local
Laplace plane of around 8 degrees. The origin of both elements are still unclear.
Assuming initially that Iapetus was on a circular orbit and its orbital plane cor-
responded to its local Laplace plane, we have used direct N-Body simulations as
well as semi-analytic models to study numerically the resonance crossing. We have
explored several values of the quality factor of Saturn at the frequency of Titan. Be-
cause of the chaotic nature of the resonant dynamics, the outcomes vary greatly from
a simulation to another, however we have shown that results are dependant on the
quality factor used. A slow migration rate of Titan is more likely to eject Iapetus’
out of the system, whereas a fast migration rate will make Titan rush through the
resonance without perturbing Iapetus. Simulations run with 100<Q<2000 are in best
agreement with the orbit of Iapetus today. In this range, simulations show mainly
a release of the resonance with Iapetus” elements excited. We found that the post-
resonance eccentricity can easily get excited up to moderate values, compatible with
the eccentricity of lapetus today. On the other hand, its tilt to the local Laplace plane
rarely grows over 5 degrees but still, we have found a few simulations which ac-
count for the tilt of lapetus today (8 degrees). Therefore we claim that a recent 5:1
resonance with Titan is a plausible scenario to explain the eccentricity and inclination
of lapetus. This range of values for the quality factor is in agreement with the high
energy dissipation found at the frequency of the icy moons and would have caused
the resonance happen 40 to 800 million years ago.
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Introduction

The system of Saturn

Saturn is the sixth planet of the Solar System. As it is observable with a naked eye
to humans, it has been subject to many considerations throughout History. Saturn
takes his name from the ancient Roman god of sowing or seed, also celebrated by the
ancient Greeks as Cronus. Saturn, like other planets and celestial bodies, was stud-
ied by many civilisations that existed and was known as the most distant planet until
the discovery of Uranus in 1789 by William Herschel, thus being a central character
in various mythologies. During the early ages, Saturn was subject to many obser-
vations and measurements of its motion in the sky by the Babylonians but also later
on by Islamic astronomers during the last millennium, when the geocentric model
of Ptolemy was still in use.

It is at the beginning of the modern era that ideas were changing. First by the
work of several Renaissance scientists : Copernicus, Johannes Kepler, Tycho Brahe
and Galileo Galilei, from whom the heliocentric model of the solar system was
brought to reality. But also by the development of optical instruments capable of
precise observations, such as the refracting telescope. In 1610, using one of his own
telescopes Galileo managed to distinguish rings around Saturn, without really being
able to characterise them as such. But a few decades later Christian Huygens, using
a more powerful telescope was the first to claim that Saturn had rings. This was in
1656 and their composition was still under investigation. Huygens is also known
as being the discoverer of Titan, the first body discovered orbiting around Saturn.
Later, two other satellites were discovered : In 1671 and 1672, Giovanni Domenico
Cassini, director of the new Paris Observatory, observed lapetus and Rhea. He also
managed to spot a gap in the rings, which is known today as the Cassini division.
Then he added two more bodies on the list of Saturn’s satellite, Tethys and Dione.
After a century with no significant discoveries around Saturn, Herschel was able
to observe two close moons around Saturn, namely Mimas and Enceladus in 1789.
Then in the 19" century, Hyperion was discovered between the orbits of Titan and
Iapetus.

Today there are a confirmed 61 moons orbiting Saturn!, but the satellites enu-
merated above are known to be the major ones. Their masses and orbits make them
play an important role in the dynamics of the system and it is one of the general
aims of this thesis to understand their motion as well as their history.

Space missions and planetology

The 20'" century saw the beginning of space exploration. Many spacecraft were sent
all around the solar system and Saturn was the centre of much interest. In 1979, Pi-
oneer 11 made the first flyby of the planet, giving details about the planetary rings.
A year later, Voyager 1 confirmed that Titan had a thick atmosphere, completely

Mttps://ssd.jpl.nasa.gov/?sat_elem
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opaque to visible light, then in 1981, its twin spacecraft, Voyager 2, revealed the
existence of shepherd moons which sculp gaps in the rings. At the turn of the cen-
tury, the Cassini-Huygens mission was on its way to Saturn. The orbital insertion
was performed in July 2004 and by Christmas of the same year, the ESA probe Huy-
gens was launched and descended onto the surface of Titan, collecting extraordinary
data about Titan’s atmosphere and surface. The spacecraft Cassini then spanned the
whole system for more than thirteen years, completing almost three hundred orbits
around the planet and manoeuvring many flybys above the moons.

The science collected from this mission was unprecedented in terms of quantity
and details. Many discoveries were made in the field of planetology such as the lakes
of hydrocarbon organics on the surface of Titan revealed by Cassini’s radar technol-
ogy and the geysers active at the south pole of Enceladus, spotted by the Imaging
Science Subsystem (ISS). Also the rings were subject to intense research. Images of
complex motives at different length scales were taken, showing a vast number of
gaps, propellers, and lumps interacting gravitationally not only with some major
moons of Saturn and but also with shepherd moons, creating gaps inside the rings.
Cassini has discovered several of them via its imaging.

Although Cassini’s mission is over today, the amount of data gathered during
the mission is, and will be for a long time, the centre of considerable attention for
the scientific community.

A resonant system

Saturn and its eight major satellites form a unique system inside our Solar System.
The monitoring of those satellites throughout the centuries revealed complex dy-
namical structures.

FIGURE 1: A picture of the saturnian system from the program Ce-

lestia. The outermost tilted orbit corresponds to the one of Iapetus.

Then we found Hyperion and Titan orbits close to each other. Finally,

closer to the planets are the orbits of Rhea, Dione, Tethys, Enceladus

and Mimas. This images also includes orbits of smaller inner bodies
inside the rings.

Starting with the innermost satellites, Mimas orbits around Saturn in approxi-
mately 22 hours and 36 minutes, whereas, the third satellite, Tethys has an orbital
period of 45 hours and 18 minutes . The ratio between those two periods is very

*Data from JPL Horizon planetary satellite parameters. The epoch is J2000
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close to 1:2 meaning that while Mimas orbits twice around Saturn, Tethys accom-
plishes only one orbit. Therefore, one can understand that after one resonant cycle,
both satellites will find themselves in similar positions as before the cycle, therefore
the gravitational pull between the two satellites is subjected to cyclic behaviours.
Today one can observe two other resonances around Saturn : Enceladus and Dione
have their period ratio also close to 1:2 and Titan and Hyperion with a 4:3 commen-
surability.

More than just a relation between two mean motions, a resonance also involves
the variation of the pericentres and the ascending node. For instance, in the case of
Titan and Hyperion one would have at first that

3ng —4n7 =~ 0 (1)

with ng and n7 the mean motion of Titan and Hyperion. But a closer analysis of the
dynamics shows that the angle

4.3 = 3Xe — 4\7 + w7 )

oscillates around 180 degrees during their evolution.

: | ﬂ 1ﬂﬂ

180

160 #

140 - ‘]v “U

3As-4A7+ w7 (degree)

0 5 10 15 20 25
Times (years)

FIGURE 2: Evolution of the resonant angle in the case of the Titan-

Hyperion 4:3 mean motion. This figure produced from the outputs of

numerical simulation involving all the satellites, Jupiter and the Sun
as perturbers. The initial conditions were taken from SAT389.

One calls it an eccentricity-type resonance as the element involved the longitude
of the pericentre of Hyperion. This resonant behaviour makes the closest approach
of those two bodies happening at the apocentre of Hyperion, and Hyperion having
an average eccentricity around 0.1, no real close encounters can happen between Ti-
tan and Hyperion. This geometry makes this resonance stable. In the case of Mimas
and Tethys, there is a special inclination-type resonance, the resonant angle being

a2 =201 —4A3 + Q1 + Q3 3)
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and it involves both ascending nodes.

2A1-4A3+(1+0)3 (degree)

0 20 40 B0 80 100 120 140
Times (years)

FIGURE 3: From JPL Horizon

Finally the resonant angle for Enceladus and Dione is

02:1 = Ao — 204 + w2 (4)

20 4
)
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=]

[ | 0 -
=
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=
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™
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_Eﬂ- o

I I 1 1 1 1 1
L 1 2z 3 4 5 G 7 B

Times (days)

FIGURE 4: From JPL Horizon. The angle oscillates on a short time
scale but on the long term, it shows a small oscillation of around 0.3
degrees with a period of around 11 years.
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satellite H T ‘ a(AU) ‘ e i(°)
Mimas 6.60 x 1078 [ 1.24 x 1072 | 2.18 x 1072 1.57
Enceladus || 1.90 x 10~ | 1.59 x 1072 | 6.35 x 1072 | 9.89 x 1073
Tethys || 1.09 x 1076 | 1.97 x 1073 | 9.68 x 10~* 1.09
Dione 1.93 x 1070 | 252 x 1073 | 2.93 x 1072 | 2.90 x 102
Rhea 4.06 x 1076 | 3.52 x 1073 | 8.00 x 10~* | 3.19 x 107!
Titan 2.37x 107 [ 817 x 1073 | 2.86 x 1072 | 3.60 x 107!
Hyperion || 9.79 x 1079 | 9.93 x 1073 | 1.27 x 10~} 1.02
lapetus || 3.18 x 1075 | 2.38 x 1072 | 2.79 x 1072 15.5

TABLE 1: Osculating orbital elements for the epoch 2451 545 (January

1, 2000 and 12 hours). The reference plane is the center of the planet

and the mean equator and the values are taken from JPL Horizon
website.

Fast tidal migration and new approach to the system

There exists a large number of mean motion resonances in the Solar System. It is
understood that two bodies are unlikely to have been created with their orbital pe-
riod verifying a commensurable relation (Roy and Ovenden, 1954) but instead, mean
motion resonances are likely the outcome of changes in semi-major axes due to tidal
interaction (Goldreich, 1965a) with the planet.

da 3k2RIE;nm 1
E = W arctan é

where a the semi-major axis, ¢ the time, k» the Love Number, R, the planetary ra-
dius, n the mean motion, m the mass of the satellite, mg the mass of Saturn and () the
quality factor. We will elaborate the tidal theory in chapter 1. In the case of Saturn,
a first estimate of the tidal migration was given by Goldreich and Soter, 1966 when
considering the orbit of satellites. Assuming that these satellites should have been
created at the beginning of the Solar System (around 4.5 billion years ago), Goldreich
estimates ( to be around 60 x 103 for Saturn. Assuming a similar value Allan, 1969
managed to estimate an age for the Mimas-Tethys commensurability of around 240
million years and Sinclair, 1972 gave numerical probability of around 4% for this res-
onance to occur. However, these early studies also pointed out that this pair should
have encountered the 2\; —4\3+2€; first with a higher probability of 7% of capture,
which could have made the tidal migration scenario collapse. We also mention that
the probability of capture is highly dependant on the model considered. Indeed,
Champenois and Vienne, 1999 invokes the importance of secondary resonances and
the fact that the eccentricity of Tethys is an important parameter for the capture into
the i7’ sub-resonance to happen. Also, the high value of ) could not really account
for the apparent advanced resonant state between Enceladus and Dione (low ampli-
tude) and there were some concerns about the possibility of Titan driving Hyperion
eccentricity up regarding the low migration rate induced by this low dissipation in
Saturn (Sinclair, 1972).

In contrast to the first statements made on resonant captures, Colombo, Franklin,
and Shapiro, 1974, as well as Greenberg, 1973 argues that the value () given in Gol-
dreich and Soter, 1966 does not need to apply to Titan. Indeed, such a parameter
may depend on the satellite’s mean motion, raising tidal bulges with different am-
plitudes and behaviour.  and k> can be frequency dependant and Colombo, Franklin,

()
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and Shapiro, 1974 concludes that () = 2000 can permit an automatic capture of Titan
and Hyperion into their 4:3 mean motion resonance, Hyperion’s eccentricity being
under 0.02 prior to their capture.

The system of Saturn was the aim of many astrometrical campaigns during the
last century. The effect of tides on the orbit of the moons were thought to be beyond
the precision of instruments, but from a wide collection of observations spanning
123 years of data and assuming frequency-dependant tidal responses for the moons
Lainey et al., 2012 found a best fit for the moons’ positions for the tidal parameters

ko _4

2 = (2.34+0.7) x 10 (6)

Q
which yields @ ~ 1700 for a given ks = 0.390 (Gavrilov and Zharkov, 1977). Those
values were found at the tidal frequency of Enceladus, Tethys and Dione. Later,
using Cassini data (Cooper et al., 2018), more calculations done independently by
JPL confirm those low values of @ for the inner satellites but moreover, Lainey et al.,
2017 announced a value of around 300 for Rhea, revealing the frequency-dependent
nature of the tides in Saturn.

Such revelations about the tidal migration of the icy-moons brought more in-
sight about the dissipative processes acting in the planet (Remus et al., 2012), and
furthermore opened the door to new considerations about the past history of sat-
urnian moons. Saturnian satellites are today thought to be much younger than the
Solar System and from this idea, Charnoz et al., 2011 proposed that the inner mid-
sized moons were created from a primordial massive ring (Salmon et al., 2010) one
by one, assuming that the quality factor for Saturn was below 2000.
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" __Enceladus Dione
10~ - Mirmas Tethys —

107> ; I
10—5 i Titan
10—?.

2x 1073 Ix103 4x1073 Bx 1073
Semi-major axis (AU)

Mass ratio (Saturn mass)

FIGURE 5: Satellite mass as a function of their position. This distribu-
tion of matter around the planet would be a consequence of satellites
forming one after another from a massive ring and migrating fast.
Rhea would be created first from the initial ring and migrate outward,
then Dione formed from a less important reservoir which explains its
smaller mass compared to Rhea. After migrating and eventually col-
liding with previously formed bodies, satellites would arrange their
orbits as we see them today, leaving the initial massive ring with a
final mass of the order of Mimas’ mass.

Also strong tidal dissipation inside Saturn was brought forward in order to ex-
plain the eccentricity equilibrium of Enceladus Lainey et al., 2012.
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FIGURE 6: Saturn and Enceladus quality factors for preserving the ec-

centricity equilibrium state of Enceladus. Tidal heating of Enceladus

was revealed by Cassini in 2006 (Porco et al., 2006) and the amount

of energy dissipated inside the satellite could not explain its eccentric

orbit (Table 1). A high momentum exchange from the planet due to

tidal energy dissipation inside the planet explains this equilibrium.
The figure was taken from Lainey et al., 2012.

Titan and Iapetus

In the linage of those last results, this thesis is dedicated to reformulate a past history
of the System of Saturn. Even though, results stand mainly for the icy satellites, we
have assumed all along this thesis a low value of @) for Titan with the aim of study-
ing a past 5:1 mean motion resonance between Titan and lapetus. Today their period ratio
is close to 4.97, meaning that the resonance could have been crossed not long ago.
This resonance crossing is possible if () is under 14000 at the frequency of Titan.
A first argument for the importance of this study is the fact that Titan is the most
massive satellite in this system and it should have played a major role in the early
evolution of the system. A history of Saturn can not be done without this important
body. Secondly, Iapetus” orbit has several unexplained features, such as its eccen-
tricity (around 0.03) and a 8 degrees orbital tilt with respect to its local Laplace plane
(Nesvorny et al., 2014, chapter 4 is dedicated to the Laplace plane). Some authors
have proposed some plausible scenarios to explain inclination. Ward, 1981 invoked
a fast dispersal of the circumplanetary disk from which satellites were formed. Ia-
petus would have evolved to the orbit we see today if the disk was dispersed in
around 10? or 10° years, which is a fast time scale for this process to happen. Also,
in the context of the early solar system instability (Tsiganis et al., 2005), Nesvorny
et al., 2014 argue that Iapetus could have been excited by close encounters between
anice giant and the system of Saturn. We are looking here for an alternative scenario
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where strong tidal dissipation and the 5:1 resonance crossing would be responsible
for the orbital behaviour of Iapetus.

The first part of this thesis is dedicated to theoretical modelling. The first chapter
is dedicated to tides, inside energy dissipation of the planet and the consequential
tidal acceleration of moons. The second chapter deals with basic orbital dynamics,
such as the N-Body problem and the planetary gravitational field. Analytical de-
velopment of the equations of motion is outlined afterwards and constitutes a third
chapter. The last chapter of this first part presents the equations of the local Laplace
plane. Results of the 5:1 mean motion resonance crossing are presents in the second
part of the thesis.
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Chapter 1

Tides and tidal acceleration in
gravitational systems

This first chapter is dedicated to tidal interactions. We will elaborate the main
ideas and equations behind tides and draw a general overview. The first approach
concerning dynamical astronomy is to consider a given number of point-like masses
which undergo mutual gravitational interaction between one another. In an inertial
frame, a mass m would create a gravitational potential per unit mass

v—_&m 1.1)

T
where G stands for the gravitational constant and r the radial distance from the
center of the body. From there, bodies surrounding the first one will undergo an

acceleration

and all bodies will evolve in time, attracting each other according to the inverse square
law'. This is the basis of orbital dynamics involving several masses and the study of
such systems lies in what is called the N-Body problem.

Extended levels of complexity can be introduced from there, for instance by
adding non-gravitational forces, such as radiation pressure or atmospheric drag. Those
forces are known to be important in studying the motion of an artificial satellite in
low Earth orbit. Furthermore one can consider taking into account the more complex
gravitational field of bodies. The inverse square law applies to perfectly spherical
bodies or point-like masses, but departure from it will induce a different force. If the
shape of the body undergoing a force is considered then one must take into account
that the gravitational potential will not be identical throughout its volume. This
will lead to tidal interactions between bodies and the aim of this chapter is to make
a general overview of modern tidal theories and then to outline the basic equations
governing the dynamical states of bodies, in terms of their orbital evolutions and
rotational motions

1.1 General overview

1.1.1 Differential acceleration, the source of tides

We first consider two bodies with different masses in the inertial frame of their centre
of mass. Let there be for instance a satellite of mass m orbiting a more massive planet
with mass M. The gravitational pull of the satellite acting on the closest side of the

'Explicit equations of motion are outlined in chapter 2
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planet is greater than the pull acting on its centre, which is greater than the pull
acting on its farthest side. This is the simple consequence of the inverse square law.

FIGURE 1.1: Simple schema of the field applied on the different re-
gions of the primary. Arrows correspond to instantaneous forces ap-
plied on the body.

The resulting consequences can be separated into two effects. The first and more

classic effect will see the primary undergoing an acceleration (in an inertial frame),
just like any point-like masses. The second and more interesting will be a distortion
of its shape. Indeed, seen in the frame of the primary, the force field at the surface of

the body will look like
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Satellite —3

FIGURE 1.2: Seen in the frame of the primary, the surface will stretch
under the force field produced by the satellite’s gravity.

Central parts will also undergo similar forces.

1.1.2 Tidal bulge

As bodies are not perfectly rigid, this force field will create a tidal bulge which is a
priori aligned with the satellite’s direction. But many features have been neglected so
far. First, the primary is usually spinning around its rotational axis and the satellite
travels on its orbit around the primary. Therefore, in the frame of the rotating planet,
the tidal bulge is moving around the primary with a frequency

Wtides = Qp —-n (13)

where (2, = 27 is the rotational spin frequency of the planet, with P its period and n
is the mean motion of the satellite. Secondly, and most importantly, the tidal bulge
does not instantaneously align itself with the satellite’s direction but undergoes a
lag, due to the non-elasticity of the primary body. As the tidal force field is con-
stantly changing in time for an element of mass in the planet, the body never fully
reaches a state of equilibrium but constantly changes its shape, chasing the tidal
equilibrium. For a system, where the satellite orbits beyond the synchronous orbit?,
the tidal bulge is in advance with respect to the satellite’s direction. On the con-
trary, if a satellite is below it, the bulge tends to have a delay. This is the case for the
martian satellite Phobos.

?A synchronous orbit is when Q, = n
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FIGURE 1.3: Scheme depicting the tidal response of the primary. Here

we are in the case of a satellite orbiting above the synchronous orbit.

The tidal bulge, driven by the faster rotation of the primary is ahead

of the direction of the satellite. The angle /5 represents the geometrical
lag between the satellite’s direction and the axis of the bulge.

1.1.3 Energy dissipation and angular momentum exchange

Depending on the structure of the primary, the strain on the primary and its reaction
to it will produce mechanical energy dissipation which is restored in the form of heat.
This energy loss is due to the non-elasticity of the solid matter in the case of telluric
bodies, but one can also find viscous dissipation in the case of fluid layers. The result
of the misalignment of the bulge with the satellite’s direction will produce an orbital
torque on the satellite. Indeed, the part of the bulge closer to the satellite will create
an attraction stronger than the farthest part of the bulge and this imbalance will then
create a resulting force with one of the components parallel to the satellite’s motion.
This torque adds momentum to the satellite’s motion and increases its semi-major
axis and eccentricity.
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FIGURE 1.4: Scheme showing how the tidal bulge adds a perturbing

force to the motion of the satellite. The resulting force exerted by the

two ends of the bulge has a component transverse to the satellite’s

motion. This is due to the shorter distance separating the satellite
and the closest part of the bulge.

To balance the gain of momentum of the satellite, the planet’s spin undergoes an
opposite reaction by losing rotational momentum. In other words, the planet spins
down due to tides raised by its satellite

1.2 Formalism

Using the notation in Kaula, 1964%, the potential generated by a moon (Equation 1.1)
can be replaced in the reference frame of the planet by its disturbing function

Gm*
Up = e (1.4)
which can be expanded as a sum of zonal harmonics
Gm* = [ 7\
U= "2 () Pileos(s) (1.5)
1=2

where the superscripts * denotes the variables and parameters of the moon. r is
here the radial distance from the planet’s centre where the potential is calculated,
S is the angle between the moon’s direction and r and P, is the (" order Legendre
polynomial.

Sm is changed to m* and M to ms



18 Chapter 1. Tides and tidal acceleration in gravitational systems

o

m*

FIGURE 1.5: The gravitational pull of the satellite on a random point
of the planet.

If the size of the planet is negligible compared to the distance of the moon, then
one can truncate the series, keeping only the term associated with [ = 2, as done in
Mignard, 1979. In Kaula’s paper (Kaula, 1964), this potential is expressed in terms
of the moon’s orbital elements, and in his second article (Mignard, 1980), Mignard
keeps a more compact form which makes use of the position of the moon. The planet
deforms itself as a response to this potential and this adds an extra tidal potential to
the planet’s gravitational field, which makes use of the Love numbers k;

e Gm*RZH-l

— P
U (I‘) B lz_; i pltLlpxl+1 B (COS(S)) ) (16)
where cos(S) = % This potential would be synchronous with the moon’s posi-

tion. But, as we outlined in the previous section, the deformation response of the
planet is delayed with respect to the moon’s potential. The delayed response can be
illustrated by introducing a fictitious satellite. This body would raise instantaneous
tides on the planet and would be lagging behind the real tide raising satellite with a
position

re=r"+f (1.7)

where the position lag f is
f=At(Qp xr" —v). (1.8)
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FIGURE 1.6: The lag f is usually not constant in the case of an
eccentric orbit for instance but some approximation can be made
f = Atr|Q, — n|

Love Numbers are usually difficult to obtain either from theory or observation.
Only the k3 is usually considered in tidal theories, so we neglect here higher orders.
Also we substitute r with r* because we are looking for the potential at the real
moon’s position and r* is substituted with 7 ;. Then following Efroimsky and Lainey,
2007 the force, F = VU, has the expression

3k2 szRg

F=-—gp " [rr® — £r? — 2r (r.f)] (1.9)

from which, after using Equation 1.8, the acceleration becomes

3koG *)m* RS
_ o2 (ms +m”)m At [2r (rv) + 72 (r x Q+ V)] (1.10)

a =

rlOmg

where At is the time lag defined by (Lainey et al., 2017)

A = Arctan(/Q) (1.11)
2m
and 7T is the period of the tidal excitation.
27
T=——. 1.12
2|Q, — n| (112)

1.3 Energy dissipation in the primary

Several parameters were introduced in the tidal acceleration. First, the Love Number
ko appears as a constant in the equation. But the assumption that the tidal potential
raised by a satellite is independent from the satellite’s orbit or its mass can not al-
ways hold. Instead one can assume a frequency dependant tidal response, for which
ks is a function of the main tidal frequency

X = 2|Q, —nl. (1.13)
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Also, one important feature of the tidal theory is the quality factor ) introduced in
the time lag (Equation 1.11). It is a measure of energy dissipated during a tidal cycle

(Goldreich and Soter, 1966)
1 1 dE
o wm ) <_dt> at (119

where Ej is the maximum energy stored in the tidal distortion. In the case of Saturn,
tidal dissipation can have several sources.

Saturn

All features drawn to scale

Aurorae

North pole hexagon
Cloud layer (125 mi)
Gassy hydrogen |\
Frenkel line. 4
Liquid'hydrogen _

Roche division
Aring
=L _Enckegap
—Keeler gap
~ Cassini division
Huygens gap

FIGURE 1.7: Detailed scheme of Saturn’s interior. The dissipation can
either come from the non-elastic solid core or viscous friction in fluid
element of the planet.

e Non-elasticity of the core. As explained in the previous section, the solid body
will have a delayed response to the tidal potential of the moon and the reason
for this delay is the inelastic nature of the body. Energy is lost as the body
reshapes itself continuously.

e Viscous friction in gaseous envelope. For giant planets, the existence of fluid
envelopes adds a component to tidal response. The fluid response to the tidal
potential of the satellite will follow the Navier-Stokes equations for fluid dy-
namics (Remus, Mathis, and Zahn, 2012). It will create an additional flow
to the existing convective motion of the fluid envelope and their interaction
produces viscosity. This will generate a toroidal velocity field and change the
gravity field of the planet.

It is not yet known wether tidal dissipation primarily comes from the solid core or the con-
vective envelope.

1.4 Constant lag versus frequency dependent tidal response

Equation 1.10 stands for the tidal acceleration undergone by the satellite. As shown
in Efroimsky and Lainey, 2007, the secular effect on the satellite’s semi-major axis,
assuming a low inclination and a low eccentricity, is

da 6ko Rf,nmAt

== (=) (1.15)



1.4. Constant lag versus frequency dependent tidal response 21

which can be rewritten

da 3k2Rgm 1
E = G(ms + m)m arctan <Q> (116)

after substitution of the time lag (Equation 1.11) into the previous equation*. Now,
several assumptions can be made. Like previously stated, the tidal response of the
planet can consist in a constant time lag with respect to the satellite’s direction. Or,
in a more complex fashion, the response can be dependant on several parameters
such as the orbital period. Using this approach, tidal parameters k; and Q will then
be frequency dependent and Lainey et al., 2017 shows evidence for such a behaviour.
However, if we assume constant parameters in Equation 1.16, then the differential
equation for the semi-major axis is separable in time and semi-major axis and there-
fore solvable.

39 ko R3m 1 ]
a(t) = 5 G(mg + m) mz arctan <Q> t+ag (1.17)

Satellite ‘ Q

Mimas 18000
Enceladus | 10000
Tethys 14200
Dione 5000
Rhea 1200
Titan 300

TABLE 1.1: Values of () needed for each satellite to migrate from the
synchronous orbit to their current position in the age of the Solar Sys-
tem (4.5 billion years)

This approach can give us a first insight into the possible values that ) can take.
Table 1.1 indicates the value of ) needed for each satellite to migrate from the syn-
chronous orbit to its semi-major axis in the age of the solar system, using Equa-
tion 1.17. Goldreich and Soter, 1966 derived @) ~ 60000 for the same consideration
for Mimas, but used a different value for ko. Also in the case of Titan, values between
2000 and 4000 were brought forward in order to explain the advanced state of the
resonance between Titan and Hyperion (Colombo, Franklin, and Shapiro, 1974). In-
voking atmospheric tidal response in Saturn, Greenberg, 1973 also argues for values
around 4000. It seems that it was difficult to have an agreement on @ for all satellites.

*Note that for a satellite beneath the synchronous orbit, the right-hand side will have a minus sign,
like for Phobos (cf. Efroimsky and Lainey, 2007)
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FIGURE 1.8: Evolution of Titan’s semi-major axis with the model of a
constant tidal lag Equation 1.17. Here @ was set to 1072

Constant tidal lag is a convenient model to make calculation but the reality may
be more complex. Studies of frequency dependant tidal response have been brought
forward in the last decade (Efroimsky and Lainey, 2007) and specially for stars and
fluid envelops of giant planets (Ogilvie and Lin, 2004 ;Auclair-Desrotour, Le Poncin-
Lafitte, and Mathis, 2014 ; Remus, Mathis, and Zahn, 2012). Very recently, Fuller,
Luan, and Quataert, 2016 made an explicit model of tides acting in the fluid envelope
of the planet. Their model predicts frequency dependant quality factors for Saturn’s
moons, which are comparable to those found in Lainey et al., 2012 and Lainey et
al., 2017 (Figure 1.10). The evolution of a moon’s orbit is dependant on a frequency

dependant quality factor
5
<sz> Nliides (1.18)

where k» is the Love number, R, is the radius of the planet and t;;4., the time scale
of the orbit expansion. The mechanism involved is resonance locking which can be
reached due to the structure evolution of the planet and the consequential evolu-
tion of the oscillation mode frequency in time. During a lock, an oscillation mode
stays resonant with the tidal forcing produced by a moon and increases greatly the
tidal dissipation, which in turn, produces fast outward migration. In the frequency
domain, the satellite would "surf" on dissipation peaks.

m
Q = 3k2M
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FIGURE 1.9: Semi-major axis evolution of the satellites of Saturn un-
der Fuller’s model. No mutual gravitational influence between satel-
lites was introduced.

The orbital evolution consists of a rapid evolution of a satellite’s semi-major axis
in such a way that nearby orbits diverge. This could go against the formation of a
resonance for a pair of satellites, as it is understood that convergent orbits are needed
to get a resonance capture in mean motion.
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FIGURE 1.10: Quality factors of Saturn at the frequency of icy satel-

lites according to the model in Fuller, Luan, and Quataert, 2016. This

figure comes from the same article. LJ15 refers to the quality factor
computed in Lainey et al., 2017

1.5 Summary and Conclusion
We have explained the tidal theory for a moon raising tides on a planet. After ex-

plaining the basic concepts, we have discussed the equations governing the motion
of a moon undergoing a tidal acceleration. Most of the mathematics exposed in this
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chapter comes from the literature. Although different theories predict different evo-
lutions, we have chosen to implement Equation 1.10

3koG (mg +m*) m* RS

a= DAL [2r(r.v)—|—r2 (rx Q+v)]

rlOmg

in our software for the tidal interaction, because we only need a constant increase
of the semi-major axis of Titan to simulate the mean motion resonance crossing.
Fuller’s model predicts a quality factor at Titan’s frequency of around 20 assum-
ing a tidal time scale of around 2 billion years (Equation 1.18). For Iapetus, Fuller’s
model also predicts a fast migration but we find the rate unrealistic (Q ~ 2 x 107%).
However, we assume for this thesis that lapetus does not migrate.

Lately many theories have argued in favour of a frequency dependant nature
of the tidal response of a planet (Fuller, Luan, and Quataert, 2016) and astrometric
results (Lainey et al., 2017) confirm those findings. It is obvious that a general for-
mulation for tides is still to come, but the recent studies brought new insights to the
complexity of the problem.
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Chapter 2

Equations of motion for the system
of Saturn

This chapter is dedicated to some basic equations for dynamical astronomy. The
reader will find the general equations governing the motion of a satellite around
Saturn. We will derive the equations for the relative acceleration of a satellite with
respect the planet as well as approximations for the icy satellites. The gravity field
of the planet will also be considered.

2.1 Saturnian system as a N-Body system

As for the previous chapter, we start with the well known Newtonian gravitational
interaction between bodies. Just for the very beginning, we assume being in a iner-
tial frame, in which we consider Saturn and two other bodies which can be satellites
or the Sun. If we denote by rg, r; and r; the positional vectors of Saturn and bodies
i and j, in the Galilean frame of the barycentre of mass verify

Mrg + m;r; +mjr; =0 (2.1)

and be differentiating with respect to time, we see that the same relation will hold
for velocities and accelerations. Here, M denotes Saturn’s mass and m; and m; are
both inertial masses of the bodies. Then the Newtonian acceleration for Saturn is

Gmi ij

fg= i
rs — ;| rs — ;[

(rs —r;) (rs —r;) (2.2)

and for bodies 7 and j, the acceleration will be similar, we just need to swap indexes

. aM Gm,

¥j=———7g(r—r5) — ’ 5 (ri —1j) (2.3)
r; —rg] ri — 1

) GM Gm;

rj=—""= (I‘J —I‘S)—izs(rj _ri)' (24)
rj —rs] rj — i

Those differential equations are representative of what one calls a three-body prob-
lem. The reference frame considered enables us to express those laws of motion in
their simplest form. However, in our case, the Sun plays a major role in satellite dy-
namics and if considered in a certain model, the barycentre of mass will then be very
close to the center of the Sun, due to its superior mass. This choice is not convenient
if we study the orbits of natural satellites around a planet. For the rest of this work,
we choose to express the dynamics of satellites in the frame of Saturn. In such a
frame, the position, velocity and acceleration of Saturn are, by definition, null. This
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is a simple consequence of setting the center of the reference frame to Saturn itself.
The position of the body i, r;, with respect to Saturn is then

I
r, =r; —Ig. (2.5)

Differentiating twice with respect to time and using expressions for accelerations (2.2)
and (2.4), the acceleration of the body i in the saturnian frame is

/ G M . ! y ; ) —
r; = _wri + Gm; : I%3 - I453 : (2.6)
rj—ri” |rj — x|

Here, we use the translation law for j, as for the body ¢

r;- =r;—rg (2.7)

and also the fact that

LT (2.8)

I‘j—I'i:I'

Finally, we denote 7;; = |r; — r;| and we redefine the unprimed vectors as being the
one set in the frame of Saturn. We obtain the relative form of the equations of motion
for the body ¢ around Saturn perturbed by the body j

I'z + C;(L::Tni)ri = ij <rj ; al — I‘;)) . (29)
T rz’j 'r’j

)

The first term in the right-hand side is known as being the direct acceleration due to
the gravitational attraction of the perturber j. The second term is called the indirect
part and represents the acceleration of Saturn due to the attraction of the body j. It’s
a manifestation of ficticious forces acting on a body due the choice of a non-inertial
frame. In the presence of a fourth body and more, the right hand side will simply be
a summation taken over all the masses

N-1
. G(M + m; ri—r; T
i+ (ﬁ)r = § Gm; ( Jrg' L T;) . (2.10)
t J=Lj#i & J

In the absence of a third mass perturbing i, its acceleration will be the equation (2.3)
without the second term involving the mass of j. Here, the only difference between
the motion described in the inertial and the planeto-centric frame is the gravitational
parameter, 11, which is GM in the inertial frame, and G(M +m;) for the frame centred
on the planet. This is known as the two-body problem' and the solution of this
equation is the well-known conic

B a(lfeQ) 211
"= 1+ ecos(f) @11

In the general equation (2.9), the perturbing part on the right hand side is expressible
in terms of a potential. We multiply equation (2.9) by the infinitesimal vector dr;

(r n GW;””%) s = <ij (ri L r;)) dr;. (2.12)
re ro. o

K3 1] J

'We also call it the one-body problem for the choice of frame centred on the planet.
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For the left hand part of the previous equation, we change dr; = 1;dt, and we have
that

_ () (2.13)

and p .
G(M +m;) "=t = d <—G(M +mi)- > (2.14)

T ;

and for the right hand side, recalling that r;; = \/(r; — ;) . (r; — ;)

Ty —Ti rj 1 r;.r;
([(rj SENCE 3) - (wrj S HCE 3) 219

At this point, we introduce the disturbing function for the body j acting on ¢

1 o
R; = Gm; < . §J> (2.16)

rij Tj

so that the acceleration of the body ¢ orbiting Saturn and perturbed by the body j
can be written

Tit—— 35—

r; =V, R;. (2.17)
The same analysis applies to the body j, perturbed this time by the body i, so that
we have similar equation for j
M .
g, G M) g R, (2.18)

Ty

2.2 Saturn’s gravity field

The gravitational field of Saturn and its moons were greatly improved with the
Cassini mission. The Radio Science Subsystem on-board the spacecraft permitted
precise position and velocity measurements during the whole time of the mission.
The gravitational potential of an object can be be expressed in terms of spherical

harmonics ,
_ _Gms [0 5 (B p
V=-= (1 ;J ( . ) P; (sm(a))) (2.19)

where o = Z with z the third component of the position of the satellite and r the
distance from the body’s centre.

Parameter ‘ Value

mg 2.858 133006 186 84 x 10~*

Jo 1.629111 964057611 x 102
J3 1.514 844984134440 x 1076
Ju —9.305945 887751 694 x 10~
Je 8.872819837018 759 x 107>
Js —1.044228 535152935 x 107°
Jio 1.232.000 000 000 000 x 106

TABLE 2.1: List of gravitational parameters for the planet Saturn.

All values are taken from the latest version of the JPL ephemerides

system HORIZON SAT 389.14 ftp://ssd.jpl.nasa.gov/pub/

eph/satellites/nio/LINUX_PC/sat389x1.txt. The mass of
Saturn is expressed in solar masses.


ftp://ssd.jpl.nasa.gov/pub/eph/satellites/nio/LINUX_PC/sat389xl.txt
ftp://ssd.jpl.nasa.gov/pub/eph/satellites/nio/LINUX_PC/sat389xl.txt
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Gravitational spherical harmonics were determined up to Jio for the even coef-
ticients and up to J3 for the odd coefficient. However, in this thesis we only kept the
major perturbing part of the gravitational field which is the force associated with Js.
Due to the great distance of Titan and lapetus from Saturn, all other harmonics are
neglected.”. The disturbing function associated with the .J; effect is

G(mgs + mi)JQR}% 1

Ry, = — 5 = (322 —1?) (2.20)

and the acceleration i = VR ;,, written in the form of its components is

T = %G(mS‘FmZ)JQR;% (52’2 _T2) €z,
y = %G(mg + mZ)JQR}%Ti? (52’2 — 7’2) Y, (2.21)
i = %G(ms + mi)JQRI%T% (522 — 3r?) 2.

2.3 Inner Moons

The gravitational interaction between the inner moons and the outer moons was
simplified. Instead of including the gravitational acceleration of inner moons in the
system, we have used an approximation which consists in adding the gravitational
contribution of the inner moons to the second order harmonic of the planet. This
leads to defining an upgraded .J5 coefficients (Tremaine, Touma, and Namouni, 2009)

’ 1 a; 2mi
JQ_J2+§Z 7)) s (2.22)

By using this approximation, we get rid of low frequencies which would appear in
the system. Indeed, If Mimas orbit was added, the lowest time scale of the system
would be around 1 day, which corresponds to Mimas” orbital period. Instead, the
lowest time scale is the one associated with Titan’s orbital period which is around 16
days. Timesteps in numerical integrations are then greatly increased and therefore
numerical integrations get faster. Also, the secular effects of all inner moons are
preserved

S . 1 a 2 m
atellite 3 (R—p> e
Mimas | 3.12118789349431 x 10~ "
Enceladus | 1.479867 96335738 x 106
Tethys | 1.295908 62404007 x 107°
Dione | 3.77188421333343 x 10~°

Rhea 1.548 81411529390 x 104

Sum 2.073513266 558 32 x 107
Titan 4.854 47004190104 x 10~2

Total Sum | 4.875205 17456662 x 10~

TABLE 2.2: Contribution of each inner satellite to the flattening

of the system. Values of semi-major axes are taken from the JPL

Horizon website https://ssd. jpl.nasa.gov/?sat_elem and
masses are the ones given from the SAT 389.14.

*Harmonics up to Js have to be included in order to compute the direct dynamics of inner moons,
as in Figures 2, 3 and 4 in the introduction
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As expected, the main contributor is Rhea, due to its wider orbit and mass. By
summing up the intrinsic flattening of Saturn to the contribution of all satellites, we
obtain for the numerical value of J}

T = 1.649847096 72319 x 1072 (2.23)

For lapetus, Titan is the major contributor to the flattening. According to Table 2.2
we have
Jy ;= 6.52505227128981 x 1072 (2.24)

Titan is integrated with lapetus in our numerical N-Body, therefore .J;, ;- (Equation 2.23)
is the value used in all our simulations. J; ; (Equation 2.24) is only used in chapter 4
for analytic calculations of the Laplace plane.

2.4 Summary of forces on a moon

To summarize our numerical model for the study of the 5:1 mean motion resonance
between Titan and lapetus, we are integrating the positions and velocities of Titan,
Iapetus and the Sun. The gravitational pull of all satellites from Mimas to Rhea were
approximated by adding their contribution to the .J coefficient of Saturn (Equa-
tion 2.22). However Hyperion is sometimes integrated for a few simulations in order
to study the effect of the 5:1 mean motion resonance crossing on its orbit (we recall
that it is actually in a resonance with Titan). Jupiter is also added sometimes, but
most of our work is done using 4 bodies.
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Orbital plane of lapetus
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FIGURE 2.1: Motion of Iapetus plane over 10 000 years. Both the incli-
nation and the longitude of the ascending node oscillate around the
fixed values of the Laplace plane with a period of around 3200 years.
Here, and for the rest of this work, the reference plane is the equator
of Saturn. The figure comes from a simulation done with all the ma-
jor satellites of Saturn (Mimas, Enceladus, Tethys, Dione, Rhea, Titan,
Hyperion, lapetus), the Sun and the effect of the flattening of Saturn
(Table 2.1). The angular elements of the Laplace plane computed from
this simulation are 15.1 degrees for the inclination and 224.5 degrees
for the ascending node. The initial conditions are those of the J2000
epoch taken from JPL ephemeris, Horizon (SAT 389.14).

Due to the proximity of the icy satellites to the planet and their relatively low
masses, they do not contribute a lot to the system and the approximation done in
the last section is good enough to study the resonance.
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FIGURE 2.2: Tilt to the Laplace plane for the orbital plane of lapetus.
It is computed using cos(J) = cos(i) cos(irp) +sin(i) sin(irp) cos(2 —
o) where the LP stands for the elements of the Laplace plane (chap-
ter 4), () is the ascending node of the Sun and J is the tilt.
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FIGURE 2.3: Motion of Titan’s orbital plane over 10000 years. Both
the inclination and the longitude of the ascending node oscillate
around the fixed values of the local Laplace plane with a period of
around 705 years. The figure comes from a simulation done with
all the major satellites of Saturn (Mimas, Enceladus, Tethys, Dione,
Rhea, Titan, Hyperion, lapetus), the Sun and the effect of the flatten-
ing of Saturn (Table 2.1). The angular elements of the Laplace plane
are approximately 0.635 degrees for the inclination and 224.5 degrees
for the ascending node. The initial conditions are those of the J2000
epoch taken from JPL ephemeris, Horizon (SAT 389.14).

Therefore a direct N-Body integration of the four bodies considered shows a
good agreement with an integration made with all the bodies. Figure 2.1 shows
the behaviour of the orbital plane of lapetus. We can see that its inclination oscillates
around a forced value (see chapter 4 for the Laplace plane) and has a 8 degree tilt to
it (Figure 2.2).
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2.5 Summary of the numerical model

Using a Gauss-Radau integrator (Appendix A), direct numerical integrations of the
4-Body system are performed (Saturn, Titan, lapetus and the Sun). N-Body interac-
tions was implemented using Equation 2.10 and the J; effect of Saturn is added via
Equation 2.21 using Equation 2.23 for the value of J>. Added to these basic forces is
the tidal acceleration (Equation 1.10) defined in the previous chapter.
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Semi-analytic modelling

Integrating numerically the equations of motion is the most direct method to solve
the motion of the moons. However, this method is usually machine-intensive and
time consuming. To avoid making long numerical simulations, we have decided to
use a semi-analytic approach, along with the N-Body code, by first expanding the
disturbing function in terms of the elliptical elements of the bodies involved, then
averaging the expansion over the elements varying rapidly, and finally integrating
numerically the averaged equations. By doing so, we are getting rid of the short
period variations of the orbits, which makes the dynamical time scale much longer
and therefore the integration time much smaller. Several kinds of perturbations are
taken into account. The first one, is the averaging of the flattening effect of Saturn
and the inner satellites. Then we will handle the averaged effect of the Sun acting on
the satellites. Finally, we will deal with the mutual gravitational interaction between
Titan and Iapetus.

3.1 General statements

3.1.1 The disturbing function as a sum of cosines

Starting from the main perturbing acceleration (Equation 2.17), our main interest in
defining the disturbing function is to express it in terms of the orbital elements of
the body and the perturber. This task was subjected to centuries of research and
enhancement after the basis of orbital mechanics was laid by Isaac Newton in his
Principia Mathematica (Newton, 1687). A few notable works in which the authors
have been working on expanding the disturbing function are Laplace, 1785 and De-
launay, 1860. In general, one has Equation 2.17

- G(M ;— m;)

T3

r, = vriRj

for a perturbing body j acting on a body i. Now, as we have shown in chapter 2 or in
Appendix C, the disturbing function is slightly different whether one studies a body
perturbing an inner or an outer body. However, one can show that, using several
expansion technics, such as Fourier or Taylor series, a general disturbing function R
can be expanded as a trigonometric series

R=> S(a,d e e, ii')cos (1) + jod + js@’ + juw + js + jo) (3.1)

where functions S, playing the role of amplitudes, are functions of the metric ele-
ments of both bodies, namely the semi-major axis, the eccentricity and the inclination,
whereas the arguments of the cosine terms are linear combinations of the angular
elements : the mean longitude, the longitude of the pericenter and the longitude of the
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ascending node. Different types of expansions can be made but there are always three
different constrains on the amplitudes and arguments.

e An argument is associated with a set of six j coefficients which have to verify
what one calls the d’Alembert relation (Murray and Dermott, 2000)

6
> ji=0 (32)
=1

e Furthermore, there is a constrain on the coefficients associated with longitudes
of ascending nodes, namely

75| + |76l is even or zero (3.3)

e And finally we have an important property relating an amplitude to its ar-
gument named the d’Alembert characteristics (Brouwer and Clemence, 1961).
The lowest power of an eccentricity/inclination function ! in the amplitude
equals to the absolute value of the j coefficient associated with its pericen-
ter /ascending node.

After an expansion, one can distinguish terms acting on a short time scale, or with
high frequencies and others whose effects govern the long term behaviour of the
system; one names those secular terms. The idea is to average out the high frequencies

of the system.
Motion \ Period
Satellite mean anomaly About 16 and 80 days for Titan and Iapetus respectively
Motion of pericentre Around 705 and 3200 years
Orbital plane motion around their local Laplace plane Around 705 and 3200 years
5 — Ag oo during resonance (today 8 years)
Solar mean anomaly 29.6 years

TABLE 3.1: Main periods of the system considered. These values were
computed from the simulation used for Figure 2.1 and Figure 2.3

Satellites mean anomalies usually have the shortest period, therefore they are
always averaged out except for the combination 5\g — A\¢? which has a long period
and is the central part of our dynamics. The motion of the Sun around Saturn has a
period of almost 30 years (Table 3.1). It acts like an intermediate frequency between
mean anomalies and the long varying angles such as the longitudes of pericentre
and the motion of orbital planes around the Laplace equilibrium (see chapter 4).
Initially the sun’s mean longitude was averaged out but we have kept a few terms
in subsequent simulations Table 3.3.

3.2 Averaging the flattening effect

We have seen in the previous chapter that the potential of the planet Saturn can be
expanded as (Equation 2.19)
M M
V= _GM+m) + G+ m) J2R2 Py (sin(e)) +

r r3

G(M +m)
5

J4R§P4 (sin(a@)) + ...
(34)

'namely s = sin (%)

%and eventually every harmonic : 10\s — 2Xg, 15As — 3 ...
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where the first term stands for the point-like interaction of Saturn with its satellites.
The next term is the most important one describing the flattening of the planet. Any
other terms are neglected for the motion of Titan and Iapetus due to their distance
to the planet’. Recalling that r sin(«) = z, we write the disturbing function associated
with the flattening

GM+m) . o1 (. 12\2
Ry = O B2 (3 (;) - 1) : (3.5)

then replacing z by its expression in terms of the orbital elements (Equation C.8) and
r by the expression of a conic Equation 2.11, we rewrite Equation 3.5

R2IVET (4 4 e cos(f))? (3 (sin(i) sin(w + £))% — 1) . (3.6)
This function is 2m-periodic in the variable f, the true anomaly. However, we want

the average value over one period in time, not geometrically. Therefore the average
is made over the mean anomaly

11 S G(M +m) 3 o 2
(Ry,) = 27T/0 —§J2Rpm(1 + ecos(f)) <3 (sin(é) sin(w + f))* — 1) dM.
(3.7)
Using useful relations between anomalies (Murray and Dermott, 2000) we have
1 T\ 2
M=———=|- . .
d — (a) df (3.8)
Therefore
1., GM+m) 1 [T 2
(R0 ==y 27T/O (1 -+ ecos(/)) (3 sin(i) sin(wo + 1))* ~ 1) df
(3.9)
which integrates to
G(M + m)JoR? ,
(Ry,) = 83 (1 62)3/2 (1 + 3cos(2i)) (3.10)
3.3 Solar terms
3.3.1 Secular
The acceleration of a satellite due to the gravity of the Sun is expressed as
M s
P+ G(T;fm)rs — V.. R (3.11)
where the disturbing function of the Sun is
Ro = Gm SR £ 1.0 (3.12)
T kel ) |

3Although J3, Ji4 and higher harmonics are important for closer satellites
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This function can be expanded as a sum of Legendre polynomial as shown in Ap-
pendix C and in Murray and Dermott, 2000

Ro — (3.13)

o

Gmo lz (@) P (cos(0)).

Now;, since the Sun’s distance from Saturn is big with respect to any saturnian satel-
lite’s position around the planet, the ratio 7= is small during the evolution, one can
neglect the terms in the expansion for [ greater than 3. Therefore the expression for
the Sun’s disturbing function becomes

(3 cos?() — 1) (3.14)

2 3
Re = nZa? )1
© © as re ) 2

where we have made use of Kepler’s third law to introduce the mean motion of the

Sun

2
Ts
G

G (me +ms) = Gme =nial. (3.15)

3
) and (%) are replaced with power series of eccentricities (Equation C.13 and

Equation C.14) and cos(¥) is replaced with a sum of cosines of angular elements
(Equation C.9). After these last replacement and collecting all cosine terms we aver-
age the series over the mean longitude of the satellite and the Sun.

1 27 1 2
(Ro) = / ( R@d)\s> d\e (3.16)
o7 27 Jo
This yields eight different cosine terms exposed in Table 3.2. We write
8
(Ro) = nial ) Sicos(¢1) (3.17)

i=1

i | Argument (¢;) | Amplitude (5;)

1 0 + (8 + 122 + 15el + 6€2 (24 3¢2)) (1 — 652 + 657) (1 — 652 + 6s2))

2 20, — 20 2 (8+12e2 + 15l + 6e3 (2+3¢eZ)) 52 (L —s3) s2 (1 —s2)

3 Qs — Qo 3 (84 12e% + 15l + 62 (24 3€2)) ss/1 — 52 (1 — 252) s@\/l—% (1—2s%)
4 2ws — 205 185 2 (2 + 366) ( )2 s2 (1 — s%)

5| 40, — 205 — 20, 185 2(2+3€2) sgsé (1—s2)

6

7

8

30, — Qg — 20, Le2 (2+362) s3y/1— ssey /1 — 52 (1—252)
Q4 + Qo — 2, f(m%ampﬂw2¢p%uw@
205 — 260, Pe2 (2+3e2)s2(1—52) (1—6s2 +6s0)

TABLE 3.2: Secular terms for the perturbation of the satellite by the
Sun. Note that no approximation was made concerning both inclina-
tions. The subscript s stands for either Titan or lapetus.

3.3.2 Dependence on the Sun’s mean longitude

Equation 3.16 averages the disturbing function over the longitude of the satellite and
the Sun. But one can also average on the satellite’s mean longitude only, avoiding
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further approximation for the Sun. The reason is that the period of the Sun is quite
big compared to the satellite’s period and acts on a time scale between the fast orbital
period of the satellites and the slow variations of their nodes and pericentres. After
averaging only over the satellite’s mean longitude, we are left with the eight secular
terms Table 3.2 plus some terms involving the mean longitude of the Sun in the form
k x M. Because of the large number of terms and the fact that £ x Ay has a short
period when £ is big, we only choose terms in 1 x Aq. Table 3.3 gathers all of theses

terms. We have
35

(Rop, ) =ndal >  S;cos(d;). (3.18)

i=1
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i | Argument (¢;) Amplitude (5;)
1 Ao + 20 — 3w 3%e®s (1 — 6s ) (1 — s%)Q
2 Ao + Qs + Qo — 3wg —%66%85\/1 s2 (1 —2s%) sq (1—5%)32
3 Ao + 200 — 3w 266(1—68 —}-68)5%(1—5%)
4 Ao — Qs + 306 — 3we %66%85(1—28)\/1—523\/1—8%
5 Ao — 205 +4Q0 — 3w 312€®8 (1 —2s )
6 Ao — We 33—26@ (8 + 1267 + 966) (1 — 657 + 65 ) (1 68@ + 63‘5)
7 Ao +2Q, — 200 — we Seo (8+ 12e2 + 9e?) s2 (1 —52)s2 (1 —s2)
8 Ao + Qs — Qo — wo Jeo (84 12e2 + 9e2) 551/1 — 52 (1—282)8@\/1—8% (1—2s2)
9 Ao — Qs + Qo — @ Seo (8+12¢2 +9¢2) s5,/T— o7 (1—257) sy /1— 52 (1 — 252)
10 Ao — 20, + 200 — wo Jeo (8+ 122 +9e2) s2 (1—52) s2 (1—s2)
11 Ao + 29, — 2w, — we PeZeos? (1—52) (1—6s2 +6sp)
12 | Ao +4Qs — 2Q0 — 2w — we %ege@sﬁ (1 — s%)
13 | Ao +3Q5 — Qg — 2w — wg %ege@si’\/l—sgs@\/l —s2 (1—2s%)
14| Ao+ Qs+ Qe — 2w — we *%62&953 (1753)3/2 s@\/lfs% 1725%)
15 )\@4—29@—2@5—’@'@ 4852 (1—8)2 2(1—8®)
16 Ao — 205 + 2w — wg 45e2e@s (1 —s ) (1 — 652 + 63®)
17 Ao — 200 + 2ws — we 4856266 (1 — 88)2 5% (1 — SQ)
18| Ao — Qs — Qo+ 2w — wp —@eQe@ss (1—32 3/ s \/1—3?D 1—23%)
19 | Ao =30 + Qo + 2w, — we Beleys? \/1—828@\/1—86 (1—2s2)
20 | Ao — 405 4+ 206 + 2w — wo 4562668 3® (1 — 25@)
21 Ao — 29, + we 32€® (8 + 12¢2 —eQ) (1—5 ) (1—s2)?
22 Ao +2Qs — 400 + wo —aeo (84 12¢2 — eQ) (1—s2) st
23 Ao + Qs — 30 + we —3eq (8+12e2 — €2) ss/1 — 52 (1 — 25?) s%\/l—sé
24 Ao — 200 + @g —Zeo (8+12e2 —e2) (1— 652 +651) 53\ /1 — 2
25 Ao — Qs — Qo + wg %e@ (8 + 122 — €2) s551/1 — 52 (1 — 252) s (175@)3 2
26 Ao — 2ws + we —Be2e0 (1-52)7 (1-52)°
27 | Ao +4Qs — 400 — 2w, + we —Eege@s 50
28 | Ao + 395 — 3Q¢ — 2w, + we —1eZegsdy/1 — 5283 \/1—52)
29 | Ao + 205 — 206 — 2w, + wo *%656@8 (1 — sg) 2 (1 )
30| Ao+ Qs —Qp —2ws + we f%ege@ss (1 — S§)3 2 (1 )
31 Ao —4Q + 2w + we }gege@sg (1 s%)
32 Ao —4Q0 + 2w + e f}—gege@sﬁ (175 )2
33| Ao — Qs — 30 + 2w, + wg 145626@83 (1—83)3/2 %\/1—8®
34 | Ao — 20 — 2Q0 + 2w + we 45626@3 (1 -5 ) 52 (1 — s%)
35 | Mg —3Qs — Qg + 2w, + @ BeZeosdy/1— s2sq (1—3®)3 ?

TABLE 3.3: Terms having a dependence on the Sun’s mean longitude

(1 X )\@)

Note that no approximation was made concerning both
inclinations.
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FIGURE 3.1: Evolution of Iapetus inclination under only the influ-

ence of the Sun. Simulations include a N-Body integration (in blue),

an integration with the semi-analytic code comprising terms in Ta-

ble 3.2 (in gold) and a simulation integration using in addition terms

in Table 3.3 (in green). These evolutions do not represent any real

dynamics but are test-simulations to assess the reliability of the solar
expansion.

Figure 3.1 shows that the approximation of the solar gravitational pull is well
represented by terms inTable 3.2 and Table 3.3.

3.4 Titan-Iapetus interaction

The largest effort was put towards the disturbing function concerning the gravita-
tional interaction between Titan and Iapetus. The perturbation of lapetus on Titan is

written oM
i+ CALEM) G R (3.19)

"6
whereas similarly, the equation for Titan perturbing Iapetus is
G(M
s + (;mrg = V., Re (3.20)
8
where the subscript 6 denotes the variables for Titan and 8 for lapetus. The disturb-
ing functions are

1 .
Rg = Gmg < - s ;6) (321)
|rg — rg) rs
1 .
Re = Gmg < _ o ;8) . (3.22)
|re — rs| Ts

Both expressions are similar, except for the indirect parts which differ and the mass
factors. During the evolution of the satellites, Iapetus will act like an external per-
turber for Titan, whereas Titan acts like an internal one

rg > 16 (3.23)
Following Murray and Dermott, 2000, we rewrite both disturbing functions

G
Ry = :18 (Rp + aRE) (3.24)
8

1
1 — Gmo ( Rp+ L RI) (3.25)
as «
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where the direct part, Rp is common to both functions

as

Rp = —— (3.26)
rs — 16|
and « is the semi-major axis ratio
a=2 (3.27)
as
Indirect parts differ. For lapetus we have
r a 2
Rp = — <6> <8> cos(V) (3.28)
ag/ \Ts
while for Titan )
Ry =— <TB> (a6> cos(V) (3.29)
as/ \7e

where we recall that rgrg cos(¥V) = rg.rg. The disturbing functions written in Equa-
tion 3.21 and Equation 3.22 can also be expanded in a series involving Legendre
polynomials, just as the disturbing function for the Sun Equation 3.13. Both func-

tions would read l
_ Gmg > (16
Rs = = ZZ; <T8> Py(cos(W)) (3.30)

and

Gmg

( > Py(cos(V)) + Gmﬁr—g cos(¥) — Gmﬁr—g cos(W). (3.31)
—2 ry rg s

But these expansions were only used to check our main expansion (see section 3.6)
which we will derive here. Instead we have made an extensive use of explicit ex-
pressions of amplitudes associated with arguments. For the direct part of the dis-
turbing function, one has (see Murray and Dermott, 2000 Chapter 6, p.247 and Equa-
tion C.23)

tmax 2
Z T 22z+1
=0

i n
mer (95 — dn +1)(s — n)! — 20— m)!
% Z ( S n + )(8 n) Z Hm(S n m)
22nnl(2s — 2n + 1)! (s —2n+m)!

8§=Smin n=0
X ( 1)8 2n= mF —2n m,p(IG)Fs—Qn,m,p’(IS)

12 ¢

<X (-1)f ¢ ke dt ()
X /! > ) (CDe @bwé(a)

=0 " k=0
« Xi‘bfr]é —J4 (66)X2(1+k+1)7j1+j3 (68)

X €08 [j1A8 + J2A6 + jaws + jawe + j5828 + j6S 6]

which gives an explicit expression for the amplitude associated to an argument
¢ = PN + oA + jsw’ + jaw + j5Q + jefd in terms of the semi-major axis ratio,
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both eccentricities and inclinations. Details for Equation C.23 can be found in Ap-
pendix C. For the indirect parts, terms of Equation 3.28 can be written

1 L
Rg =— El—‘r;FI m,p([6)F1 m,p’ (IS)X 2 j4( G)le2’h+]3(€8)

X €08 [j1A8 + j2 A6 + jaws + jawe + j528 + j6 6]

and for Equation 3.29

1— L
Rp =— ﬂmEH;Fl i (T6) Ft ampr (I8) X 577279 (06) X7 15% (eg)

X cos [j1As + j2Ae + j3ws + jawe + 75828 + JeSds) -
Two different kinds of term have to be considered.

e Secular terms are here defined as terms being effective on large time scales.
Their arguments do not contain any mean longitudes (j; = 0 and jz = 0).

e Resonant terms contain terms with 5\g — Ag.

A first model we have made for the Titan-lapetus gravitational interaction con-
sisted in considering simply the fourth order expansion already made in Murray
and Dermott, 2000. In Appendix B in this textbook, cosine arguments and ampli-
tudes are already exposed according to their order in a generic way. Table B.1 at
page 540 gathers all zeroth-order arguments and one can get our secular terms by
plugging in j = 0. The same operation can be made for resonant terms, for which
one has to plug in j = 5 in table B.16 at page 553. By doing so, we obtain 16 secular
terms and 19 resonant terms for the direct part of the disturbing function. For indi-
rect parts, only a single term comes into play. For the perturbation of Iapetus acting
on Titan (Equation 3.28) one has only

3125 4
384

which appears at line 9 in the table B.17 page 554 and for the internal perturber (Titan
on lapetus Equation 3.29)

Rg =—

eg cos (5Ag — A — 4wg) (3.32)

R[ = ;2268 COS (5/\8 - )\6 - 4’@'8) (333)
which appears at line in the table B.18 page 555.

This model of the interaction between Titan and Iapetus seemed adequate for the
study of the 5:1 resonance crossing, but several considerations on some approxima-
tion made during the derivation led us to consider more terms. Indeed, inclinations
were assumed to be small so that only first, second, third and fourth powers of
s = sin (£) were kept. This can be done for Titan but the inclination of lapetus is 15
degrees on average. This can not be considered small. This led to a redefinition of
the order of the expansion. The first model was a fourth order expansion meaning

that any term eg' eg*sg’ sg* with
a1+ as +az+aqg >4 (3.34)

was neglected. Here because sg is not negligible, we chose not to let a3 play a role
in the condition of the order. Subsequently, we have considered all possible terms
where

a1 +az+ag <4 (3.35)
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and because Titan stays close to the equator
ag < 2. (3.36)

This last condition was used to limit the size of the expansion, as the number of
terms and the size of their amplitudes got quite important.

Consequently, this new model included 31 secular terms and 61 resonant terms
for the direct part.

3.4.1 Secular terms

In accordance with d”Alembert relation, secular terms will have the following con-
straint
J3t+ja+is+36=0 (3.37)

knowing that j; = j» = 0 already. Secular terms are composed of 31 cosine terms
exposed Table 3.4

31
(Rsce) = ) Sicos(¢1). (3.38)
=1
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Argument (¢;) Amplitude (5;)
0 [@1,0,0 + (66 + 68) D101 +egPr02 + esPro3 + egedPioa + sgPios + (sgeg + sges) 1.0,6]
—l—sg [@17110 + ( ) D11+ eé‘<I>1,1,2 =+ 63@1’1,3 + ege§¢1,1,4 + 32;@17175 + (8666 + 8668) Dy 4 6]
+54 [@1,2,0 + ( es + 68) D101+ eqPioo +esPios +eges®ios + sgPros + (566’6 + 8668) P16
+Sg [@1,370 + (66 + 68) D31+ 66(131 3,2+ egq)l 3,3 -l- 6668(1)1 3,4+ 36'1)1 3,5+ (3666 + 3668) Dy 3 6]
wg — We eses ( [P2,00 + 5201 + €3P202 + 86@2,0,3] + 53 [@2,1,0 + €5Po11 + €3Po12 + 55P21 3]
+55 [P0+ egPoo1 + 5o + 5gPoos] + 58 [Poso + egPasy + eaPasa + sgPas3))
2008 — 206 eze (P30 + 3P0 + 53P32 + 55P33)
2008 — 2Q¢ egs% (<I>470 + s§<I>4,1 + s§‘¢4,2 + 52@4,3 + s§<1>4,4)
wg + we — 280 66688% (@5,0 + 8%@571 + qu’g),g + 82@573 + S§®5,4)
2006 — 20 6%8% ((I)G,O + 8%‘1’6,1 + S%@&Q + 82@6,3 + 82@6’4)
wg — wg + g — g €6€85658 \/1 — s% (<I>7,o + s%q)u + s§<1>7,2 + s§q>7,3 + s§<I>7,4)
Q6 — Qs 5688\/1 — 52 ( [®@s0,0+ (€§ +€3) Ps0,1] + 3 [Ps10 + (e + €3) Ps11] +

55 [‘I)sz,o + (eé + 6%) (I)S,Q,l} + 8 [‘I)s,:s,o + (62 + 6%) ‘138,3,1} +
s§ (D540 + (eé + e§) Pga1])

wg — wg + Qg — Qg

685658 \/1 — Sg ((I)g’o + S%CI)QJ + 8%@9,2 + 82@973 + SS‘I’QA)

Qg + Qg — 23 e2sgssy/1 — 52 (P10,0 + 52P10,1 + S4Pr02 + sSP10,3 + 55P10,4)
Qg + Qg — g — wg 66688688\/1 — Sg ((13’1170 + 53@1171 + Sé‘l)]lg + Sg@ll,g)
Qg + Q6 — 2w 66233638\/1 — 52 ((131270 + S§@12,1 + 8%‘1312,2)
20 — 206 + wg — wsg 66688688 (<I>13 0+ 88<I>13 1+ 58<I>13 2+ 38<I>13 3)
208 — 202 sgs5 ( [®1a,00 + (e§ + €3) P1a,0 1] + 53 [®141,0 + (e + €3) Pra,11]

+58 [Pra0,0 + (€f + €§) Prao] + 58 [Praz0 + (g + €3) Piagi])

2Qg — 206 + wg — wg

7.2 2 1 6 8
ecessgss (P50 + s3P15,1 + 53P15,2 + sP15,3 + s5P15,4)

2Qg — 3wy + wg

32 2 1 6
eceyss (P16,0 + 55P16,1 + s3P16,2 + 55P16,3)

298 — 2@8

€553

2 2 2
([®17,00 + €5P17,01 + €5P17,0.2 + s5P17,0,3] +
4 2 2 2

+s5 [P17,20 + €P17,21 + €5P1722 + 55P1723] )

2 2 2 2
sz [P17.1,0 + €5P17,1,1 + €3P171,2 + 55P17,1,3]

298 — W8 — We €6€85%
P 29 29 29 2o 29 29 29
( [P18,0,0 + e5gPiso,1 + e5Pig 0,2 + s5P18,03| + 55 [P18,1,0 + €5Pis,1,1 + egPig1,2 + 55P1s,1.3
4 2 2 2
+53 [<I>18,2,0 +egPig,2,1 + egPig 22 + 86‘1)18,2,3] )
2Qg — 2w eis’

2 2 2 2 2 2 2
([®19,00 + €5P19,0,1 + €5P19,0,2 + 55P19,0,3] + 55 [Pr9,1,0 + €5P19,11 + €5P19,1,2 + 55P19,1,3]
4 2 2 2

+s5 [P19.2,0 + €P19,21 + €5P1o22 + 55P1923] )

20 + wg — 3wg

) P 7}
€ge853 (‘1>20 0+ s§P20,1 + s3Pao, 2)

30 — Qg — 23

685658\/1 — 58 (@21 0o+ 88(1321 1+ 38(1)21 2)

3Q0s — Qg — wg — ws

ecessgsay/1 — 82 (Pago + s3P201)

3Q8 - QG - 2w6

6%36!3% \/1 — s% (@23,0 + S%@Q&l)

498 - 296 - 2@8

2.2 V) T
ezsgss (Paa0 + s5Paa + s3Pou2)

498 - 296 — Wg — We

71 ) 1
ecessgss (P50 + 55Pas1 + s5Pos2 + 55Pos 3)

405 — 20 — 2w

PR 2 1
ezsess (Paso + 53Pa61 + s3Pog,2 + 55D 3)

4Qg — 4wog

4 4 2 4
esss (Paro + 53Par1 + s53Par2)

4Qg — 3wy — wg

34 2 7}
esesss (Paso + s3Pas,1 + s3Pos2)

498 — 2w8 — 2@6

201 2 i
Gt (‘1>29,0 + 55Pog 1 + 88‘1)29,2)

4Qg — wg — 3@6

3 A 2 1
epesss (P00 + 53Ps0,1 + 55Ps0,2)

498 - 4@6

I ) T
es5s (31,0 + 55P31,1 + s5P31,2)

TABLE 3.4: Table containing the secular part of the Titan-lapetus in-
teraction.
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# | @ Semi-major axis function
D100 300
D101 (10D + §a”D?*) b,
1 _31n3 1 _414) 10
D102 (330°D° + 13z D*) BY
D13 (%aD + 3%042D2 + 3%&3D3 + %O/LD“) b(l)/2
®104 (50D + 502D + 30’ D% + 50 DY) by
@17075 —%Oxbé 2
(I)l,(),ﬁ — (%04 + %OJZD + %043D2) bé/Q
D110 —gab;
(1)1’171 — (%04 + %OJZD + %043D2) bé/Q
3 312 1 413 1 514\ pl
D10 — (3—204 D* + o D? + 5ga° D )63/2
D13 — (fga + 30°D + 50 D* + o' D? + 1350°D*) by
D114 —(ga+ oD+ 15a’D? + §a* D3 + Fa°D*) by
U @uas 205 + o (5’72/2 + bg/z)
116 (o + 302D+ $a’D?) b}, + (3 + 2a°D + ' D?) (50, + b2 )
D120 20’ (ngp + b§/2>
Bra1 (02 + $aPD + Sa'D?) (20, +12),)
By (&0®D + Z5alD? + 1$50° D + 5a5DY) (269, + 02,
123 (Ha2 + oD+ Ha'D? + Ha7D% + g5asD") (28, +12),)
D04 (%az + %a?’D + %OADQ + %oﬁr’D3 + %a6D4) (2bg/2 + b§/2)
3.2 0 2 15 3 1 3
1o — [302 (600, +12),) + 120D (200}, + 83, ) |
Prog | — [(%a2 + 303D + 2a'D?) <6bg/2 + b§/2> + (20 + 20D + £a4°D?) (296;/2 + bf’;/z)}
5 3 1 3
@130 —16% (9b7/2 + b7
By 31 ~ (120%+ 2a*D + £a®D?) (98}, + b3
P59 — (a3 + L2a'D + 205D + 2aSD3 + Za7D?) 96%/2 + b‘{;/z)
225 3 75 4 225 512 15 673 5 74 1 3
@17373 _(ma "‘@Cl D—i-ﬁoz D +m0{ D +ma D ) (9b7/2+b7/2)
134 ~ (0% + 50D + $a°D? + BaD? 4 ZaTDY) (901, + 2, )
®135 2o’ (331)%/2 + b?;/Q)
P13 (20% + 20D + §a®D?) (3301, + 1, )

TABLE 3.5: Semi-major axis functions for the secular term # 1.
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#] @ | Semi-major axis function
20,0 (3 — 30D — 12°D%) by
By _ (; 2p2 4 160‘3D3 312 a4D4) bl/
P20,2 (% - %0‘ 160‘2D2 16043D3 320‘4D4) 51/2
Do 3 (302D + 1a3D?) b3 /5 + b3
210 (30°D + §a®D?) bg/2 + b3/2
P11 (§0°D + 530°D? + 30" D3 + 510" D*) (b3, + b5
B9 0 (202D + £2a3D? + la4D3 + &a’DY) bg/2 + b§/2
P13 - [(%oﬂ + 203D + 2a'D?) (11b;/2 + b5/2) (302D + La3D?) (bg/2 + bg/Q)}
, | @220 — (302 + $a®D + FatD?) (50t + 08,
By1 ~ (02 + Ba®D + Ba'D? + Za®D? + 50D (551, + 82, )
Ba9 —(20%+ 3D + Ulatp2 4 12—278a5D3 + 5505DY) (50, + 12, )
D224 | (§0 + 30D + $aiD?) (130, + 2 ,) + (Ba® + LoD + §aD2) (2000, + 3062, + b1 )
®o30 (%oﬁ3 + §a4D + @a5D2) <9b$/2 + 1Ob7/2 + b7/2>
©23,1 (128 °+ %gg a'D + ggg a’D? + 256 a®D? + 5?20‘71)4) 960/2 + 10b7/2 + bz%/?
Dy 39 (32203 + 2304D + 1520°D? + 22.05D3 + 250" D) (980 0 + 1002 ) + b7,
By 33 ~ (Bo®+ Ba'D + £a°D?) (3300, + 3462, + b )

TABLE 3.6: Semi-major axis functions for the secular term # 2.

#] @ | Semi-major axis function
P30 (% 16O‘D + 3%042172 l a’D? + 64O‘4D4) b?/2
3 | ®3a — (g0’ D* + o' D + 1280‘5D4) (bzla/z + b3/2>
4 4
B3 (1550°D + %50 D? + £a°D% + 5a5DY) (1, + 462 + b2 )
75 15 285 25 5
By3 | — | —2ad+ 2aiD a®D? + = oS D3 (10b + 92 )
3,3 [(2560‘ T T L T Y 7/2 T 90
75 15 a5 285 50 25 g0 5 o)) s
284D D D3+ ——a"D* ) b
<256 T TR T Y T o 7/2

TABLE 3.7: Semi-major axis functions for the secular term # 3.

# \ o \ Semi-major axis function
P40 160‘3D2b§/2
4 Py [160‘3D2b:§/2 (160‘3D + 320‘4D2) (bg/z + 5b§/2>}
Py 2 ((15451@3 + 32“4D + 1280‘5D2) (17b%/2 +13b /2) + (160‘3D + 320‘4D2) bg/z + 6b5/2)
D1y | - [(0® + Ba'D + $5a°D%) (1901, + 156, ) + (180t + K2a®D + $5a5D?) (330, + 8262, + 2504 ) |
Byy (0% + Ba'D + {5a°D?) (1061, + 1562 , )

TABLE 3.8: Semi-major axis functions for the secular term # 4.
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Do | —[(2a®+ Ba'D + $a®D?) (336}

# ] @ | Semi-major axis function
5,0 —(30°D + 5’ D) by
UEST (%on + 2%oﬁD + %a4D2) bé/Q + (%aQD + %a?’DQ) bg 9
5 21 2 | 63 3 21 4792 75 .3 4 15 4 15 572 0 2
D5, - [(Ia +50°D+ 5a'D?) by, + (fge’ + Pa'D + 330°D?) (857, +7b7/2)}
Bss | (Zad + 2alD + a5D?) <9b2/2 v 8b§/2) + (B0 4 565D + 3345D2) (57@/2 n 13bg/2)
s 4 — (30t + 1BaPD + $5a5D%) (1200, + 2983
TABLE 3.9: Semi-major axis functions for the secular term # 5.
#] @ | Semi-major axis function
P60 (fa+30°D + 5a®D?) by
6 3., 11,2 1 372) pl 5.2, 15 3 3 A2 0 2
D¢ 1 — [(Za +50°D + q5a°D ) b3/2 +left(ga® + ga’D + 507D ) (51}5/2 + b5/2)
P 2 (2a? + 103D + £a'D?) (6b0 + b3 ) + (2203 4+ $a'D + 20°D?) (29b1 + b3

5/2 7 Y572 7/2 7 Y772

735 245 35 4
128% 72 1 b?7’/2> + (1o’ + 180D + 5550°D?) (81b8/2 + 58bs29/2 + b9/2>}

Do (2o + #2a°D + $5a5D2) (900, + 6462 , + b )
TABLE 3.10: Semi-major axis functions for the secular term # 6.
#] @ | Semi-major axis function
D7 —(a®D + 3a°D?) b ,
7 D7 (%oz2 + 2fa?’D + %a4D2) bé/Q
7 5 ~[(3a'D? + FaPD + JaD?) b, + (Fad + PalD + 12a°D2) (312, + 202, ) |
Dy | (Ba®+ LoD+ 2a7D%) (300, + 22 ,) + (BP0t + 20D + 2aSD?) (68}, + 83,
By ~ (3Pat + 520D + 2atD?) (65}, + 13, )
TABLE 3.11: Semi-major axis functions for the secular term # 7.
# \ o \ Semi-major axis function
®3,0,0 abs
®g0,1 (3o + oD + La3D?) b};/Q
51,0 —aby
L | Peas —[Ga+a?D +1aD?) b}, + (02 + §03D + 2a'D?) (200, + 12, )|
P20 ja? (ng/z + 62/2)
501 — |(§02 + §03D + 3atD?) (209, + 12, ) + (2a® + BatD + 5a°D?) (98}, + 83, ) |
D330 —1243 (96%/2 + b§/2>
Bgay | — [(%QS + %atD + $a’D?) (96}, + b3 /2) + (Y54 4 205D 4 3340D2) (18bg 1y 1603, + b /2)}
s 40 ot (1869, + 1602, + b3, )
Pg 41 %a‘l + %O&BD + %oﬁDz

TABLE 3.12: Semi-major axis functions for the secular term # 8.
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# ] @ | Semi-major axis function
Dy o — (a®D + 3a*D*()b3
o | Do (302 + 303D + 3a4D?) (204, + 3, ) + (02D + 1a?D?) 12,
By » ~ (302 + §0D + 2a*D?) (201, + 82 ) + (120® + oD + Ba’D?) (309, + 612, + b, )|
P9 3 (%O‘B + ITSQ4D + %OPDQ) <3b9/2 + 66?/2 + b$/2> + (%04 + %O‘BD + %O‘ﬁDQ) (22b8/2 + 12173/2 + bg/Q)
By — (at + 150D + £aSD?) (220, + 1263, + 85 )
TABLE 3.13: Semi-major axis functions for the secular term # 9.
# @ | Semi-major axis function
100 — (D + 1’ D7) ),
0| 2o (30 + Fa’D + §a'D?) by + (307D + 5’ D?) by
D192 — [(%O&Q +§a’D + HatD?) by, + (fga® + Fa'D + gja® D?) (Bbg/z + 7b$/2>}
s | (Bad+ BatD+ 5a7D2) (92, + 802, ) + (3o + W2a®D + £aSD?) (578}, + 1355, )
54 — (Bt 4 11305 4 3546 D2) (1291)5/2 + 29bg/2)
TABLE 3.14: Semi-major axis functions for the secular term # 10.
#] @ | Semi-major axis function
P11 0 (2a+ 50°D + £a*D?) bzl,)/2
g, - {(%a + 102D + £0PD?) b}, + (£a? + BaPD + 20’ D?) (5bg/2 + bg/z)}
Dyy0 (3a?+ Ba3D + Za'D?) (6172/2 + b§/2) + (203 + £0*D + £20°D?) (291)%/2 + b§/2)
B3 | — [(%a?’ + 30D + a°D?) (3301, + 6 ,) + (Bla' + 32a°D + $5aD?) (81b8 o 5802, + b /2)]
D114 (o + 22a°D + $5a°D2) (9005, + 6402 , + b3 )
TABLE 3.15: Semi-major axis functions for the secular term # 11.
#] @ | Semi-major axis function
D19 —(3a+a”D + 5a®D?) by,
21 @y | (Fa?+ La®D+ $atD?) (20, +12,)
Doz | — (ol + £a'D + Fa®D?) (96}, + 13,
TABLE 3.16: Semi-major axis functions for the secular term # 12.
# \ o \ Semi-major axis function
130 — (502 + LoD + Fa'D?) b, + (302D + £a?D?) 1) |
13 | @151 ($a2 + £a’D + Ba'D?) b, + (Ba? + 1ol D + 42a7D?) (560, + 202, )
D130 | — [(%a?’ + 504D + 13505 D?) <4b2/2 + 9b$/2) + (3Bt + 2205D + 152a5D?) (32b§)/2 + BbS/Q)]
By3 5 (3P0t + 130D + Fia®D?) (11408, + 1185 )

TABLE 3.17: Semi-major axis functions for the secular term # 13.
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#] @ Semi-major axis function
©14,0,0 %abéﬂ + 20%b5,50 + 30%b; 2
®1401 (fa+ 1a’D + La3D?) bé/z + (202 + 30°D + Za'D?) (bg/2 + 2b§/2>
P141,0 50200y + 70702 ,150%0 ) + PaPbE
14 D111 Di40,1
315 331 75 31,3 1575 470 945 432 105 474
D1420 - [EO‘ b7/ T 160707 )y + 557070y 5 + FgA"by s + T bg/z]
189 13 | 63 4 15 5 1 3 175 4 | 175 5 35 672 0 2 4
o | — [(ﬁa + 8BaiD + £ad) <5b7/2 + 21b7/2) + (32at + 205D + 22.a°D?) (451;9/2 + 543 1, + 669/2)]
@14,370 %Oﬁbg/go + 700&4bg/2 + %Oflbg/z
Bra3,1 (SFat + 1Ba’D + $5a5D2) (540, + 642 , + b )

9/2 9/2 9/2

TABLE 3.18: Semi-major axis functions for the secular term # 14.

#] @ | Semi-major axis function
P50 | - {(%0‘2 +30°D + f5a'D?) (bé/z + 2b§>/2) + (30°D + 5o’ D?) 53/22J
3 9 3 4
15 @15,1 - |:<4042 + gOJSD + EO& D2> (2()%/2 + 3b2/2> +
w5 15 4 15 5.2 0 2 4
EOK +ZOé D+37201 D <b7/2+7b7/2+2b7/2>
225 5 45 4 45 5. 0 9 4
159 (%a +570° D+ 7207 D? ) (360 + 1862 5 + 5b ) +
945 , 525 4 105 4.9 1 3 5
Sy ot + 0D+ 2t D? ) (8b), + 1366, + b )
105 175 35
D153 | — [(64& + @oﬁD + %4@6172) (1741);/2 + 18003 /5 + 2153/2) +
2205 945 ¢ 315 ;. 0 2 4 6
<64aS + "D+ 32a’D (268015 + 6762, 5 + 3105 + 208, )
2205 945 315
Brsg | (20205 4 UabD 4 B1547D2) (1201;91 1o 30503, , + 14063, , + 90 /2)
TABLE 3.19: Semi-major axis functions for the secular term # 15.
# \ o \ Semi-major axis function
(1)16,0 - (3712044D3 + r;2a5D4) bg/g
9 424 5 5p3 1 1 6p4) (pl 3
16 | P16 (gi0'D? + ga° D® + g’ D) (bs/z +b5/z>
Brgo | (L2atD+ £a5D? + 32a5D3 + 2-a"DY) (3b9/2 + 962, + 36, + 4b$/2)
D153 | (32at + 305D + 22a°D% + 20" D3 + 322a8D?) <7b§/2 + 605, + bg/2>

TABLE 3.20: Semi-major axis functions for the secular term # 16.
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#] @ | Semi-major axis function
‘517’0’0 16043D2b1
312 4p3 4 1 5D4) pl
D701 (16a3 2 + a4D3 640‘ 5D zb{
1702 (3204 D D® + 1920‘ D )b3/2
®17,03 [160‘317:11,/2 (160‘3D + 350 D?) (5bg/2 + bs/zﬂ
3 42\ (10
17 | ®17.10 = ({50°D + 330 D?) <b5/2 +b5/2>
<I>17’1’1 (16a3D + 32a4D2 + @O&SDB + mO&GD4) (bg/2 + b5/2)
P17,1,2 = (330°D + §ja'D? + 0’ D? + 50°D") <b5/2 + b5/2)
Diras | (Ba®+ 120D+ BaD?) (1901, + b7/2) (30°D + $a'D?) (369, +12),)
153, 15 4 572 1
17,20 (64‘3‘ + 3D+ 1280‘ D ) (4b7/2 + b7/2>
(1)17’271 (é5a3 + 12(}4D + 135 a®D? + 15046D3 + 512 a7D4) (4(),17/2 + b7/2>
P17,2,2 (172580‘ + 5 a'D + ggg °D? + %0‘61)3 + 5@0‘71)4) (4b%/2 + b?/z)
1723 (éia?’ + 320‘4D + 1280‘5D2) (44(7%/2 + 3b7/2)
TABLE 3.21: Semi-major axis functions for the secular term # 17.
#] @ Semi-major axis function
®150,0 —(30°D + ga’D?) bg/Q
(1)18,0,1 ( 2D 4 320é3D2 4 %O/JLDB 614a5D4) bO/
@18,0,2 ( 2D + 16a3D2 + 7 4D3 64a5D4) bO/
1503 (30 + Fa’D + §a'D?) bép (307D + gaD?) by
D510 (302 + 23D + 304D?) bl/
18 (I)18,1,1 (goﬂ + 16a3D + 16a4D2 32045133 64a6D4) b /2
D151 (%02 + 3703D 4 Ula4D2 4 2105D3 4 300 D4) bl Lo
Disag | —|(6a% +9a°D + §0/1D2) b;/Q + (Bad + 5 a'D + 1 5 o’ D?) ( 25+ 362,
<I>1g’270 (gg OZS + ] Oé4D + 64045D2) (3b(7)/2 + 2b7/2)
D152, — (380 + 1Ra'D + JBa’D? + 550°D° + Fha" DY) <Bb$/2 + 257/2)
P1s,2,2 (36745 S+ 1122785 oD+ ?gg °D? 2 165 a®D? + 512a7D4 (36%/2 + 2b7/2)
1523 (Bad + 2a'D + 64a5D2) (3309, + 1402 , )

TABLE 3.22: Semi-major axis functions for the secular term # 18.
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#] @ Semi-major axis function
®190,0 (Ja+ 30°D + 5:03D?) bé/2
Di90,1 (3%053D2 + 1—16a4D3 + ﬁoﬁD‘l) b3 4
19,02 (3 + 30°D + §a®D? + 10®D? + ga” D) bzl),/z
P190,3 - [(%a + 502D + 150®D?) by, + (F0? + gD + 50’ D?) (bg/2 + 5b§/2>}
19 P91, — (%5@2 + %agD + 3%044D2) (bg/2 + b§/2>
1oy — (Be®D + Ba'D? + La®D + J5a®D) (10, + 12, )
Pi91,2 — (%QQ + %a?’D + %a4D2 + %OPDS + %QGD‘L) (bg/2 + b§/2>
D913 | (£a?+ 203D + 2a'D?) (bg/2 + 3b§/2) + (4%0° + 244D + BaSD?) (3b%/2 + bi/g)
P19 (20® + Ba'D + $5a°D?) (48}, + 13 )
Bioas (B + Ba\D+ BaPD? + Zpa'D + DY) (10, + 12,
D192 (5o’ +3Ra'D + §Ra’D? + D3 + s5a" DY) (40}, + b2,
1923 ~ (Ba® + Pa'D + $5a7D?) (3661, + 116,

TABLE 3.23: Semi-major axis functions for the secular term # 19.

#] @ | Semi-major axis function
T (37D + Bod D + B D'+ o DY B,
20| @y, (5024 Ba3D + 04D? + LaP D8 4 LoabD*) (bg/2 + bg/z)
O | — (TR0’ + 5D + FRa’D? + 35a°D% + 507D (bg/2 +3b2 ), + b7

TABLE 3.24: Semi-major axis functions for the secular term # 20.

#] @ | Semi-major axis function
3.3 3 4)2) 1,0
20 75(5304 €5+4ﬁa 135) 55/% 1
21 @2171 — (ITZQ + 6% D+ 1 D ) b7/2

Dz | (Bt + 320D + 1a0D?) (45, + 302 ,)

TABLE 3.25: Semi-major axis functions for the secular term # 21.

# \ o \ Semi-major axis function

— (507 + 10’D + 3o’ D) by

(0% + 8D + Ba°D2) (310, + 212,

2 D290

Doo 1

TABLE 3.26: Semi-major axis functions for the secular term # 22.

# \ o \ Semi-major axis function

— (%O&Q + %oﬁ’D + %a4D2) b§/2

225 .3 45 4 45 2 1 3
— (WOZ + EO& D + @Q5D ) <3b7/2 + 2b7/2)

23 ®o30

Doz 1

TABLE 3.27: Semi-major axis functions for the secular term # 23.
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#] @ | Semi-major axis function
75 .3 754 75 512\ pl 3 3 3 41n2) 10
o Pa4,0 (g10° + 530" D + {350°D?) by ;o + (550°D + 550" D?) by
135 .3 135 4 135 . 512\ 11 315 4 315 5 105 .6 2 0 2
Dy | — (B0 + BatD + BaD?) L, + (B2t + 826D + 18aSD?) (90, + 562, )|

135 .3 135 .4 135 . 512\ 11 315 4 315 5 105 .6 2 0 2
Duz | (o®+ alD + 20D bd, + (3ot + Ba®D + 12aD?) (1200, + T2 , )

TABLE 3.28: Semi-major axis functions for the secular term # 24.

#] @ | Semi-major axis function
D250 —[(Ga? + 363D + Fa'D?) bl + (Bad + LoD + §a°D?) (89, + 462, )]
25 225 45 45 945 525 105
Bos 1 (o® + La'D+ £a"D?) (0], + 22 ,) + (320t + Ba®D + WBaoD?) (5}, + 263 , )

945 525 105 6615 2835 945
P52 | — [(H‘f + %20’ D + 1gaD?) (14b£1)/2 + 5b§/2> + (%120” + %2aD + §3a’D?) <8b(1]1/2 + 116?1/2 + 25%1/2)

TABLE 3.29: Semi-major axis functions for the secular term # 25.

#] @ | Semi-major axis function
Do (¥a? + f30°D + Ha'D2) i, + (o’ + Fa'D + $5a"D?) (b, + 403 )
26 | P61 | — [(%O‘g + %0‘41) + %0‘5D2) (b%/z + 2b§/2) + (%Oﬁl + %O‘E)D + %Q6D2) (b8/2 + 9b3/2 + 4b3/2)}
a5 (2122(;5a4 + %2045D + ;ggoﬁDz) (2682 + 120 + 553 5) +
<61621§O‘5 96%5@613 + f@am?) (17511 1o+ 2163, + 40, /2)
o 5 (2820 + 320°D + #8507 D?) (6501, , + T56%, 1 + 1405, )

TABLE 3.30: Semi-major axis functions for the secular term # 26.

# \ ¢ \ Semi-major axis function
T 3 T__ 64 52
) (1)27’0 (ﬁOéE)D + 1022 % D )b5/2
7 15 57)2 5 6713 5 74 (3l 3
@2771 - (ma D= + 556 ¥ D’ + 5048 ¥ D ) (b7/2 + b7/2)

35 5 105 672 35 73 35 8 M4 0 2 4
vz | (1370°D + Hxa®D? + aTD + 585505 DY) (3], + 812, + 30 )

TABLE 3.31: Semi-major axis functions for the secular term # 27.

# \ ¢ \ Semi-major axis function
9 IH2 1 5 503+ L 64 pl
(1)28’0 —(maD —i-mOéD +ﬁOéD)b5/2
28 | 3y, (L.a'D + BaPD? 4 3.a5D3 4 B.a7DY) (b(;/z + b§/2)
105 .4 | 3855 525 6792 4, 105 T3 4 35 87y4 1 3
®asa | — (520" + 5130°D + 15210°D? + qgyp @’ D* + gy 0 DY) (1159/2 +359/2)

TABLE 3.32: Semi-major axis functions for the secular term # 28.
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#] @ | Semi-major axis function
3 9 112 . 3 51935 3 61170
@2970 (mOé D—i-ﬁOéD +§OZD +m0&D)b5/2
29 | @y, — (IR0’ + Pa'D + §Ra’D? + {Fa’D? + 55a"DY) by
2205 4 | 3675 .5 3045 6192 4 105 713 4 35 874 0 2
Dy | (Fpa’ + 550D + j5;0°D? + 55507 D? + 55520 DY) (459/2 +3bg/z)

TABLE 3.33: Semi-major axis functions for the secular term # 29.

# \ o \ Semi-major axis function
®300 — (%oz2 + %QSD + %o/lD2 + %QSD?’ + ﬁaﬁD‘l) b%/z

30 ®30,1 (%go‘g + %0‘417 + %0‘5192 + %0‘6193 + 5%0‘71)4) (bgm + bg/Q)
P390 | — (%0/1 + %aBD + %CMGDQ + 110—7254a7D3 + %oﬁD‘i) (11(7'5/2 + 3bg/2)

TABLE 3.34: Semi-major axis functions for the secular term # 30.

# \ o \ Semi-major axis function
P31 (%oz2 + %a?’D + %a4D2 + ﬁoﬁD?’ + ﬁoﬁD‘l) b§/2
31 ®31,1 — (38 + Ba'D + 120°D? + 5a5D3 + 32507 DY) (b%/z + b§/2>
Bypo | (8ot + D805 4 315462 4 105 47TD3 4 85 8D <3bg/2 + 863, + 3bg/2)

TABLE 3.35: Semi-major axis functions for the secular term # 31.

3.4.2 Resonant terms

We define the resonant angle ¢ = 5\g — \¢. Indirect parts only produce resonant
terms. Here for the extended model and as for the simple model, indirect parts only
contain one term which are very similar to Equation 3.32 Equation 3.33.

3125 ,

R = —ﬁeg (1 — sg) cos (bAg — A\ — 4wws) (3.39)
125 4 9
R = ~ 3518 (1 — 38) cos (bAg — A\ — 4wws) (3.40)

The only addition to the simple model is the (1 — s3) coefficient. Then the 61 terms
coming from the direct part are listed in Table 3.36, Table 3.37 and Table 3.38.

61
(Rres) = > S cos(¢y) (3.41)
i=1
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# \ Argument (¢;) \ Amplitude (5;)

T ] ¢—dws e (P10 + s3P11 + 55201 2)

2 | ¢ — g — 3wg egeg (@270 + 85@271 + S%@Q,g)

3 | ¢ —2wg — 2ws eZed (P30 + s3Ps1 + s§P32)

4 | ¢ — 3wg — wg 6%66 (@4,0 + 85(13471 + S§®472)

5 | ¢ —4ws es (P50 + 53P51 + s§Ps.2)

6 | ¢ —2wg — 20 e2s? (<I>670 + s§<136,1 + 58P0 + sg<I>673)

7 | ¢—e—ws— 20 esessg (P70 + s3P71 + s§Pr2 + siPr3)

8 | ¢ —2wg — 20y 6%3% (CI)&O + 8%‘138,1 + qu)S,Q + Sg@g,g)

9 | ¢ — 2w — N — g 6%8688\/ 1-— Sg (@970 + 83@9’1 + S§¢)9,2)

10 | ¢ — wg — wg — 26 — Q8 esegSeSsy/ 1 — 8% ((131070 + 83@1071 + qu)log)

11 | ¢ — 20g — Qg — Qg 658688\/1 — Sg ((1)1170 + S%‘Pu,l + Sg@ll,g)

12 | ¢ + wg — 3we — 2808 e%egsg (@12’0 + 83@12,1 + qu)lgg)

13 | ¢ — 2w — 2908 egss [ (P13,00 + egPi30,1 + e2P1302 + 55P13.03) +
s (®13,10 + e2®i311 + 2Pz + S%‘I’ls,l,?,) +
5§ (P132,0 + P31 + e3Pi3 00 + 55P1323) |

14 | ¢ — g — wg — 20 ecessy [ (P1a,00 + egPra01 + €5P1a02 + 5gP14,0,3) +

s (P14,1,0 + P11 + eEPraso + 852;@14,1,3) +
sa (Pra,2,0 + ea®iao1 + e3Praon + 82@13,273) ]

15 | ¢ — 20w — 2€)g e%sg [ (@157070 + 6%@1570,1 + 65@15,072 + S§<P157073) +
s2 (®15,1,0 + P51 + e2Prsa0 + 8%‘1’15,1,3) +
53 (P15,.2,0 + €gP152,1 + €3P1522 + 55P1523) |

16 | ¢ — 3ivg + Qg — 205 egeﬁsg ((1)16,0 + S%q)lﬁ’l + qu)l(j’g)

17 | ¢+ wg —wg — Qg — Qg 68668%85 (@1770 + qu)lﬂl + 8%1@1772 + 83@1773)

18 | ¢ — 206 — 205 sgss [ (P1s,0,0 + egPis0,1 + e3P1s0.2) + 53 (P1s,1,0 + egP1s1,1 + €3 P1s1,2)
ss (18,20 + egPis 21 + e3P1s22) + 58 (L1830 + g Pis 31 + e3Pis32)

19 | ¢ — wg + wg — 208 — 20 68668583 (‘1919,0 + S%‘I)lg,l + Sélq)lg,g)

20 | ¢ — 2we — 3828 + Qg ezsesan/1 — 52 (P20,0 + s3P20,1 + 53P20.2)

TABLE 3.36: First table containing the resonant part of the Titan-

Iapetus interaction.
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# \ Argument (¢;)

Amplitude (5;)

21
22
23

24

25
26
27
28
29
30

31

32

33
34
35
36
37

38

39
40

¢—@8—@6—398+Q6
¢ — 208 — 3Qs + Qg
¢+ wg — wg — 30g — g
¢ — 308 — Qg

¢ — wg + wg — 30g — g
¢ — 20wg — 4Qg + 20

¢ — wg — wg — 408 + 20
¢ — 2wg — 4Qg + 20

¢ + 2wg — 206 — 488
¢+ wg — wg — 4828

¢ — 48

¢ — g + wg — 408

¢ — 2wg + 2w — 40s
¢+ 2wg — 4Qg — 20
¢+ wg + wg — 4028 — 20
¢ + 2w — 4Qg — 20
¢+ wg — wg — Hg + Qg

¢ — 5Qg + Qg

¢ — wg + wg — 5 + Qg
¢+ 2wg — H5Qg — Qg

3 2 2 1
eseeS655\/1 — 52 (P21,0 + 53P211 + 55Pa1,2)
2. .3 ) 2 4
e3sesin/1 — 52 (Pao0 + s5Po21 + 55P222)
ecessesgn/1 — 53 (Paso + s3Pa3 1 + s5Pa32)
3/ 2 2 2
sesgy/1 — 55| (‘I>24,0,o +egPos 0,1 + 68<1>24,0,2) +
2 2 2
sg (Paa,1,0 + €5Poa 11 + €5Pou12) +
4 2 2
55 (P242,0 + €5 Pas21 + 5P2a22) |
3 2 2 4
esessesgn/1 — 53 (Pas0 + s3Pas1 + 55Pas2)
egsgss (Pae0 + s3Pa61 + s5P26,2)
2.4 2 4
€6€856 5y ((132770 + s5Po71 + 584)2772)
2.2.4 2 4 6
e3sgss (Pago + s3Pas 1 + s§Pasg 2 + 55Pas 3)
224 2 4
4 2 3 2
esesss [ (930,00 + €5P30,01 + €5P30,0,2 + 55P30,03) +
2 2 2 2
sz (P30,1,0 + €5 P30,1,1 + €3P30,1,2 + 55P30,1,3) |
4 3 i b 4
sg [©30,0,0 + €5P30,0,1 + €5P30,0.24 €5P30,0,3 + €5P30,0,4+
2 9 2 2 92 2 92
es€sP30,0,5 + 56930,0,6 + 556P30,0,7 + sge5P30,08+
2 2 4 2 4 2
sz (©30,1,0 + €5P30,1,1 + €6P30,1,2+ €3P30,1,3 + e5P30,1,4 + €5
2 2 2 92 2 92
e3®30,1,5 + 55P30,1,6 + SgegP30,1,7 + SgezP30,1,8) ]
4 2 2 2
ecessy [ (P32,00 + €5P32,0,1 + €5P32,0.2 + 55P32,03) +
2 2 2 2
sz (P32,1,0 + €5 P32,1,1 + €3 P32,1.2 + 55P32,1.3) |
2.2.4 2 4
egedss (P30 + s3Ps31 + s5P332)
2.2.4 2 4 6
€35658 ((1)3470 + 58(1)3471 + SS(I)34,2 + 88(1)34,3)
ecessisy (Pss0 + s3Ps5,1 + saPss5,2 + sPss3)
egsgsg ((1)36,0 + 83@3671 + Sélq)gﬁ,g + 82@36,3)
66685652\/ 1-— S% (‘13337() + 8%@3371)
8682\/ 1-— Sg [ ((1)3870,0 + (6% + eg) ‘1)3870,1) +
2 2., 2
s3 (Pas,1,0 + (e + e3) Pas,1,1) +
4 2., 2
55 (Pas2,0 + (¢ + €5) as 1) |
5 2 2 4
ecesses3y/1 — s3 (P30 + s3P30,1 + s3P39,2)
2. .5 2 2 4
€356534/ 1-— EH ((134070 + 38(1)4071 + 58(1)4072)

TABLE 3.37: Second table containing the resonant part of the Titan-

Iapetus interaction.
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# \ Argument (¢;) \ Amplitude (5;)
41 | ¢ + wg + wg — 5g — (g 66688682\/1 — S% ((134170 + S§¢41,1 + S§Q)4172)
42 | ¢ + 2wg — 5Qg — Qg 6%5652\/ 1— Sg ((1)4270 + 8%@4271 + S§¢4272)
43 | ¢ + g — g — 6828 + 282 66688%82 (@4370 + S%CI)4371 + 8§®43’2)
44 | ¢ — 605 + 206 sgsa | (Paa00 + (6§ + €§) Paao1) +
53 (Pas10 + (€5 + €f) Pag) +
sg (Paa20 + (e + €§) Paso1) |
45 | ¢ — wg +ws — 6Qs + 206 | egessisy (Puso + s3Pus1 + saPus2 + s3Pus 3)
46 | ¢ + 3g — wg — 69 6%6682 (CI)46,0 + S§®4671)
47 (;5 + 208 — 6828 6%58 ((1)4770 + S%CI)4771)
48 | ¢ + g + wg — 6828 666882 (@48,0 + 8%@4&1)
49 | ¢ + 20 — 6€2g 6%52 ((I)4970 + S%q)4971)
50 | ¢ — dwg + 3ig — 6828 686282 (@5070 + S§¢)5071)
51 | ¢+ 2wg — 7 + Qg 6%8685\/ 1-— Sg (@5170 -+ 8523(135171)
52 | ¢+ g + wg — 7s + g 66686685\/ 1-— Sg (@52,0 + S§@5271)
53 | ¢ + 2wg — 7Q2g + g egs(gsg\/ 1-— S% (@5370 + 85(1353,1)
54 | ¢+ 2wg — 8Qg + 20 6%5%52 (@5470 + 8%@5471 + qu)54’2)
55 | ¢+ s + ws — 8 + 20 | egessgss (Pss0 + s3Ps51 + S5 Pss2)
56 | ¢ + 2w — 80 + 20 8(235(2352 ((I)56,0 + 5§¢56,1 + qu)56’2)
57 ¢ + 4wg — 8Qg €§S§ (@5770 + 33(1357’1 + 8%‘1’5772)
58 | ¢ + 3wg + wg — 8€2g e6egs§ ((I)SS,O + S%q)5871)
59 | &+ 2wg + 2wg — 82 6%6%82 (@5970 + S%CI)5971)
60 | ¢+ ws + 3w — 8€g egegsg ((I)60,0 + 85@6071)
61 | ¢+ 4ivg — 8Qg 68182 ((1)61,0 + 8%@6171)
TABLE 3.38: Third table containing the resonant part of the Titan-
Iapetus interaction.
’ # \ o \ Semi-major axis function
T045 |, 229 I3 212 . 7 3713 T A\ 15
: D10 | (352 + G6aD + 5;0°D* + 50’ D? + 550" DY) B
1961 179 .2 57 312 1 4713 1 574 (14 6
P11 | — (Ba+ oD+ 2EadD? + 50 D3 + a0’ DY) <b3/2+63/2)
3393 . 2 529 3 219 412 9 51n3 1 6 4 3 5 7
D1 | (3502 + 30D + Ba'D? + 50’ DP + ya®DY) (b3, + 462, + 8] )
TABLE 3.39: Semi-major axis functions for the resonant term # 1.
’ # \ o \ Semi-major axis function
51 533 97 212 5 33 1 414 14
2 Py | (BBa+ a’D + 2La3D? + LatD3 + Lo’ DY) (bg/Q + 62/2)
1969 2 1205 .3 483 4 12 19 5713 1 6714 2 4 6
Doy | — (8002 4 12053 4 483,42 4 19 05 D3 4 LabD) <b +b5/2+b5/2>

5/2

TABLE 3.40: Semi-major axis functions for the resonant term # 2.
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| # | ® | Semi-major axis function |
B0 | (& + WaD + Ba?D2t oD+ La DY),
3 @ | - (3a+ 2a?D + BhaPD? + FatDP + o’ DY) (1R, + b )
B35 | (10?2 + 203D + BalD? + BaPD3 + 35a5D1) (bg/Q + b3, + bg/2>
TABLE 3.41: Semi-major axis functions for the resonant term # 3.
| # | ® | Semi-major axis function
®io | (52 + TaD + BoD?t Ka'D7 + B DY,
Pl 0 | (HPa+ B2a?D + 0D2 4 BatDP + oY) (b, + 1, )
2535 2 | 1525 3 579 42 4 21 513 4 1 614) (10 2 4
D1y | — (3P0 + YEa®D + Ba'D? + Fa® D + glsatDY) (1), + 02, + b, )
TABLE 3.42: Semi-major axis functions for the resonant term # 4.
| # | ® | Semi-major axis function |
523 | 389 67 22 1+ 3 303 1 L ApA) gl
D50 | (155 + 96 D + g1a°D° + 550° D7 + 3570 D%) by
5 3125 295 2 85 \3D2 L 5 ,Ap3 4 1 5p4) (10 2
i1 | — (SBa+Ba2D+ Ha’D? + Fa'D+ ka’D) (1], + 12, )
5485 2 | 845 3 315 412 | 11 5713 1674 1 3
D5z | (35307 + $820°D + 230D + Foa®D? + ya®DY) (501, + 62, )
TABLE 3.43: Semi-major axis functions for the resonant term # 5.
| # [ ® | Semi-major axis function ‘
3T 3 T T
; Po0 | (35 + 30D + 150°D%) by
31,3 1 2792\ pd 129 21 2 3 .3D2) (13 5
o1 | — (3 +3aD+ ka?D) b, — (Ba+ Ba?D+ Sa’D?) (0, + 502, )
129 21 , 3 5 9\ /13 5
g <32a + 0’D+ =a®D (832 + 6035 ) +
855 o 15 3 15 472 2 4 6
(128@ ~a’D+ —xa'D (82 + 1602, + 1360 )
855 2 | 15 3 15 412 (2 4 6
Boy | — (5202 + Ba3D + 1201 D?) (1)7/2 + 1803, + 15b7/2>
TABLE 3.44: Semi-major axis functions for the resonant term # 6.
] # \ o \ Semi-major axis function ‘
O70 | — (Fa+2a°D + 5o’ D7) b3
7 25 2 1.3712) 3 99 2 4 27 3 3 AD2) (B2 4
®71 | (Fa+20°D+ ga’D )b3/2 + (o’ +{a’D + atD?) <b5/2 + 5b5/2)
99 27 3
@772 - |:<8042 + gO&BD + 16044D2> (bg/Q + 6b§/2> +
315 5 75 4 15 5 5 1 3 5
<160£ + TGOZ D —+ 67404 D <b7/2 + 16b7/2 + 13b7/2)
D | (30 + BatD + 5a®D?) (b, + 1863, + 1505, )

TABLE 3.45: Semi-major axis functions for the resonant term # 7.
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| # | ® | Semi-major axis function
Pso | (F2a+ 30’D+ 160‘3D2) b§/2
8 P51 | - [GEOHFZ 2D+7 E > 2t
ol (B w) o).

TABLE 3.46: Semi-major axis functions for the resonant term # 8.

| # [ @ | Semi-major axis function
Do | — (%loz + §a2D + %agDQ) bé/g
? P91 (112690‘2 + 281 a’D + %O‘4D2) (bg/z + 2b5/2)
D92 (855 o’ + 4 Ta'D+ 640‘5D2) (bg/z + 6[’7/2 + 3b7/2>

TABLE 3.47: Semi-major axis functions for the resonant term # 9.

] # \ o \ Semi-major axis function
@100 | (Pa+4a’D + 1a°D%) b,
10 Bro1 | — (La? + ZaBD + 2atD?) (b§/2 i 2b5/2>
(131072 (315Oé3 + 5 4D + 320£5D2) <b%/2 + 6b7/2 + 3b7/2>

TABLE 3.48: Semi-major axis functions for the resonant term # 10.

| # [ ® | Semi-major axis function
®up | — (Fa+ 30D+ §a®D%) by,
11 Byp; | (3202 + 383a3D + 2a1D?) (béﬂ + 2b5/2)
Diip | — (UPa + BatD + 13a°D?) (8, + 662, + 302, )

TABLE 3.49: Semi-major axis functions for the resonant term # 11.

] # \ @ \ Semi-major axis function
P120 (1519;5150‘ + 24?830‘217 + 640‘3D2 960‘4D3 1520‘5174) bg/z
12 B1a; (1611 2y 56(1150‘3D 1280‘4D2 a5D3 _ ﬁa6D4) (b?ﬁ/g i bg/z)
P22 (2235 S+ 11225850‘41) + mO‘SDQ 2560‘6D3 5120‘7D4) (b§/2 + 3b7/2 + b7/2>

TABLE 3.50: Semi-major axis functions for the resonant term # 12.
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E3KE | Semi-major axis function
P1300 | (fta+ 20°D + ;503D?) 647
®1301 | — (%10; + 48;;11) éZOﬁD? 120‘4D3 - 1%)20‘51)4) b /o
392 _ 5 413 54y 0t
Pi302 | — (oo + Fga’D — 64a D 1 oD 640‘ D )b3/2
31 3 o2 312\ 14
®13,0,3 [(16& +-a’D+ 1—604 D > bs o+
13 129 , 21 Bp 4B iy
<32a + ' D+ aD? ) (56 + b3, )

®13,1,0 (132290‘2 + 160‘3D + 320‘4D2) (bg/z + b5/2>

25 2 3 99 412 513 1 6 N4 3
Diz1 | (R — ga®D — 5ga’D? — gD —maD)(bs/erbs/z)

6063 1461 225
®13,1,2 ( 64 a? + 64 a’D — 1280‘41)2 166“5D3 1280‘6D4) <b§/2+b5/2
129 21 3
<1)13,173 <16062 + §Oé3D + 6044D2> (3b5/2 + b5/2> +
855 5 15 , 15 .
<64a +Z D+ a’D (5622 + 1405 + 18, )
855 3 4 512
D130 | (1330 + 8 atD + 128“ D?) ( 772 T 3b7/2 + b7/2>
975 3 4 795 2_15,6p3 _ 5 2
Pi321 | — (350" — 320‘ D - {3a°D? — D? — 5150 DY) <b7/2 + 3b7/2 + b7/2)

9405 3 1545 ot 2205 52 _ 105 6 )3 714\ (12
Di302 | — (o’ + D — 55’ D” — 1550°D 5120‘ D) (b7/2 +3b7/2 +b7/2)

Braos | — (320 + 12 4D + 4205 D2) (11b2 2+ 3304, + 308 /2)

TABLE 3.51: Semi-major axis functions for the resonant term # 13.

] # \ o \ Semi-major axis function
Dig00 | — (Fa+20°D +ga®D?) b5,
165 112 11532 11431 4\ 7,3
B1401 (230225? a7 . 103 l; 2 IZ 3 64@52 )4b3/§
Dia02 | (g2a+ D — D 3204 D 64a D )b3/2
25
D403 (4a +2a%D + éag‘D > b§/2+
14 99 5 2T 50 3 4o s
<80£ + — 8 D + EO[ D (5b5/2 + b5/2>
@147170 (99a2 + 27a3D + 160Z4D2) bg/Q + b5/2>
Qa1 | — (46230‘2 46141 a’D — ?gga4D2 ~ 64 5D3 1280‘6D4) (bg/z + bé/z)
7497 2 1113 o3 543 A2 _ 45 3_ 3 2 4
Pig12 | — ( + D — 350°D" — 51 O‘SD - 1280‘ ) (b5/2 + bs/z)
99 27 3
(1)14,1,3 - |:<40[2 + ZOZSD + 8a4D2> (3b5/2 + b§/2> +
315 75 15
Brano | — (320 + BadD + 64a5D2) (81 + 3085 + 82, )
45 2385 3885 225 7
D142 (1280‘3 s @ a'D — 512 a’D? — 256 Y a’D? — 5120‘ D4) (@/2 + 3b7/2 + b7/2>
21525 1425 4 4065 255 7 4
D142 ( 128 o’ + Tos @D — 51y a’D? — 256“6D3 5120‘ D ) (b%/2+3b7/2+b7/2)
315 3 4 572 1
iz | (3ad + BalD + $5a®D?) (116}, + 3303, + 302 ,

TABLE 3.52: Semi-major axis functions for the resonant term # 14.
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(# | @ | Semi-major axis function
@1570’0 (%O& + %OZQD + %Q3D2) bg/g
85 95 2 213 312 _ 7 413 _ 1 571412
@1570,1 —(EO[—EOZ D—HO{D —TGO[_D —GjaD)bg/Q
Pi502 | — (o + Gpa’D - G0’ D? — 5atD? — ;0°DY) b
85 5 9 L 32\ ,2
D503 | — [(1604 + Za D+ Ea D b3/2—|—
15 315 5 33 3 3 42 1 3
Pi510 | — (50 + 150’ D + 5501 D?) (b%/z + bg/a)
315 2 | 1209 3 891 472 4 3,513 1 3 6714 (5l 3
C1511 | — (Gro’ + Gra’D + fga’D? + 10° D% + 550°DY) (b5/2 +b5/2)
375 2 | 65 3 321 42 _ 9 5p3 _ 1 614} (3l 3
Dis1z | ((Pa? + GalD — BatD? - $a5D8 — Jsa®DY) (8L, + 08,
3156 5 33 3 3 49 1 3
@1571’3 (1606 + gOé D+ EO& D (3[)5/2 + b5/2) +
1905 5 45 4 15 5. o 0 9 4
(64a +5a'D4 a’D (5602 + 1402, + b2 )
1905 .3 | 45 4 15 5712) (30 2 4
@1572’0 (m()t + EO& D+ ﬁSOZ D ) <b7/2 + 3()7/2 + b7/2>
1905 .3 | 2625 4 5895 512 4 135 63 4 15 74\ (10 2 4
(1)1572’1 (HOK + 61 ¢ D+ 519 ¥ D* + To8 & D° + 519X D ) (b7/2 + 3b7/2 + b7/2>
15325 3 4 2145 512 _ 25 613 _ 5 7Tpd) (10 2 4
D50 —( 55 —5a”D — 2o’ D — 2o’ D° — g5a' D )<b7/2+367/2+b7/2)
1905 23 | 45 4 15 572 0 2 4
D503 | — (L9803 4 804D 4 1545 D2) (11197/2 + 3362, + 3b7/2)
TABLE 3.53: Semi-major axis functions for the resonant term # 15.
] # \ o \ Semi-major axis function \
295 275 2 15 312 . 17493 1 L 5 ;1
845 2 | 895 3 47 4p2 1 19 593 4 1 674\ (1,0 2
Brgy | (3202 4 8803D 4 U412 4 195D +maD)<b5/2+b5/2)
Digp | — (BP0® + 821D + BPaPD? + 1BaSD + 2aTDY) (48}, + 13,

TABLE 3.54: Semi-major axis functions for the resonant term # 16.

] # \ o \ Semi-major axis function
o Pi7o | = (5307 + Fo’D + 570’ D? + Ga'D? + 550°DY) by

243 9 9

(1)17’1 (8042 + gOégD — 160[4D2> bg/2+
105 15
TOZE; — 32C¥5D2) (3()?/2 + 7b?/2)

315 45

<I>1772 — |:<80Z3 + 640(51)2> (26?/2 + 5b?/2) +

735 4 105 4 105 .9 2 4 6
<16a — 107D = 132a®D? ) (365, + 1953, + 136 )
Brrg | (Biat— 10505D — 105,06 p2) (3b§ 1o 2008, + 145 /2)

TABLE 3.55: Semi-major axis functions for the resonant term # 17.




62

Chapter 3. Semi-analytic modelling

(# | @ | Semi-major axis function

18

P1g00 | 10703,

(1)18,0,1 (%OZQ + %7053D + %O/lDQ) b§/2
Pisos | — (Fo? = Fa’D — 5atD) by
(I)IS,I,O — [%a2b§/2 + %043 (3()%/2 + 7[)%/2)]

9 27 9
(1)18,1,1 — |:(Oé2 + — oD + O£4D2> bg/2+

8 8 16
15, 15 , 15 A
—a'+ Za'D+ 2o’ D? (3622 + 7b7/2)}
423 27 9
@187172 <8042 — gOégD — 160[4D2> b§/2+
165 5 15 4 15 5 5\ (s A

Brg20 | a3 (2b$ 1y 50 /2) + 1544 (3bg 1o 1983, + 138 /2)

45 45 45
(I)18,2,1 <8Oég + §OK4D + 64045D2> (2()3/2 + 5b§/2) +

1 2 1
<05a4 122Dy 05a6D2> (3b§/2 + 1965 + 13bg/2)

8 64 128
495 , 45 45 .

Pig00 | — [(8a3 — §a4D — 64a5D2> (2()?/2 + 567/2> +

525 4 525 5 105 4 o) [ ; 5

<8a4 — 220" - 2a®D ) (3052 + 190, + 13055

Drgso | —Pat (365, + 2008, + 1483 , )
Diggr | — (1ot + BatD + 12a®D?) (303, + 2008, + 1485 , )
Disgs | (Bat = Ba®D — 18aSD?) (36, + 2003, + 1405

TABLE 3.56: Semi-major axis functions for the resonant term # 18.

| # | ® | Semi-major axis function
Proo | = (Fo’ + Fa’D + 50’ D?) b7
19 99 63 9 4.9\ .9
@191 <8042 + ga?’D + Ea D ) b5/2+
135 15 15 5 o 1 3
?Oé?) -+ ?O/ID + @O{ _D ) (3b7/2 + 7b7/2>
405 45 45 1 3
o2 | — [(16&3 + Zo/lD + 64a5D2> <2b7/2 + 5b7/2) +
1365 , 945 4 105 .9 0 9 4
(320é + aa D+ ma D <3b9/2 + 19b9/2 + 13[)9/2)
Brog | (1504 4 9545 4 10540 p2) (3bg 1y 2062, + 1453 /2)

TABLE 3.57: Semi-major axis functions for the resonant term # 19.
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| # | ® | Semi-major axis function |
Do | (Fo” + 5o’ D+ 550 D%) by

20 855 3 | 15 4 15 57)2 2 2
(I)QO 1 — (ﬁga + @Oé D+ ma D ) <2b7/2 + 4b7/2>
7665 4 945 5 105 6 2 1 3 5
(1)202 (25606 +ﬁ8a D+EQD)(b9/2+4bg/2+2b9/2)

TABLE 3.58: Semi-major axis functions for the resonant term # 20.

| # | ® | Semi-major axis function |
Pa19 | = (T’ +Fa’D + 5a'D?) 15
211 @y | = (320 + BatD + BaPD?) (26}, + 303, ,)

Barz | = (20" + 40D + FatD%) (B, + 485, + 2 )

TABLE 3.59: Semi-major axis functions for the resonant term # 21.
315 .2 27 .3 3 .41n2 2
(1)22’0 (TGOz + T D+ g0 D )b5/2
22 1905 3 | 45 4 15 5712 0 2
Doy | — (0% + LatD + Ba®D?) (209, + 302 , )
15855 4 1365 .5 105 .6 N2 1 3
Doz | — (1ot + 265D + 18aD?) (58, + 263, )

TABLE 3.60: Semi-major axis functions for the resonant term # 22.

®o30 | — (G0 + 50°D — 5a'D?) by
Doy | (HPa® — BaPD?) (262, + 305 )

’ # \ ¢ \ Semi-major axis function ‘
23
Dagz | — (ot — WBa®D — W3aD2) (82, + 40, + 205 )

TABLE 3.61: Semi-major axis functions for the resonant term # 23.

’ # \ o \ Semi-major axis function
D24,0,0 —%04252/2
ba101 | — (202 + 303D+ adD?) 13,

Bosng | (H? ~ 0D~ D213,
Bagro | Lad (2b$ 1y + 303 /2)

Dpina | (Fo?+ FatD + Ba'D?) (22, + 304, )
inz |~ ({Pa? ~ FalD - BaoD?) (22, + 304,
P20 | — g <bsla/2 + 4b3/2 T 2bg/2>

2101 | — (0’ + FaPD + aBD?) (b}, + 46, + 265 , )

Daizs | (o' = Ba®D - WaD?) (b) , + 463, + 205

24

TABLE 3.62: Semi-major axis functions for the resonant term # 24.
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| # [ ® | Semi-major axis function
Po50 | (Ba® + Za3D + 3a'D?) bg/Q
2| @5 | = (a® + BatD + Ba®D?) (2h ), + 303 ,)
@usa | (G0’ + GFaPD + 20D (), + 413, + 205, )

TABLE 3.63: Semi-major axis functions for the resonant term # 25.

| # | ® | Semi-major axis function
129 , 21 4 3 4.2\ ,.3
.y @2670 <32a + 1—604 D+ @CM D b5/2+
855 5 15 4 15 5 o 9 4
ma + ga D+ 172804 D (4b7/2 + b7/2)
2565 53 45 4 45 5. 9 9
(1)26’1 — [ <128a =+ ga D —+ 172804 D (2b7/2 + 4b7/2> =+
7665 4 945 o 105 ¢ 5 1 3 5
(2560[ + 1—28a D+ ﬁa D <4b9/2 + 9b9/2 + b9/2> ]
7665 4 945 105 5
D2 | (B0t + 407D + 2a°D?) (563, + 1205, + 205, )
TABLE 3.64: Semi-major axis functions for the resonant term # 26.
| # [ ® | Semi-major axis function
99 27 3
CI)270 — [ 7(}2 + fCYSD + —a4D2 b§/2+
27 ’ 8 8 16
315 5 75 4 15 5. o 1 3
EOK —G—Ea D+@Oé D <4b7/2+b7/2) }
945 5 225 4 45 5 o 1 3
(1)27,1 TGOK =+ TGOC D —+ @Oé D (2b7/2 —+ b7/2> +
1365 4, 1155 o 105 4.9 0 9 4
<160é + HQ D + @OZ D <4b9/2 + 9b9/2 + b9/2)
1365 1155 105 .6 4
Dara | — (Bt + UBaSD + WaSD?) (88, + 402, + 263, )

TABLE 3.65: Semi-major axis functions for the resonant term # 27.
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| # [ ® | Semi-major axis function
315 33 3
) oY 2 o 3D - 4D2 bl
- 28,0 < 32 a” + 16a + 3204 5/2+
1905 5 45 15

4 512 0 2
128 % T e PP ) (4b7/2 +b7/2)

Pog1 | — | <5172§)a3 + %o/‘D + flziga5D2> <2b$/2 T bg/z) +
12?25 o+ 1132685 a*D + %O‘% 2) (1303 + i) |
®ag.9 12?25 ol + 1132685 oD + %aﬁzﬂ (17bg /2 + 205 /2) +
(1%;25 a® + 6265165 aSD + %42%10‘7192) (211;?1 1o+ 2003, 5+ b, /2>

55755 5 , 2205 6 315 712 0 2 4
Dass | — (Gpore” + S5ga’D + e’ D?) (75b11/2 + 741711/2 + 5511/2)

TABLE 3.66: Semi-major axis functions for the resonant term # 28.

] # \ @ \ Semi-major axis function ‘
12255 2 | 573 5 102 1 3 64 15
(13’2970 (512(1 +§Oé D—GjOéD +5@OéD)b5/2
29 65835 3 | 15 4 225 2, 15 613 4 156 74\ (pd 6
@2971 — ( Tooa & 1+ 16 D — maE’D + 556 D° + 1024 D ) <b7/2 + b7/2>

155855 4 _ 385 5 945 612 4 35 TP3 . 35 814 3 5 7
D92 | (Foog 0’ — 256@°D — 151 @°D? + g0 D? + gigza® DY) <3b9/2 +8bg/2 +31’9/2)

TABLE 3.67: Semi-major axis functions for the resonant term # 29.

] # \ ¢ \ Semi-major axis function
8T 2 . 3,3 3 112\ 14
Za00,0 (176?51+ 1760{33? Pch 117)7 >4b5/2 9 3 67)4) pd
2 3 2 5713
el B AP S Sl R N
@307072 —(ma —ma D—ﬁa D +ﬁ8a D +%a D )b5/2
30 8l o 3 3 3 4p2) 4
(13307073 — |:<8Oé + gOé D + EO& D b5/2+

105 5 15 5. o 3 5
<806 + @OZ D > (9b7/2 +b7/2>

105 .3 15,5712 (13 5
®3010 | — (520’ — 510’ D?) <b7/2+b7/2>
15,3 645 4 615 512 1 75 613 o 15 74\ (13 5
@301 | (510 — Gra’D — 530" D? + 550°D% + £a’ DY) (bm +b7/2)
2625 3 _ 825 41 _ 1785 512 | 105,613 o 15 T4\ (13 5
®30,1,2 ( 6 & g1 D = F5a’ D7 + 5550 D + g5l D ) <b7/2 +b7/2>
5.3

1
®a013 | (g0’ - 50°D?) (1”7?/2 + 35?/2)

TABLE 3.68: Semi-major axis functions for the resonant term # 30.
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[ # | @ | Semi-major axis function |
®3100 | 30703
(13317071 ( 3 oz2 + 196043D + 332a4D2) b3/
P31,0,2 (5715 320‘3D 1280‘4D2) bg/
P31,0,3 (1 a? — TGO‘?)D 320‘4D2) bg/z
104 | (25002 — BasD - Ba'D?) (1),

31,05 (1421a +3 387 a’D + 64“4D2) (bg/2>
D310 [ a?bs 120‘3 (953/2 + 57/2)}

31 3 9 3
3 3
3107 | — [(804 3o D+T6a >b5/2+

15 4 15 ,. 15 .
—a’+2a'D+ 2a’D (967/2+b7/2)

3
@317078 (804 ga — 160é4D2> bg/2+
< 3 o — goé 7/2 7/2)
®a110 | — 150 (b?/g + b%)
P31,1,1 (15 S+ 185a4D + 640‘5D2 3/2 + b$/2>

615 4 15 .5
31,1, (102404 - 1280‘ D — 5D ( 772 T 7/2
165 3 _ 15 4 512 (12
D313 | (5 oD — 640‘ D?) (b7/2 +b7/2)
104025 3 _ 2475 4 52 4
P31,1,4 _( 21 ¢ — ez & D — 2560‘ D ) (b7/2 +b7/2>

a5 | (10’ + 20D — 12a2D?) (12, + b, )
Doy | Ba? (1182, + 304 )

o117 | (Bo?+ LoD+ £a°D2) (1102, + 364 , )
airs | — (B0? ~ BalD — £aD?) (1102, + 304

640‘ 7/2 7/2

TABLE 3.69: Semi-major axis functions for the resonant term # 31.

[ # ] @ | Semi- major axis function

D3200 | — (Ba?+ 2D - 3a'D?) 02,

33 2 195 3 345 472 513 3 64) 12
| (e~ 5000 ot 00 )
P32,0,2 (128 + g °D — 2w D 1280‘ D 2560‘ D )b5/2

33 21 3
®320,3 < e o + e oD+ = G 4D2> b§/2+

135 4 15 , 15 .

<16a3 +Ja'D+ oD (98} )2+ 032

®32,1,0 (11365"‘3 + 1450‘41) + 64“5D2) <b7/2 + b7/2)

Pa211 | (10’ + GPa'D + TR0’ D? + aD% + S5aTDY) <b%/2 + b7/2)
Bay1o | — (a3 4 UBaip _ 6B2B,5D2 _ 25,63 _ 15 47p) (b%/2 7/2
Bazrs | — (1203 + 15a4D + 1805 D2) (11b%/2 I 3b?7’/2>

TABLE 3.70: Semi-major axis functions for the resonant term # 32.
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| Semi-major axis function |

1575 2 327,.3 225 112 . 3 .53 1 3 64 ;1

(5120‘+64O‘D+1280‘D+160‘D+5120‘D)b5/2
20955 3 | 345 4 1485 512 4 135 613 4 15 7y

—( D+ D? + 555a°D +1024aD)<

100415 4

72 (

1024 @ T 76 @ 256 &
175 713 35 814
4096 ¢ D’ + 550" D*) (
TABLE 3.71: Semi-major axis functions for the resonant term # 33.

[ # ]

D22

11bg

+62),)

9905 2205 4
+ ZRaD + E2a’D? 4 2a + 305 + 2045

2 ¢ 512

)

[ #]®

P340

\ Semi-major axis function
5775 3 _ 15 4 5 52) pl
(Feg0”’ — §a'D + {50’ D) b
75 75 5 9\ 4
a’D > b7/2 +

5775 5 15 75
1284 T8 128

(6405 4 Eag’ 105 a6D2> (563/2 +9bg/2)}

256 ¢ T 128 1024
2135 4 |, 245 5D+%Q6D2) (1553/2+28b8/2)

256 ¢ T T8¢
74025 5 | 4725 6 1575 712 2 4 6
+ D + 15530" D?) <3511/2 + 141711/2 + 9b11/2)

1024 & 256 &

34
D341 o*D +

D +

(
=

TABLE 3.72: Semi-major axis functions for the resonant term # 34.

P340

D343

\ Semi-major axis function ‘
(a1 - B DI,

— [<2§5a3 + I—ga“D + 2&5D2> <2b$/2 + 3b§/2) +
%oﬁ + 16%’@51) - ggaGD2> (5632 + 9032
%oﬁ - ;’Boﬂp?) (158}, + 6803 + 43655

- (236250‘5 - %OFD) <3b11/2 + 146?1/2 + gb?l/Q)

256 51
TABLE 3.73: Semi-major axis functions for the resonant term # 35.

#]®

P35

35
®351

D350

®35.3

#]®

D360

\ Semi-major axis function

825 3 75 4 7 512
(ma + EO& D + ﬁsa D )
75

b7 )5
36
D361

825 , 75 ,

— [(il;ﬁg(y 4‘ 1?5(! l) 4_ izi§
1995 , 525 . 105
kit 20D - 22
956 ¢ T 128% 7 T 256

(665 . 175 . 35
665 4 175 35

256" " 128 256

0135 5 945 315
1024 7 256 1024
45675 065
1024

P36 2

oD+

4725

1575
56

P36 3 + °D + 1252

a D2> (56b,2 + 9bg/2)]

a6D2> (156} 5 + 2863 5) +

6

a7D2> (158010 + 6862, 5 + 4301, )

7D2)<

359

« 11/

24‘14b%/24‘9b%/2>

TABLE 3.74: Semi-major axis functions for the resonant term # 36.
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| # | ® | Semi-major axis function |
. Paro | = (f50° + Pa'D+ 53a°D?) b7
315 4 4 175 5 35 .6 )2 1 3
Bar1 | (B2at + 205D + 40 D?) (359/2 n 4b9/2)

TABLE 3.75: Semi-major axis functions for the resonant term # 37.

’ # \ o \ Semi-major axis function

15 371
(1)3870’0 84506 27/2 15 4 15 512 1
O350 | (F0° + Pa'D+330°D?) by
B350 | —j0 (358/2 +4b3

38 | Pasa | (Y0 + §aCD + $2aTD?) (130}, + 565, )

TABLE 3.76: Semi-major axis functions for the resonant term # 38.

] # \ o \ Semi-major axis function ‘
753 15 14 5 _57)2) 1,0
o | s it L
39| a9 | (et + Ha’D + Gpa’ D) by

2205 .5 945 6 315 712 0 2
Dagz | — (BPa® + 42a5D + B2aTD?) (51, , + 417, , )

TABLE 3.77: Semi-major axis functions for the resonant term # 39.

] # \ o \ Semi-major axis function \
(134[)70 — (%a3 + %OAD + £Q5D2) b;’/Q
401 @0y | (W04 4 W505D 1 3546 D2) (3b§ 1o 4B /2)

945 315 315
Dy | — (2805 + 3506D 4 315,7D2) (3b}1 1o 1062y + 507, /2)

TABLE 3.78: Semi-major axis functions for the resonant term # 40.

] # \ o \ Semi-major axis function ‘
Paro | (5o’ + a'D+ 50 D) 7

315 175 35
Day | - (Bat + WBaPD + Ba®D?) (30, + 415, )

Do | (205 + U540D 4 31547 D2) (3b91 1o+ 1002, + 504, /2)

TABLE 3.79: Semi-major axis functions for the resonant term # 41.

] # \ o \ Semi-major axis function \
Pazo | — (55507 + 150" D + 50" D?) by

21 Py | (B0t 4+ 805D + 3205D?) <3b8/2 n 4bg/2)
Dizz | — (20 + 305D + U3aTD?) (130}, + 505, )

TABLE 3.80: Semi-major axis functions for the resonant term # 42.
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| # | ® | Semi-major axis function
75 15 15
Bz | —[ [ =®+ —a'D + —a’D? b$/2—|—
43 ’ 32 8 64
315 , 175 . 35 o o\ /.1 s
lat+ 227D+ SafD? ) (6, + b))
315 , 175 . 35 o o\ /o4 X
B34 (64@ + 1o D+ =D (98h2 + 405 ) +
2205 945 315 ~
(640é5 + 6740[6D + %a D2> (6[)(1)1/2 + 11b%1/2 + bill/Q)

11025 5 | 4725 6 1575 72 0 2 4
Dy32 _( s @+ g’ D+ FpalD ) (3b11/2 + 6511/2 + bn/z)

TABLE 3.81: Semi-major axis functions for the resonant term # 43.

| # [ @ | Semi-major axis function
Busoo | Ha¥, + ot (60,+ )

45 15 15
Das01 <a3 +—a'D+ a5D2> b%/z—i—

16 8 64
44 (13725a4 + 16%@519 + 13258a6D2> (6b8/2 + b3/2>
Daaro | —|Bat (909, + 42 ,) + 2a® (1701, + B2, )|
Briis | — [(137250/‘ n %&D n 13258a6D2> (9173/2 + 4b§/2) +
<41722;a5 + %oﬁz} + 2;)2@71)2) (171;}1/2 + bi’m)]

Pas20 %‘ﬁ <9b%1/2 + b:1))1/2)

23625 5 | 4725 6 1575 7 12 1 3
Puz2i | (P555°0° + 4 a’D + Pa’D?) (9b11/2 +bn/2>

TABLE 3.82: Semi-major axis functions for the resonant term # 44.

] # \ o \ Semi-major axis function ‘
11025 4725 1575 4
Pys0 | — ( 128 a’ + TsO‘GD + WO‘7D2) (36(1)1/2 + 66?1/2 + b11/2)
45 315 , 175 35 6.9 1 :
(134571 <64a + 6740[ D+ 1—28(1 D > (9b9/2 + 3b9/2) +

64 64 256

22 945 315
<05Oé5 + 7O¢6D + 047D2> (6b(1)1/2 + 11b%1/2 + bllll/2>
Pas2 | — (%0‘5 + %O‘(jD + 155T725O‘7D2) (3b(1)1/2 + 6b%1/2 + b1111/2>

TABLE 3.83: Semi-major axis functions for the resonant term # 45.

] # \ o \ Semi-major axis function ‘
5 1 5 5D2 - 354805 + 5 o DY ba
16 | 2260 — (738@"'D + %0°D? + 5’ D? + DY) b7
105 4 | 385 5 525 62 4 105 T3 4 35 81d) (13 5
®u61 | (3550 + 3550”D + 3150°D% + 53 D + g550" D) (b9/2 +’?9/2)

TABLE 3.84: Semi-major axis functions for the resonant term # 46.
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E3KE | Semi-major axis function
Q4700 | (510’ + 530" D + 1350° D) b,
Pazor | (510’ + jga'D + G’ D? + 5a°D% + 550D b
Di702 | (0% + ga’D + 550 D? + £50°D? + 5™ D) 63/2
47 Pyr03 | — [((154510‘3 + £Q4D + 11258a5D2> b?%/2+
<1;8a4 + %Zoﬁp + ;’55(3046172) (13b§/2 + b3/2>]
Py710 | — (10’ + 185D + 2.a°D?) (b3/2 + bg‘/2)
Dirin |~ (ot + BaPD 1 380D 4 1BaTD 4 35,05D%) (82, + b,
Pur190 | — (%oz4 + %aE’D + %Q6D2 + %O&7D3 + %QSDZL) (bg/2 + b3/2>
Bur1s | (Lot 4 1Ba5D 4 3506D2) (4b§/2 + bg/2>

TABLE 3.85: Semi-major axis functions for the resonant term # 47.

] # \ o \ Semi-major axis function
Dyg00 | — (g—ga?’ + %a4D + %CK5D2) bg/Q
Dug0,1 | — (%a?’ + %OAD + %CME’DQ + %CMGDS + %oﬁD‘l) b$/2
Dus 02 | — (G’ + 1330’ D + 15307 D% + 508D + 250" DY) b2
48 ®45.0,3 (;;a?’ + %a“D + Z@E’DQ) b$/2+
<36145a4 + 16—15045D + i’zoﬁlﬁ) (13035 + b3))
Dasro | (UPa'+ ¥PaD + £a5D?) (b)), + b))
Dug 11 | (oot + 320D 4+ 2205D2 4 B2a7D3 + ;35.08D1) (bg,/2 + 53/2)
Dugio | (ot 4 805D 4 3200 D% + 19547 D3 + 2308 D*) (bgl,/Q + bg/Q)
Bassa | - (ot + Fa’D + FaoD%) (18], + 1)

TABLE 3.86: Semi-major axis functions for the resonant term # 48.
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] # \ o \ Semi-major axis function
D49,0,0 ( O;Z) + 320‘4D + 1380551)2) bl/ .
4 572 673 7 4) pl
49,01 22(512830‘ +5 Z‘ D +222556§‘ 127 + 38460‘ 3D + 153760‘417 )b7/2
49,02 ( a” + 160‘ D + 13507 D" + 640‘ D” + 512a D )b7/2
49 225 od 45 ol 15 oS D2
P — —a”D D? | bt
1903 [( 61 T3P IR 72t
735 4 245 5o 35 o
D D?) (13855 + 03,5
(128 TP T 956 9/2 7 %/2
735 4 | 245 6792
Q49,10 (128 + 1280‘5D + 2560‘ D ) (b9/2 + b9/2)
735 4 | 1225 5 1015 6 192 73 84 (10
Qo1 | — (Gt + 50’ D + §RaD? + $5a’D? + 55505 DY) <b9/2 +b9/2)
3675 ,4 | 3675 5 2205 6 12 73 84Y (10
Dyo12 | — (Togo’ + Joga’D + 52 a’D? + 2560‘ D® + 10240‘ D) <b9/2 + b9/2>
735 4 | 245 5 672 0
(134971,3 ( o+ 33 & D+ 64C¥ D ) (459/2 + 69/2)
TABLE 3.87: Semi-major axis functions for the resonant term # 49.
] # \ o \ Semi—major axis function \
175 215 1 175 572 63 . 5 _7A
00 73€51 284a —;551285& i T052566a 2D T757687a 3D g 15368a 4D )1[)7/2
50| @501 | (Bpat + 5Pa’D + Jga’D? + 3lRa D+1536 D)b9/2

TABLE 3.88: Semi-major axis functions for the resonant term # 50.

| # | ® | Semi-major axis function ‘
105 4 , 105
51 | Psro | — (Gra’+ Gre’D + 1550°D%) b9/2
®s511 | (5550 + 1530°D + {0’ D?) <4b11/2 + 5bn/2>

TABLE 3.89: Semi-major axis functions for the resonant term # 51.

] # \ o \ Semi-major axis function \
315 4 175 5 67)2
52 @52’0 ( o+ 33 & D+ 64CV D )b9/2
D521 | — (2122085 °+ ?32“61} + ggoﬂD?) (45(1)1/2 + 5b%1/2)

TABLE 3.90: Semi-major axis functions for the resonant term # 52.

] # \ P \ Semi-major axis function ‘
735 4 | 245 5 67)2) 7,0
sg | oo | Larel e D i )b,
53,1 (128 +%2a°D + $53a7D?) by 11/2

TABLE 3.91: Semi-major axis functions for the resonant term # 53.
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| #

\ o \ Semi-major axis function \

54

128% T 128 256

?Tgoﬁ + %ZO‘GD + ;)258@71)2) (85}1/2 + b:{’m)
_ [(?goﬁ + ;’—;2@61) + ;()1;@71)2) (12615 + 5631 2) +
<117032245 o + 127034285 a'D+ ié%as Dz) (8b$3 Jo + 13055 + bl /2)}

17325 6 , 17325 7 3465 8 12 0 2 4
P54, ( 1006 @+ oo4s @' D + fggga” D ) <1Ob13/2 + 18bl3/2 + 3b13/2)

105 105 35
(135470 ( 4 + 7&5D + OéGDQ) 63/24‘

D541

TABLE 3.92: Semi-major axis functions for the resonant term # 54.

|

# \ o \ Semi-major axis function

315 175 35

q) oY 4 - 5D oY 6D2 bl

35,0 (640‘ T T s o2
2205 . 945 o 315 - L\ /oo )
B O 38 (1)
956 © T 256 1024 80112+ b1
[<2205 s 945 ¢ 315

712 0 2
oo’ + 220D+ = a D ) (126015 + 52, 2) +

1732 242 465
( 7325 5 24255 7D+36a892> (21b}3/2+b‘;’3/2>}

55

P55 1

256 © " 1024 ¢ 2048

17325 6 | 24255 7 3465 8 12 1 3
D55, ( 56 @ T Toor @' D+ sg5a”D ) (28513/2 +3b13/2)

TABLE 3.93: Semi-major axis functions for the resonant term # 55.

| # [ ® | Semi-major axis function

735 245 35

i) oY 4 = 5D oY 6D2 bO

56,0 (1280‘ g™ P T 956 o/2F

19845 . 2835 , 2835 - L\
D+ _—a'D

256 " 1as @ D T oo™ D) e

37485 . 5355 4 5355 . L\
- D+ 22°47D
6.1 K 256 ¢ T s P T o P ) et

31185 31185 . 3465 o 0 )
<512a + MOZ D+ m& D (13b13/2 +9b13/2)

31185 6 31185 7 3465 8 12 0 2
D362 | (P515°0° + Sgg D + gaeea®D?) (18b13/2 + 131’13/2)

56

TABLE 3.94: Semi-major axis functions for the resonant term # 56.

# ‘ P ‘ Semi-major axis function

355 105,612 . 35 713 35S ph
57,0 | (30150 D + q0060°D* + g5560 D + go1550° D )b9/2

57 315 .5 , 315 6 945 712 , 105 8713 105 .94 3 5
D571 | — (Gos6” + 10010° D + qp052" D? + s a® D + gygega’ D) 1o + 0719

3465 6, 3465 7 3465 812 4 1155 913 231104 2 4 6
D572 | (ia3sa0° + 8105 D + 131" D + 33750 D? + 150 ° D) <5b13/2 + 12b13/2 +5b13/2)

TABLE 3.95: Semi-major axis functions for the resonant term # 57.
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| # | ® | Semi-major axis function |
105 41, 3% .5 525 62 . 105 73 35 8Spd) 13
58 D580 | — (10240‘ + 10210 D + 553507 D7 4 gpg5' D” + 5507 D )bg/z
2205 5 | 4095 6 945 712 4 1155 813 | 105 9 14) (12 4
Dsg,1 (102405 + 021 D + 550" D7 + ggga” D° + gg5 7 D ) <b11/2 + b11/2>

TABLE 3.96: Semi-major axis functions for the resonant term # 58.

’ # \ o \ Semi-major axis function
2205 4 | 3675 5 304562 . 105 713 1 35 8)d) 12
59 ®59,0 (20480‘ + 20i3”° D + Jogg 0" D7 + qpg @' D” + gigz ™ D )b9/2
_ (6615 5 | 945 6 38745 72 4 2205 873 | 315 914 (5l 3
®59,1 (S0’ + FLa’D + Fgza’ D? + 550D’ + 535,07 DY) (b11/2 +bn/2>

TABLE 3.97: Semi-major axis functions for the resonant term # 59.

] # \ o \ Semi-major axis function
— (1354 | 7355 105 602 + 175 73 = 35 . 8)d) pl
60 D60,0 (2560‘ + 35607 D + 5507 D7 + 555’ D + 55550 D )59/2
6615 5 | 10395 6 19845 72 | 1785 8793 | 105 974\ (10 2
®e0.1 | (g’ + 520D + fogg a’ D? + Jooga”D? + grgza’ DY) (bn/z ‘H’n/z)
TABLE 3.98: Semi-major axis functions for the resonant term # 60.
] # \ P \ Semi-major axis function ‘
2205 4 | 735 5 315 62 1 105 T3 1+ 35 8 0
61 P61,0 (1023433‘75"‘ m‘jn? + 1024?4117)5 + 4096a5£ + 19152 a1015) ) b9/2
33075 5 | 4725 6 14175 7192, 525 873 4 105 94\ gl
De1,1 | — (Foppe” + e a®D + Ygge ' D? + 5ga® D + i’ D )bn/z

TABLE 3.99: Semi-major axis functions for the resonant term # 61.

3.5 Comparison between N-Body and Semi-analytic code.

Tests between the N-Body code, the first semi-analytic modelling and the extended
one have been made. Direct comparisons show that elements of Titan and Iapetus
behave similarly (Figure 3.2 and Figure 3.3).

= 1.0

0.0291 $ 0.9
E‘O.OZBO lg_l 0.8
5 0.0289 8o
5 0.0288 -
v 0.0287 2
a _ = 0.5 ,
w1 0.0286 —— Cartesian c —— Cartesian

First secular =i First secular
0.0285 I _ Sfcular | E 03 I _ “Secular
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (years) Time (years)

FIGURE 3.2: Evolution of Titan’s elements using the N-Body code,

the first expansion and the extended one. The two semi-analytical

approach output the same evolution and approximate fairly well the
evolution of Titan’s eccentricity and inclination.
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o M
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el e el e .
o0

MJ
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First secular
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e
o

Inclination (degrees)
Co

FIGURE 3.3: Evolution of Iapetus’ inclination using the N-Body code,

the first expansion and the extended one. The two semi-analytical

approach output the same evolution and approximate well the N-
Body for the inclination of Titan.

However, semi-analytic models seem to output a different evolution of lapetus’
eccentricity. Figure 3.4 shows a difference in frequency. A first reason for such a
mismatch was thought to be the initial conditions used for N-Body codes. Such
initial conditions should be fine tuned in order for the model to correctly average the
N-Body code. Several initial conditions were tested "by hand" but no improvement
was made.
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Eccentricity
)
o
W
o

—— Cartesian
First secular
— Secular

0 2000 4000 6000 8000 10000
Time (years)

FIGURE 3.4: Iapetus eccentricity as a function of time.

Another test starting with a low eccentricity for Iapetus was run (Figure 3.5). As
semi-analytic models seem to better approximate the eccentricity in this simulation,
the problem persisted.

0.005 -

20.004 -

U

S 0.003 -

Y 0.002 -

uu_| —— Cartesian
0.001 First secular
0.000 —— Secular

0 2000 4000 6000 8000 10000
Time (years)

FIGURE 3.5: lapetus eccentricity as a function of time.

Codes were then thought to be implemented erroneously, as the whole subrou-
tine for the semi-analytic coding was more the 15 000 lines long. Many efforts of
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checking and rechecking all the terms were made but the difference was still there.
Besides, the frequency shift in eccentricity is associated to an increase in the period
of the pericenter (Figure 3.6).

[ 4

w w
o u
o O

= o= N
o O
o O O

+ (Cartesian
«  First secular
ﬂ + Secular
0 2000 4000 6000 8000 10000
Time (years)

Pericenter (degrees)
un
=

o

FIGURE 3.6: Iapetus argument of perichrone as a function of time.

If an implementation error of the J, effect or the Sun’s perturbation were to be
source of the shift then it would have also influenced the evolution of inclinations,
both of which are matching the N-Body very well for both semi-analytic models.

These differences happen for both semi-analytic models which were implemented
and verified independently. Therefore, we believe that a certain kind of mis-modelling
associated with the type of expansion should be the source of the shift.

3.6 Legendre Expansion

In order to check the terms given by Equation C.23, Equation 3.28 and Equation 3.29,
direct expansions were used. The direct part can be expanded in terms of Legendre
polynomial (Appendix C). From Equation 3.26

oo

: 1 > <%>IB(COS(W)) (3.42)

rs —re| 75—

Then by introducing the semi-major axes, one gets for the direct part

o) l +1
Rp=) a <22) <:f§) P (cos(¥)) (3.43)

=0

where 7 and 7 are given by Equation C.13 and Equation C.14. In order to perform all
the calculations, we used Mathematica to expand Equation 3.43 to o!! and average
over the mean longitudes but keeping the resonant angles 5\g — A, 10Ag — 2\¢ and
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158 — 3)¢ intact. The whole expansion is too long to be exposed in this thesis, so
we will explain a few features. We have counted 31 secular terms and 61 resonant
terms, the same as in Table 3.4, Table 3.36, Table 3.37 and Table 3.38. For instance,
the 27%" term in Table 3.4 was found to be, for the Legendre expansion

TST5 4204625 | 50504535, (1575, 26316675 207972675
2048 ¢ 65536 " 131072 B @

64 39768 % 32768
4(111825 ,247037175 49356341995> 6<51975 ,143 468 325 419266061815>
Sg a

2048 65536 131072 ) 8\ 1024 % T 16384 YT 65536
. (17 325  ,11036025 46270899 675) ” ( ,55180125  ,4197157 965)
— )]

S 7024 7Y 1022 7% 65536 °8 s1902 % T 1096
55180 125 58036 563 535 55180125 2749862115
12 2 4 o 14 4 16 4
+g (0‘ 32768 ¢ 65536 > 58 Y Toomes T8 Y T 39768 ]

x aleisq cos (4Qg — 4wg)

(3.44)
The expansion we use in the model gives
Ryeeor = cos (40 — 4og) easg (Paro + s3Por1 + 5§Pa72) (3.45)
where @ are functions of the semi-major axis ratio only.
1 1
P I 5D3 6D4 2 4
27,0 <2560‘ T 1021 D) V52 (3.46)

(15 50, O 63 574(1 3)
Par1 = (512aD T s P o D) b2t b (3.47)

35 5 105 6,2 35 7.3 35 85y 0 2 4
= (15570 D+ 552" D? 4 20D 4 oDV ) (365 5 + 80 + 30 )
27,2 <10240‘ o0 oo Y T o/2 7+ 8%/2 T30/
(3.48)
Then using relations amongst Laplace coefficients and their derivatives exposed in
Appendix D, one can show that
7875 ¢ 4244625 ¢ 59594535 10

270 = 508" * 65536 ¢ T 131072

+0 (o) (3.49)

| (1575 4 26316675 4 297972675 "

a1 = (64 “ T 32768 @ 27es @ 1O (3:50)
111825 4 247037175 4 9356341995 "

272 = 5o+ —greze @ T 13107 @ TO(@) (3.51)

which corresponds to the coefficients of s, s and si in Equation 3.44. For a reso-
nant term, the amplitude of the 57" cosine argument in Table 3.38 in the Legendre
expansion is
[159 534375 o2 2400673275 2 <797 671875 o2 23206 508 325>
2097152 16777216 8\ 2097152 16777216
4 (797671875 992345 898 645 6 (7197671875 5197655432975
°8 ( 1048576 ¢ 16777216 ) — %8 ( 1048576 16777216 )

5 (797 671875 Lol 247269 347 325) 5 (159 534 375 Lol 181650944 475)

2097152 16777216 2097152 16777216
e <a2 72820 422 675) _14,,212323456 145}

s 16 777216 ® 7 16777216

x o egss cos (¢ — 8Qg — 4wg)

(3.52)
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3.7 Summary

Two different models are built in this chapter. A first and simple one was con-
structed, implementing terms already given in Murray and Dermott, 2000 and the
second extended the first one by changing the definition of the order of the reso-
nance. Here, as the inclination of lapetus is not negligible, ss was not constrained.
However for each term, we truncated the series in sg when the difference between
two consecutive orders of sg was under 10%. Eventually solar terms in A\ were
added and also several terms in 10\g — 2)\g in later models.
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Chapter 4

The Laplace Plane

The benefit of having semi-analytic equations is to be able to study the system in
a more synthetic way. Now we have developed approximated equations for the
motion of satellites, we can use them in order to compute analytic solutions of the
equations of motion. In this chapter, we study the notion of the local Laplace Plane
of a satellite. We have seen in the last chapter that the disturbing function associated
with the Sun and averaged over the longitude of the Sun and the satellite can be
written
(Ro) =n?aZ [ (8 + 122 + 15eg + 6€2 (2 + 3e3))) (1 — 652 + 6s3) (1 — 652 + 655
3
+ cos(295 — 2Q0) (8 (8 + 122 + 15¢3 + 6e2 (2 + 3e2))) s2 (1 — s2 (1- s%))
3
+ cos(€s — Qo) (8 (8 + 12e2 + 15ek + 6e? (2 +3€2)) ssv/1 — 52 (1 — 25%) 04 /1 — 82 (1 — 252 >
. 15 5 2 2\2 2 2
+ cos(2ws — 2€g) 3 6 (2+3e3) (1—5s3) s (1—52)
(15, )
+ cos(4Qs — 2Qe — 2w5) g€ e2 (2+3e2) sts? (1 —s2)

15 ,
+cos(3Qs — Qe — 2w5) ( 2(2+3€2) s24/1 — s2s04/1 — 82 (1—23@>
15
+ cos(Qs + Qo — 2ws) ( T g 2—|—3e®)58 1—5 3/25®,/1—s® 1—28®>
o2
S

+ cos(2ws — 2Qs) ( 2 (2+3e2) s2 (1 —s2) (1 — 652+ 6%))]

and we recall the average disturbing function of the flattening effect

G(M + ms)JQRIQ, 1 9 9
<RJ2> - o3 (1_62)3/2 (2—385 (1—SS)> .

We form
Rrp = (Ro) + (Rp) (4.1)

Here the value of J is J; ; given in Equation 2.24. We then plug R p into the La-
grange Planetary Equations (Equation B.16)

di 1 ORpp tan (%) ORrp

dt ~ na?Esin(i) 00  nd?E 0w

dt — na?Esin(i) i

ds? 1 ORLp
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Using Leibniz rule for 22 = 1 cos (£) 28Le | the Laplace Plane is such that
di
stP =0 (4.2)
dQ?
dfp =0 (4.3)

as it is defined as the equilibrium plane balancing the flattening effect of the planet
and the inner satellites (Titan included) and the pull of the Sun. Now, such an equa-
tion has several solutions which appear in Figure 4.1

180

160

140

120

100

I (deg)

80

—Tr — /2 0 /2 T
2 — Qs (rad)

FIGURE 4.1: Level curve of the Hamiltonian from Equation 4.1. Or-

bital plane elements will follow the solid lines. One can distinguish

four different kinds of equilibrium : one for retrograde orbits, two

for polar orbits and the one we are interested in, for relatively low

inclination. The latter gives us 2 = ()¢ and both ascending nodes of
Iapetus and Titan oscillate around it.

For lapetus and Titan, their Laplace plane equilibrium can be shown to be !

{ €, sin(2irp) + o sin(2ipp — 2ig) = 0

Qe o ~ (4.4)

!Solution produced with the help of Mathematica.
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where )
m; 16J2 ;)
es, = Gmg (1 + > — (4.5)
2 mg (1 . 622)3/2
and
e = Gme (1 + mg) 8aZai
m b
3 1? 1 (4.6)
X (1 + 562@ + geé + 16? (2+ 36%) (3— 5cos(2@i)))
so that for & << land 7t <<1
JoR2a}
Gz oS 2 ]5) ®F(e@,ei). 4.7)
€o me a;
F(ew, ;) contains the dependency on both eccentricities
1
Flew,ei) = ——
(6@, 61) (1 B 62)3/2
’ 4.8
] , (438)
(14 3e2 + 22et + 2e2 (2+3e2) (3 —5cos(2w;)))
The first equation of 4.4 can be rewritten
(2
tan (2iLp) = —02i0) (4.9)

% + cos (2ip)
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FIGURE 4.2: Tilt of Iapetus’ local Laplace plane to Saturn’s equator as
a function of Iapetus’ semi-major axis. Here .J; includes the secular ef-
fect of Titan. Equation 4.9 was used to produce this graph and it gives
a Laplace plane inclination of around 16 degrees for the semi-major
axis of lapetus today (0.02381 AU). These numbers are represented
by the blue lines. This plot also shows that a satellite would usually
orbit close to the planet’s equator if its orbit is close to it and would
see its orbital plane getting close to the ecliptic as its semi-major axis
gets higher. Iapetus lays in between those two cases.

Figure 4.2 gives a 16 degree inclination with respect to Saturn’s equatorial plane
but numerical simulations done in chapter 2 show it is closer to 15.1 degree. This dif-
ference could come from the fact that we have added the effect of Titan to the global
flattening of the system in this part (Equation 2.24), neglecting its low inclination
and eccentricity.
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FIGURE 4.3: Tilt of Titan’s local Laplace plane to Saturn’s equator as a

function of Titan’s semi-major axis. Here J; includes the secular effect

of icy satellites (Mimas to Rhea) (Equation 2.23). Equation 4.9 was

used to produce this graph and it gives a Laplace plane inclination of

around 0.62 degrees for the semi-major axis of Titan today (0.0081686
AU). These numbers are represented by the blue lines.

Also Titan has a slight forced inclination to Saturn’s equator, using Jo = Jj r
(Equation 2.23), Figure 4.3 shows that its local Laplace plane stands at 0.62 degree
to Saturn’s equator. Similarly to Iapetus, its orbital plane evolves around it with a
constant 0.3 degree tilt to it (Figure 2.3).

We have derived the equations with which we have computed the Laplace plane
equilibrium for satellites. The Laplace plane acts like an equilibrium plane around
which the orbital plane of satellites progress. The numbers found in this chapter are
matching the one found using numerical simulations and values given on JPL Hori-
zon website (https://ssd.jpl.nasa.gov/?sat_elem)’. As explained in the
introduction, we are assessing the possibility for Titan to have excited the eccentric-
ity and the tilt of Iapetus during the mean motion crossing. Therefore the Laplace
plane elements are chosen as initial conditions for the orbital plane of Iapetus.

*Titan’s LP inclination and tilt to LP : 0.629 degrees and 0.306 degrees. lapetus’ LP inclination and
tilt to LP : 15.210 degrees and 8.298 degrees


https://ssd.jpl.nasa.gov/?sat_elem
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Chapter 5

Sorting out results

In this chapter, we give the results of numerous numerical simulations of the 5:1
mean motion resonance crossing between Titan and Iapetus. Outcomes of the res-
onance are very different in nature but nevertheless we can separate them in three
different ways. But first, we give the initial conditions chosen for the simulations.

5.1 Preliminary assessment

A dynamical system consists of a set of Ordinary Differential Equations, which in
our case, were derived in the previous chapters, and a set of initial conditions. The
latter were a source of error during the beginning of this work, as the initial ascend-
ing node of lapetus was taken originally random. In chapter 4, we have shown that
the orbital plane of Iapetus is forced around its Laplace plane, which has a 15 degree
inclination with respect to the equator of Saturn and an ascending node equal to that
of the Sun. In the numerical integrations, we have chosen to set the Sun’s ascending
node to 0. Therefore the tilt to the Laplace plane is computed using

cos(J) = cos(i) cos(irp) + sin(i) sin(iz,p) cos(12) (5.1)

where i p is the Laplace plane inclination set to 15.226 degrees.

5.1.1 Initial conditions

The equations of motion written in the previous chapter govern the orbital evolution
of Titan and lapetus through the resonance. Initial conditions were chosen so that
Titan would migrate through the 5:1 mean motion resonance with Iapetus.
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’ Body ‘ Element ‘ Initial value ‘

8.131 x 1072 AU
0.028

1.0°

0.0°

0.0°

0.0°

2.381 x 1072 AU
0.0

15.333°

0.0°

0.0°

Vary

9.5346 AU

0.055 35

26.761°

0.0°

0.0°

0.0°

Titan

[apetus

Sun

=€ QO mI=E DO =g D0

TABLE 5.1: Initial conditions for the N-Body code

’ Body ‘ Element ‘ Initial value

8.1405 x 10732 AU
0.028

1.0°

0.0°

0.0°

0.0°

2.381 x 1072 AU
0.0

15.333°

0.0°

0.0°

Vary

Titan

Iapetus

S E DT e N =g Do

TABLE 5.2: Initial conditions for the semi-analytic code. Orbital ele-
ments of the Sun are directly included in the disturbing function (see
Table 3.2)

We have chosen to perform 100 runs using different initial values for the mean
anomaly of Iapetus so that we can study the resonance crossing statistically.

There were some concerns about the initial value of the semi-major axis for Ti-
tan. The semi-major axis ratio between Titan and lapetus' was set to a value greater
than 5 so that the 5:1 mean motion resonance would be crossed during the simu-
lation. On top of this, we made sure that the initial ratio was far enough from the
resonance so that all sub-resonances would be reached during a simulation. Choos-
ing a value too high would have made the simulation starting directly with a res-
onant interaction between Titan and Iapetus. On the other hand, choosing a low

lwhich we denote as « in this thesis.
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value would have made simulations much longer. Also, there is a fundamental
difference between the N-Body and semi-analytic model concerning Iapetus’ semi-
major axis. For the N-body code, two different initial mean anomalies would give
two different behaviours for the semi-major axis of Iapetus, as shown in Figure 5.1.
The average value is different from a initial M to another, making the resonance
longer to reach for simulation showing higher semi-major axes. This does not ap-
pear in the semi-analytic code as the semi-major axis only gets greatly disturbed
when the resonance is encountered. Therefore, to make sure simulations start before
the resonance, the value 8.131 x 10~3 AU was chosen for the N-Body code (Table 5.1)
whereas 8.1405 x 1073 AU was good enough for the semi-analytic code.

5 002382 S 0.02388
< 0.02381 <
(73] wu
E 0.02380 % 0.02386
0.02379
5 S 0.02384
' 0.02378 e
E 0.02377 E 0.02382
E £
0.02376
& . | & 0.02380 o
0 200 400 600 800 1000 0 200 400 600 800 1000

Time (Thousand years) Time (Thousand years)

FIGURE 5.1: N-Body simulations with Q=100 for two different initial
mean anomalies of Iapetus. On the left Mg o = 0 was chosen and on
the right Mg o = 7.

We assume for most of our simulations that the eccentricity of Titan has not
changed during the epoch of the resonance crossing, therefore it was set to 0.028,
today’s mean value. One can also give arguments for an evolution of Titan’s aver-
age eccentricity with time. As explained in chapter 1, the tidal interaction between
the planet and the satellite yields change in the satellite’s eccentricity? but because
of the difficulty of making assessment on tidal parameters for bodies in general, we
have assumed that the eccentricity did not change. We note that Fuller, Luan, and
Quataert, 2016 does not argue about any change of eccentricity but emphasizes the
semi-major axis time variation and the implication for the value of effective quality
factors®.

Titan is also tied to its local Laplace plane chapter 4 which makes its maximum
inclination around 1 degree. We have chosen this value as an initial condition (the
initial ascending node is then 0 according to Equation 5.1).

5.1.2 Chaos

The crossing the 5:1 mean motion resonance is chaotic. Many resonant terms given
in Table 3.36, Table 3.37 and Table 3.38 will be reached for the same value of the
semi-major axis ratio as shown in Figure 5.2. For a general resonant term, one has

<5n8 — ng + j3@s + jawe + Jss + jﬁQ6> =0 (5.2)

*We recall that tides raised on a planet by a satellite tend to increase the satellite eccentricity whereas
tides on the satellite decrease it.

3The author has repeated in private communications that its theory does not involve the eccentricity
of satellites
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where the semi-major axis ratio, «, is

2/3
o (”8> (5.3)
ng

Here because of the motion of the orbital planes of Titan and Iapetus around their
local Laplace plane, the rate of their ascending node is zero on average

Q=0 (5.4)
Qg = 0. (5.5)
Therefore the value of o for which a resonant term oscillates is
1 wy @)’
= (14,8 0 5.6
« 52/3< ]3n6 J4n6) (5.6)

Using Equation 5.6 for every term in Table 3.36, Table 3.37 and Table 3.38, one obtains
the following positions of all sub-resonances

LA S s E s s & 88 & 88 &8 & & S

0.34195 Exact resonance 0.34204
Semi-major axis ratio

FIGURE 5.2: Positions of resonant terms for the extended semi-
analytic model. Many are overlapping. The exact resonance is o, =

=5 = 0.341 995 189 335 340

Such overlapping produces chaotic dynamics when the resonance is reached ac-
cording the Chirikov criterion Chirikov, 1979.

5.2 Simulations

Three different types of outcome of been produced :

e Capture and release from the resonance (Figure 5.3). Simple "kicks" or rapid
resonant interactions are also observed in this type.
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e Ejection of Iapetus Figure 5.16
e Smooth evolution of either the eccentricity or the inclination Figure 5.4.

The resonance acts on both the eccentricity and the inclination of Iapetus as we ex-
pected from the analytical expansions done in chapter 3. The outcome varies from
one simulation to another due to chaos. The most interesting results are those show-
ing capture into resonance and then release. In those cases both the eccentricity
and the inclination behaved chaotically and their value after the release are unpre-
dictable due to the stochastic nature of the dynamics. Figure 5.3 shows one of these
simulations where the final elements are close to the values of Iapetus” eccentricity
and tilt we see today.

o 8
0.12 0 o
>, o
£2°0.10 5
2 0.08 O
€ 0.06 c4
O 0.04 S 3
o © 2
L 0.02 1 =
0.00 . . . 9 o . . .
20 50 80 = 20 50 80
Time (million years) Time (million years)

FIGURE 5.3: Example figures of outputs obtained from our simula-

tions. In this example we clearly distinguish a regular evolution be-

fore the resonance, a chaotic resonance crossing and finally regular

dynamics after the resonance. In this specific example, the eccentric-

ity grows up to 0.12 before decreasing and finally settling to around

0.05 and the tilt reached 8 degrees before settling at 4.5 degrees after
the two bodies for released from resonance.

The second important result coming from simulations is the simple ejection of
Iapetus out of the system of Saturn. In those cases, the resonance was strong enough
to raise Iapetus eccentricity up to a certain threshold (around 0.25) which led to an
automatic ejection (see Figure 5.16).

Finally, the third behaviour corresponds to a "smooth" evolution of the eccentric-
ity or the inclination as depicted in Figure 5.4. We note that elements do not increase
simultaneously but separately. For instance while the eccentricity increases, the in-
clination stays constant and vice-versa.
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FIGURE 5.4: Smooth evolutions of the eccentricity and the inclination

coming from two different simulations. On the left, the eccentricity

of Iapetus growths smoothly after both satellites enter the resonance,

while the tilt stays constant. The right figure depicts the evolution of

the inclination with respect to the Laplace plane. For this simulation
the eccentricity, does not change.

A first guess makes us think that Iapetus was captured in one of the sub-resonances
outlined in chapter 3 but a study of 19 resonant angles (chapter 3) did not show any
of them entering into libration when the resonance has been reached. Arguments
susceptible of leading to such behaviour would be the eccentricity-like arguments,
for instance the angle 5Ag — A\¢ — 4wsg (Figure 5.5) slowly circulates as other angles.

150 <
100 —
o 50/ 3
(o)} 0 E
c e
< -50 ©
-100 =
(@)]
~150 &

; : ‘ : < _1000/ : : : - !

2220 2230 2240 2250 2260 2270 2220 2230 2240 2250 2260 2270
Time (years) Time (years)

FIGURE 5.5: Evolution of the angle 5Ag — A¢ — 4ws during a smooth

evolution of the eccentricity. The left figure is its computed value as a

function of time and the right figure depicts its time rate. The speed

shows rapid variation on short time scales but its average value is
around —12 degrees per year.

Therefore such evolution should come from the slow variations of several argu-
ments acting together as for any chaotic evolution. The study is meant to evaluate
the action of Titan on both the eccentricity and the inclination of Iapetus. As these
simulations show the variation of only one element at a time, no further analyses
were done.

5.2.1 N-Body code
Q=20, Q=50, Q=75

As we started our study of the 5:1 mean motion resonance between Titan and Iape-
tus, we were first interested in low values of () which are compatible with the theory
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outlined in Fuller, Luan, and Quataert, 2016. As for most of the work during this
thesis, 100 simulations were done for every value of () chosen. For Q = 20, @ = 50
and (Q = 75, we observe that a good number of simulations show a "kick" in both
eccentricity and inclination Figure 5.9. Others show a chaotic evolution of both ele-
ments which is usually short in time. Outcomes show a growth in eccentricity of a
few percent (up to over 0.05 for a few simulations done with @ = 50 or @ = 75). On
the other hand, Iapetus’ orbital plane stays mainly close to its Laplace equilibrium.
The tilt, which still gets excited by the resonance, rarely grows over 1 degree.

Final eccentricity Final free inclination
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Eccentricity Free inclinaticn {degree)

FIGURE 5.6: Post-resonant eccentricities and inclinations using Q=20.
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Final eccentricity Final free inclination
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FIGURE 5.7: Post-resonant eccentricities and inclinations using Q=50

Final eccentricity Final free inclination
50O
]_2 g
- - 40 -
k=]
)
1=}
=5
E 30 4
[}
=]
& 20 4
E
=
=
lﬂ 3
o T T 'D 5 T T T
0.00 005 0.10 0.15 0 5 10 15
Eccentricity Free inclination {degree)

FIGURE 5.8: Post-resonant eccentricities and inclinations using Q=75

As we can see with Figure 5.6, Figure 5.7 and Figure 5.8 high excitations of the
eccentricity happens primarily for higher values of (). Here simulations done with
@ = 75 have post-resonance eccentricities in average higher than simulations done
with @ = 50 or Q = 20. The same trend is true the inclination also. Dynamically,
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these first simulations suggest that a rapid crossing of the resonance is insufficient
to excite Iapetus orbit, specially in the case of its inclination.

0.016 1 g 0.40
>‘0.014 1 E B35
£0.0121 N
U 0.0101 @ 0.30
E 0.008 ; L o.2s
@ 0.006 & 0.20
ULJU-’ g'gg;' S015;
; £ 0.10
0.000{ , , = : : ; :
0 1 2 3 0 1 2 3
Time (Million years) Time (Million years)
FIGURE 5.9: Example of a simulation showing a fast and sudden
change in the eccentricity and the inclination of lapetus during the
resonance. The crossing is obvious when the eccentricity "jumps" and
settles to a higher value. The inclination shows a quick variation but
comes down to its original value right after. The evolution is regular
before and after this event. This simulation was done with @ = 20.
0.07 E 1.2
30.06 1 E 1.0
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FIGURE 5.10: Example of a simulation showing a relatively long
chaotic evolution of the eccentricity and the inclination of Iapetus
during the resonance. The crossing is obvious when the eccentric-
ity and the inclination vary rapidly and chaotically. As for all chaotic
evolution, the post-resonance values reached are unpredictable. This
particular simulation, done with @ = 75, shows a 0.06 eccentricity
growth and a 1 degree growth in the tilt with respect to the local
Laplace plane of lapetus.

In general, () < 100 happens to be insufficient for the tilt to reach a value close to
today’s value (8 degrees). However, these simulations show that the eccentricity of
Iapetus can be easily excited by the resonance. Also importantly, we have not seen
any ejection or smooth evolution in this range of values.

Q=100, Q=200, Q=400, Q=600 and Q=1500

Subsequently, our work brought us to run simulations with higher values of Q.
Spanning from ) = 100 to Q = 1500, we have done 100 simulations for each value
of @, except for ) = 100, for which a total of 400 simulations were done. Contrary
to lower values we have discussed in the previous subsection, chaos dominates the
evolution of the orbit of lapetus during the resonance. Generally, we have found
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that the resonant interaction between the two satellites is longer, giving time for the
eccentricity and the inclination to reach higher values than in the previous simula-
tions.

Final eccentricity Final free inclination
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FIGURE 5.11: Post-resonant eccentricities and inclinations using

Q=100. Out of 400 simulations, 5 end with the ejection of Iapetus,

1 shows a smooth evolution of its inclination and 5 show a smooth
evolution of its eccentricity.
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FIGURE 5.12: Post-resonant eccentricities and inclinations using
Q=200. Out of 100 simulations, 3 end with the ejection of lapetus
and 15 show a smooth evolution of its eccentricity.
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FIGURE 5.13: Post-resonant eccentricities and inclinations using
Q=400. Out of 100 simulations, 9 end with the ejection of lapetus
and 23 show a smooth evolution of its eccentricity.
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FIGURE 5.14: Post-resonant eccentricities and inclinations using

Q=600. Out of 100 simulations, 19 end with the ejection of Iapetus,

2 show a smooth evolution of its inclination and 24 show a smooth
evolution of its eccentricity.
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FIGURE 5.15: DPost-resonant eccentricities and inclinations using
Q=1500. Out of 100 simulations, 26 end with the ejection of lapetus
and 41 show a smooth evolution of its eccentricity.
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Besides having unpredictable post-resonant elements, chaos makes the time dur-
ing which both bodies are in resonance also unpredictable. For a given initial con-
dition, one can not predict a priori how long the resonance will last. Usually, as for
simulations done with a lower @), Iapetus is released from the resonance with an ex-
cited eccentricity and inclination but the long resonant interaction between the two
bodies leads to sometimes excessive eccentricities. We find that if the eccentricity
of Iapetus exceeds a threshold of around 0.20 or 0.25 then Iapetus will get ejected
from the system of Saturn later on in the simulation (??). When doing an overview
of all simulations, it appears that the number of ejections is greater if Titan migrates
slowly through the resonance (for high value of Q in other words). The same trend
happens for smooth evolutions.

= = =
= o o

Eccentricity

=
I

00 -

0 5 10 15 20
Time (Million years)

FIGURE 5.16: Simulation showing lapetus being on an ejection trajec-
tory. In the first place, chaos makes the eccentricity vary rapidly on a
relatively short time scale, then reaches 0.2 in a monotonic way. Once
it has reached that value 20 millions years after the start of the simu-
lation, the eccentricity seems to settle for a while before being excited
again and growing drastically towards ejection (e>1). The settling of
the eccentricity at around 0.2 illustrates the action of sub-resonances
during the process.

The ejection and the smooth evolution scenario are unwanted and the number
of simulations showing these behaviours increases with the quality factor. The rest
of the simulations shows a release of the resonance followed by a regular dynamical
evolution. Figure 5.11, Figure 5.12, Figure 5.13, Figure 5.14 and Figure 5.15 show the
post-resonant elements obtained in the case where Iapetus was released from the
resonance for respectively @) = 100, @ = 200, Q = 600 and Q) = 1500.

In that range of quality factor many simulations have shown interesting post-
resonant elements. We recall that we are assessing the ability of Titan to excite Iape-
tus” orbit to around 0.03 in eccentricity and up to 8 degrees in the tilt to the Laplace
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plane with the 5:1 mean motion resonance. Figure 5.17 and Figure 5.18 show two
simulations which are in good agreement with these target elements.
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FIGURE 5.17: Evolution of the eccentricity and the tilt with Q=400.
This simulation is an example of the great range of values which can
reach the eccentricity and the inclination during the resonance. Al-
though a high value of 0.18 is reached, chaotic perturbations bring the
eccentricity down rapidly before Iapetus leaves the resonance with a
low 0.015 eccentricity. On the other hand the tilt reaches 10 degrees
but does not undergo any drastic diminishing. Iapetus comes out of
the resonance with a tilt to its local Laplace plane of about 7.5 degrees.
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FIGURE 5.18: Example of a simulation showing post-resonance ec-
centricity and inclination compatible with lapetus” actual orbit. Here,
the resonance is crossed 90 millions years after the start of the simula-
tion. As lapetus evolve chaotically during the crossing, its eccentric-
ity raises over 0.2, while the tilt also increases to over 10 degrees. On
such an orbit lapetus is expected to get ejected, but at the end, before
getting out of the resonance, the eccentricity decreases to 0.05 while
the tilt stays well over the value we observe today. This simulation
was done with Q=1500

Other "less successful” simulations show inclinations reaching reasonably good
values, (Figure 5.3 is a good example of such simulations). The inclination settles
at around 4.5 degrees after having reached a maximum of 8 degrees. The eccen-
tricity after the release of the resonance is 0.05. This particular resonance agrees to
a lesser extent with what we are looking for. Although post-resonant elements do
not correspond to target elements, this simulation, also, shows that Titan, through
the resonance, can increase lapetus inclination to 8 degrees and beyond (as for Fig-
ure 5.17 and Figure 5.18). In the same vein, Figure 5.19 shows a 4.5 degrees increase
in the tilt while keeping the eccentricity low. lapetus comes out of the resonance with
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a 0.023 eccentricity but the post-resonant eccentricity value may have been between
the minimum and the maximum reached during the chaotic evolution.
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FIGURE 5.19: Example of a simulation done with Q=600. Here the
eccentricity stays relatively low while the inclination grows to reach
4.5 degrees after the release.
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FIGURE 5.20: Simulation with a high inclination and a high eccentric-
ity.

An overview of post-resonant elements is given in Table 5.3

Outputs ‘ Number of simulations
i*>5%4+e<0.05 2
i* > 5° 11
it > 4° 19
it > 3° 34
Resonance release 626
Run 800

TABLE 5.3: Overview of N-Body simulations done with @ set to 100,

200, 400, 600, 1500. i* is the tilt to the local Laplace plane of Iape-

tus and e its eccentricity after the satellite has been released from the
resonance.

5.2.2 Semi-analytic code

The development of a semi-analytic code seemed necessary in order to run simu-
lations with high values of ). As short period variations were cancelled from the
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system, using the semi-analytic code in chapter 3 enabled us to make faster simula-
tions to study the resonance with @ greater than 2000. Here, as for the N-Body code,
we show the simulations done with the semi-analytic modelling.
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FIGURE 5.21: Q=20

Histograms in Figure 5.21 show the post-resonant elements for simulations with
Q=20. As for the N-Body code, the inclination was not highly excited by the reso-
nance, whereas the eccentricity sometimes had values over 0.05.
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FIGURE 5.22: Simulation with the highest tilt done with @ = 20.

Many of simulations done with @) = 20 shows just a "kick", just as

Figure 5.9, but others show a capture and a chaotic evolution of the
eccentricity and the inclination.

For higher values, outcomes are similar to the ones obtained with the N-Body
code. Chaos dominates the evolution of the eccentricity and the inclination and after
the release values are comparable to the ones obtained with the N-Body code.
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FIGURE 5.23: Post-resonant eccentricities and inclinations using
Q=200. Out of 100 simulations, 22 end with the ejection of lapetus.
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FIGURE 5.24: Post-resonant eccentricities and inclinations using
Q=400. Out of 100 simulations, 22 end with the ejection of lapetus.



104 Chapter 5. Sorting out results
Final eccentricity Final free inclination
12 4
14 4
10 -
i
&
=
B B4
=
E
; 3
E 41
= 44
2 5
0~ 0- . .
0.00 0.05 0.10 0.15 0 5 10 15
Eccentricity Free inclination {degree)
FIGURE 5.25: Post-resonant eccentricities and inclinations using
Q=600. Out of 100 simulations, 36 end with the ejection of lapetus.
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FIGURE 5.26: Post-resonant eccentricities and inclinations using
Q=800. Out of 100 simulations, 46 end with the ejection of lapetus.
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FIGURE 5.27: Simulation with a high inclination and a high eccentric-
ity using Q=800.
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FIGURE 5.28: Post-resonant eccentricities and inclinations using
Q=1200. Out of 100 simulations, 62 end with the ejection of Iapetus.
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FIGURE 5.29: Post-resonant eccentricities and inclinations using
Q=1600. Out of 100 simulations, 73 end with the ejection of lapetus.
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FIGURE 5.30: Simulation showing a large post-resonant tilt and a rel-
atively low eccentricity using Q=1600.
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FIGURE 5.31: Post-resonant eccentricities and inclinations using
Q=2000. Out of 100 simulations, 76 end with the ejection of Iapetus.
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FIGURE 5.32: Simulation showing a 3 degree post-resonant tilt and a
0.08 eccentricity using Q=2000.
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FIGURE 5.33: Post-resonant eccentricities and inclinations using
Q=5000. Out of 100 simulations, 84 end with the ejection of lapetus.
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FIGURE 5.34: DPost-resonant eccentricities and inclinations using
Q=18000. Out of 100 simulations, 84 end with the ejection of lape-
tus.

However we have obtained only one smooth evolution (which appeared at Q=18000)
and a greater number of ejections. As we analyse the overall post-resonant elements,
it seems that the semi-analytic code outputs a lesser number of high inclinations than
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the N-Body code (Table 5.3 and Table 5.4). However, both methods do not have the
same definition of an ejection. For the N-Body code, one calls an ejection when the
eccentricity reaches 1 and beyond (basic definition of an open orbit in orbital dynam-
ics). This definition can not hold for the semi-analytic approach, as the expansion of
the disturbing function (chapter 3) is truncated to the fourth power in eccentricity.
Therefore the equations of motion are not adequate when the eccentricity of Iapetus
reaches high values. In our analysis software for the semi-analytic code, an ejec-
tion was considered when the eccentricity reached 0.25 because no simulations done
with the N-Body code showed a resonance release with an eccentricity being over
this limit. For the N-Body code, an eccentricity of 0.25 was a threshold over which
Iapetus” was doomed to get ejected sooner or later.

Outputs ‘ Number of simulations
i* > 5°4+e<0.05 0
i* > 5° 3
i > 4° 17
it > 3° 31
Resonance release 503
Run 1000

TABLE 5.4: Overview of semi-analytic simulations done with @ set

to 200, 400, 600, 800, 1200, 1600, 2000, 5000, 18000 :* is the tilt to the

local Laplace plane of lapetus and e its eccentricity after the satellite
has been released from the resonance.

5.3 Trends

An overall analysis of all simulations shows that the number of ejections increase
with the quality factor. This is true for both sets of simulations (Figure 5.35). For the
N-Body, more than a quarter of simulations done with Q=1500 shows an ejection of
Iapetus and one can extrapolate that the number of ejections would get higher for
higher values of ). The same trend appears for the semi-analytic approach but with
more ejections. Although both methods have equivalent outputs, the higher number
of ejections given by the semi-analytic code was a source of concern. We can surely
mention the different periods in pericentre motions done in tests for Figure 3.6 to be
the source of such differences (due probably to errors in the implementation). An-
other reason could be the truncation of the mutual influence of the satellites to the
fourth order in eccentricity, which could lead in a easier way to an ejection when
the eccentricity of Iapetus gets relatively high. Also, as the semi-analytical code ini-
tially approximates the positions of the moons (Equation C.12), one can understand
that probably a big number of terms using high order expansions in eccentricity
are necessary for the model to approximate the evolution of mean longitudes, and
subsequently the resonance. Terms neglected because they are small could become
important when integrated over time. And the effect of chaos can only amplify the
discrepancy between N-Body and semi-analytic modelling. Following Batygin and
Morbidelli, 2013, we understand that an analytic or semi-analytic model can not be
considered at the same level as a direct N-Body simulation, but can only bring theo-
retical insights to the dynamical problem.

Another important difference is the lack of simulations showing smooth evolu-
tions of lapetus’ elements. The same reasons as before can apply but it could also be
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a consequence of the initial conditions which were chosen. Except for one simula-
tion done with Q = 18000, the semi-analytic program does not output any smooth
evolution simulations. On the other hand, the N-Body code produces an increases
number of these and the trend is similar to the number of ejections and it increases
with @Q (Table 5.5)

’ Q \ Number of smooth simulations \

20 0
100 1
200 13
400 23
600 26

1500 41

TABLE 5.5: Number of smooth evolutions as a function of () using
the N-Body code. For each value of @), 100 simulations have been

produced
-
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FIGURE 5.35: Number of ejections as a function of the effective qual-
ity factor of the planet. Each dot is representative of a run of 100
simulations performed with the same value of Q. We observe that
the number of ejections using the semi-analytic model is greater than
with the N-body. The reason is probably that the rates of mean longi-
tudes are not properly modelled when we average out all the terms
except the resonant ones and such biases appear during the resonance
capture where mean longitudes play an important role.
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5.4 Summary and conclusion

The important result which comes out of those simulations and their subsequent
analysis is the constraint of the quality factor at the frequency of Titan, which deter-
mines the amount of energy dissipation due to tides. An upper value is determined
by noticing that simulations showing ejections and smooth evolutions dominate the
outcome of the resonance if () is set to a value greater than around 2000. On the other
hand, simulations done with a small quality factor show that chaotic evolution does
not dominate, and the inclination of Iapetus can not reach any values close to the
ones we observe today. Therefore, Titan could have possibly excited Iapetus’ eccen-
tricity and inclination with a past 5:1 mean motion resonance only if () was between
roughly 100 and 2000.






113

Chapter 6

Additional simulations and
modelling

6.1 Additional simulations

6.1.1 First model results

When introducing the semi-analytic modelling in chapter 3, we first decided to im-
plement secular and resonant terms already exposed in the appendixes of Murray
and Dermott, 2000. As for the N-Body and the extended semi-analytic model, we
have simulated the resonance crossing using several values of the quality factor.
Outcomes in post-resonance elements are similar to simulations given previously
and the number of ejections is roughly equal to those in the extended model (Fig-

ure 5.35).

| @ | Number of ejections |

50 0
100 5
200 17
400 19
800 45
1500 73
5000 89

TABLE 6.1: Number of ejections as a function of @) using the first
semi-analytic model. For each value of ), 100 simulations have been
produced.

6.1.2 Starting with a tilt

As the number of high tilts reached during simulation was low, we decided to start
Iapetus orbital plane outside the Laplace equilibrium by starting with a few degrees
of tilt. Results (Figure 6.1) show that the final inclination does not reach higher
values in general. The higher the initial tilt, the lesser Iapetus” plane gets excited.
Simulations done with an 8 degree tilt (today’s value) show that the inclination is
not excited (also shown in Cuk, Dones, and Nesvorny, 2013).
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FIGURE 6.1: Post-resonant eccentricities and inclinations using ) =
200 and an initial tilt of 5 degrees. Out of 100 simulations, 33 end with
the ejection of lapetus.

6.1.3 Adding 10:2 terms

The difference in the number of ejections between semi-analytic and N-Body codes
brought us to consider additional resonant terms. We have added to our software
terms in 10A\g — 2X¢. We have implemented 31 out of 61 possible terms and saw
no additional differences in the outcomes. After the release of the resonance, the
eccentricity was between 0 and 0.15 and the tilt climbed to a few degrees, sometimes
reaching high values.

6.1.4 Quadruple precision

A run was done using quadruple precision numbers in order the check the sensi-
tivity of the outcome to numerical errors (truncation, loss of precision ...). We have
used the extended analytical model and results show no differences.
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FIGURE 6.2: Post-resonant eccentricities and inclinations using @ =
100 using quadruple floating precision numbers. Out of 100 simula-
tions, 2 end with the ejection of lapetus.

6.2 Axial precession of Saturn

An important dynamical feature which comes into play when the time scale consid-
ered is large is the displacement of the rotational axis of the planet. Generally, due to
the action of the Sun and its satellites on its oblate figure, a planet polar axis under-
goes periodic changes with a large range of frequencies. On the longest time scale,
the main polar modification is a constant drift around the orbit normal of the Sun
(or more generally around the invariable pole (French et al., 1993) if orbital plane
modifications are considered) called axial precession. At higher frequency, nutation
appears as a polar wobble around the main obliquity value. For the Earth, the axial
precession was first discovered by Hipparcus in the 2nd century B.C. and generally
a first theoretical explanation was given Newton in his Principia. The earth spin axis
makes a complete circle on the sky in around 26 000 years.

The reason for the axial precession is the torque of the Sun acting on the planet’s
oblate shape (Bills, 2005)

(u.l x u) (6.1)

where G is the gravitational constant, m the mass of the Sun, r Saturn’s distance
to the Sun, u is a unit vector pointing towards the Sun and I is the inertia tensor of
Saturn. After averaging the torque over the rotation period and the orbital period of
the body the precession equation becomes

ds 3 (n? . .

% 9 <0> (a*(n.s) + ) (s x n) (6.2)
where s and n are along the orbit pole and spin pole. In the case of Saturn, the time
scale is much longer due to the larger mass of the planet and the larger distance from
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the Sun. As with the Earth, Saturn’s satellites are believed to play a major role in its
axial precession. However, the fact that Saturn is mostly composed of gas makes a
theory for Saturn’s spin axis difficult.

Thanks to the gravity science conducted with the Cassini spacecraft, the spin
axis rate of change has been measured with a good accuracy. French et al., 2017 have
measured a precession rate on the sky of n, = 0.20740.006 arcseconds per year using
essentially Cassini orbiter data, but also previous measurements from Voyager.

Using a vectorial notation, the polar spin axis n, can be calculated in time using
a time dependant rotation matrix

0
n, = R(t) (o) (6.3)
1

with initially R(0) = Id, the identity matrix, as initially, the reference frame is Sat-
urn’s centre with the z axis pointing towards the North Pole. In general, the rotation
matrix of angle # about a unit vector of direction u is

cos(0) 4+ uy (1 — cos(0)) Ugpty (1 — cos(f)) — u,sin(@)  wuyu.(1 — cos(d)) + uy sin(0)
Ry(@) = | uzuy(1 — cos(8)) + u, sin(h) cos() + uz(1 — cos(0)) Uy (1 — cos(?)) — U, sin(0)
1

uzuz(1 — cos(f)) — uy sin(0)  uyu. (1 — cos(f)) + uy sin(6) cos(0) + — cos(0))
(6.4)
In our case, the unit vector is the normal to the Sun’s orbit, n, we compute it using
ng = ToXVo (6.5)

o X Vo

We recall in general that

x =1 [cos(Q) cos(w + f) — sin(Q) sin(w + f) cos(7)]
r=< y=r[sin(Q)cos(w+ f) + cos(Q) sin(w + f) cos(i)] (6.6)
z =r[sin(w + f)sin(i)]

where r is the distance to the Saturn, which for a conic trajectory is

_a(l=¢)
"TIT ecos(f) ©7)
and
&= -t [sin(w + f) + esin(w)] cos(§2) + [cos(w + f) + e cos(w)] sin(2) cos(7) }
V=2 U= [sin(w + f) + esin(w)] sin(2) — [cos(w + f) + e cos(w)] cos(§2) cos(7) }

2 = s [cos(w + f) + e cos(w)] sin(7)
(6.8)
For us here, we assume that the Sun is on an unperturbed orbit, so its orbital plane
stays fixed in time. The normal to its orbit is

sin(Qe) sin(ie)
ng = | —cos(Qg) sin(ie) (6.9)
cos(i@)

Or by setting the ascending node to the origin, we have a simpler expression

0
ng = ( sin(i@)) . (6.10)
cos(ig)
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Then plugging that into the rotational matrix, one obtains

cos(6) — cos(i) sin(6) — sin(i) sin(6)
Ry(ng) = | cos(i)sin(f) cos(#) + sin(i)?(1 — cos(f))  —sin(i) cos(i)(1 — cos())
sin(i) sin(d)  —sin(i) cos(i)(1 — cos(A))  cos(#) + cos(i)?(1 — cos(#))
(6.11)
The angle 6 is related to the time ¢ through

0 = w,yt (6.12)

where w), is the frequency of the precession. Hence the orientation of Saturn’s pole
is given by
sin(ie ) sin(wpt)
n, = | —sin(ig) cos(ip) (1 — cos(wpt)) (6.13)
cos(wpt) + cos? (i) (1 — cos(wpt))

We have implemented a modified J, force which takes into account the change in
Saturn’s pole direction. Results show that the orbital planes of Titan and lapetus
both follow the precession of Saturn (Figure 6.3)
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FIGURE 6.3: Inclination of Iapetus with respect to two different planes

: on the left the reference plane is the initial frame and on the right

the reference plane is the plane of the precessing equator. The preces-

sion period of Saturn’s pole was set to 150 thousand years. It is slow

enough for the orbital planes of both satellites to follow the precession
of the planet.

This result is similar to the dynamics explained in Goldreich, 1965b, but it was
not believed a priori that it would apply trivially to our case. If Titan’s orbital plane
was to precess at a different frequency, then the Laplace plane of lapetus would be
changing in time.

However, the fact that both orbits follow the precessing equator of the planet
make the dynamics similar to the one with no precession. Therefore it was adequate
not to consider the precession of the planet in our simulations in general.

6.3 Hyperion and Jupiter

Initially, Hyperion and Jupiter were added to numerical models. But we found that
Hyperion is not influenced by the mean motion resonance between Titan and Iape-
tus.

We have left aside the gravitational effect of the outer planets, but it is worth
asking if it is a fair negligence. Jupiter evolves close to a 5:2 mean motion commen-
surability with Saturn and plays a major role in its secular motion around the Sun.
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One of the main aspects of this perturbation is a secular change of Saturn’s eccen-
tricity with a period of around 50 000 years (Murray and Dermott, 2000). If we go
back to equations 16 we see that the Laplace Plane equilibrium has a dependency on
the planet’s eccentricity (alias the Sun’s eccentricity in our model). But although the
Laplace Plane equilibrium will change at the same frequency as the Sun’s eccentric-
ity, the free inclination will still preserve a constant tilt to it.
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Conclusion

In this thesis, we have run thousand of simulations in order to study a past 5:1 mean
motion resonance between Titan and Iapetus. This study is in the continuation of
results obtained in Lainey et al., 2012 and Lainey et al., 2017, where the dissipa-
tion inside Saturn was revealed to be high. Consequentially, saturnian satellites are
migrating fast and on top of this, the quality factor of the planet Q) is a frequency
dependant tidal parameter. At the frequency of Enceladus, Tethys and Dione, its
value was calculated to be around 1600, whereas for Rhea, () = 300 fits better the
observational data. The theory given in Fuller, Luan, and Quataert, 2016 gives val-
ues of () in agreement with the values given by astrometric results and predicts a
quality factor of 20 at the frequency of Titan. The condition for a 5:1 mean motion
resonance between Titan and Iapetus to happen is that () < 14000 at the frequency
of Titan, therefore Fuller’s theory predicts a crossing not long ago. As satellites are
migrating rapidly, they should be young, and therefore the dynamical history of the
saturnian system has to be reconsidered. Charnoz et al., 2011 shows that creating
the icy moons from massive rings accounts for their current positions and masses.
However Titan should have played an important role in the early dynamics of the
system, therefore we assumed during this thesis several values of (), spanning from
20 to 18 000. Amongst tidal considerations, the study of a resonance with Titan was
brought forward because of the unexplained nature of the orbit of Iapetus. The ori-
gins of its eccentricity of 0.03 and the tilt to its local Laplace plane of 8 degrees were
still unclear despite the existence of theories suggesting that the tilt may be the nat-
ural consequence of the shape of the ancient circumplanetary disk (Ward, 1981) or
the result of the gravitaional pull of a fifth planet during the early stages of the solar
system Nesvorny et al., 2014).

We were assessing the possibility that a past 5:1 mean motion resonance is
responsible for Iapetus” eccentricity and tilt.

During this thesis we have implemented a N-Body code which includes a tidal
force which makes Titan migrate through the resonance. Then, because of the time
consuming nature of such methods, semi-analytic models were implemented, the
most advanced one taking into account the non-negligible inclination of the orbit of
Iapetus (chapter 3).

In chapter 4, the elements of the Laplace plane were then computed for a matter
of clarification.

Finally the outcome of the resonance crossing were given in chapter 5. 100 sim-
ulations were produced for each value of ) because of the chaotic nature of the
dynamics during the crossing. A clear trend appears : Titan is more likely to eject
Iapetus out of the system if dissipation in the planet is low. Simulations show that if
@ is set to be over 2000, then the fate of lapetus is most likely an ejection of the sys-
tem. At this stage, the N-Body code has also shown captures which lead to smooth
growths of the eccentricity or the inclination. However both scenarios are unwanted
and therefore () is unlikely to be over 2000 at the frequency of Titan. On the other
hand @ < 100 leads to weak resonance interaction between the two bodies as Titan
rushes through the resonance without perturbing Iapetus much. It is then roughly
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between ) = 100 and @@ = 2000 that simulations show the best agreement with
Iapetus’ orbit today. With those values, lapetus gets released from the resonance
with an eccentricity of a few percent (spanning 0 to 0.15) and the inclination also
gets excited. We found that the eccentricity is easy to excite whereas the tilt to the
Laplace plane needs a long resonant and chaotic interaction to reach values above
5 degrees. A low number of those simulations show a compatibility with Iapetus’
current element. Out of 800 simulations 2 have shown a post resonance eccentricity
of less than 0.05 with a tilt over 5 degrees. 11 show an tilt over 5 degrees but with a
high eccentricity. Despite this low probability, the existence of such dynamical tra-
jectories makes plausible the scenario of a recent excitation of Iapetus’ elements by
a 5:1 mean motion resonance with Titan, keeping in mind that a condition for it to
happen is that

100 < @ < 2000 (6.14)

at the frequency of Titan. These values indicate a high energy dissipation in Sat-
urn and are in agreement with observations (Lainey et al., 2017). At this rate, the
resonance would have been reached 40 to 800 millions years ago.

This work was the subject of an article accepted in Astronomy and Astrophysics
(Polycarpe et al., 2018) and a poster prize at CELMEC 2017 (http://adams.dm.
unipi.it/~simca/celmecVII/prizes.html)

Further prospects

A subsequent work which can be undertaken in the future would concern the ori-
entation of lapetus’ spin axis. We believe that if the chaotic perturbation with Titan
happened not long ago, then there might be a dynamical trace of a chaotic orbital
evolution of Iapetus on its spin axis. Davies and Katayama, 1984 show that the
obliquity of Iapetus was low (below 2 degrees but with uncertainties) using data
from the two Voyager spacecrafts. Also Bills and Nimmo, 2007 give an obliquity of
roughly 0.001° but we could not find the source of the value. However there are
three decades separating Voyager’s flybys and the mission of Cassini, therefore we
believe that a new study of the orientation of lapetus and a comparison to a dynam-
ical model can bring more insights into the history of the satellite’s motion.

Also, a fast orbital migration of Titan brings the 4:3 mean motion resonance with
Hyperion into reconsideration. One should show that this resonance is compatible
with a quality factor 100 < @ < 2000 at the frequency of Titan (like in Cuk, Dones,
and Nesvorny, 2013). In addition, although we have assumed in this thesis that Ti-
tan had the same eccentricity as today, one can also speculate on its recent excitation.
The resonance with Hyperion gives an upper limit to its eccentricity (around 0.06 or
0.07 Colombo, Franklin, and Shapiro, 1974) at the time of the capture. A few simu-
lations of the 5:1 resonance with Iapetus show that a low eccentricity of Titan would
avoid Iapetus’ ejection whereas an eccentricity of 0.06 would perturb Iapetus even
more. Therefore we are optimistic that Titan’s past eccentricity can be constrained
by the resonances of Titan, Hyperion and lapetus.


http://adams.dm.unipi.it/~simca/celmecVII/prizes.html
http://adams.dm.unipi.it/~simca/celmecVII/prizes.html
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Appendix A

Numerical tools

Since the beginning of the numerical era, many numerical schemes were developed.
Celestial mechanics offers a large number of ordinary differential equations to solve.
Equations may be solved analytically, only making use of theorems coming from
the science of dynamical systems. But since the development of digital computers,
the search of generating correct numerical solutions has been growing. Now such
solutions are usually produced along with an approximate analytical solution. The
goal would be to compute step by step the evolution of dynamical states of a sys-
tem (such as positions and velocities), given by differential equations coming from
physical theories, starting with a set of initial conditions

For this thesis, we have been solving equations intensively. For solving the equa-
tions of motion, we have used the method of Gauss-Radau, introduced in Everhart,
1974 and Everhart, 1985, then improved in Rein and Spiegel, 2015. Amongst many
other numerical methods, this numerical integrator is known to be precise and quick
for solving problems from celestial mechanics. Although, many public codes were
at our disposition, we have decided to create our own software to do our work. This
has not been done from scratch; we have followed the implementation coming from
already built codes which we have found or that a sympathetic soul has given us.
Reasons for building our own code was for understanding what I was doing and to
learn correctly how to implement a code, but also to avoid the uncomfortable use
of a "black-boxes" during my thesis. Debugging a code of several thousand lines
could be very costly in time. Here was created a software which was compared to
the benchmark.

A.1 Gauss-Radau

A.1.1 Presentation

Amongst many numerical integrators for ODEs that was created, the one we have
chosen is the one described by Edgar Everhart in Everhart, 1985. We present it here.
Laws of Newtonian mechanics make use of second order differential equations. In-
deed, Newton’s second law relates the acceleration of a body to the external forces
applying on it. Therefore, in general, we have an differential equation of the form

i = F(z,i,t) (A1)

in which the term on the left side of the equation is the acceleration and the right
side term corresponds to the total force acting on the body.

Like numerous numerical integration schemes such the types of Runge-Kutta,
the Gauss-Radau enables one to compute the dynamical state of the system at a
step T starting from an initial state, by evaluating the total force applied on a body
at different substeps h,,. The property of the Gauss-Radau integrator is that the
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substeps correspond to nodes in Gaussian quadrature theory. The latter is used to
integrate functions precisely. By chosing those substeps one can reach a high order
scheme.

First, we expand Equation A.1 in the time variable ¢, which appears implicitly
in the equations of motion. For a 15" order Gauss-Radau integrating scheme, we
expand the acceleration to the seventh power in time

&= Fy+ At + Aot? + Ast® + Agt? + Astd + AgtS + Art” (A.2)

Then integrating with respect to time, we obtain the following expressions concern-
ing the position and the velocity

1 1 1 1 1 1 1
i(t) = do + Fot + 5Ath + §A2t3 + ZAg,t‘* + 5A4t5 + 6A5t6 + §A6t7 + §A7t8 (A.3)

1
At +— At +=— A7t°
PR +56 68t AT
| (A4)
Now, we introduce the coefficients B; = A;T" as well as the substeps h,, = tT” The

acceleration at the substeps h,, is rewritten as

1
= t+=Fyt? At3 Aot? At5 AtG
x(t) = zo+o +2 0 —i— 1 —1—12 ot +— 043 += 04 +4

2 3

in = Fy 4 Bihy + Bah? + Bsh? + Byht + Bsh® + BghS + B:h!  (A5)
and the intermediate positions and velocities

Tp, =T + hpT

Bl BQ B3 B4 B5 BG B7
F n o n\| o n T n\ n A = o
(o+h <2+h <3+h <4+h <5+h (6+h <7+h 8)))))))

(A.6)

and

Ty, =20 4 £oh, T + h2T?

F() Bl B2 Bg B B5 B B7
(500 (5 00 (520 (5420 (55420 (T +20 (55 #2035 ) )

(A7)

Now we introduce once more the node h,, and a set of coefficients G; in the equation
for the acceleration, or the "force"

F(h) = F0+G1h—|—

Goh (h— hy) +

Gsh(h —h1) (h— h2) +

Gah (h = hy) (h = he) (h — hg) + (A.8)
Gsh (h — h1) (h— ha) (h — h) (b — ha) +

Goh (h — hn) (h = ha) (h — hg) (h = ha) (h— hs)+

Gl (h— 1) (h — ha) (h — h) (h — ha) (h — hs) (h — he)
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This gives, for each coefficient G;

G1 = (F1 — Fo) o (A.9a)
Go = ((F2 — Fo)r20 — G1) 1 (A.9b)
Gs = (((F3 — Fo)rso — G1) r31 — Ga) r32 (A.9¢)
Gy = ((((Fy — Fo)rao — G1) ra1 — Ga2) ra2 — G3) 143 (A.9d)
Gs = (((((F5 — Fo) rso — G1) 151 — G2) 152 — Gi3) 753 — G4) 54 (A.9¢)
Gs = ((((((F6 — Fo) ré0 — G1) r61 — G2) 162 — G3) 163 — Ga) 764 — G5) T'65 (A.9f)
G7 = (((((F7 = Fo) 70 — G1) r71 — G2) r72 — G3) 73 — Gy) 174 — G5) 175 — G6) 776

(A9g)

where we denote r;; = ——. We have expressed & in two ways. Using Equation A.8
iy

and Equation A.5

By = c11Gi+cea1Ga+

where coefficients c;; are computed using the following relations

c22Go+

Cjj
le
Cjk

c31G3+cs1Ga+
c32G3+c42Ga+
c33G3+ca3Gat

c4aGa+

=1

= —hj1cj-11

Inverse relations are also needed

Gy =
Gy =
Gs =
Gy =
Gs =
Ge =
Gr =

with

dy1 B1+d2 Bo+

doo Bo+

A.2 Algorithm

d31B3+dy1 Ba+
d3oBs+doBy+
d33Bs+dy3Bs+

d4a By+

1
—1
_—

c51G5+ce1Ge+
c52G5+cgoGe+
c53G5+ce3Ge+
c54G5+ceaGe+
cs55G5+cesGot

ce6Got

= Cj_1k-1— hj_1¢j_1k-

ds1Bs+de1 Bs+
d52 Bs+dg2 Bs+
ds3 Bs+dgs Bg+
dsy Bs+dgs Bg+
dss Bs+dgs Bg+

des Bs+

dj 151+ hedj_1 -

cr1Gr
cr2Gr
cr3Gr
craGr
crsGr
creGr
crrGr

d71 By
d72 By
d73Br
d74B7
d75Br
d76 By
d77 By

(A.10a)
(A.10b)
(A.10c)
(A.10d)
(A.10e)
(A.10f)
(A.10g)

(A.11)

(A.12a)
(A.12b)
(A.12¢)
(A.12d)
(A.12¢)
(A.12f)
(A.12g)

(A.13)

The algorithm starts with the initial conditions x¢ and &, from which we first com-

pute the force

Fy = F(zg,v9,t = 0).

(A.14)
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During a step, we only compute Fj at the beginning of the first sequence. For the
first step, the B and G coefficients are set to 0. Then the algorithm alternates between
the evaluation of the force at a substep h,, and the updating of the B,, coefficient.
Explicitly the code will work as follows

e At substep hi, the position and velocity, z; and ¢, are predicted via Equa-
tion A.6 and Equation A.7. Here, for the first step, B coefficients start at zero,
but for further steps B will already have attributed values, computed from
previous step (see further).

o The force F at substep h; is computed using the values of predicted positions
and velocities x1 and ;.

e (G is upgraded from Equation A.9a. Here the previous value of GG; was zero.

e B is computed from Equation A.10a using the upgraded value of G Explicitly
By =G1

Now Bj has been updated from the evaluation of the force function at h; the algo-
rithm continues on the node hs

e 25 and @ are predicted at hy with Equation A.6 and Equation A.7. Here we
emphasize that computations are made using the upgraded value of B;.

e I} is calculated using x5 and 5.

e (i is calculated using Equation A.9b. In here F» has just been calculated at the
previous and G is the value calculated from the last substep.

e B; and B; are updated using the updated G5 in Equation A.10a and Equa-
tion A.10b.

Then the same scheme is used for the substeps hs, h4, hs, he and h7. At each substep,
x;, ¥; are predicted using Equation A.6 and Equation A.7 where values of the set
(Bj) are those computed from the previous substep. Then G; is updated from the
force F; and then By, By, ..., B; using Equation A.10. Once the force is computed and
all B; upgraded at the substep h7, one has a complet set B;, j = 1,7 which will be
used to compute the position and the velocity and the time 7" using the correction
equations

Fy B By, By By Bs Bs B

. 2 0 1 2 3 4 5 6 7

= gt . A Ao A15

2(T) =xo+ @7 + T (2 + 5 +12+20+30+42+56+72> (A.15)
. . By By Bs By Bs DBs By
T) = T(R+—=+2+22 4224224 22470 A.16
m()xo+(o+2+3+4+5+6+7+8> (A.16)

The algorithm previously outlined corresponds to one sequence. Itis not sure whether
the position and the velocity calculated at Equation A.15 and Equation A.16 are yet
the final values which we are looking for. In general, another sequence is needed, in
which the B values computed in the previous sequence are used to start again the
algorithm from h;. After the end of the next sequence, another and more precise set
of B values are plugged in the correction equations, Equation A.15 Equation A.16.
According to the pionneer Everhart, 1985, six sequences are needed for the first step
(initialising B values to zero) and then two are enough to obtain accurate values for
x(T) and (7). Here we have followed the indication given in Rein and Spiegel,
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2015, in which the number of sequences are not predefined but determined dur-
ing the algorithm. The position and velocity at time 7" in Equation A.15 and Equa-
tion A.16 will get refined sequence after sequence and the sequences are stopped
when these values have converged numerically. However, except for very rare cases
where a third sequence is needed, two sequences are enough to obtain converged
values of z(T') and x(T) Also, it is worth mentioning that one would avoid large
numbers of force function calls. Counting the evalution of Fj at the beginning of the
first sequence and 7 evaluations inside each sequence, the total number of evaluation
per step is

N=1+7xs (A.17)

where s denotes here the number of sequences. The Gauss-Radau algorithm is a 15"

order method and one would want to keep the number of function calls down to 15
for this type of integrator. More function evaluations will ruin the benefit of using
this specific integrator compared to the use of (for instance) Explicit Runge-Kutta
integrators which can be set to be of order n for n force function evaluation per step
(Stoer and Bulirsch, 1980)

Once a first step has been computed and the dynamical state is upgraded to
z(T) and #(T'), a second step can be started. But before evaluating the force at hy,
one needs to provide good B values to start the first sequence. Going back to Equa-
tion A.2 and using another time step 7", the acceleration at 7' + 7" is

B(T+T)=Fo+A (T +T) + Ay(T + T')* + As(T + T')3+

A.18
AT +THY + A5(T+T')° + Ag(T + T + Az(T +T')". (A.18)

Then, defining Q) = TT/, the ratio between the new time step and the previous one

#(T+T') = Fo+B1(14Q)+B2(14Q)*+ B3 (1+Q)* + B4 (14 Q) '+ B5 (1+ Q)+ Bs (14 Q)+ B7 (1+Q)”
(A.19)
and knowing that

F® = Fy+ By + By + B3 + By + Bs + Bg + Br (A.20)

and expanding the parenthesis, starting B values for the next step are given by

Bpe® = Q(By+ 2By + 3B + 4By + 5Bs + 6B 4 7By)

Byv = Q2 (By+ 3Bs + 6By + 10Bs + 1586 + 21By)

By = Q3 (Bs+ 4B4 + 10B5 + 20Bs + 35B7)

By = Q'(By+5Bs+ 15Bg + 3557) (A.21)
Byew = Q°(Bs+ 6B+ 21By)

Byew = Q5 (Bg+ 7Br)

Brew = Q7B

Anticipated correction Further refinement can be made before starting a new step.
Between the beginning and the end of a step, B values are subjected to some change
in order for z(7") and #(7') to converge numerically. As explained in Everhart, 1985
and Rein and Spiegel, 2015, this change will stay relatively constant from one step
to another. Therefore, one can proceed to a further anticipated correction

start end

Bstart — Brew (Bold - Bold) (A22)
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where B%'%"t are the B values used at the start of a new step , B"“" are those com-
puted previously from Equation A.21 and (ngg,,t B4 is the change computed
between the beginning and the end of the previous step. G values are computed us-
ing Equation A.12. Contrary to the first step, the second and subsequent steps will
use these relatively good starting values. This will make the convergence of z(T')

and #(7") much quicker, using usually only two sequences.

Time step This Gauss-Radau integration scheme is meant to use variable time
steps during the whole integration. A chosen time step is correct if it is, a priori,
below the lowest time scale of the system. For instance, in the frame of the one-body
problem! the dynamical time scale corresponds to the orbital period. In order for
the integrator to work, one needs a time step which is a fraction of that dynamical
scale.

A.3 Gauss-Radau nodes

A.3.1 Derivation

We following here the derivation conducted in Everhart, 1974. The position at time ¢
in Equation A.4 was expanded to the order 9 in time. To reach an order 15 integrator,
we first expand it to the 15" power
1
'(t) = t+ S Fot? A’zt3 A/t4 Altd Atf A’ T+ — Ayt® Alt
x'(t) = xo + &g +20 +6 + +20 +30 + +56 +72
714/ th 714/ tll 714 t12 714 tlS 714 t14 714 t15
* 110 * 132 * 156 * 182 * 210
(A.23)

the difference between Equation A.23 and Equation A.4 is

, ¢ ) tt ) t° , t6
Az = (A} Al) + (A5 Ag) + (A5 Ag) 50 + (A} — A4) — T
(A’ 45) i (AL~ Ag) & [ - A L
° Y 56 712
g1 410 iy Lt A 412 = Al 413 Al 414 & Al 415
At —i—noAt +132A0t +156A 1t +182A ot +210A3t
(A.24)
and similarly, the difference in velocity is
) , t2 , t3 , t4 , t5
A = (A = A1) 5+ (A3 — As) 5 + (A5 — Ag) 7+ (Ah — Ag) =+
, A o ts A25
(A —A5)E+(A —A6)7+(A A7)8 (A.25)
9 7410 11 12 13 14
At —i—loAt —i—llAt +12At +13At +14At.

Now, in the algorithm shown in Everhart, 1985, A; coefficients were replaced by
B coefficients whereas in Everhart, 1974, the equations used involved the initial
A; coefficients introduced in Equation A.2. A; coefficients were expressed in terms
of some « coefficients just like B; coefficients are expressed as combinations of G;

LA satellite orbiting the Earth on an unperturbed orbit
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coefficients (Equation A.10). The relations are similar and dependent on ¢;; defined
in Equation A.11. After writing A; as functions of a; and ¢;; and substituting c;; with
their explicit expressions in terms the nodes h;, Az and Az can be rewritten as

Az = C1TY Dy + CoT ™Dy + C3T3 D3 + C4T Dy + CsT ' D5 4+ CsTDg (A.26)
Az = 01T15D7 + CQT14D8 + Cngng + C4T12D10 + C5T11D11 + C@TlODlg (A27)

where C; are functions dependent on «; and substeps t;%> and D; are functions of the
nodes h;.

Di = 210 + 1;2 crr + 1;6 6 + 171,,26’75 + 110 7 + 910073 + 712c72 + 516071 (A.28a)
Dy = 15132 + 1;)6 Crr + 1;2 Cre T+ 110 Crs + 910674 + 712673 - 516672 + 412671 (A.28Db)
D3 = %56 1;2 crrt 04 110 Che + 90C75 + 72C74 + 516673 + 072 + 30071 (A.28¢)
Dy = % 110 Crr + 90076 + 72075 + 56674 T2 673 + 30672 + 210 (A.28d)
D5 = LO + 910 Chrr + 72076 + 56075 + 42074 + 30073 + 20072 + — G ' (A.28e)
Dg = 1 712 Crr + 516 Cre T 412 Crs + 31O crq + 21O c73 + 112 Cro + 615671 (A.28f)
D7 = % + 1%077 + T12076 + 1—11c75 110 Coy + ;(373 + 2072 + ;0'71 (A.28g)
Dg = 113 112 Crr + 111 che + 110 Crs + (3074 + ;073 + ;c’n + éc’n (A.28h)
Dy = % + 111 Crr + 110 Cr6 + ;075 + ;074 + ;0'73 + éc’m + %0’71 (A.28i)
Do = i 110077 + ;C76 + ;675 + ;0'74 + éc’m + %0’72 + 30’71 (A.28))
Dy = % + é crr + écm + 7075 + (13074 + ;;073 + 411072 + ;c/n (A.28k)
D2 = é + éC'W + %0/76 + éC’m + %6’74 + 30’73 + %Clm + %0’71' (A28])

We want Az = 0 and A%z = 0 and such a condition happens if all D; equal zero.
We have 12 equations for 7 unknowns, but we also have some redundancy. Here
D¢ = D13 — D11, D5 = D11 — D1o, Dy = D19 — D9, D3 = D9 — Dg and Dy = Dg — Dr.
Therefore, D1, D7, Dg, Dy, Do, D11 and D12 form a set of independent equations.
So

Dy 0
Dy 0
Dy 0
Dyl =10 (A.29)
Dy 0
Dy 0
D, 0

2See Everhart, 1974 for a precise computation
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We make the following substitution D; — —D; + Dy so that we obtain the more

harmonious system of linear equation

1 1 1 1 1 1 1 c _1
2 3 4 5 6 7 8 71 9
i1 1 1 1 1 1 c _ 1
3 4 5 6 7 8 9 72 10
11 1 1 1 1 y _ 1
1 5 6 7 8 9 10 73 11
1101 1 1 1 1| la =] _1
5 6 7 8 9 10 11 4| = 12
1 1 1 11 1 1 c _ 1
6 7 8 9 10 11 12 75 13
11 1 1 1 1 1 c _ 1
7 8 9 10 11 12 13 76 14
11 1 1 1 1 1 c _ 1
8 9 10 11 1z 13 14 77 15
which have the exact solution

/ 8

Cr ~ 6435

/ 28

Cr9 15

/ 56

Cr3 143

/ _ 70

Cry | = 39

/ 56

Cr5 13

/ 28

C76 5

/ 56

Cr7 T

(A.30)

(A.31)

Coefficients c7; are actually the elementary symmetric polynomials of hi, ha, h3, ha, hs,
he and h7 which means that they verify the Vieta’s formulas between the roots and

the coefficients of a polynomial. Explicitly

6{71 = *h1h2h3h4h5h6h7

Cro = E gy o by Py s g
1<51<2<i3<ja<js<Je <7
, e . . . . .
Cr3 = — E , gy Py P hjg s
1<51<g2<3<ja<jgs <7
Crqy = § , i hjo gy gy
1<j1<2<y3<ga<7
/ — . . .
Cr5 = — E hjlhj2h]3
1<51<g2<gs <7
/ _— . .
Cr6 = § , by h,
1<51<j2 <7

¢y = — (hy+ha 4+ h3 + hy + hs + he + hy) .

The nodes are therefore the roots of the following polynomial

.2 . 2
206 Bys _0pa 104 50,, 28, 8 _,

- Zh—
15 5 137 T390 143" T 7150 6435

(A.32a)
(A.32b)

(A.32¢)
(A.32d)
(A.32e)

(A.32f)

(A.32g)

(A.33)
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Using Mathematica, a large number of their digits have been computed. The follow-
ing is the decimal value of the nodes with 50 digits.>

h1 = 0.05626 25605 36922 14646 56521 91032 31117 57797 65514 74462
ha = 0.18024 06917 36892 36498 75799 42809 18178 45420 60620 80547
hs = 0.35262 47171 13169 63737 39077 70171 24120 28080 21883 05727
ha = 0.54715 36263 30555 38300 14485 57652 34885 46403 85927 89914  (A.34)
hs = 0.73421 01772 15410 53152 32106 08306 61000 25630 03118 59439
he = 0.88532 09468 39095 76809 03597 62932 48537 29222 70175 46802
h7 = 0.97752 06135 61287 50189 11745 00429 15494 00778 26092 76439.

A.3.2 Roots specification

It is known that the nodes are the ones used in Radau quadrature, a Gaussian-like
quadrature to evaluate numerically the integration of a function (Hildebrand, 1987).
For a given regular function f, the evaluation of its integral can be made using

1 n—1
[ st = i1+ Y wiste) + B (A.35)
- =1

where n is the number of abscissas where the function is evaluated, including —1
(here m = 8) and W; are weights which can be found in Hildebrand, 1987. z; are
here the free nodes in the interval [—1, 1] and are solutions of

Pr(x) + Ps(x)

=0 A.36
1+ ( )

where P; and Py are Legendre polynomials of degree 7 and 8. The nodes computed
in Equation A.34 can then be related to those solutions by x; = 2h; — 1.

During the implementation of the code, we have wondered if there existed any
kind of shortcut to make the program more efficient. In our research, we wanted
to shorten the evaluation of the functions involving the nodes by simplifying them.
We wanted to find closed-form solutions for the roots but we only ended up proving
that they are irrational and we managed to give a further relation involving all the
roots. When multiplying Equation A.33 by 6435, we end up with a polynomial with
integer coefficients

643507 — 24024h5 + 36036h° — 27720h* + 11550h3 — 2520h% 4+ 252h — 8 (A.37)

Then the Rational root theorem implies that if a root of the polynomial was a rational
number %, then its numerator would be a factor of the constant term —8

p=1{1,2,4,8} (A.38)
and its denominator is a factor of the leading coefficient 6435.

q=1{1,3,5,9,11,13,15,33,39,45, 55, 65,99, 117, 143, 165, 195, 429, 495, 585, 715, 1287, 2145, 6435}
(A.39)

Knowing that the root is positive and less than 1 makes 90 possible rational candi-

dates, but after plugging them in the polynomial, we found out that none of them

was a root. Therefore these are irrational numbers. This property can be illustrated

by the fact that there are no redundant patterns in the digits of the roots.

SWe report a mistake in Everhart, 1974 on the value of the first node h: (denoted h»
in the article). @We have h; = 0.05626 25605 26922 14646 56521 instead of h1 =
0.05626 25605 36922 14646 56521 91032. The eleventh decimal is a 2 instead of a 3.
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A.4 Numerical implementation

A41 A few changes

A few changes have been made regarding the implementation of other source code
(Chambers and Migliorini, 1997), (Bolmont et al., 2015). Any variable involving the
value of the Gauss-Radau nodes have been computed beforehand with a precision of
50 digits using Mathematica and the MPFUN* arbitrary-precision software for For-
tran. This avoids any risk of round-off errors in the prior computation of the ¢;; and
d;j coefficients. Their values have been stored in a separate module as parameters of
the system. These high precision numbers permitted us to produce simulations in
quadruple precision when needed, instead of double-precision.

A.4.2 Evaluation of the perturbing acceleration

Amongst the flattening force and the tidal acceleration, satellites undergo a third
body perturbation from both the Sun and another satellite Equation 2.9

I‘Z + 7G(M+mi)ri = ij <rj b — rj) .

3 A
The direct two-body acceleration on the left-hand part of the equation is calculated
directly, but we have opted for a more refined implementation to compute the third-
body acceleration,
Ve = Gmy | 22 -2, (A.40)
T T
The right hand part of the equation can be rewritten

3.
r; + (; - ) rj] (A.41)
"

3.
which makes problematic the direct computation of (:@f — ) when r;; = r;. In-
j

. ij
3
rij

3.
deed, if this condition arises, subtracting 1 from the ratio :%J may lead to loss of

J
significant digits, because of the close values of the two terms subtracted (Stoer and
Bulirsch, 1980). In general, for two numbers a and b, their subtraction will lead the a
high loss a numerical precision when the numbers are very close

a—b=rn(a—>)(1+e€p) (A.42)
where ¢,_y, is the relative error associated to resulting operation. Its expression
a b
€a—p = €q + €p (A.43)
a—2>b a—>b

shows that when a and b are close to equal, the relative error gets very high and
could lead miscalculations in the code.

In order to avoid any loss of precision due to catastrophic cancellations, we
present a substitute to the direct computation of the perturbing acceleration which
is exposed in Battin, 1964. We first define

2

_ iy A4
Qij—ﬁ_ (A.44)
J

*http:/ /www.davidhbailey.com/dhbpapers/mpfun2015.pdf
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and the function f so that
3

T
flaij) = — — 1. (A.45)
"j
The third-body acceleration will then have the form
Gm;
- 743'] [ri + f(gij)r;] - (A.46)
ij

qi; still presents a singularity but one can regularise its expression by making suit-
able manoeuvres

gi; = —tz*

J

(rij+r;) (rij—r;)
r2
J

Then recalling that r;; = r; — r; before simplifying, we finally arrive at a regularised
expression
(I'Z' — 2I'j) Iy

i = A47
o (rj.r5) (447
From there, we compute f(g;;) with
flag) = (L+ay)** -1 3/
3/2 1445 +1
= [0 1| G
(1+gi;)° 1
1+(14qi;)%/?

and by expanding the numerator, we finally obtain a regularised form for the per-
turbing acceleration
3+q; B+ aiy)

f(Qi'):C_h .
! J1+(1+Qij)3/2

(A.48)
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Appendix B

Lagrange Planetary Equations in
Non-singular coordinates

As we have seen in chapter 2, the equations of motion for a perturbed body of mass
m around a primary of mass M is Equation 2.17

. GM+m

i+ %r =V:R

r

where R stands for a general disturbing function. For instance, it can represent the
action of another body on m, or higher harmonics of the gravitational potential of
the primary.

B.1 Generalities on orbital elements

In the absence of perturbation, the trajectory of m will be a conic which can be de-
scribed with a set of six elements

o a: the semi-major axis. It is half of the long axis (in the case of an ellipse) of the
conic and is directly related to the two-body mechanical energy per unit mass
(denoted C) of the body orbiting the primary. One has

G(M +m)

@=——=g— (B.1)

e ¢ : the eccentricity. It relates to the shape of the conic. A circular orbit will have
a null eccentricity, whereas an eccentricity greater than 1 depicts an open orbit,
an hyperbola. Then for values between 0 and 1, one has an ellipse, with distinct
pericentre and apocentre. The boundary value of 1 stands for a parabolic orbit.

e i : the inclination. The angle between the orbit’s normal and the normal to the
chosen reference plane.

e () : the longitude of the ascending node. Denotes the angular position where the
orbital plane crosses the reference plane in an upward way. It is calculated
with respect to a reference direction, usually chosen arbitrarily.

o w : the arqument of the pericentre. The angle between the longitude of the as-
cending node and the pericentre.

o M: the mean anomaly. A fictitious angle related to the position of the body on
its orbit. Its variation in time is constant and is given by

M =n(t —tp) (B.2)
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in which ¢y is the epoch at which the body is at its pericentre. Its time derivative

4M = 1 is called the mean motion and is related to the semi-major axis through
the third law of Kepler
na® = G(M + m). (B.3)

The true position of the body on its orbit is given by the true anomaly, which is
not part of the set of orbital elements. To compute it from the mean anomaly,
we first calculate the eccentric anomaly via Kepler’s equation

M = E —esin(E). (B.4)

This would give us the mean anomaly after plugging the eccentric anomaly on
the right-hand side. But what we need is the contrary. However it is known
that Kepler’s equation is transcendental, meaning that the reverse relation be-
tween E and M doesn’t exist explicitly. However many series approximation
can be used, among which the Fourier expansion of £ — M (Murray and Der-
mott, 2000), which gives

E=M+ i bs(e) sin(sM) (B.5)
s=1

where

bule) = 2Js(se) (B.6)

and J, the Bessel function of the first kind which can be computed using the
series (Watson, 1995)

00 _1 s+2m
Z m! sg—?m ' (B.7)

m=0

However, as series usually give approximate results, one would try to solve
Kepler’s equation numerically by finding the zero of the function

f(E)=FE —esin(E)— M (B.8)

having plugged in e and M initially. Finally the true anomaly is is related to
the eccentric anomaly through Gauss” Formula

f:2arctan( 1i2tan <§>> . (B.9)

B.2 Lagrange Planetary Equations

In the presence of a perturbing force, the trajectory of the body is expected to be of
a different shape. However the conic still stands as a basic trajectory to depict per-
turbed orbits. During a perturbed evolution of a body, its position and velocity can
be, at any time, related to a set of corresponding osculating orbital elements. At each
moment, its instantaneous trajectory would be on a tangent to a conic. Lagrange’s
Planetary Equations govern the time rates of the osculating elements (Murray and
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Dermott, 2000).
( da _ 2 OR
dt ~ nadM
de Ecc® OR Ecc OR

dt naZe OM na2e Ow

cos(i)g—f — ‘g—g)

i 1 (
dt na?Eccsin(i)
(B.10)

Q2 1 OR
dt na?Eccsin(i) 0t

dw _  Ecc OR _ cos(4) R
dt —  na2e e na?Eccsin(i) 0%
aM Ecc? R _ 2 9R

\ dt na2e Je na da

where Ecc = /1 — ¢2. These classical elements defined above are not well suited to
study the perturbed motion of a satellite. As shown in the next appendix, instead
of choosing the angles (2, w, M), we prefer the angular set ({2, @, \) which appears
in the expansion of the disturbing function. The new set of elements is defined the
following way

a = a

e = e

i = g

QO - 0 (B.11)
w = Q4w

AN = Q4+w+M

Let’s compute their time variations. We see from Equation B.10 that

dw E OR  tan(i/2)0R

dt ~ na2e de nalE 0i

and

x| 2 OR  E(1-E)OR tan(i/2) OR

d " nada na?e e ' na?E i
To complete the calculation we need to express the partial derivatives of R with
respect to new variables. To do so, we start by stating that R was first a function of

the old set (a, €, i, §2, w, M) so that its differential with respect to time can be written

dR _OR  ORda ORde ORdi ORdQ ORdw  ORdM

@ ot Toadt Toea T oida Tood owd "onta PP

Then we express the same differential stating that R is now a function of (a, €, i, 2,
w, )

dR _OR ORda 0ORde ORdi ORdQ ORdw ORdA

i ot teateeatvatwoa toma Taa  BY

Using the definition (Equation B.11), one can rewrite Equation B.13
dR _OR ORda ORde ORdi dQ <6R OR 8R> dw <8R 8R> OR dM

Gt ot T oadt Toeat vt at\oa T om T on) Tat \ow Tax ) Ton at
(B.14)
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from which, by comparing with Equation B.12, one has

so that the Lagrange Planetary Equations for the set (q, €, 4, (2, @, A) are

da
dt

de
dt

di
dt

dQ
dt

dw
dt

d
dt

R _OR OR
9w 0w T ox
OR _OR OR OR
000 ow ! on

oR _ o

OM O\
— OR
0\

_E(Q-E)oR _ _E 0R
nale O\ naZe 0w

1 or _ tan(3) (orR | OR
" na?Esin(i) 0Q na22E ( +87w)

_ 1 9OR
na?Esin(i) 01

_  _E aR+tan(%)aR

na?e Oe na?FE 01

= p— 20R E(l—E)%% + tan(i/2) OR

na Oa naze na?kE 01

(B.15a)
(B.15b)

(B.15¢)

(B.16)

One can see that those equations are not defined for circular orbits and for orbits with
null inclination. This set of orbital elements show some singularities. Whenever
one studies the evolution of the orbit of a body on a trajectory close to a circular
orbit (e close to 0) or with a orbital plane close to the reference plane (¢ close to 0),
those differential equations can bring wrong solutions when solved numerically or
analytically. Therefore we use the following set of non-singular orbital elements

= a
e cos
esin
sin (
= sin (

= A

w

—~
~—

)

D[ =
SN—"
® Q

@}
15}
—~
=

in ()

o[

>R e > e
I

(B.17)

and we derive here their corresponding Lagrange Planetary Equations. As before,
we express the time derivative of the function R, now being a function of the set (a,

k, h,q,p, N

dR _OR  9Rda  9Rdk  ORdh  9Rdq  ORdp
dt 0t Oadt Okdt Ohdt 0Ogdt Opdt

Now, we take their derivative with respect to time

dk
i
dh
o=
dg
o

% cos (w) — ed—T sin (w)
% sin (@) + e% cos (w)
%% Cos <;) cos(§2) — sin (;) sin(Q)%
%% cos (;) sin(2) + sin (;) cos(Q)Cfl—?

(B.18)

(B.19a)
(B.19b)

(B.19¢)

(B.19d)
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At this point, we can plug derivatives in Equation B.16 into Equation B.19, but we
still need to have expressions of partial derivatives of R with to the old elements as
a function of partials taken with the new ones. Plugging Equation B.19 into Equa-
tion B.18, we have

4R _ORda  de ( )‘lR+ in )‘lR
dt ~ Badt | dr \“\ g TN Gy

dil i OoR . OR
+ 25 08 <2> <COS(Q)8q + Sm(Q)@p)

dQ) OR OR
el b A g B.20
+ dt (q Op P dq > ( )
dw OR OR
T <k8h B hak>
OR )
o\ dt

so that after comparing Equation B.13 with Equation B.20, relations between partial
derivatives are

OR OR . OR

e = cos(w)—ak + sm(w)—ah (B.21a)
OR 1 i OR . OR

B = 38 <2> (COS(Q)Bq + sm(Q)8p> (B.21b)

OR OR  OR

T == —p— B.21

o0~ Tap " Taq (5210

OR OR  OR

o= “on "ok
Finally, after all calculations have been made, the Lagrange Planetary Equations for
non-singular elements are

(B.21d)

((da _ 2 0R
dt  —  na oA
dk 1 E _OR IR h IR OR
& = T [kEHT +EGn +3p (qa*q +Pa*p>}
dh __ 1 E OR OR k OR OR
@ = e [hﬁT ~EG —aE (qa*q +Pa7>}
(B.22)
dg  _ 1 OR OR OR _ OR
@ = T Tu’E [87; —2q (hg — kg — W)]
dp _ 1 OR OR OR IR
& = Tw’m {eTqJFQP (hm—k‘m—m)}
ax 1 OR E IR IR 1 OR OR
& = "Nt oae [—261% + o1 (ko +on) T am (qa*q +P;Tp>}

Application As shown in Appendix C, the disturbing function expressed in the
classical orbital elements can be expanded as a sum of cosines. Now in order to
make use of the non-singular elements, those cosines term have to be expressed in
terms of the non-singular elements. First for the amplitudes, which are function of
the eccentricities and inclinations, we simply invert the relations in Equation B.17

e = VEZ+h? B2
s (B.23)
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where s = sin (%). Then for the cosine itself, we have the general argument
¢ = JiN + oA + jzw’ + jaw + j5Q + jeQ (B.24)

and using imaginary notation, we have

cos (¢) = R (exp I [1N + joX + jsw@’ + juww + 5 + jQ]) (B.25)
with I? = —1. Then by using the multiplicative property of the exponential function
/ W sl VEY k—l—%]h |al
cos (¢) = R |exp (I(j1N + j2A)) ¥ # N\
. . (B.26)
, m[ , |75] @I |76
¢+ s 1P q+ jo - P
X | ——— X | ——
s s

and then by multiplying all factors together and separating the real part from the
imaginary part, we finally get the general expression

€/|j3|€|j4‘8’|j5‘8|j6| COS(¢) = COS(jl)\I + ]2)\),4(]{;7 kl7 h, h/7 q, q’jpj pl)—|—

B.27
sin(jiN + joN)B(k, k', h, W', q,¢ . p, D) (B27)

where A and B are polynomial functions of the non-singular variables. For example,
for a resonance term, we have

ees'scos(BN — A —w' —w - Q' — Q)

(hb'pp' — kk'pp’ — Wkp'q — hk'p'q — Wkpq' — hk'pq’ — hh'qq' + kK qq’) cos(BN — N)
+
(W'kpp' + hk'pp’ + hh'p'q — kk'p'q + hi'pq' — kk'pd' — Wkqq' — hK'qq") sin(5N — \)
(B.28)
and for a secular term

¢?e? cos (20’ — 2w) = h*h? — W?k* + 4hh'kK' — B*K” + K*K. (B.29)
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Appendix C

Disturbing Function

C.1 Introduction

The disturbing function of a body j acting on i was introduced in chapter 2 in the
expression of the perturbed acceleration of a body i Equation 2.17

G(M + m,)
3

T3

I‘Z + r, = VriRj

It represents the third body perturbation of a body j acting on i. We recall here its

expression Equation 2.16
1 .
R] = ij - all ;‘j
rj — r; T
and the same expression holds for the perturbation of 7 acting on j.

1 r;.r;
Ri=Gm; | —— — -
lr; — 1] 7

(2

Now, before making any expansion, one needs to specify the position of each body.
We choose , without lose of generality, that the body j orbits further away than the
body i, meaning that as they orbit around Saturn

Ty > (Cl)

This would be, in our case, the situation for Titan and lapetus, or any satellite of
Saturn and the Sun. To go further, we rewrite those functions according to Murray
and Dermott, 2000

Gm; 1
R, = " (RD + 2R1> (C.2)
aj (6%
G .
R; = :‘J (Rp + aRp). (C.3)
J

where « is the semi-major axis ratio (Equation 3.27). Here both functions share what
we call the direct part

aj
Rp

(C.4)

|y -y

And depending on the respective position of the satellites we have different forms of
the indirect part. An inner perturber would be associated with the following internal

indirect part
Ty a; 2
Ri=—|—=](—| cos(¥). (C.5)
a; T
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For an external perturber, the external indirect part is

2
Rp = — <T> (‘”) cos(0) (C.6)
Qg Ty

where V is the angular distance between the two satellites

cos(¥) = ek (C.7)

Tj’l“i

For a body orbiting on a conic, the position vector of a body expressed in terms its
components is

. x = cos(2) cos(w + f) — sin(2) sin(w + f) cos(I)
= Y= sin(€2) cos(w + f) + cos(Q) sin(w + f) cos() . (C.8)
z = sin(w + f)sin(I)

So that, after writing Equation C.7 as cos(¥) = W, we obtain
cos(¥) = (1 — 57 — s? + s?s?) cos (0; — 6)
+ s (1 - s?) cos (0; +6; — 2€)
+ s2(1—52)cos(0; + 0, — 290
J ( z) ( J J) (C9)

— 2siMSj,/1—s]2-cos(9i+9j—Qi—Qj)

+ QSiMSjwll—S?COS(Qi—Qj—Qi—f‘Qj)

+ s?s? cos (6; — 0; — 2Q; + 2Q);)

where § = Q +w + f and s = sin (£). Equation C.9 can also be found in (Delaunay,
1860)

C.2 Elliptical expansion

The conic’s equation is
r 11— e?
a 1+ecos(f)

where cos(f) is a periodic function in M, therefore it can be expanded in its Fourier
series

(C.10)

2(1 —e?
&

i Js(se) cos(sM). (C11)

s=1

cos(f) = —e+

Expansion to fourth order in eccentricity is
9
cos(f) =cos(M) +e(cos(2M) — 1) + €2§ (cos(3M) — cos(M)) +

0~ (cos(4M) — cos(2M) + ! (25 cos(3M) — 27 cos(3M) + 2cos(M)) + O (¢”)
(C.12)

so that

2 =1—e¢ cos(M)—i—eZ% (1- cos(QM))—i—egg (cos(M) — COS(3M))+64% (cos(2M) — cos(4M))+O ()
(C.13)
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and

% = 1+4ecos(M)+e? COS(QM)—F@S% (9cos(3M) — cos(M))+e4é (4 cos(4M) — cos(2M))+0 (e€°)
(C.14)

There cosine terms in Equation C.9 can be expanded using
cos(b; —0;) = ggi cos (5A; — Aj — 4w;) e} — 135 cos (BN + A — 4w;) e}
+  5cos (4N — \j — 3w;) e — 2(:05(2)\ +A\j — 3w;) €3
36J cos (4\; — 3w; — wj) e} — 126] cos (2\; + 2)\; — 3w; — ;) €3

+ 19263COS(2)\ —3w1+w])e + e]cos(4)\ —2)\; — 3w; + ;) e

- 6463(308(3)\ + ) —2wz—2wj) 2 6% cos()\ —1—3)\ — 2w; — 2w;) €2

— Zejcos (3N — 2w; — wy) €2 le]cos()\ —|—2)\ —wj)e 12

+ gejcos (N — 2w; + wj) 7 + Ze; cos (3)\ —2); —2wz—|—wj)

+ ée?COb(B)\ — 3 —2wl+2wj)e + 46 Cos()\ —Aj —2w1+2wj)

- %ei’ cos (2 +2X; — 3u)j)eZ gei’cos( AN; — w; — 3W;) e;

+ %e?cos(?)\ +w; — ?x,uj)eZ Se] 2cos (2\; + A\ —w; — 2wj) e
Se2 cos (3\; — w; — 2w)) €; + % 365 2cos (\j +w; — 2wy) e;

j
+ ]COS(WZ_W])61+962-COS(2)\ 3\ — w; + 2w5) e
3
j

7ed 7ed
+ %e cos (2X\; — 4\ — Wi + 3w;) € + | 5 ? 2 e? - ejz + 1) cos(A; — Aj)

e2e?

2,2
+ <ZI§ - gegei + 9?) cos (3\; — \j — 2w;) + ( mt+ 25— )cos()\i+)\j — 2w;)
1 —62€i+6i) cos (2N; — \j —w;) + (ei 2 ) cos (\j — wj)
- %e?cos()\ + 3\ — 4wj) — 126 3cos (N + 2)\j — 3wj)
et e2e? 2
+ <é + Z8 — 8j> COS (>\z + )‘j - 2(,0]‘) + (6126]' — ej) cos ()\1 —(,LTJ)

]S

5ele; JE— 5ee? .

+ ( - eiej) cos (2N — w; — wj) + (4 I — eiej) cos (2\; — w; — wj)
3
.7

5e”
+ |- —€fei+ ej> cos (A — 2)\j + wj)

56]' e3 56 61

+ - A L — + e]ez> COS (2)\@ - 2)\] - wiz—l_wi])

276? 9e2e? 962

TLE )COS()\i_S)\j+2°‘)j)+%egcos()\i—4)\j+3°~’j)

+ 584516;1 CcOS ()\1 — 5)\] + 4&)]') .
(C.15)

C.3 Legendre Expansion

First, let’s derive an expansion for the gravitational perturbation of the Sun acting on
one of the satellite. Here ® will be used as a subscript for the elements of the Sun and
s for the satellite. We assume that the Sun’s motion around Saturn is unperturbed,
so for the satellite, which is the internal body here, the equation of motion reads

G(M + my)

rs +
3
Ts

rs = vrs Rg (C16)

where the disturbing function R, is the one of an external satellite.

Gm@

R =
© ac

(RD@ + OzRE7@) (C17)
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We write its direct part as

1
Rpo = -2 (C.18)

o e . 2
1—= cos(¥) + (%)

and we keep the initial expression for the external indirect part

aRp = — <T> <aj>2cos(\11). (C.19)

a; 7“]'

As the ratio % is small, we Taylor expand Equation C.18. First we have the following
expansion

C.20
V1—2xt+ VI-2zt+£2 Z ( )
where P, are the Legendre polynomials whlch can be computed using the following

relation

l ! AW
_ 2
Pz)=2") <k>< 2 > (C.21)
k=0
Finally
o0 !
Rpo = -2 (r) Py(cos(T)). (C.22)
"o 15 \TO

We only keep the first few terms

C.4 Expansion using explicit expressions

In this thesis, we made an extended use of semi-analytic models using explicit devel-
opments appearing in Murray and Dermott, 2000. An amplitude term for a cosine
in the direct part can be computed using

ma 2

Z T 22z+1
=0
Nm

N (2s—4n+1)(s—n) (s —2n —m)!
X /-em—
22npl(2s — 2n + 1 t (s —2n+m)!

7 s?n

5=Smin n=0
i—s
1 5225
X( 1)5 n— mF 2nm,p(I6)Fs 2nmp 18 ZZ(—S)—Z)'Z'
=0

12 ¢

max (_1)6 E b 0 df ()

X Z 0 Z k (=1)%a Wbii%(a)
=0 k=0

i+~ jo—j kA1) 1+
x X" . Jo J4(66)Xh(z ):d1 33( 8)

(C.23)

X cos [j1A8 + JaAe + Jaws + jawe + j5828 + jells)

which computes the amplitude of the argument ¢ = jiA\g + ja¢ + Jsws + jawe +
75928+ 76€26. We note that one should use this relation twice in order to get the correct
amplitude term. One with the argument ¢ and a second one with —¢ because of the
parity of the cosine function.

Ry = S4 cos(¢) + S cos(—). (C.24)
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The indirect parts are

(1 —m)! —2,j1+7
R ” i (I6) F gy (Is) X 2772774 (e6) X, 29195
= = e P ) Py (DX 52 ) 520 )
X €08 [j1A8 + J2Ae + jaws + jawe + j5828 + jeS 6]
R; = (1 — ) Flmp(IG)Flmp (Ig)X_2 ,—J2 34(66)X17j1+]‘3(68)
A ) i (C.26)

X cos [j1A8 + J2 A6 + j3tws + Jawe + j582s + J6S6] -

F and X are the inclination and eccenctricity functions which can be found in Ellis
and Murray, 2000, we have for the function of inclination

B 1
2572 (5 — 2p)!
min(p,[(s—2n—m)/2])
X

F572n7m7p (I)

(25 — 4n — 2t)! (s — 2n>

— (s —2n —m — 2t)! t

s 8—2n—m—2t - m COSg(I)
x sin Oy ( g> P (C.27)
g=0
min(p—t,s—2n—m—2t+g)

s—2n—m—2t+g
D D G

c=max(0,p—t—m+g)

m-—g c—[(s—2n—m])/2
—1
(70 ) e

—t—c

and for the function of eccentricity

c—b a,b 2
| | Z ch+a o+8°€ (C.28)

where o = max(0, ¢ — b) and 8 = max(0,b — ¢) and X© d are rational numbers called
Newcomb operators defined in a recursive manner

Xoo =1 (C.29)

X{h=b- (C.30)

N |
IS

and in general ford =0and c# 0 or 1

b 2b— b1, b— b2
o0 = % Xg 10t e Xg—z,o (C.31)
and ford # 0
ab 2b+a a,b—1 b+a a,b—2
cd — 2 c,d—1 4d c,d—2
c—5d—|—4—|—4b—|—aXab
- Ad c—1,d—1 (C32)

~I—%d+b2(— )’ <3§2>Xc j,d—j°

j22
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All intermediary summation indexes are defined below. We first have

lifm=0
Ky = (C.33)
2ifm >0
and then
® q=J4
g q’ = —J3

® lnaz = Ninaz — |55] — 17|

® Pinin = — (J5 + J6) /2, Prin = 01if J5 + j6 < 0

® Pmin =0, P, = (J5 + Jo) /21if j5 + 6 > 0

® Smin = MaX(Dmins Ppins J6 + 2Pmins =75 + 2Din)

® imazr = [(Nmaz — 73| — 144l) /2]

® Mgz = [(S — Smin)/2]

® muyin = 0if s, j5 are both even or both odd

® Mmuyin = 1if s, j5 are neither both even nor both odd

e p=(—js—m+s—2n)/2withp <s—2nand p > ppin
o) =(js—m+s—2n)/2withp <s—2nandp >p .
e j=|ja+i—2l—2n—2p+q|

Niae denotes the order of the expansion. For the first and simple semi-analytic
model, Ny, was set to 4. But in our extended version, N,,, was set to higher
values in order to obtain a higher expansion in sg. All the above series were im-
plemented in Mathematica but a few changes were made in order to compute high
orders without adding unnecessary computation time. First, in the inclination func-
tion sin(7) and cos(I) were replaced with 2sv/1 — s2 and 1 — 2s? respectively. For
Titan approximations were to make sure that no powers higher than 2 in inclination
appeared. Then, the order of eccentricities was set to 4. Therefore, the infinite series
in Equation C.28 were replaced with the summation

2—|b—c|/2

Xab — le=t Z X0 e (C.34)

making sure that no higher power than 4 of eccentricity was considered. Then sev-
eral value of N,,,,, were tried.
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C.5 Alternative Expansion

The direct part
a d 1

v —r| N2
| | \/1—25 cos(¥) + (%)

Instead of performing a Taylor expansion of the ratio > around zero like in Murray
and Dermott, 2000, one can expand around a fixed value close to the averaged value
of the semi-major axes ratio. Denoting the latter A, one gets

(C.35)

a o d"” r r n
PSS = (- ) s
where the B function is
1
B(A) = (C.37)

V1 —2Acos(¥) + A2

and is 2m-periodic in ¥ and can therefore be expanded in a trigonometric series. Its
Fourier expansion is

Z 1/2 ) cos(j W) (C.38)
]——oo
where we recognise here the Laplace coefficients b{ Jo- Continuing the expansion,

r

the derivatives in Equation C.36 can be rewritten ﬁB (5 = A) = £-B(A), and

exchanging the derivative with the summation sign, one has

dr G ,
T BA) =5 jzzoo Wb{ Jo(A) cos(j0). (C.39)
We rewrite , n
(1 - A) N | (C.40)
r! r'a

Then using elliptical expansions shown in Appendix C, one can show that the lowest
n
power of the eccentricities in (— i ) is n. Therefore if we limit the expansion in

eccentricity to the fourth power! then all power over 5 included can be neglected.
By doing so, we change the direct part expansion to a finite series

a B a Nmaz 1 dn " | ) o .
m_P Z QdAn 1/2 +ZdAn 1/2 COS(]\IJ) « pa—l
n=0

where Ny, denotes the order of the expansion in eccentricity.

lthe order of all expansions in that thesis
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Appendix D

Laplace coefficient

D.1 Introduction

The expansion of the disturbing function Murray and Dermott, 2000 made the use

of the expression
1

(1 —2acos(¥) + a?)®

As this function is a 27-periodic in the variable ¥, it can be expanded in its Fourier
series

(D.1)

1
= V(o () D.2

(1 —2acos(¥) + a?)® ]Z_:oo eoss (2
where the Fourier coefficients bg are called Laplace coefficients and are functions of
the semi-major axis ratio «. They can be calculated through the integral

L1 cos(j¥)
bila) = /0 (1 — 2accos(W) + a2)3d\l" D3)

It has three main parameters
e 5, which is a semi integer
e j, an integer

e «, a real number which is the ratio of the two semi-major axes.

D.2 Computation

One would compute a Laplace coefficient by using a numerical quadrature to eval-
uate the above integral. But it can actually be expanded to a series in «, the latter
being comprised between 0 and 1. By Taylor expanding the integrand and then inte-
grating with respect to ¥, on can show that a Laplace coefficient can be expanded in
a hypergeometric series (Brouwer and Clemence, 1961) (Murray and Dermott, 2000)
2

S

() = 2¢{ ! F (s, j,a”) (D.4)

F being a series of the form

F(s,j,« ZF s, J, (D.5)
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with coefficients F,, following the sequence

F, =1
F o F, stn)(stnt) 2 (D.6)
ntl = ) () @
and Cg is )
1 if j=0
¢ = (D.7)

[ J,(” D ifj>0
One can observe, in the recursion relation Equation D.6, that the numerator and
denominator of the fraction are both O(n?). Therefore

F,
lim — = o2, (D.8)
n—0o0 n
Hence, according to D’Alembert’s ratio test, this series will converge to the value of
the Laplace coefficient.

D.3 Relation between coefficients

Many useful relations exist between different Laplace coefficients and their deriva-
tives. Here we are showing a few of them with their demonstration. First, using
the integral expression in Equation D.3, one can see that because the integrand is an

even function, one has, for any j ' '
bl = b7 (D.9)

Then, according to their definition in Equation D.2 we have, by changing the index
sbys+1,

1 1
= v! (JW D.10
(]. — 2« COS(\I’) —+ 0[2)8 1 -2« COS( + Oé2 Z s-‘rl COS j ) ( )

Then using Equation D.2, we can obtain

+o0o +oo
Z bl () cos(j V) = (1 +a2) Z biﬂ(a) cos(j¥)—2« Z bzﬂ(a) cos(j ) cos(P)
j=—o00 j=—00 j=—o00
(D.11)
Now, using cos(j¥) cos(¥) = % (cos([j 4+ 1]¥) + cos([j — 1]¥)), we can rewrite the
last term in the right-hand side as

200 ;rfioo bgH( Ycos(j¥)cos(¥) = « ],_Oo b£+1( )(COS([j+1]\I/)+cos([j— 1))
= o (D b (@) cos(jW) + 012 VT () cos(j W) )
(D.12)

where we have also reordered the summation over j. We can expressed Equa-
tion D.11 using only one summation

“+o00

Z [b@ -1+ a2) biH + ( ARES b;H)] cos(7¥) = 0. (D.13)

j==oc
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The expression corresponds to a trigonometric series of the null function. Therefore
we conclude that its Fourier coefficients are all equal to zero. For any j we then have

b= (1+a?) bl +a (b +051) =0 (D.14)
One can also derive another useful relation starting with

1™ cos[(j+1)V]
bt = 7r/0 (1 —2acos(¥) + aQ)SdlIl (D-15)

and by integrating by parts, splitting the integrand between cos [(j 4+ 1)¥] and i

1

1—2a cos(¥)+a?)®

1 sin [(j + 1)¥] 2
= - -

s J+1(1—=2acos(¥)+a?)’],

2sa /27r sin [(j + 1)¥]sin(¥)
J+1Jo (1—2acos(¥)+ a2)tt

_|_
(D.16)

The first term equals zero and the numerator in the integrand of the second term can
be rewritten sin [(j + 1)¥]sin(¥) = 3 (cos(j¥) — cos [(j + 2)¥]) so that, after chang-
ing j + 1 to j, we have the relation

S (i1 g+l
w=" (vl - o) (D.17)

which is valid for any j # 0. If we combine Equation D.14 and Equation D.17, we
can derive the following important and useful relation

b _ 1—|—a2j—1bj,1_j+s—2bj72.

- s - (D.18)
a j—s j—s

This relation will enable us to express any Laplace coefficient as a function of others
with lower j indexes and keeping the s index unchanged. We can derive another
important equality be first changing j to j 4+ 1 and s to s + 1 in the previous relation
JE+s i

5 ab’ 11 (D.19)

P (14 a?) 2 .
as+1 ( Oé)j j—

o —
_ss—l-l

and then plugging this new expression of biﬁ into Equation D.14 to get

2sa g N S L
j_sbgﬂf(ua)j_sbgﬂ. (D.20)

b =

Now, we simply change this last equality by using j + 1 instead of j, which writes

; 2500 j s ;
+1 _ 2 +1
vl _j_8+lb;+1—(1+a)j_sHb;H. (D.21)
Then, we replace once more bgi} by its expression using Equation D.19. We have

’ (=90 —s+1) .

1 1 [ s +s) (1+a2) - 2a2(j—3)—j(1—|—a2)2
w _bsH( )“’J ( a(j— )G —s+1)

> s.  (D.22)

For the last manoeuvre, we want to get rid of bg: In order to do so, from Equa-

tion D.20, we express bﬁ;% as a function of the other two coefficients, which we plug
into Equation D.22.
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Finally, after some arrangement and shifting s + 1 to s, we obtain the second
useful relation

bg:bj_l(jJrs—1)(1+oz2)_bji 2a(j—s+2) | (D23)
T (s—=1)(1—a?)? s —1)(1—a?)?

This equality is analogous to Equation D.18 for lowering the s index.

Equation D.18 and Equation D.23 are two relations with which one can express
any Laplace coefficient b} as a function of two main coefficients b7 /2 and b} /o Fora
given coefficient bl, we first recursively use Equation D.23 until we have expressed

it as a combination of Laplace coefficient having s = 1/2. Then after using Equa-
tion D.18 as much as needed, a Laplace coefficient can be expressed as

b) = Ae)by o + B(a)b) o (D.24)

The expansion of the direct part of the perturbing function in Equation C.23 also
involves derivatives of Laplace coefficients, we show here that they can also be ex-
pressed functions of the principal Laplace coefficients. Let be the general Laplace
coefficient be 2. Its derivative with respect to « can be written as

d d [1 [ cos(j )
dabg do [/0 (1 —2acos(¥) +a2)’ |’ (D.25)

Then one can swop the order of the derivation and the integration. One has

d cos(j¥) ~ 2scos(jV) (cos(¥) — ) (D.26)
do | (1 —2acos(¥) +a2)®| (1 — 20 cos(¥) + a2)5+1' '
So that after some rearrangement, we have
d j+1 bj 1
dib?s (bs—l—l s+1 s+1) (D27)
Following the previous equality, the second derivative is
d? . 1od i d
ng, ( bl + o b§+1 dabj 2bs+1 (D.28)
and the n'" derivative can be written
an . dn— 1 1 dn— 1 dn—l . dn—2 .
don = (d A e - 2002y — 200 = D) ommg by
(D.29)

which is valid for any n > 2. All the boxed equations derived above can be used to
express any derivative of any Laplace coefficient as a function of only two principal
coefficients. For example

d? b 40 (—192 + 84002 — 1383a* + 10508 + 57a® + 12a10> N
)l (384 — 172802 + 2958a* — 225900 + 3960® — 111a!0 — 24a12>
1/2 ab (1 — a2)5 ’

(D.30)
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D.4 Implementation

Now that the mathematics have been given, we will deal with their implementation.
We have seen that any derivative of any Laplace coefficient can be expressed as a
function a two principal coefficients.

9 25 1225 3969 53361
b 211 = 228 22 8 10
1/2( @) = ( + 4“ 61 t+ 956" T 16334 T 65536 1048576

al? + 0(a12)

(D.31)
and

1 15 , 175 ¢ 2205 ¢ 14553 5 99099 5 12
biala) = <1 5 51 0 T i63sa® T zion® T lomsre® @ )>
(D.32)
Therefore our first approach consisted in first computing b /o and bl /2 using
Equation D.31 and Equation D.32 and then to evaluate all other Laplace coefficients
and derivatives using Equation D.18, Equation D.23 and Equation D.29. This ap-
proach permitted us to compute accurately and without the use of intensive compu-
tations derivations up to the fifth order.
However, numerical tests have shown that loss of significant digits occurred

when computing b1/2f b1/2/ bi‘/Q, b‘i’/Q, b(f/Q, b1/2 The reason is that for any j
j+1
b /2 > by (D.33)
and the computation of b{;}l (Equation D.19) involves a subtraction. For instance,
we have )
21+«
by /g = gTbl 2= b1 /2 (D.34)
41+ a?
61/2 =t b1/2 b1/2 (D.35)
and furthermore )
3B1+a
by = 39 Tb%s/)z b1/2- (D.36)

Therefore at the end of the sequence for the bj 1/2 coefficients, b9 /2 is miscalculated.

Therefore, we decided to compute b7 1/2 coefficients using the series in Equation D.4.
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RESUME

Lorsque une forte interaction.de marée entre Saturne et ses satellites de glace a
ete révélée ily a plusieurs années, le systeme a été sujet a des nombreux
guestionnement concernant sa formation et son évolution. Une implication importante de
ces résultats est que les satellites sont plus jeunes que la planéte et ont subit
d’'importantes modifications orbitales durant leur évolution, rendant possible plusieurs
traversées en résonance. De telles configurations sont connues pour étre a l'origine de
fortes perturbations orbitales. Dans cette thése, nous faisons I'hypothése que Titan migre
fortement, agrandissant son demi-grand axe au fur et a mesure du temps, et traversant
une résonance 5:1 avec
Japet. Le plan orbital de ce dernier oscille doucement autours d’'un plan d’équilibre
naturel appelé le plan de Laplace, sur lequel on s'attendrait a trouver le satellite. Or, en
plus d’étre sur une orbite excentrique (e = 0.03), Le plan orbital de Japet admet une angle
constant d’environ 8 degrés par rapport a ce plan d’équilibre. Nous cherchons alors a
vérifier le scénario dans lequel Titan serait a l'origine de I'orbite actuelle de Japet.

Ainsi, en placant initialement Japet sur une orbite circulaire et coplanaire avec le
plan de Laplace, de nombreuses simulations numériques de la traversée en résonance,
utilisant un code N-Corps ainsi qu’'un modéle semi-analytique, ont été réalisées.

L’'analyse des simulations montre que les résultats sont tres dépendants de Q.
Pour des valeurs au-
dela d’environ 2000, on obtient.en majorité I'éjection de Japet lorsque Titan traverse la
résonance. Pour des vitesses de migration élevées (Q en dessous de 100 environ) Japet
est trés peu perturbé par Titan. Le nombre d’éjections croit avec la valeur de Q et pour
des valeurs entre 100 et 2000 de nombreuses simulations montrent une capture en
résonance, une évolution chaotique de I'excentricité et de l'inclination, puis une libération
avec des éléments orbitaux perturbés. La valeur des excentricités apres la résonance
varie entre 0 et 0.15 et I'inclinaison peut croitre jusqu’a 11 degrés. Sur 800 simulations
effectuées avec le code N-Corps, 2 montrent une sortie de résonance de Japet avec des
éléments correspondant a ceux observés actuellement. De plus, en comptant ceux
venant du modéle semi-analytique, plus d’une vingtaine montre une inclination libre ayant
dépassé 4 degrés.

Ces simulations numériques nous ont permis de contraindre le facteur de
dissipation de la planéte a la fréquence de Titan. C’est pour une valeur de Q entre 100 et
2000 que les simulations de traversée en résonance sont les plus réalistes et donnent
des valeurs a Japet des €léments correspondant a ceux observés aujourd’hui.

MOTS CLES
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ABSTRACT

When a strong-tidal-interaction between Saturn and its icy satellites was revealed a
few years-ago, the formation of the'system and its evolution were subject to many
guestioning. These results imply that the satellites are younger than the planet and were
subject to important orbital modification during their evolution, making possible many
mean motion resonance crossing between satellites. In this thesis, we assume that Titan
migration is also important, increasing its semi-major axis in time, and crossing a 5:1
resonance with lapetus. Today, lapetus’ orbital plane is tilted with respect to a natural
equilibrium plan called the Laplace plane, on which a satellite should have naturally been
formed. But, among having non-null eccentricity, lapetus’ orbit stays on a constant tilt with
respect to this equilibrium plane. We are therefore assessing the possibility for Titan to be
responsible for lapetus’ orbit.

Starting with lapetus on a circular orbit with its orbital plane coplanar with the
Lapalce plane, we have used a N-Body code and a semi-analytic model to perform
numerous numerical simulations.

The analysis of the simulations show that the results are very dependent on the
guality factor, Q. For values greater than 2000, lapetus is more likely to get ejected during
the crossing of the resonance, whereas setting a fast migration for Titan (Q below 100)
avoids any strong perturbation of lapetus orbit. The ejection likelihood increases with Q
and for values between 100 and 2000, many
simulations show a resonance capture, followed by a chaotic evolution of the eccentricity
and the inclination, then a release with perturbed orbital elements. The range of values
for post-resonance eccentricities are between 0 and 0.15 while the tilt can grow up to 11
degrees. Out of 800 simulations done with the N-Body code, 2 show elements compatible
with lapetus’ actual orbit. In addition, more than twenty simulations show a tilt having
raised over 4 degrees if we count the simulation done with the semi-analytic model.

These numerical simulations allowed us to constrain the tidal dissipation of the
planet at Titan’s frequency. Simulations are more realist when a value of Q between 100
and 2000 is used and, in this range, lapetus’ orbit can be excited with final orbital
elements corresponding to the values one observes today.
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Celestial Mechanics — Saturn- Orbital dynamics — Tidal effects - Resonance
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