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ABSTRACT

Context. During the first hundred million years after the formation of our solar system, the four giant planets are believed to have
migrated significantly (by up 20 AU). The current scenario and dynamics of the satellites of these planets must be the result of both
the initial conditions of their formation and this early extensive migrational episode.

Aims. We examine the effects of the migration on the primordial satellites of Uranus.

Methods. We use the Nice model to generate templates for the evolution of the four giant planets and record the time history of
these planets and important close encounters. The satellites are then added to Uranus and these objects are integrated according to the
dynamics stored in the templates.

Results. We show that Oberon is the outermost regular satellite of Uranus that is able to resist the close encounters during the
extensive migrational episode. Some theories predict that Uranus’ satellites can form out to a 57 Ry distance from the planet, but we
show that even those at =27 Ry from the planet cannot support the instabilities that appeared during migration. Close objects, such
as the current regular satellites of Uranus, can survive quite stably and we are able to place some constraints on the masses of the
planetesimals that have close encounters. For instance, if an object with mass =10~ M, approaches at distances $23 Ry from Uranus,
the regular satellites can be destabilized or their eccentricities or inclinations excited to some non-compatibles values. We also find
that planet-planetesimal close encounters can generate capture. In this way, we present a promising means of explaining the origin of
the irregular satellites of Uranus. The importance of the oblateness of the planet, and the Sun for just-captured planetesimals is also

shown.

Key words. celestial mechanics — planets and satellites: general — planets and satellites: individual: Uranus

1. Introduction

It is widely believed that the original distances of the giant plan-
ets (with respect to the Sun) as soon as the circumsolar gaseous
nebula had dissipated, experienced significant changes due to
the phenomenon of migration (Fernandez & Ip 1996; Malhotra
1993; Hahn & Malhotra 1999; Tsiganis et al. 2005, etc.). Very
roughly speaking, in the migrational process, the interaction be-
tween the protoplanets and the planetesimals during the early
stage of the solar system, caused significant displacements in the
primordial configuration of these planets. Some different migra-
tional scenarios have been presented, although it seems that, the
Nice model is the most accepted and capable to reproducing our
current solar system. The original Nice model (Tsiganis et al.
2005) was subsequently revised (Morbidelli et al. 2007; Brasser
et al. 2009), although its basic principles remain preserved. For
more details, we refer to a review in Morbidelli et al. (2010).
Once a migrational framework is established, it is perhaps
more important than studying migration itself, to devote our at-
tention to the dynamics of the other bodies that suffered the

* Appendix B is available in electronic form at
http://www.aanda.org
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direct consequences of the displacement of the giant planets.
Following Fernandez & Ip (1996), many papers about, for in-
stance, Trojans, asteroids, Plutinos, and KBOs, have appeared.
However, as mentioned in Nesvorny et al. (2007), in our race to
understand, at least part of the evolutionary history of our sys-
tem, the population of the satellites occupies a position of major
interest. According to these authors, the study of the satellites
can provide information that cannot be obtained from any other
source. Since it is believed that distant satellites (in contrast to
those called regular) are captured objects, these authors give in
the introduction of their paper, an interesting and precise discus-
sion of the several theories on the capture of the distant satel-
lites. The basic ideas of each theory are highlighted and possible
drawbacks are discussed. In the main body of their article, they
present their new theory of capture based on planetary close en-
counters that happen in the Nice migrational model. While most
investigations have been devoted to distant satellites, we also in-
clude in our study the possible effects of migration on certain
primordial satellites that formed close to the planet. We also
consider whether possible satellites beyond Oberon, Callisto,
or Hyperion could withstand the close encounters that occurred
during migration or if no object existed at these distances. It is
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usually accepted that inner (or regular) satellites were immune to
migrational phenomena, but as far we are aware, no direct inves-
tigation of this problem has yet been presented. We clearly need
to determine the distance from the mother planet at which a reg-
ular satellite can resist the migrational phenomenon. In this first
paper, we try to focus our attention on Uranus’ satellites. This
work is organized in the following way. In Sect. 2, we adopt the
definition of critical distance a. by Goldreich (1966) to classify
regular and irregular satellites. In Sect. 3, we present some mi-
grational models. Section 4 illustrates the extreme sensitivity of
these models to an object that is inserted into the integration of
the planets. In Sect. 4, to avoid this sensitivity problem, we pro-
pose our interpolator technique. Section 5 shows the results of
the numerical simulations considering Uranus and its satellites.
Oberon resists the close encounters, while other fictitious satel-
lites beyond it are destabilized. As a by-product of several close
encounters, some planetesimals can be captured by Uranus and
these objects are candidates of irregular satellites as seen today.
Section 6 presents some of these captures. Section 7 is devoted
to conclusions. In Appendix A, we show the importance of the
oblateness and the effect of the Sun on the dynamics of the satel-
lites. We also included some supplementary tables and figures in
Appendix B.

2. Regular and irregular satellites

Various studies of planetary migration (Fernandez & Ip 1996;
Hahn & Malhotra 1999; Tsiganis et al. 2005, etc.) have triggered
many investigations of planetary satellites, in particular those
more distant from the planet (“irregular”), because according to
some authors, those close to the planets (“regular”) are almost
unaffected by migrational phenomenon.

A detailed study of this insensitivity certainly requires a non-
negligible cpu-time because the orbital period of these satellites
are much shorter than the period of those so-called “irregular”
satellites (Callegari & Yokoyama 2008). Moreover, this kind of
insensitivity must consider not only the current “regular” satel-
lites, but also the stability of others beyond the outermost cur-
rent satellite according to what we understand by a “regular”
satellite. It is clearly expected that the closer the satellite, the
tighter the link to the planet. Tsiganis et al. (2005), Nesvorny
et al. (2007), and others, found that the regular satellites un-
dergo only minor perturbations during the planetary close en-
counters. The name “regular” satellite, in general, is given to
those very close to the planet of small eccentricity and inclina-
tion. Those far from the planet, usually with significant eccen-
tricity and inclination, are called irregular. With some exceptions
(Triton and possibly Nereid, Phoebe, or lapetus), this classifica-
tion expresses the different origins of each group: the former are
supposed to be primordial, more precisely, neglecting tidal ef-
fects, they were formed “in situ” while the second group origi-
nated from captured objects.

Instead of this qualitative definition, an alternative and
perhaps more accurate classification can be made following
Goldreich (1966) and Burns (1986). We first consider the so-
called critical semi-major distance

2M,Jo\'P
p 23/10 _3/5 p2/5
ac = (— 4,@) (1 - )10, (1)
where J,, M,, ap, and e, are the oblateness coefficient, mass,

semi-major axis, and eccentricity of the planet, and M, refers to
the mass of the Sun.
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Table 1. Critical distances (in R,,) for the current planetary configura-
tion and also for a possible initial configuration of a migrational model
(Tsiganis et al. 2005; Nogueira 2008).

Planets Today Migration Outermost
Uranus 68.3—(19.22)  50.2—(11.50) Oberon—[22.8]
Neptune  75.7-(30.11)  48.2—(14.20) Proteus—[4.8 ]
Saturn 41.6—(9.55) 37.9—(8.18)  Hyperion—[24.6]
Jupiter 32.5-(5.20) 33.4-(5.45) Callisto—[26.3]

Notes. The values between parenthesis refer to the semi-major axis (in
AU) of the corresponding planet used to calculate a., while the values
between brackets refer to the current semi-major axis (in R,) of the
corresponding satellite.

At this distance, the torque on the orbit of the satellite caused
by the oblateness is equal to the torque produced by the Sun.
A simple calculation shows that for objects with semi-major axis
a < a. the inclination remains almost constant with respect to the
equator, while for a > a. the object maintains a constant incli-
nation with respect to the orbital plane of the planet, not to the
equator. For distances close to a. and depending on the obliquity
of the planet, the eccentricity and the motion of the satellite, in
general, can become very irregular (Yokoyama 2002).

It is well accepted that the close satellites were formed from
circumplanetary material in a disk about the planet. In partic-
ular, the only plane where a disk of particles can remain with-
out dispersing, is the equatorial plane (Goldreich 1966). On the
other hand, this disk must be confined to a region within ac.
Therefore, again following Goldreich (1989), equatorial satel-
lites with semi-major axes smaller than a. reflect a condition of
origin, not evolution.

On the basis of these arguments, it is little wonder that almost
all the known satellites called “regular”, are within a.. Almost all
of them are prograde of very small eccentricity and inclination.
The exception is Triton.

In Table 1, we list the critical semi-major axis of the giant
planets. The first column gives a. for the current configuration
and the values of the current semi-major axis of the planets are
given on the right within parentheses. The second column is sim-
ilar but the values within the parentheses are the semi-major axes
of the planets inferred by Tsiganis et al. (2005). In the last col-
umn, we give the outermost known satellite within a.. Its dis-
tance (in R,,) from the planet is also given within brackets.

It is interestint to note that all the satellites whose semi-major
axes are larger than a. given in Table 1, have either a large ec-
centricity or significant inclination relative to those with a < a..
Hence, for the sake of clarity in the nomenclature in this work,
we refer to as “regular” those satellites whose semi-major axes
are within a., and otherwise we refer to a satellite as “irregular”.

For Uranus, we can see an interesting gap: in spite of a very
large a., the outermost satellite Oberon is only 22.8 Ry away
from Uranus. No satellite currently exists in the large interval
[22.8 Ry, a.]. Compared to Jupiter and Saturn, this difference
seems to be quite large.

At first sight, it seems that there is a lack of satellites at
larger radii than Oberon. The absence of these satellites indi-
cates that they were either depleted during the close encoun-
ters during migration or never existed. For Neptune, this lack
of satellites seems to be even more crucial, although the situa-
tion seems to be different and more complicated owing to the
possible capture of Triton in the past and that the unusual orbit
of Nereid should be taken into account conplicating the whole
dynamics considerably (Goldreich et al. 1966; Cik & Gladman
2005; Agnor & Hamilton 2006).
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In the same way, we note the large distance that the current
irregular satellites keep from the critical semi-major axis a. of
the correspondent planet. For instance, in the case of Jupiter,
the nearest irregular satellite is about 80 Ry away from Callisto
(Jewitt & Haghighipour 2007). Perhaps this large distance is as-
sociated with collisions (Bottke et al. 2010) between the outer-
most regular satellite (Callisto in the case of Jupiter) with highly
eccentric and irregular captured satellites. Usually the masses
of irregular satellites (captured objects) are much lower than the
masses of the outermost regular satellites. In this situation, a col-
lision causes either the destruction or ejection of those of low
mass.

The question of why Oberon, Hyperion, and Callisto are the
outermost regular satellites observed today, may certainly have
the answer that their orbtis are the product of many complex
events in the past. These events are related to the satellite forma-
tion process (Mosqueira & Estrada 2003; Canup & Ward 2000,
20006), planetary migration (including collisions), and dynamical
instability. In particular for Uranus, we propose that the results
on migrational theory of Tsiganis et al. (2005) can provide in-
teresting results in this direction. This study also permits us to
test the Nice model, since the overall network of the satellites
(not only the irregular ones) should have been influenced by the
planetary migration.

3. Migrational models

Here we consider the Nice model, or more precisely Gomes’
code (Gomes et al. 2005). Morbidelli et al. (2007) presented
a second version of the Nice model (Nice-II). Although in the
original model (Nice-I), the initial conditions of the four giant
planets are rather arbitrary, in Nice-II the initial conditions of
the giant planets are defined as a result of an hydrodynamical
simulation related to the evolution of the planets in a gaseous
proto-planetary disk. In this way, the planets begin their mi-
gration in a compact quadruple resonant configuration, that is,
Jupiter and Saturn are in 3S:2J mean motion resonance, Uranus
and Saturn in 3U:2S, and Uranus and Neptune in 4N:3U. The
main source of the instability during the migration is the crossing
of the Jupiter-Saturn 5S:3J resonance, although later the cross-
ing of the 2S:1J resonance also occurs, which is much faster than
in the Nice-I version.

In the Nice-I model, if migration of the giant planets oc-
curred after the completion of the inner planets, it is clear that
the terrestrial planets suffered a violent bombardment (LHB phe-
nomenon). While the current configuration of the giant planets
is well reproduced by this model, it is also important to check
how the inner planets supported the effects of migration and to
explore establish whether the current configuration of the terres-
trial planets is compatible with the migration theory.

To explain the current architecture of the inner planets in the
context of the migration theory, Brasser et al. (2009) switched
from the Nice-I to the Nice-II model, since a slow passage
through 2:1 Jupiter-Saturn resonance that occurs in Nice-I, could
give birth to some undesirable secular resonances causing in-
compatible eccentricities in the terrestrial planets. As mentioned
in Brasser et al. (2009), the two models differ only in some tech-
nical details, although the bulk of the dynamics (global instabil-
ity caused by the passage of Jupiter-Saturn pair through a mean-
motion resonance and a later stabilization owing to the dynami-
cal friction) remain the same.

Although the original Nice-I model might not be adequate
to reconcile the current status of the terrestrial planets and the
LHB history (provoked by this migration theory), it has been

tested in several scenarios, reproducing many observational as-
pects of our solar system (Morbidelli et al. 2005; Nesvorny et al.
2007; Gomes et al. 2005). Therefore, we consider only Nice-
I in this work, for which the important ingredient is the strong
bombardment of the planetesimals on the planets related to some
violent close encounters between the planets. As mentioned in
Morbidelli et al. (2009a), the migration of the planets cannot
be smooth. For instance, if smooth migration is accepted, in the
case of Uranus we can show the appearance of some captures in
resonances for the regular satellites. These resonances would be
responsible for some non-realistic increase in the inclinations of
the satellites, especially for Umbriel (Yokoyama, in prep.).

After several experiments considering different initial po-
sitions of the planets and sufficient time integration (10,6 x
108 years), we selected five cases that we call M1, M2, M3, M4,
and MS5. The time evolution of the planets is shown in Fig. 1.
We show only the first 5 or 10 Myr, i.e., a short interval around
the region where the 2S:1J resonance occurs and some planetary
close encounters as well. At the end of this short time interval,
the eccentricity and inclination of the planets are still larger than
the current values. However, in general, once the planets acquire
these kinds of configuration, no more planetary close approaches
will occur and the semi-major axes will usually remain almost
constant, as the eccentricity and inclination are damped very
slowly to their current values by the dynamical friction. This
usually takes about 100 Myr.

Following Gomes et al. (2005), the total mass of the plan-
etesimal disk is 35 Mg (where Mg refers to Earth’s mass).
In the beginning, this disk is represented by only a few hun-
dred objects (500), such that the mass of each particle is about
~2.1 x 1077 M. During the time evolution, whenever this par-
ticle approaches within a distance of Dp of some planet (Dp =
3 AU), the planetesimal is substituted by 20 new particles, which
are randomly distributed within a circle of radius #0.01 AU cen-
tered on the original planetesimal. In this process, the mass of the
parent planetesimal is equally partitioned among the new parti-
cles (=1.05x 1078 My). Every 10000 years, the code verifies the
planet-planetesimal distance and for all close approaches <Dp,
the above technique is applied, although planetesimals that orig-
inated from a previous partition are not allowed to be cloned
again. The main idea of this process is just to define the opti-
mal number of particles with suitable values of individual mass,
such that the cpu-time of the integration is acceptable while mi-
gration as a whole, is sufficiently smooth without exhibiting too
strong noise in the variation of the elements. After these parti-
tions, we usually worked with a total of Npmax < 10 000 particles.
This is the effective planetesimal disk that governs the scenario
of the migration. The five successful models, previously men-
tioned, were obtained considering this disk of planetesimals.

4. Methodology

We propose to study the stability of the regular satellites and fic-
titious objects near the outermost inner satellite of Uranus con-
sidering the effects of migration theory based on Nice-I model.
To do that, we basically define two steps. In the first, we collect a
number of successful migrations scenarios (five simulations) and
during the integration of the four planets we record at each seven
years, the position and velocity of the planets. To test the effect
of migration on the primordial satellites, we have of course, to
consider only successful simulations. A naive way of studying
the dynamics of the planetary satellites is to re-run a successful
migration model, but now including the satellites of the mother
planets. In doing this, we note that the results are very sensitive
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Fig. 1. Models M;: time evolution of the semi-major axes of the planets
during the passage through 25 :1J resonance.
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Fig. 2. Top: three satellites of Uranus (a = 25 Ry, a = 40 Ry, a =
55 Ry) are included in a previous simulation. Bottom: same as on the
top, including only two satellites: (a = 30 Ry, a = 60 Ry). The path of
the ice planets changes completely with the inclusion of these satellites.

to very small changes in the numerical integration of the sys-
tem. The inclusion of a small satellite (even with almost zero
mass) in the integrations, may cause large enough changes that
the previous successful configuration of the outer planets cannot
be reproduced anymore. As the system is strongly chaotic during
the passage through the 25:1J resonance, Uranus and Neptune
may follow different paths and a small perturbation can generate
important consequences, including the escape of either Neptune
or Uranus. For instance, taking one simulation among the pre-
ceding simulations, keeping the same initial conditions, same
machine and just adding some more satellites, the final result
of the integration can completely change as shown in Fig. 2. The
top panel of this figure exhibits the evolution of the planets when
three satellites of Uranus, at distances 25 Ry, 40 Ry, and 55 Ry
are included in migrational model. In the bottom panel of Fig. 2,
we included two satellites at 30 Ry and 60 Ry. We note that the
behavior of the ice-planets is quite different. In particular, for
the top panel, as Uranus has some close encounters with Jupiter,
the three satellites are ejected in about 6 x 10° years. In general,
there is no guarantee that the final solar system will be recovered
whenever an extra object, such as a regular satellite, is included
in the system. In some cases, we can have the escape of Neptune
or Uranus. In both cases, the Burlirsh-Stoer (BS2) integrator of
the Mercury package was used (Chambers 1999).

Therefore, owing to this high sensitivity, the inclusion of tar-
get objects in a previous successful migration is not viable. In
addition to this problem, the simulation of a migrational model
can be very time-consuming, especially when close satellites are
included.
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To overcome these problems, we consider migrational mod-
els whose final outcomes reproduced our current solar system.
Our technique is to use these models as fixed templates and insert
the target satellites to be studied under the action of the migrat-
ing planets and also under the effect of some “selected” plan-
etesimals. The meaning of “selected” will be explained later.
The method of avoiding the high sensitivity was presented in
Yokoyama et al. (2009) and also in Brasser et al. (2009).

To derive the template for each successful migration, the he-
liocentric orbital elements (a, e, I, Q, w) of the four giant planets
are recorded to build a discrete database of the complete time
evolution of the planets. We usually record these elements every
seven years. With this database for every three points, an inter-
polating quadratic polynomial in time can be defined to repre-
sent the semi-major axis, eccentricity, inclination, longitude of
the node, and argument of the pericenter for each planet. Every
14 years, except for the mean anomaly, a new polynomial is con-
structed for each orbital element of the planets. We note that
once the semi-major axis is fitted using a polynomial, the cor-
responding mean anomaly can be triavilly found from the two-
body problem approximation. With this technique the motion of
the migrating planets is given for any time and test satellites can
be inserted in this system with the guarantee that the planets will
reproduce the previous successful path. Once the template is ob-
tained, any set of new satellites can be inserted and we can run
the same code because only the satellites are integrated, that is,
the orbits of the planets are supplied by the polynomials of the
template.

During the planetary migration, several close encounters be-
tween planets and planetesimals occur. Our code checks this
planet-planetesimal distance every 14 years. We define as t = *
the instant when a close approach between Uranus and a plan-
etesimal occurs, such that the separation distance is <0.8 AU
(Beaugé et al. 2002; Nesvorny et al. 2007; Nogueira 2008).
Starting from ¢ = ¢*, the planet-planetesimal system is integrated
backward until # = #*, when the separation distance becomes
greater than 1.0 AU. This is a simple two-body problem inte-
gration whose origin is fixed on the equator of the planet. In
this case, the integrator is switched to Radau with a very short
time-step (of the order of one day). From ¢t = ¢, a forward in-
tegration is then carried out and if the planetesimal approaches
within 100 Ry of the planet (at r = ***) we record its plane-
tocentric position and velocity. These are the “selected” plan-
etesimals we mentioned before and are processed later (in a
second step), considering a more complete environment that in-
cludes the Sun, oblateness, the remaining planets, and the regu-
lar satellites. As the time step is very short, usually at t = ¢~
the distance between “‘selected” planetesimal and Uranus is very
close to 100 Ry. We later consider other distances (200 Ry and
300 Ry).

In the Nice model, we recall that we considered a disk with
35 Mg represented by at most ten thousand particles. This means
that the individual mass is about 1.05 x 107% M. A very large
number of planetesimals means lower individual masses for
them and of course, a smooth migrational process, although a
much longer cpu-time is needed to simulate the migration.

While the disk that we use is reasonable for simulating suc-
cessfully the migration of the planets, it is clear that for the dy-
namics of the satellites, the masses of these planetesimals are
too large relative to the masses of Miranda, Umbriel and other
groups (see Sect. 5). If the mass of the planetesimals were on
the order of 1.05 x 1078 M, it would be difficult to explain the
current mass distribution of bodies in the Kuiper belt and also
the current irregular satellites. In addition, the survival of the

regular satellites in their current orbits would be very unlikely.
One could say that eventually, some so large planetesimal might
have existed in the disk, although the majority of them could
not have had high masses. In the next subsection, we discuss the
question of the masses.

4.1. Close encounters and mass of the planetesimals

The dynamics of the satellites during migration involves the in-
teraction of the host planet with the remaining planets as well
as the effects of the “selected” planetesimals on these satellites.
As mentioned before, with the interpolating technique, the com-
putation of the effects of the planets becomes easy, although the
effects of the planetesimals on the satellites must be worked out
independently.

In addition to the perturbations due to the planets and the
oblateness, we assume that what really does matter is the effect
that occurs when the pair satellite-planetesimal is in a close en-
counter geometry. Unless the planetesimal approaches the planet
very closely we consider that its effect on the satellites is negli-
gible. This is somehow straightforward considering the masses
of the participants.

To take into account the close approach, we have to set a
value for the mass of each planetesimal that approaches the
planet. According to Trujillo et al. (2001), the cumulative distri-
bution number (N) of particles with radius r, belonging to the
Kuiper belt follows a power law N o r 7 (g = 4 £ 0.5).
For asteroids of the main belt, the value ¢ = 3.5 (Jewitt &
Haghighipour 2007), may vary significantly. For Jovian irreg-
ular satellites, it seems that a single power law cannot perfectly
describe the current distribution. The unknown process of evo-
Iution of the satellites (dynamics, collision, re-accumulation,
etc.) might have perturbed a possible power-law distribution.
Therefore, while still using a power-law to define the mass of
the planetesimals, we also consider the current observed val-
ues of the irregular satellites and that a small number of pos-
sible “large” Pluto-sized bodies, m ~ 6.6 x 107 M, (as seen
today in the Kuiper belt), might have existed in the primordial
disk. Current Pluto’s values for diameter (D) and density (p) are
D =~ 2300 km and p ~ 2.06 g/cm?, respectively. According
to many authors, the Kuiper belt is the relic of a primordial
planetesimal disk. Most of the bodies of our Solar System have
an origin and composition related to this transneptunian disk.
The study of the current Kuiper belt can provide much informa-
tion about the evolutionary history of our solar system. Based
on this, for instance Levison et al. (2008) and Morbidelli et al.
(2009b), concluded that there existed in the original circumsolar
planetesimal disk about 1 (or 1.5) thousand Pluto-sized bodies.
Hence, we should take this feature into account in our disk. At
the time when Jupiter and Saturn enter into a 2S:1J resonance
(LHB epoch), the number of particles in our disk is about ten
thousands. This means that about 10% of our planetesimal disk
is populated by Pluto-sized object. We now assume that if Neyc
were the total number of planet-planetesimal close encounters
during a migration process, then 10% of N, of these encoun-
ters occurred with a Pluto-sized planetesimal.

We assume that the planetesimals are spherical (Nogueira
2008) p = 3m/4nr3, such that, r = (om)'/® where o = 3/4np.
Hence, from the previous power law (N o r~7), we can write
m oc N~3/4 /0, and finally

dgpN—3/a

"= T @
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where C is a proportionality constant and p is the density of the
body. Since we consider a finite number of masses, the total mass
of an ensemble of N, particles can be approximated by

Nmmx
M = M, Z(N+ 5)—3/q’
N=0

3

where ¢ is a random number in the [0, 1] interval and M, =
4rp/3C. Since the total mass is fixed, M; (or C) is determined
from the last equation, and individual masses can be found from
Eq. (2).

In the context of the discussion about the objects observed
in the Kuiper belt and the size of the current irregular satel-
lites, we decided to adopt ¢ = 1.3. Putting the pieces together,
we consider the first close encounter between an original plan-
etesimal and Uranus. Our strategy is to substitute the original
approaching planetesimal by 500 new masses, that is, m;, my,
.. msg, and for the first two masses we set m; ~ Mpp, and
my = my/2. The remaining mass is divided among the other
498 particles according to Eq. (2). We refer to these above re-
sulting masses as “cloned particles”. In the second encounter,
the process is repeated, although for the new m; it is assigned
an intermediary value between m; and m, values of the previ-
ous encounter. Therefore, each original approaching planetesi-
mal is divided into another 500 particles and once the number of
Pluto-sized particles reaches 10% of Nenc, the inclusion of Pluto-
sized particles (m; and m;) is stopped so that each massive plan-
etesimal is fully divided into 500 particles according to Eq. (2).
The technique of defining two massive masses during the first
encounters is irrelevant because afterwards all these encounters
will be distributed in a random way. Therefore, to compute the
individual effect of each close encounter on the satellites, we at-
tempt to create a local environment that resembles the original
disk in the past. Many other criteria could of course, have been
applied to set values for the masses. We adopted this distribu-
tion after several successful tests and considering that this is an
easy way to take into account the existence of some Pluto-sized
planetesimals in the past, as pointed in Levison et al. (2008) and
Morbidelli et al. (2009b). Moreover, with ¢ = 1.3, the current
values of the masses of the irregular satellites can also be easily
considered in the model.

Summarizing, the initial planetesimals considered in the pre-
vious section that had close encounters with Uranus, give birth
to 500 new clones, whose total combined mass is the same as
the parent planetesimal (~1.05 X 10~% My). To each clone, we
assign an individual mass following two basic ideas: the per-
centage of the Pluto-sized objects of the original disk is pre-
served when planetesimals are fragmented into new pieces and
the masses of these resulting “cloned particles” follow a power-
law distribution. This procedure is repeated for all the origi-
nal encounters that occurred during a successful run of Nice
model. Each “cloned particle” with its mass, position, and ve-
locity is randomly archived in a unique file. The final step is to
re-run the original migration model, where the planets are re-
trieved from the templates compiled in Sect. 4 and some target
satellites are attached to Uranus. To compute the effect of these
“cloned particles” on the satellites, the code extracts, sequen-
tially, from the above-mentioned file, one intruder at a time in-
serting it into the Mercury integrator. These planetesimals are
injected periodically at some time interval Ar for each origi-
nal encounter. However, the value of At is not the same for the
whole integration, since the number of planet-planetesimal en-
counters is very small at the beginning of the integration and
after that, during the passage through the 2S:1J resonance, this
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number increases drastically. In general, the number of these en-
counters usually increases during the close encounters between
Uranus and Neptune, while in the absence of planetary encoun-
ters, the number is small. In other words, At is defined during the
first simulation when the templates of migration were compiled.
Therefore, short or long At is adopted according to the number
of close encounters that occur during some fixed time interval.
This means that some Ar can be shorter than the period of or-
bit precession of the attached satellites, although this is just a
consequence of what really happened in the original migration
and we do of course have to preserve this feature in the second
integration.

In Fig. 3, we show the number of planet-planetesimal en-
counters during the time evolution of the planets, i.e., the time
variation in the semi-major axes of Uranus and Neptune for each
model as given in Fig. 1 is also plotted. The scale on the right
vertical axis of each panel shows the number of encounters be-
tween the planetesimal and Uranus. As stated before, the ma-
jority of the encounters occur during the 2S:1J resonance, when
Uranus and Neptune have several close approaches. Although
not clearly shown, in model M4-2S:1J, after r = 1.5 X 107 the
number of encounters is very small, as in the remaining cases.
To confirm this, we extended, as we show in Fig. B.1, the inte-
gration to 100 Myr and observed that the number of encoun-
ters after the passage through the 2S:1J resonance is almost
negligible.

5. Uranus’ satellites

We investigate the behavior of the regular and fictitious satel-
lites of Uranus under the action of migration. We integrate the
five inner satellites (M = Miranda, A = Ariel, U = Umbriel,
T = Titania, and O = Oberon), as well as six fictitious satel-
lites sk = (s1, 52, 53, 54, 55, s6) placed beyond Oberon whose
semi-major axes are 27.5 Ry, 33 Ry, 39.6 Ry, 47.5 Ry, 57 Ry,
and 68.4 Ry, respectively. These values were considered in the
context of the empirical relation a;.; =~ 1.2a;, where ay is the
semi-major axis of Oberon, a; is the semi-major axis of sl, and
so on. The remaining initial conditions (eccentricity and incli-
nation) are given in Table 2. For the regular satellites, we take
the current values, apart from changing Miranda’s inclination to
zero (see Table 2).

For the mass of the regular satellites, we considered the
following values in terms of Mgy my = 3.31 x 107! (D =~
471.45km), ma = 6.80x 10719 (D =~ 1156.51 km), my = 5.89 x
10719(D ~ 1169.18 km), mt = 1.77 x 10~° (D ~ 1578.38 km),
and mp = 1.52 x 107 (D ~ 1524.42 km). The diameters were
estimated by adopting a density (g/cm?) py = 1.20, pa = 1.67,
pu = 1.40, pr = 1.71, and po = 1.63.

For the fictitious satellites, we have my = 1 x 10719 (D ~
72425 km), mgp = 1 x 1071 (D ~ 336.17 km), mg = 1 x 10712
(D ~ 156.03 km), mgy = 6 x 1073 (D ~ 131.60 km), m =
3x10713 (D ~ 104.45km), and mg = 1x 10713 (D ~ 72.42 km),
and the density was fixed to 1 g/cm? for all of them.

5.1. Encounters without planetesimals

To study the dynamics of the regular and si satellites, first of all,
we consider only the effect of the planetary encounters. In the
Mercury package, the hybrid option integrator was selected with
a time step fixed to 1/20 of Miranda’s orbital period. The dis-
turbers are the neighbouring planets, the Sun, and J;, as well
as mutual perturbations among all the satellites. The motion
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Effects of the planetary migration on the primordial satellites. I.

of the planets is given in terms of the interpolating polynomi-
als obtained according to the technique described in Sect. 4.
The integrations are limited to only 5 or 10 Myr, since after
that, additional planetary close encounters if exist, are very rare.
Similar investigations of the satellites of Uranus in this scenario
were presented by us in some previous works, where Jupiter and
Saturn were however fixed at the 2S:1J resonance, so that the
variations were much more pronounced (Yokoyama et al. 2008)
and in many cases the escape of the regular satellites were ob-
served.

In Table 2, all the regular satellites survive retaining their
small eccentricities and inclinations. The fictitious satellites s1,
52, 53, and sometimes s4, usually survive with rather low val-
ues of eccentricity, while the remaining s5 and s6, in general
experience collisions, or are ejected and in this case, the name of
the corresponding object that participated in the collision is in-
dicated in the place of the final elements (see details in Table 2).
We note that these si have highly disturbed orbits because they
may collide with distant and interior regular satellites. For in-
stance, s5, which started with semi-major axis 57 Ry, collided
with Miranda (model M5). In addition, s6 collided with Ariel
(model M1).

We also, note that the initial inclinations of the satellites were
considered on the local Laplace “plane” (LLP) since in the case
of distant si satellites, if they existed in the past they probably
originated close to this plane. The local Laplace “plane” is a
convenient surface whose orientation varies according to the dis-
tance between the planet and the satellite. If a satellite is placed
on this “plane”, eventual large periodic perturbations owing to
the Sun on the satellite, can be cancelled by the oblateness per-
turbations, so that the orbital plane of the satellite referred to
LLP precess uniformly. Roughly speaking, for very short dis-
tances, this plane coincides with the equator, while for large
distances it coincides with the planet-sun orbital plane (Sinclair
1972). The relationship between LLP and equator plane is given
by the equation

in2
tan2/;, = smie’
Y+ cos2e
where
nR, \*
y = 2(1 —e§)3/2{—"} 7
a np

and Ip, is the inclination of the LLP with respect to the Uranus’
equator, € refers to the obliquity of the planet, n is the mean mo-
tion of the satellite whose semi-major axis is a, R, is the equa-
torial radius of the planet, and n, is the mean motion of the Sun.
With the above relation, we can place any satellite on the LLP.

A simple calculation shows that vy is the ratio of the oblate-
ness and solar perturbation. Moreover, for y = 1 we obtain a, as
defined in Eq. (1). Therefore, the Laplacian plane is close or far
from the equator depending on .

We note that in the absence of planetesimals, all the regu-
lar satellites always remain quite immune to the planetary close
encounters of migration. We can see that placing si satellites
on LLP, the effect of the Lidov-Kozai resonance decreases, al-
though this was not enough to avoid the destabilization of s5 and
s6. Some close encounters either between Uranus and Neptune,
or between Uranus and Saturn, that excite si seems to have a
stronger effect. In Table 2, the initial inclination of si are indi-
cated by a fraction (/;/1). The first number of the fraction (/)
refers to the initial inclination of si when Uranus starts its migra-
tion at ay = 11.5 AU (M1, M2, M4, or M5) and I, when Uranus
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Table 2. Results of 5 and 10 Myr integration time, considering the main regular satellites of Uranus and 6 fictitious satellites beyond Oberon

(placed on LLP).
Initial conditions-mean values-si on LLP
M A U T 0 sl s2 s3 s4 s5 s6
a;(Ry) 5.08 7.47 1041 17.07 22.83 27.50 33.00 39.60 47.50 57.00 68.40
e 0.001 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
7,eq(”) 0.00/0.00  0.04 0.12 0.08 0.07 0.41/0.21 1.09/0.55 3.39/1.51 19.20/5.14 105.86/42.44  99.91/102.79
Final mean elements-without planetesimals
Ml
a(Ry) 5.08 7.47 1041 17.06 22.83 27.50 32.99 39.57 47.23 T A
e 0.001 0.001 0.004 0.002 0.002 0.006 0.012 0.019 0.077 T A
oq(?) 0.17 0.64 0.12 0.75 1.18 1.56 2.75 3.00 1.37 T A
M2
a(Ry) 5.08 7.47 1040 17.07 22.83 27.50 33.00 39.60 47.48 U O
e 0.001 0.001 0.006 0.001 0.002 0.006 0.002 0.001 0.002 U (6]
I,(") 0.02 0.17 0.08 0.14 0.19 0.40 1.21 4.09 22.03 U (6]
M3
a(Ry) 5.08 7.47 1041 17.07 22.82 27.50 33.00 39.62 47.38 A (0]
e 0.001 0.001 0.004 0.002 0.002 0.005 0.005 0.005 0.005 A (0]
_cq(") 0.10 0.27 0.53 0.28 0.43 0.58 4.07 4.83 6.57 A (0]
M4
a(Ry) 5.08 7.46 1041 17.08 22.84 27.47 32.93 39.22 sl A (6]
e 0.001 0.002 0.003 0.003 0.003 0.016 0.036 0.037 sl A (0]
Lq(") 0.13 0.95 2.52 1.23 1.93 2.54 9.51 2.82 sl A (6]
M5
a(Ry) 491 7.47 1041 17.07 22.83 27.50 32.98 39.56 ej M O
e 0.035 0.001 0.004 0.001 0.002 0.009 0.017 0.016 ej M (6]
q(°) 0.44 4.26 1.34 0.27 0.42 0.62 4.84 8.05 ej M (6]
Notes. The planets migrate following the M;, i = 1...5, successful models, without planetesimals. Subscript i refers to initial values and note that

eq is used to indicate the inclinations of the LLP with respect to the equator of Uranus (in the case of fictitious satellites). LLP (1, /1) is calculated
for ay = 11.5 AU (M1, M2, M4, and M5) or ay = 14.2 AU (M3), depending on model M;. The notation for the satellites are M = Miranda,
A = Ariel, U = Umbriel, T = Titania, O = Oberon, s/, 52, s3, s4, s5, s6. Ejected satellites are indicated by “e;”. Satellites that have experienced
catastrophic collisions have in the corresponding column, the name of the impactor. Except for Miranda’s inclination, the initial conditions of the
regular satellites are given at “http://ssd. jpl.nasa.gov/?sat_elem”.

starts at ay = 14.2 AU (M3). These I; values indicate the in-
clination of the satellite (on LLP) with respect to the Uranus’
equator.

5.2. Inclusion of the planetesimals

We now include the effect of the planetesimals. We again inte-
grate the si fictitious satellites together the five regular satellites
(Miranda, Ariel, Umbriel, Titania, and Oberon). Periodically, we
inject the “cloned particles” according to each close encounter
involving the “selected” planetesimals as described in Sect. 4.
In Sect. 3, we selected five migrational models. Each model is
integrated considering four different random insertions of the
planetesimals.

This time, during migration, the satellites suffer different sit-
uations of close approach owing to the presence of the planetes-
imals. In most cases, we adhere to the original version of the
Mercury package, which assumes an inelastic collision, that is,
based on the conservation of the linear momentum, the MERGE
subroutine adds m; and m; (masses of the target and projectile,
respectively) to form a single mass m;.. This merging of masses is
the simplest way to treat collisions, and usually when m; and m;
are of different order, the technique works quite well. However,
in some situations, there are other aspects of the problem. For
example, in the region populated by the si satellites we consider
a collision involving a satellite and a planetesimal with masses
m; and m;, respectively. If both are on the same order and a new
body is created, its mass will be about twice the value of m;
(or more). Under these conditions, our calculations show that,
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in general, the abrupt “birth” of a massive body (mk), close to
or inside the system of si satellites, causes a clear instability:
a given si satellite can become strongly disturbed and invade
the region of regular satellites. Eventually even mk might do
the same. Significant perturbations take place and new collisions
can appear, particularly when mk remains (even temporally) as a
satellite of the planet. If collisions in cascade occur, a significant
part of the whole system can be destabilized.

The problem of impacts has been studied by several authors,
mainly in asteroidal and recently in irregular satellite problem
(Bottke et al. 2010). A general treatment of the events during a
collision between a target body and a projectile, usually involves
three situations: cratering, shattering, and dispersing (Benz &
Asphaug 1999).

To better characterize these impacts, authors define a spe-
cific energy Q (kinetic energy of the projectile per unit of the
mass of the target). In this way, we define Q) to be the critical
impact energy. This is the energy needed to disrupt the target
and send about 50% of its mass away. For Q < Qj,, we have a
cratering event, a Q ~ ()}, catastrophic event, and a Q > 0y,
super-catastrophic event where in some cases, both objects are
pulverized (Bottke et al. 2010). The values of Q7, for differ-
ent materials are determined from sophisticated techniques and
laboratory experiments, usually for ice and basalt, when con-
sidering limited impact velocities in the range 2.5-7.5 kms™!
(Durda et al. 2004; Benz & Asphaug 1999; Bottke et al. 2010,
etc.). In all these experiments, the results also depend on the
impact angles and the size of the targets. According to Bottke
et al. (2010), in some situations when the smashing bodies have
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masses of the same order, in the super-catastrophic cases (when
0O > Q). the pulverizing of both objects takes place. Adopting
some similar data (Qj,-curve) given in Bottke et al. (2010), we
confirmed the existence of some highly super-catastrophic colli-
sions (Q > Q) when m; ~ m; in our problem. In addition, in
Uranus’ case, the regular satellites are very close to the planet,
therefore some high impact velocities reaching 13.5 kms™! can
appear. On the other hand, the impact angles reach almost all val-
ues in the [0°, 180°] interval. Finally, the bulk density of the ma-
jor satellites of Uranus is in the interval [1.2 g/cm?, 1.7 g/cm?]
and the global ratio ice/rock is close to 1. As we can see, for
asteroids or irregular satellites (objects far from the planets),
the approximate values of the basic parameters (Qy,, the angle
of impact, velocities, material involved, size, etc.) are known.
However, in the case of regular satellites (especially for Uranus’
satellites) the space of parameters seems to be much larger and
somewhat more complex. Moreover, some collisions can gener-
ate fragments that can either escape or re-accumulate, usually
around some large fragment. In this sense, a re-accumulation
may produce a new regular satellite replacing those that were de-
stroyed in the collision. For a rigorous treatment of the dynamics
of the close approach involving satellites, it would be necessary
to consider all these details, and of course appropriate O}, values
for the involved materials.

Therefore, in our problem, owing to the lack of additional in-
formation, we decided to consider only a first order approxima-
tion of the problem: whenever m; and m; are of different orders,
we adopt the original inelastic version of mass conservation in
the Mercury package. On the other hand, when the masses are on
the same order, we considered a super-catastrophic event (Bottke
etal. 2010). We then, add the two pulverized masses to the planet
such that we maintain the conservation of the momentum.

The study of a possible re-accumulation of the fragments
into a single body is probably dissimilar to the classical cases
because the pieces to be accreted are submitted to a non-
negligible perturbation of other massive and close satellites. In
this way, even in the case of partial pulverization, a possible re-
accumulation of the ejected material, originating in a new object,
will not be considered in this work.

Then, considering these ideas, and placing si satellites on
the LLP, we obtained Tables 3 and B.1. The first table we call
“successful runs” and in the last table we have the cases when at
least one regular satellite is lost, usually due to a collision, either
with another satellite or with a massive planetesimal. We classify
these cases as “unsuccessful runs”. Table 3 presents the main re-
sults. It shows the outcome of the final orbital elements of the
regular satellites. In this table, all the regular satellites survived
(12 runs). In the remaining eight unsuccessful runs (Table B.1),
a significant number of the regular and si satellites are destabi-
lized. As expected, usually s5 and s6 are the weakest in terms
of stability. In general, the eccentricities and inclinations of the
regular satellites remained small, although some exceptions are
very clear. For instance, Miranda, the smallest satellite, has final
values of e ~ 0.294, I ~ 14.26°, (M1, Job4) and ¢ ~ 0.118,
I ~ 2.38° (M2, Job2).

Comparing Table 3 with the previous tables, the effect of the
planetesimals becomes very clear. Without their presence, all the
regular satellites remain quite stable, so that the cause of the in-
stabilities in the regular satellites is essentially the action of the
planetesimals. Practically, they are able to destabilize the ficti-
tious satellites not only those placed beyond a., but also satellites
with a > aoperon- The destabilization of si satellites occur mostly
because of either collisions between themselves or with the regu-
lar satellites. On the other hand, regular satellites can be strongly

affected whenever an intruder of mass either greater than or on
the order of 3.31 x 107" M, (Miranda’s mass), approaches suf-
ficiently close to that of Uranus (about ~10 Ry). This was first
pointed out in Beaugé et al. (2002), although the authors used
planetesimals with much higher masses.

As we see, satellite-planetesimal close encounters are very
frequent and significantly influence the final architecture of the
satellite system. Therefore, not only an inelastic collision but
some additional scenarios as described in Benz & Asphaug
(1999), Durda et al. (2004), and Bottke et al. (2010) would be
necessary.

Although not shown, for completeness, we repeated all these
simulations (13 successful runs), placing all the satellites (in-
cluding si) on the equator. The final results are very similar. We
conclude that in our 25 successful simulations, thanks to the ef-
fect of the planetesimals, the fictitious satellites beyond Oberon
are usually destabilized.

The presence of some massive planetesimals (Pluto-sized) in
our disk, is a quite reasonable hypothesis considering that they
actually exist in the exterior Kuiper disk. Moreover, as pointed
out in Nesvorny et al. (2007) there is no reason to believe that
the only massive objects to have been accreted into the disk were
the four giant planets.

It is well-known that under certain conditions, such as the
initial semi-major axis and rotational state of the planet (for a
review, see Ferraz-Mello et al. 2008) the tidal effect is able to
either decrease or increase some orbital elements of the satel-
lites. In this work, for the initial semi-major axis of the regu-
lar satellites we adopted the current values. Perhaps, for smaller
values, closer to Uranus, they could more successfully resist the
encounters with massive planetesimals, and after that, owing to
tidal effects their eccentricities and inclinations could be damped
to their current values, and the semi-major axes could increase
to their present values. Another possible source of damping is
the satellite dynamical friction. Collisions would probably, pro-
vide additional material to form a local disk around the planet.
This disk might be able to cause efficient dynamical friction on
the satellites. Some preliminary studies of dynamical friction in-
deed indicate damping inclination and eccentricity might depend
on the local disk around the planet. Therefore, some excited val-
ues of the eccentricity and inclination from Table 3 could be
damped via the above mechanisms.

We finally consider Fig. B.1 (Appendix B). In a similar
way to Fig. 3, this figure shows the number (N) of Uranus-
planetesimal close encounters, but this time for a 100 Myr mi-
grational time. This is usually the time required for a typical
migration in order to get the four planets to their current eccen-
tricity, inclination, and semi-major axis. We note, however, that
the majority of the close approaches with Uranus occur when
Jupiter and Saturn are in 25:1J resonance. Usually, after 5 or
10 Myr this number is very small and in principle, we believe
that it is unlikely that drastic change can occur for the remaining
satellites after that. In addition to the cpu-time, this is another
reason why we considered only 5 or 10 Myr in the integrations
of this section.

Finally, we note that in Nesvorny et al. (2007) the authors
considered massless planetesimals and the set of regular satel-
lites were neglected. In our case, all the planetesimals that partic-
ipate in the close encounters have a specific mass. These massive
planetesimals interact with all satellites (regular and si fictitious
satellites). In particular, massive planetesimals are responsible
for cleaning the si objects placed beyond Oberon. On the other
hand, the inclusion of the regular satellites becomes important in
the capture of planetesimals as we now show (see Sect. 6).
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Table 3. Same as in Table 2 but now including the planetesimals.

Initial conditions-mean values-si on LLP

M A U T 0 s/ 52 s3 54 s5 56

a;(Ry) 5.08 747 1041 17.07 22.83 27.50 33.00 39.60 47.50 57.00 68.40

é; 0.001 0.001  0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Le,(°)  0.00/0.00 0.04 0.12 0.08 0.07 0.41/0.21 1.09/0.55 3.39/1.51 19.20/5.14 105.86/42.44  99.91/102.79

Final mean elements-with planetesimals

MI —Job 1

a(Ry) 5.09 746 1031 17.07 22.79 27.23 32.79 39.47 48.08 ej O

e 0.003 0.002 0.006 0.003 0.004 0.011 0.004 0.017 0.122 ej o

L, 0.19 1.12 0.40 0.62 0.95 1.28 3.32 9.34 7.32 ej (¢}
MI —Job 3

a(Ry) 5.09 749 1044 1697 2295 27.49 33.97 38.76 52 T O

e 0.005 0.013 0.013 0.008 0.010 0.030 0.075 0.050 52 T (¢}

L, 0.22 0.90 0.20 0.17 0.27 0.40 2.40 7.56 52 T (¢}
M1 -Job 4

a(Ry) 4.95 7.53 1040 17.23 23.13 (0] (0] 40.12 ej A ej

é 0.294 0.074 0.052 0.016 0.023 (0] (0] 0.089 ej A ej

I, 14.26 1.39 1.22 0.67 0.89 (0) (0) 7.30 ej A ej
M2 —-Job 2

a(Ry) 5.04 7.08 9.76  16.88 22.79 27.06 53 52 U ej (6]

e 0.118 0.018 0.068 0.011 0.012 0.031 s3 52 U ej (6}

L,(°) 2.38 1.54 1.17 0.64 0.56 1.79 53 52 U ej (6]
M2 —Job 3

a(Ry) 4.90 730 10.04 17.08 22.89 27.73 s3 52 46.86 (0] (6}

e 0.050 0.055 0.037 0.010 0.010 0.058 s3 52 0.037 (0] o

I,°) 1.41 1.35 0.81 0.70 0.56 2.06 53 52 19.98 (0) O
M2 —Job 4

a(Ry) 4.93 746 1051 18.07 22.62 52 sl T T A U

e 0.059 0.051 0.031 0.040 0.037 52 s1 T T A U

L, 291 2.45 3.93 3.13 3.51 52 sl T T A U
M3 —Job 2

a(Ry) 5.03 7.51 1022 17.00 23.57 T 53 52 46.40 T T

é 0.001 0.015 0.039 0.038 0.059 T s3 52 0.068 T T

I, 0.21 0.54 1.32 1.09 1.91 T 53 52 8.62 T T
M4 —Job 1

a(Ry) 5.07 7.52 1043 16.82 22.27 52 s1 38.59 sl A U

é 0.052 0.047 0.043 0.022 0.020 52 sl 0.095 sl A U

I, 3.62 240  7.66 0.66 0.65 52 sl 10.60 sl A U
M4 —Job 2

a(Ry) 4.57 742 10.17 1695 22.69 52 s1 37.81 sl A T

é 0.060 0.061 0.049 0.053 0.042 52 sl 0.124 sl A T

I,(") 2.27 3.25 3.52 2.48 3.34 52 sl 10.11 sl A T
MS5 —Job 1

a(Ry) 5.08 746 1040 17.07 22.83 27.67 s3 52 U (¢} T

e 0.002 0.003 0.002 0.008 0.007 0.056 s3 52 U (0] T

I,°) 0.07 3.09 0.65 0.56 0.54 2.11 53 52 U (0) T
MS5 —Job 2

a(Ry) 5.08 745 1041 17.02 22.69 52 sl 40.92 T T ej

e 0.004 0.005 0.009 0.004 0.004 52 sl 0.142 T T ej

L, 0.13 2.28 222 0.29 0.25 52 sl 5.96 T T ej
M5 —Job 3

a(Ry) 5.02 747 1040 17.11 2274 52 sl 39.63 52 sl ej

é 0.011 0.003 0.002 0.006 0.008 52 sl 0.048 52 sl ej

I,(%) 0.12 2.36 1.57 0.88 1.34 52 sl 7.73 52 sl ej

5.3. The si satellites

In Sect. 2, we discussed both a. and the possible absence of si
satellites beyond Oberon. An additional interesting problem is
the current obliquity of Uranus.

Mosqueira & Estrada (2003) and Estrada & Mosqueira
(2006), in their model of satellite formation, note that regu-
lar satellites of Uranus can be formed within a disk of radius
~57 Ry. We note that this value is in quite close agreement with
the distances predicted based on our value of a. as we note in
Sect. 2.
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On the basis of this result, Boué & Laskar (2010) consid-
ered a satellite (sgr) placed at 50 Ry to construct a collisioness
scenario for the Uranus’ obliquity. These authors considered a
rather high mass for their satellite but one decisive key for the
success in reproducing the tilt of Uranus is the presence of a spr,
satellite in the evolutionary dynamics of Uranus’ obliquity.

In view of these studies, particularly Mosqueira & Estrada
(2003) and Estrada & Mosqueira (2006), it is therefore quite rea-
sonable to take into account the existence of some si satellites as
we did, and to see their evolution during the planetary migration.
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satellites.

The second decisive result of Boué & Laskar (2010) is that
their satellite must be destabilized after some time, and this is
exactly what we have found in this work. In our case, in almost
all cases, si with a > 27.5 Ry can be destabilized in the presence
of the planetesimals, while almost all si with a > 47.5 Ry are
ejected by planetary close encounters, without planetesimals.

6. Capture of irregular satellites

When injecting planetesimals that approach Uranus, a natural
consequence of this process is the capture of some planetesimals
by the planet. In the previous sections, most of the integrations
are limited to 5 or 10 Myr. Even so, it is very instructive to ex-
amine the planetesimals that become captured during the exper-
iments shown in Sect. 5. Figure 4a,b shows (@ x &) and (a x I) for
(M2, Job 4). It shows the mean elements of the captured plan-
etesimals after 5 Myr.

To develop an ultimate scenario of the planets and their
captured satellites, we should integrate the whole system up
to 100 Myr. This would be a very time-consuming simulation,
mostly because of the short period of the regular satellites and
also the number of captured satellites.

In principle, after 5 or 10 Myr, almost no more plane-
tary close encounter should occur. After this time, some addi-
tional experiments have also shown that the number of impor-
tant planet-planetesimals encounters not only decreases rapidly
as well as the net effect of them seems to be insignificant (see
Fig. B.1). Therefore, it is reasonable to believe that the capture
of planetesimals shown in our simulations, is a mechanism that
can generate a collection of objects around Uranus, which can
lead to the current irregular satellites of the planet. After several
experiments, we concluded that different models M; have dif-
ferent efficiency capture. Usually, the statistics of the captured

objects can be increased in different ways: in Sect. 4.1 instead
of cloning one original object to 500, we can do it for a larger
number. Another strategy is to consider planet-planetesimal en-
counters with distances greater than 100 Ry. Finally, the number
of close encounters we detected was obtained by checking the
distance planet-planetesimal every 14 years. If this time interval
had been decreased, more encounters would certainly have been
collected.

Figure 4c.d is similar to Fig. 4a,b but this time, instead of
100 Ry, all planet-planetesimals encounters within 300 Ry were
collected. For this reason, the number of captures is larger than in
the previous case. In general, the agreement of our results with
the properties of real satellites is good, in spite of the limited
number of captures in the present model.

In all these figures, none of the a is smaller than ~100 Ry.
This lower limit is in good agreement with the results for current
satellites. Our experiments also indicate that the current regular
satellites in the simulations determine this lower limit.

In the process of capture, the size of time step of the integra-
tor (Ah) is important, that is, a short Ak increases the probability
of captures. Usually, in the presence of the regular satellites, Ak
remains small because the period of the inner satellite is short.

Figure 5a,b and c,d are similar to those shown previously,
but this time, all the planet-planetesimals encounters within
200 Ry were considered, and the original parent planetesimal
was cloned to 1000 new objects. We note that the capture effi-
ciency is significantly higher and the improvement is very clear
when compared to real satellites. It is also remarkable that the
captured objects coherently maintain a minimum distance of
a =~ 100 Ry. These two last figures depict a very straightforward
scenario of the capture of irregular satellites.

As pointed in Nesvorny et al. (2007), the number of the ret-
rograde captures in all figures, is almost similar to those of the
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prograde captures. This relation contradicts the current distribu-
tion seen today. However, a final scenario of the relation between
these two populations probably requires more investigation, es-
pecially of the collisional evolution (Bottke et al. 2010). First
of all, the number of captured objects should increase. We can
improve the statistics of captured objects exploiting the above-
mentioned strategies. Evolving the whole group of objects for
longer times and considering their mutual interactions seems to
be necessary to compute future collisions among them. Since
in our model all the captured satellites have a mass, a simula-
tion computing the collisions among them could be important to
forming the long-term scenario. Before some stabilization of this
system, it may be early to define the ratio of prograde-retrograde
objects.

Since the semi-major axis is at least 100 Ry, the dominant
disturber is the Sun. In this case, the Lidov-Kozai resonance
usually takes place whenever the inclination (/), referred to the
orbital plane of the disturber is #39° < [ < ~141° (Yokoyama
etal. 2003). If  is inside this interval, the eccentricity usually un-
dergoes large variations that can cause the ejection of the satel-
lite. This is why in the figures of this section there is a clear
gap in the vicinity of I = 90°. However, if the argument of the
pericenter w were captured in a deep libration, the amplitude of
the variation of the eccentricity might be not so drastic and the
satellite might survive (for at least some time, Fig. 5c¢,d).

Simple simulations show that planar satellites (with respect
to the equator) beyond Oberon usually cannot survive. More pre-
cisely, the combination of distant satellites and high obliquity of
the host planet, enhances the perturbation of the Sun, so that a
large variation in the eccentricity is unavoidable.

7. Conclusion

We have made an exploratory analysis of the effect of the plane-
tary migration, basically on the regular satellites. Following Nice
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model, we have concluded that Oberon is indeed the last regu-
lar satellite of Uranus, which resists the close encounters dur-
ing migration. All other satellites with semi-major axis above
22.8 Ry, if they existed, were probably destabilized. The distant
satellite (@ = 50 Ry) considered by Boué & Laskar (2010) is an
example of one that is easily destabilized. As Uranus’ ¢ is high,
destabilization is more common for equatorial satellites formed
beyond Oberon. Distant satellites placed on the LLP are also
destabilized, mostly due to planetary close encounters and also
collisions among themselves. We have also concluded that the
existence of a large number of planetesimals with masses above
~10~° M, in the disk becomes problematic if they penetrate the
region of the regular satellites. The excitation that they cause in
the orbits of the regular satellites (mainly in the inclination) is
significant and sometimes incompatible with the current values.
Some efficient mechanism, e.g., tidal effect, or satellite dynam-
ical friction probably would have enabled us to dampen these
parameters to the current values.

Owing to the high sensitivity of the dynamical system in
migration, we developed an interpolating technique: a database
of the orbits of planets on a successful migration is previously
recorded and after that only the satellites are integrated under
the action of the planets whose orbits can be retrieved from the
database. With these techniques, we computed the effect of the
close encounters involving planets and planetesimals. These en-
counters allowed us to study the capture of objects that are can-
didates to be the current irregular satellites. The technique works
quite well and we already have some results for Jupiter’s satel-
lites, even considering that this planet does not experience sig-
nificant numbers of planetary close encounters during migration.
The efficiency of the captures clearly depends on the time step of
the integrator, while the stability of the regular satellite and also
the si satellites, strongly depends on the masses of the involved
planetesimals.
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Since captured satellites may acquire an initially large incli-
nation, we examined the dynamics of these objects: owing to
Lidov-Kozai resonance they can be easily destabilized because
their eccentricities then increase to very large values. We also
showed the importance of the effects of the Sun and of the oblate-
ness for just-captured objets (see Appendix A).
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Appendix A: The role of the oblateness
and the obliquity of the planet

Here we show the importance of the oblateness of the central
body when either the high inclination or high obliquity of the
planet is involved. During migration and depending on the close
encounters, a captured planetesimal may become a permanent
satellite of the planet. For Uranus, owing to its high obliquity, the
combined effect of the oblateness and satellite-planet distance
may play an important role.

Taking a simplified model, the secular dynamics of a single
particle can be studied considering only the main disturbers: Sun
and the oblateness. The case of Uranus’ satellites is quite pecu-
liar because the inclination of the orbital plane of the Sun with
respect to the equator (obliquity) is very large (& = 97.8°).

We now consider the equator and the orbital plane of the
planet. Some simple geometrical relations involving these two
planes are:

cosecos +sinesin/cosQ,
q1+q

b
q3 + qa

cosl, =

tanw, =

sin Qsin /

tan Q, (A.1)

—cosIsine+sin/cose +sinlcosecosQ’

where

q1 = coswsingsinQ — sinw cos gsin /
92
q3 =

q4

sinwcoscosQsing

—sinwsin&sin Q — cosw cos gsin [

coswcos I cos Qsine.

In these relations, the argument of the pericenter, longitude of
the node, and inclination of the satellite referred to the equator
are denoted by w, Q, and I, respectively. Index “a” is added when
referred to the orbital plane of the planet, whose obliquity is &.
We note that relations connecting the two reference planes
(equator and orbital plane) define a canonical transformation
(w,Q,G,H) - (wy, Qy,G,, Hy) as can be easily checked by
calculating the classical Lagrange’s brackets using Eq. (A.1)
(Lanczos 1970). As (w, Q, G, H) are the well-known Delaunay

canonical variables, from the first line in Eq. (A.1) we have

Ga
H,

G = {*Mya(1 — eH)}'/?,
G,cosl, =G (cosecos] +singsinlcosQ),

where k? is the classical gravitation constant and M, is the mass
of the planet.

In a equatorial reference system fixed in the center of the
planet, the disturbing function owing to the oblateness on a satel-
lite is

i KM, R?> (1 3 .

5n = —rl; P Jz (E - 5 S]n2 ¢) (AZ)
and for the solar perturbation

. BMer? (13,
RS = rg (—5 + 3 cos S). (A.3)

In either Egs. (A.2) or (A.3), terms of order three in the ratio
Ry /r or r/ry were neglected.
The meaning of the coefficients are

— Mg: mass of the Sun;

— m: mass of the satellite;

— r,re: position vector of the satellite and of the Sun;

¢, S: latitude of the satellite and Sun-satellite angular dis-
tance;

J>: oblateness coefficient.

If a double average with respect to the mean anomaly of satellite
and the Sun is performed, we have

1 27 27
Ri= o [ fo R}, diodl,
1
R, = Zn2J2R§(3 cos? I — 1)(1 — &2)7%2. (A4)

Analogously, taking simple geometric relations, R, with respect
to the orbital plane of the planet is obtained

1 252 2 2
R, = s an" RLJy[(3cos’ e = 1)(3cos™ I, - 1)
— 3sin2esin 21, cos Q, + 3 sin’ & sin® I, cos 2(2,1] . (AS)

Analogously, with respect to the orbital plane, the average of the
solar perturbation is

1 21 21
— R.dl.dl,
47'1'2 0 L e

Menéa2
8(Mp + Mo)((1 - eé)”2

R@Z

Ro =
3, 2 15, .5 2
x{(l+§e )(3005 Ia—1)+1—6€ sin“ I, cos”“w, ;. (A.6)

Additional effects, including close encounters (mostly involving
planetesimals) are of course still possible, but all these situations
depend on the disk-model and other parameters considered in
the migration. Therefore, any primordial satellite or planetesimal
that becomes captured, even temporarily, will be disturbed by
R, and Ry and the magnitude of the perturbations will depend
on the distance to both the planet and the Sun. We recall that at
the beginning of migration, Uranus’s semi major-axis is about
~11-13 AU ending at ~19 AU.

In terms of the classical Delaunay variables, the secular mo-
tion of the satellite is given by the Hamiltonian H = R, + Ro.
Now, if R, is the predominant term of the Hamiltonian such that
R is negligible, we can easily conclude that the initially circu-
lar and planar orbits keep these parameters almost unchanged,
since no angular coordinate occurs in Eq. (A.4). On the other
hand, when R is the dominant part, we usually neglect R,. In
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this case, from Eq. (A.6) we conclude that H, is a constant be-
cause Q, is a kinosthenic variable. From the definitions of H,
and G, and from Eq. (A.1), we have that

1/2
H, /

L(1 - é%)
- L1-&"?
+sin & sin I cos Q},

cosl,,

{cosecos ]
(A7)

where L = (*M, a)'/>.

As before, we assume an initial circular and planar orbit with
respect to the equator. This means that e = ¢, ~ 0 and [, ~ ¢.
Therefore, the constant H, is fixed to H, ~ L cos & and from the
above equation

cosl, ~cose ~ (1— 62)1/2 {cosecos ]

+ sinesin/cos Q}. (A.8)

If we consider the case of Uranus where & ~ 90°
0~ (1-e»)"?sinlcosQ

and since Q circulates we see that both eccentricity and incli-
nation (with respect to the equator) can undergo large variation.
If Uranus’ oblateness is neglected, then a simple numerical in-
tegration shows that for semi-major axis ay = 12 AU, a planar
primordial satellite with @ = 10 Ry escapes in 110 thousand
years. On the other, hand a if current J; is assumed, then even a
satellite with a = 22.8 Ry (Oberon) remains quite stable. The in-
stability for the first case is the classical Lidov-Kozai resonance.
Therefore, the combined effect of R;, and Ry is important so
that in some situations when the planet is close to the Sun, they
cannot be neglected. We can say that the oblateness enhances
the stability of the satellite (Yokoyama et al. 2008; Stuchi et al.
2008).

In the case of Jupiter, we have € ~ 0, so that [, ~ I and from
Eq. (A.8), we have that
cosl, =1 ~ (1-eH)"*cosl. (A9)
We note that for £ ~ 0 the above relation is valid for any J5.
Therefore since I ~ I, then for an initial value of 1, ~ 0 the ec-
centricity and inclination must remain small all the time accord-
ing to Eq. (A.9). However, for large initial inclination (I, = 90°)
we have that 0 ~ (1 — e%)'/?cos I, hence eccentricity and incli-
nation can undergo significant variation provided that R is not
negligibly small (the satellite cannot be so close to the planet,
otherwise R;, dominates and both inclination and eccentricity
would remain almost unchanged).

In Table 2 of Sect. 5, the s5 and s6 satellites are destabilized
in all runs. Owing to its large distance from Uranus, this is a typ-
ical case of the instability caused by the Lidov-Kozai resonance.
The eccentricity attains high values very rapidly and therefore
any additional perturbation (e.g. future close encounter) can
destabilize the satellite. However, some numerical experiments
indicate that while an isolated object is rapidly destabilized
if placed near a., when we consider a group of more satel-
lites interacting themselves, the individual escape seems to be

uncertain, or much more time is needed for it to occur. This
may be why some si persists with a relatively small eccentric-
ity and inclination in Table 3. Very close to a, there is a bal-
ance between the oblateness and solar perturbations such that
the Hamiltonian H = R, + Ry, is not a single degree of freedom
problem and the secular dynamics might be more complex.
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Appendix B: Complementary tables and figures

Figure B.1 is similar to Fig. 3, but now extended to 100 Myr. We
note that the general behaviour of the elements after 5 or 10 Myr
is almost unchanged.

Table B.1 refers to the non-successful case, that is, at least
one of the current regular satellite is lost during migration. In
the table of this Appendix, when a given satellite experiences a
collision with another satellite, in the column of the given satel-
lite we indicate this with M, A, U, T, O, and si (the name of the
participant of the collision). On the other hand, if the participant
is a planetesimal, we indicate it with m/d, where m is the mass
(x107 M,) and d is the diameter (in km) of the planetesimal.

50
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Fig. B.1. Similar to Fig. 3 but time extended to 100 Myr. Here we also
show the evolution of the perihelion (¢) and aphelion (Q) of the planets

during migration.
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Table B.1. Similar to Table 3 but where the regular satellites are destabilized.

Initial conditions-mean values-si on LLP

M A U T o sl 52 s3 s4 s5 56

a;(Ry) 5.08 7.47 1041 17.07 2283 27.50 33.00 39.60 47.50 57.00 68.40

é; 0.001 0.001 0.003  0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Le,(?)  0.00/0.00 0.04 0.12  0.08 0.07 0.41/0.21 1.09/0.55 3.39/1.51 19.20/5.14 105.86/42.44  99.91/102.79

Final mean elements-with planetesimals

MI - Job 2

a(Ry)  0.58/1299 U A 16.73 2352 (0] (0] o T U T

e 0.58/1299 U A 0.043  0.061 (6] (6] (0] T U T

L, 0.58/1299 U A 2.23 1.18 (6] (0] (0) T U T
M2 -Job 1

a(Ry) 5.03 U A 16.69 2342 27.87 36.92 38.93 47.96 A sl

e 0.017 U A 0.014 0.017 0.034 0.065 0.036 0.131 A sl

L, 0.11 U A 0.47 0.66 1.49 2.55 5.59 23.10 A s1
M3 - Job 1

a(Ry) 5.06 0.47/1212  9.73  15.69 22.96 (6] 53 52 Uranus U o

e 0.028 0.47/1212  0.164 0.112 0.088 (0] s3 52 Uranus U (0]

I, 2.40 0.47/1212  1.85 1.06 1.65 (0] 53 52 Uranus U (0]
M3 - Job 3

a(Ry)  6.13/2855 U A o T o 53 52 (0] (¢} T

é 6.13/2855 U A (0] T (0] s3 52 o (0] T

L,(°) 6.13/2855 U A (0] T (0] s3 52 o (0] T
M3 - Job 4

a(Ry)  2.69/2170 U A (0] T 28.12 s3 52 59.10 A U

e 2.69/2170 U A (6] T 0.493 53 52 0.471 A U

L,°) 2.69/2170 U A (6] T 24.62 53 52 102.83 A U
M4 - Job 3

a(Ry) A 0.28/1019 1040 16.22 24.82 (0] s3 52 s1 A ej

e A 0.28/1019  0.233 0.114  0.053 (¢} 53 52 sl A ej

L, A 0.28/1019  2.07 1.52 1.84 (¢} 53 52 sl A ej
M4 - Job 4

a(Ry) 4.79 U A 1643 2245 (¢} T sl sl A sl

é 0.086 U A 0.022  0.020 (0] T s1 sl A sl

I, 0.36 U A 3.68 2.17 (0] T sl sl A sl
MS5 - Job 4

a(Ry) 4.97 U A 21.81 15.78 T T T T T A

é 0.022 U A 0.101  0.085 T T T T T A

I,(%) 0.25 U A 1.77 1.51 T T T T T A
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