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The Jovian satellite system mainly consists of four Galilean satellites, where the
inner two satellites are rocky and outer two are icy, and only the outermost one
is compositionally undifferentiated. They have similar masses and are trapped
in mutual mean motion resonances. On the other hand, the Saturnian satellite
system has only one big icy body, Titan, and the other satellites have masses
that are two orders of magnitude smaller. Since both satellite systems would
have been produced in similar circum-planetary proto-satellite disks, the origin
of the diversity has been a long-standing question. Here we explain the origin
of the diversity by simulating growth and orbital evolution of proto-satellites
in an accreting proto-satellite disk model that is combined with the idea of
different termination timescales of gas infall between Jupiter and Saturn based
on a planet formation model. We show that in the case of the Jovian system,
a few similar-mass satellites are likely to remain in mean motion resonances,
the configuration of which is formed by type I migration, temporal stopping
of the migration near the disk inner edge, and quick truncation of gas infall
by gap opening in the Solar nebula. The Saturnian system tends to end up
with one dominant body in the outer regions caused by the slower decay of gas
infall associated with global depletion of the Solar nebula. The compositional
zoning of the predicted satellite systems is consistent with the observed satellite
systems. Our results indicate that the diversity of the satellite systems is closely
related to how the final masses of gas giant planets are determined, which is a
big debate in the context of the mass distribution and multiplicity of extrasolar
gas giants. The architecture of the Galilean satellites may be fossil evidence
that Jupiter opened up a clear gap in the circum-stellar proto-planetary disk
to terminate its growth.
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1. Introduction

The four Galilean satellites around Jupiter have similar masses and the
inner three bodies are trapped in mutual mean motion resonances. They
exhibit a trend of decreasing mean bulk density with increasing orbital
radius and a diversity of axial moments of inertia.1 These properties
are likely caused by a progressive increase in ice-to-rock fraction and
different states of differentiation. The inferred undifferentiated interior of
the outermost satellite, Callisto, would require a relatively long accretion
timescale ∼5×105 years or more.1–3 On the other hand, Saturn has only one
big icy satellite, Titan, which is located relatively far from Saturn. Recent
Cassini data indicates that Titan also has an incompletely differentiated
interior.4 A dynamical mechanism has been proposed for a universal ratio
(∼10−4) of the total mass of satellites relative to their host planet’s mass
for Jupiter and Saturn,5 where growth of proto-satellites from infalling solid
components is balanced with their dispersal into the host planet due to
type I orbital migration.6 However, the origin of the pronounced difference
between the Jovian and Saturnian satellite systems has not been clearly
explained.

Recently, our understanding in gas giant planet formation, proto-
satellite disk formation, and orbital migration processes has been
advanced.2,7,8 Two important models for a circumplanetary proto-satellite
disk have been proposed. One is “solids enhanced minimum mass (SEMM)”
model9–11 and the other is an actively supplied gaseous accretion disk
model.5,12,13 In the former model, the Jovian/Saturnian satellites formation
occurs once sufficient gas has been removed from an initially massive
subnebula and turbulence in the circum-planetary disk subsides. On the
other hand, in the latter model, the satellites form in the accretion disk at
the very end of the host planets’ own accretion, which should reflect the
final stages of growth of the host planets (Jupiter and Saturn).

Here, we explore a possible path to produce the pronounced different
architectures of the Jovian and Saturnian satellite systems, by introducing
the different evolution of proto-satellite disks due to the gap opening to
the actively supplied gaseous accretion proto-satellite disk model.5,12,13 The
purpose of the present paper is to demonstrate how this diversity in gas giant
formation can profoundly affect the regular satellite formation process. Since
we survey a wide range of parameters for initial and boundary conditions,
we adopt a semi-analytical model to simulate accretion and migration of
satellites from satellitesimals.
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2. Gap Formation Around Gas Giants

As a gas giant grows, its gravitational perturbations oppose viscous diffusion
and pressure gradients in the gas disk and thereby open up a gap in the
circum-stellar proto-planetary disk around its orbit.14 Since the critical
planetary mass for the gap opening is comparable to Jupiter mass at
5–10AU, it is proposed that Jupiter’s final mass is determined by the gap
opening.14,15 Although recent fluid dynamical simulations suggest that the
gap is not clear enough to halt the planet growth,16 the existence of multiple
extrasolar giant planets is more consistent with the rapid termination of the
growth of these planets. Because gas accretion onto a planet is a runaway
process8,17,18 and cores for gas giants do not generally form at the same time,
only a single gas giant may exist in each planetary system unless the growth
of gas giants is truncated at some critical mass. Observations show that
there are many systems with multiple gas giants and the mass distribution
of gas giants has an upper limit at ∼10 Jupiter masses.19 The observations
may be more consistent with the existence of the rapid truncation14 or
severe decline20,21 of gas infall to the planets due to the gap opening. How
the final masses of gas giants are determined is still a big question in the
formation of the Solar system and extrasolar planetary systems.

While the theoretically predicted critical mass for gap opening generally
increases with orbital radius,15 Saturn has a mass less than one-third of
Jupiter’s mass in spite of its larger orbital radius. It is most likely that
Saturn did not open up a clear gap and the infall rate of mass onto Saturn
and its proto-satellite disk decayed according to the global depletion of
the proto-planetary disk. Since core accretion is generally slower at larger
orbital radius in the proto-planetary disk,14 it is reasonable to assume that
gas accretion onto Saturn proceeded in the dissipating proto-planetary disk,
while Jupiter’s growth was truncated by the formation of a clear gap before
the disk lost most of its gas.

3. Circum-Planetary Disks with/without Gap

In the present study, we explain how the above different final formation
phases between Jupiter and Saturn produce the significantly different
architectures of their satellite systems, based on the actively supplied
gaseous accretion proto-satellite disk model.5,12 Although the gap opening
could not completely truncate the infalling gas, it would significantly reduce
the infall rate by a few orders of magnitude or more.16 After the truncation
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of infall onto the proto-satellite disk due to gap opening in the proto-
planetary disk, the proto-satellite disk would be quickly depleted on its
own viscous diffusion timescale of ∼(10−3/α)103 years, where α represents
strength of turbulence22 and has typical values of 10−3−10−2 for turbulence
induced by magneto-rotational instability.23 Therefore, we assume that the
proto-satellite disk around Jupiter was abruptly depleted on its own viscous
diffusion timescale after the gap opening.

On the other hand, if Saturn did not open up a gap, the Saturnian
proto-satellite disk was gradually depleted on the much longer viscous
diffusion timescales of the proto-planetary disk, which are observationally
inferred to be 106−107 years.24 The different timescales come from
the fact that the proto-satellite disk is many orders of magnitude
smaller than the proto-planetary disk. The difference would significantly
affect the final configuration of satellite systems, because typical type I
migration timescales of proto-satellites (∼105 years) are in between the
two viscous diffusion timescales.25 Jovian satellites may retain their orbital
configuration frozen in a phase of the proto-satellite disk with relatively
high mass at the time of abrupt disk depletion, while Saturnian satellites
must be survivors against type I migration in the final less massive disk.

4. Disk Inner Edges

Classical T-Tauri stars (CTTSs) generally rotate slower than weak-line T
Tauri stars (WTTSs) and the slower rotation can be related to magnetic
coupling between the host star and the disk.26 If the magnetic torque
is stronger than the viscous torque, the disk would be truncated at the
corotation radius where the disk gas corotates with the stellar spin and spin
angular momentum is transferred to the disk through the magnetic field.26–28

Otherwise, no clear cavitydevelopsbetween thedisk and the star,whichallows
thehost star to accretehighangularmomentumgas fromthedisk andbecomes
a rapid rotator.26 The observed bimodal spin period distribution of young
stars is often attributed to these diverse disk inner edge conditions.26 Because
CTTSs generally have much higher mass accretion rate than WTTSs, they
would have much stronger magnetic field than WTTSs to have the cavity.
Recent Spitzer observations also support this idea.29,30

The different disk masses that the two satellite systems reflect may have
had different disk inner edges. By analogy with the observationally inferred
evolution of the inner edges of disks around young stars, we assume (I)
a truncated boundary with inner cavity for the Jovian system and (II) a
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non-truncated boundary without cavity for the Saturnian system. Condition
I may be an appropriate condition in early stages of disk evolution with high
disk mass and accretion rate and strong magnetic field, while in late stages
with a reduced disk mass, condition II may be more appropriate. Condition I
is analogous to CTTS disks, while condition II is analogous to WTTS disks.
It is usually considered that the WTTS disks are more evolved than the
CTTS disks. The critical magnetic field for the magnetic coupling is a few
hundred Gauss for mass accretion rate of a planet of ∼10−6MJ/yr if we use
a standard formula of magnetospheric radius.31 Since proto-Jupiter/Saturn
may have had such a strong magnetic field (∼103 Gauss32) while they were
still accreting mass, it is not unreasonable to assume that the magnetic
coupling vanishes during the depletion of the proto-satellite disk, although
the validity of this assumption needs to be studied in greater detail. The
Jovian satellite system may have been frozen in a phase with condition I,
since the depletion timescale of its proto-satellite disk is much shorter than
typical type I migration timescales of proto-satellites (Fig. 1). In this system,
type I migration of satellites is terminated by a local pressure maximum near
the disk edge.33 On the other hand, the Saturnian system that formed in a
gradually dissipating proto-satellite disk may reflect a later evolution phase
with condition II (Fig. 1).

5. Numerical Simulations

We follow the proto-satellite accretion disk model with relatively small mass
∼10−4 Mp(p = Jupiter, Saturn) with uniform mass infall from the proto-
planetary disk onto the proto-satellite disk regions inside rc ∼ 30 Rp, where
Rp is the physical radius of the host planet,5,12 which is consistent with 3D
hydrodynamic simulations with high spatial resolution within the planet’s
Hill sphere.34,35 For Saturn, we adopt the exponential decay of the infall
rate with timescales between 3 × 106 years and 5 × 106 years.5,12 For the
Jovian case, however, we abruptly stop the infall and remove disk gas, which
reflects the very rapid depletion of the disk due to the gap opening. The
inner disk edge is set at a corotation radius of Jupiter (∼2.25 Rp) for the
Jovian system,27 while for the Saturnian case, no disk edge is set since we
assume the disk extended to the planet’s surface (Fig. 1).

We apply the population synthesis planet formation model15,36 to
simulate growth of proto-satellites through accretion of small bodies
(“satellitesimals”) and their inward orbital migration caused by tidal
interactions with the gas disk.25 The evolution of the gas surface density
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Fig. 1. Schematic illustration for magnetic fields and disk inner edges. The observed
bimodal spin period distribution of T-Tauri stars is often attributed to the diverse disk
inner edge conditions. If the magnetic torque is stronger than the viscous torque, the disk
would be truncated at the corotation radius, and spin angular momentum is transferred to
the disk through the magnetic field. Otherwise, if no clear inner cavity develops between
the disk and the star, the host star accretes high angular momentum gas from the disk
and becomes a rapid rotator. We assume a truncated boundary with inner cavity for the
Jovian system, and a non-truncated boundary without inner cavity for the Saturnian
system. The right condition would be an appropriate condition in early stages of disk
evolution with high disk mass and high accretion rate such as gap opening stage of Jovian
system. On the other hand, the left condition would be an appropriate condition in late
stages of disk evolution with a low disk mass and low accretion rate such as the last stage
of Saturnian system.

of the proto-satellite disk is analytically given by a balance between the
infall and the disk accretion. The surface density of satellitesimals is
consistently calculated with accretion by proto-satellites and supply from
solid components in the infalling gas. We assumed solid component was
very small dust (not planetesimal) so that the solids are delivered to the
proto-satellite disk with gas according to the gas accretion to the central
planet. The satellitesimals in the proto-satellite disk are assumed to form
immediately from the dust grains.5 We randomly select initial locations of
10–20 satellite seeds with M = 1020 g (∼10−11MJ , 10−10MS) from a log-
uniform distribution in the regions inside rc ∼30 Rp. The model includes
type I migration and regeneration of proto-satellites in the regions out of
which preceding runaway bodies have migrated leaving many satellitesimals.
Here, resonant trapping of migrating proto-satellites is also taken into
account.37 We assume that the two approaching proto-satellites are trapped
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at a resonance near an orbital separation of 5rH .38 When the orbits of proto-
satellites approach each other because of their differential type I migration,
angular momentum is transferred between them by mutual gravitational
perturbations and they are often trapped at a mean motion resonance. If
the inner disk edge is set, the migration is halted there and the migrated
proto-satellites are lined up in resonances from the inner edge to the
outer regions.38 When the total mass of the trapped satellites exceeds
the disk mass, the halting mechanism is not effective, so that we release
the innermost satellite to planetary surface. Detailed descriptions of the
numerical methods are presented in Sasaki et al.39

To check the validity of our semi-analytical model, we carried out the
calculations with the same disk conditions as those in Fig. 2 of Canup and
Ward’s N-body simulations.5 The predicted time evolution of the total mass
of satellites showed an excellent agreement with their N-body simulations.39

Because our model is faster than N-body simulations by many orders of
magnitude, we can perform enough number of runs for statistical arguments
and survey different boundary and initial conditions.

6. Results and Discussions

The results of produced satellites from 100 runs for each of Saturnian and
Jovian systems are depicted in Figs. 2 and 3.

6.1. Saturnian satellite systems

For the Saturnian case, we found that satellites formed in outer regions of the
proto-satellite disk repeatedly sweep up inner small satellites. In about 70% of
the runs, only one body remains in the outer regions of the disk (Fig. 2). Since
the infall mass flux per unit area is constant, the total mass flux to satellite
feeding zones is larger in outer regions of the disk, satellites become larger and
type I migration starts earlier in the outer regions. As large satellites migrate
from the outer regions they trap smaller inner satellites into resonances and
push them to the host planet because type I migration is faster for heavier
satellites.25 This process repeats until the disk gas is so depleted that type I
migration becomes ineffective. Since type I migration is slower in the outer
regions, one large body usually remains there after the disk gas is depleted.
Several large bodies such as the Galilean satellites found in the previouswork5

are also reproduced in our simulation, but with a very low probability (∼5%
for three bodies, ∼1% for four bodies). The masses and semimajor axes of the
largest bodies agree with those of Titan within 1 standard deviation (Fig. 3).
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Fig. 2. Distribution of the number of final surviving satellites with M > 10−5 Mp

produced from 100 simulations for each system, (a) Saturnian system and (b) Jovian
system. Dark gray parts show the runs that the produced satellite systems are analogous
to the real one: for the Saturnian system, the largest satellite is icy and M > 10−4 Mp,
while for the Jovian system, the inner two bodies are rocky and the outer two are icy
satellites. This figure was adapted from Ref. [39].

Fig. 3. Theoretically predicted satellite systems. For the Saturnian case, the average
mass (Ms)and semimajor axis (a) of the largest satellites with their standard deviations
are plotted with filled circles with bars for the highest probability cases (67 runs among
100 runs) in which only one large satellite (Ms > 10−5 Mp) is produced. The open
circle represents Titan. For the Jovian case, the averaged mass-semimajor axis and their
standard deviations from the highest probability runs (39 runs) that produced four large
satellites are plotted. Galilean satellites are represented by open circles. The colors of
each plot show the average fraction of rocky (dark gray) and icy (light gray) components
of the formed satellites. This figure was adapted from Ref. [39].

The largest body contains more than 95% of the total satellite system mass in
about half cases, so that our calculations were able to produce the actual mass
concentration in Titan (∼95% of the Saturnian satellite system mass). Since
the final satellites are the last survivors formed in the last stage with low disk
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temperatures due to reduced viscous heating, they are generally composed of
ice. Moreover, these satellites were usually formed on long timescales as long
as O(106) years, which indicates that Titan would not be fully differentiated.
The schematic illustrations for satellite formation for the Saturnian case are
showed in Fig. 4.

Fig. 4. For the case of Saturnian system without inner cavity. Because the infall mass
flux per unit area is constant, the total mass flux to satellite feeding zones is larger
in outer regions of the disk. Therefore, outer proto-satellite grows faster and type I
migration starts earlier. For the case of Saturnian system, because of the lack of inner
cavity, the large proto-satellites migrate from the outer regions and fall to the host planet
with inner smaller satellites. Then, the all proto-satellites are lost. After these processes
proceed repeatedly, according to the circumplanetary disk depleted slowly with the decay
of circumstellar disk, the last generation of satellite system remains. Then, finally, Titan-
like satellite would be remain in outer region.

6.2. Jovian satellite systems

For the Jovian case, our numerical simulations show that in about 80%
of the runs, four or five large bodies are formed (Fig. 2) and they are
usually trapped in mutual mean motion resonances with the innermost one
near the disk inner edge, because type I migration is halted near the inner
edge. Especially in the four large satellite cases, the inner three bodies are
trapped in mutual resonances in all runs. In the Saturnian system, this
stage may be followed by the phase without cavity. In this case, all the
trapped satellites fell onto the host planet and only one dominant icy body
that formed in the last stage remain. Such resonant trapping of inwardly
migrating satellites would reproduce the detailed orbital properties of the
Galilean satellites.40 In more than half of the runs, the inner two bodies
are composed mostly of rocky materials and the outer two are formed
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mostly of icy materials that have migrated from the regions outside the
ice condensation line in the proto-satellite disk (Fig. 3). Since in Jovian
systems, the satellites that formed in massive proto-satellite disks with high
viscous heating remain, rocky materials are a major component of satellites
formed in the inner regions. Since icy bodies that formed in outer regions
and migrated inward are accreted by outer satellites trapped in resonances,
the outer satellites become rich in icy materials and inner satellites tend to
remain rocky. At the end of the accretion stage, satellitesimal accretion is
slow and the outermost large satellite corresponding to Callisto is formed
on long timescales as long as O(105) years in some cases. In more realistic
simulations considering lower infall flux after gap opening, the outermost
satellite tended to form more slowly such as O(106) years that is long
enough not to differentiate Callisto.39 However, the time evolution of radial
dependence of infall rate through the gap is unknown, so detailed analysis
of these results is a future work. Our simulations are, therefore, consistent
with the compositional gradient observed in the Galilean satellites as well as
the lack of differentiation in Callisto. The schematic illustrations for satellite
formation for the Jovian case are showed in Fig. 5.

Fig. 5. For the case of Jovian system with inner cavity at corotation radius of Jupiter.
As the same process of Saturnian case, outer proto-satellites grow faster and type I
migration starts earlier. The outermost satellite migrates and sweeps up the inner small
satellites, and stops at the inner edge, because type I migration is halted near the inner
edge. Then, proto-satellites of the next generation grow and migrate. The migrating
proto-satellite is trapped in mutual mean motion resonance with the innermost satellite.
Then, the same process proceeds repeatedly, so the migrated proto-satellites are lined
up in resonances from the inner edge to the outer regions. When the total mass of the
trapped satellites exceeds the disk mass, the halting mechanism is not effective. Then, the
innermost satellite is released to the host planet. After these processes proceed repeatedly,
according to the gap opening in the circum-stellar disk, the circum-planetary disk depletes
quickly. Then, finally, the Galilean satellite-like satellite system would be formed.
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7. Robustness of Our Results

In our simulations, we cannot follow the stability of the system for
long timescales. However, because the number of the trapped satellites is
relatively small, the satellites should remain stable after gas dissipation.38

We also cannot follow the eccentricity evolutions of the satellites in our
simulation. According to N-body simulations,41 the eccentricity of the
resonantly trapped bodies would be excited to ∼0.1, which value is higher
than that of the Jovian satellites (<0.01). However, after the gas depletion,
the eccentricity of the innermost satellite, which correspond to Io, would be
damped by tidal interaction with Jupiter, and then those of other resonantly
trapped satellites would also be decreased.40

Recent fluid dynamical simulations suggested that the gap could not
be clear enough. Even after Jupiter open up a gap, small amount of
gas and dust could infall to the circum-planetary disk from the circum-
stellar disk. However, according to the decreases of surface gas and dust
densities, accretion timescale and migration timescale of proto-satellites
become comparable to or longer than the global depletion timescale (∼107

years). Therefore, although the infall could continue after the gap opening,
the accretion and migration of proto-satellites are stopped in a practical
sense. Actually, we have confirmed that analytical simulations with lower
infall flux after gap opening did not change the overall results (numbers,
locations, and compositions of formed satellites) in this paper.

Considering the low-mass extended disk and the formation of Iapetus
at the last stage of Saturn formation42 is also interesting problem, however,
would be beyond our work. Anyway, introducing the low-mass extended disk
would not change our overall results. In future work, we plan to address the
formation of Iapetus by considering a more detailed evolution model of the
outer edge of the proto-satellite disk.

In the era of gas giant formation, most of solid materials for satellite
formation would be in the form of planetesimals captured by the gas drag
within the circum-planetary disks. In order to estimate the supply rate
of solid material to circum-planetary disks, the delivered mass of solid
materials was calculated by using an analytic calculation (Tanigawa et al.,
private communication). They found that the supply of solid materials could
be concentrated in some regions of circum-planetary disks, which implied
that the dust-to-gas ratio can change with distance from the planet. In
response to their results, we examined the satellite formation with non-
uniform inflow flux of solid materials to the circum-planetary disks. We



June 6, 2011 13:56 AOGS - PS 9in x 6in b1144-ch15

206 T. Sasaki, S. Ida and G. R. Stewart

found that the properties of produced satellites could be widely changed
from the results in this paper. How solid materials are supplied to the
circum-planetary disks should be a critical problem, so we will discuss the
topic more seriously in the future.

8. Summary

We simulated growth and orbital evolution of proto-satellites in an accreting
circum-planetary disk with diverse conditions for termination of infall and
for the inner disk edge, and showed that the different architectures between
the Jovian and Saturnian satellite systems are naturally reproduced. We
found that the architecture of the Jovian satellites may be fossil evidence
that Jupiter opened up a clear gap in the proto-planetary disk to terminate
its growth, while that of the Saturnian satellites suggests Saturn did not
opened up a gap. This result gives deep insights into the mass distribution
and multiplicity of extrasolar gas giant planets15 as well as into the observed
bimodal distributions of spin periods of young stars.26

Notice that the Jovian/Saturnian satellite systems are analogous to
extrasolar super-Earth systems, because super-Earths accrete only solid
materials and have masses of O(10−4)Msun. A high fraction of solar-type
stars may have close-in super-Earths,43 while many systems including the
Solar system do not have any close-in super-Earths. Our results should also
give deep insights into the origin of the diversity of super-Earth systems
found around other stars.
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