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・Satellites are formed in the circum-planetary disk
・Gas and small solids from heliocentric orbits flow into the disk across a region ～30 Rp
・The temperature of the proto-satellite disk is determined by a balance between viscous
  heating and blackbody radiation from the photosurface
・The surface density of solid materials is determined by a balance between infall and
  removal due to accretion by proto-satellites and their migration

ABSTRACT
 The Jovian satellite system consists of four Galilean satellites with similar masses that are trapped in mutual mean motion resonances with negligibly small

other satellites, while the Saturnian satellite system has only one big body, Titan, with other satellites of two order of magnitude smaller mass.  Here we explain

the origin of the difference 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.

1. Jovian/Saturnian Satellite Systems

3. Results - Monte Carlo Simulations

CONCLUSION

Io Europa Ganymede Callisto

Titan

a

From left to right, semimajor axis, mass, density
and axial moments inertia are shown.

・The difference of the mean density:
　　Io, Europa are rocky satellites, Ganymede and Callisto are icy satellites.
・The difference of the axial moments of inertial:
　　Io, Europa and Ganymede are differentiated,
　　Callisto and Titan are undifferentiated.
・Galilean satellites are trapped in mutual mean motion resonances (MMR).
・Saturn has only one big icy satellite, while Jupiter has four.

The origin of the differences should be explained

Fig 1. Produced large satellites numbers resulted
from100 simulations for each system.  Yellow parts
show the runs that the produced satellite systems
are analogous to the real one.

Fig 2. Theoretically predicted satellte systems.  The average mass-
semimajor axis distributions of the large satellites are plotted with
real satellites (green).  Error-bars show the standard deviation (1σ).
The colors show the fraction of rocky (red) and icy (blue) satellites.

・Type I migration and re-generation of proto-satellites in the regions out of which preceding
  runaway bodies have migrated leaving many small bodies
・Resonant trapping for migrating proto-satellites, and migrating together keeping the ratio of
  semimajor axes of mutual mean motion resonances
・(For Jovian system)The total mass of the trapped satellites at inner edge cannot exceed the
  mass of the disk in the range in which density waves carry angular momentum
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 Infall to Saturn would continue until the
proto-planetary disk was globally depleted.
The global proto-planetary disk depletion
timescale is 1～10 Myr.
　→ Saturnian satellite system must be the
survivors against type I migration in the
final less massive disk.

 In late stages with a less massive disk,
non-truncated boundary without cavity
would be formed at the inner boundary.

 Infall to Jupiter would be truncated by a gap
opening in the proto-planetary gas disk by
perturbations of Jupiter.  After the gap opening,
the proto-satellite disk would be depleted on
their viscous diffusion timescale (～1000 yr).
　→ Jovian satellite system must be the frozen
configuration formed in a relatively massive disk
at the sudden disk depletion.

 In early stages with a massive disk and high
accretion rate, truncated boundary with cavity

due to coupling between a disk and planetary magnetic field would be formed at the inner boundary.
 Migrating satellites from outer regions would shepherd inner ones to sweep them up to the
host planet.  This process repeats until disk gas is so depleted that type I migration becomes
no more effective.  Consequently, one or two bodies would remain in relatively outer regions.

 Type I migration would be halted near the inner edge.  So, several large bodies would be trapped in
mutual mean motion resonances (MMR), and the configuration would remain after the disk depletion.

 Our results indicate that the inner satellite, which can be the seed of the ring, should be
mixture of ice and rock for Saturnian system, while it may be rocky for Jovian system.
Therefore, Saturn is more plausible planet to maintain a satellite inside the R      .  This is
consistent with the fact that Saturn has a massive ring while Jupiter does not.  

Saturnian System:
 Since the infall flux is larger in outer regions, the accretion timescale
is shorter and satellites grow and migrate faster in outer regions.  Then,
the satellites formed in outer regions repeatedly sweep up inner ones
to remain one or two large bodies in relatively outer regions at last.

Jovian System:
 Because type I migration is halted near the inner edge, several large
bodies are trapped in MMR to reproduce the current configuration of
Galilean satellites.  The inner large bodies tend to be composed of rocky
materials while outer bodies are composed mostly of icy materials.

The formation timescales of produced satellites corresponding to Callisto
and Titan are long enough for the satellites not to be differentiated.

RESULTS
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Table 1
Satellite Properties

Satellite a/Rp M/Mp (10−5) ρ (g cm−3) C/MR2

Io 5.9 4.70 3.53 0.378
Europa 9.4 2.53 2.99 0.346
Ganymede 15.0 7.80 1.94 0.312
Callisto 26.4 5.69 1.83 0.355
Titan 20.3 23.7 1.88 0.34

Note. Source: Schubert et al. (2004); Iess et al. (2010).

disk (Section 2.1) and the infall is responsible for the final stage
gas giant planet formation. Although Canup & Ward (2006)
assumed the same proto-satellite disk evolution for both Jovian
and Saturnian systems, recent theories of gas giant formation
and observational data of extrasolar planets raise the possibility
that the disk evolution can be different between Jovian and
Saturnian systems as follows.

Unless the growth of gas giants is truncated or at least
significantly slowed down at some critical mass, only a single
gas giant should exist in each planetary system, because gas
accretion onto a planet is a runaway process (e.g., Bodenheimer
& Pollack 1986; Pollack et al. 1996; Ikoma et al. 2000). Cores
for gas giants do not generally form at the same time, and the rate
of gas mass accretion in the proto-planetary disk that can supply
gas to giants is observationally ∼ O(10−5)MJ yr−1 (where MJ
is a Jupiter mass). However, the observed data of extrasolar
planets show that there are many systems with multiple gas
giants. Our solar system also has two gas giants. Furthermore,
the mass distribution of extrasolar gas giants is centered at
Mp,ave ∼ a few MJ with an upper cut-off of Mp,max ∼ 10MJ.
The observationally inferred proto-planetary disk masses have a
mean value of ∼10MJ and a maximum value of ∼100MJ (e.g.,
Beckwith & Sargent 1996). These mean and maximum values
are one order greater than Mp,ave and Mp,max, respectively. These
facts suggest that the giants did not accrete most of disk gas,
so they are consistent with existence of the rapid truncation
(e.g., Lin & Papaloizou 1985) or severe decline (e.g., Lubow &
D’Angelo 2006; Tanigawa & Ikoma 2007) of gas infall onto the
planets due to gap opening in the proto-planetary disks.

Since the proposed gap opening conditions show that the crit-
ical mass for gap opening is larger in outer regions (Section 2.2),
outer gas giant planets, in principle, tend to be larger than in-
ner ones. However, the outer one can be smaller, if the disk
gas is depleted before the outer planet can complete its forma-
tion. Since Saturn is three times less massive than Jupiter, it is
most likely that Jupiter opened up a gap to halt its growth while
Saturn did not and its growth was terminated by global depletion
of the proto-planetary disk (the solar nebula). Although reduced
gas infall can still continue after the gap opening (Lubow &
D’Angelo 2006; Tanigawa & Ikoma 2007), the severe reduc-
tion in infall rate makes the Jovian disk evolution significantly
different from the Saturnian one (see Section 2).

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 (Canup & Ward 2002,
2006). 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 sim-

ulate accretion and migration of satellites from satellitesimals
that has been developed by Ida & Lin (2004, 2008) for modeling
sequential planet formation. While the semi-analytical calcula-
tions inevitably introduce approximations, N-body simulations
have to employ unrealistic initial and/or boundary conditions
because of the computational limitations (e.g., Kokubo & Ida
1998 started from planetesimals of ∼(10−4–10−3) M⊕; Canup
& Ward 2006 replaced infalling dust grains by embryos with the
isolation mass of an accreting satellite). We show in Section 4.1
that our calculation produces results consistent with Canup &
Ward’s (2006) N-body simulation, although inconsistency may
exist in detailed features (we need more careful comparison to
reconcile the inconsistency).

In Section 2, we explain our disk evolution models for Jovian
and Saturnian systems in details, highlighting their differences.
In Section 3, semi-analytical treatments to simulate accretion
of satellites from satellitesimals, orbital migration, and resonant
trapping are described. The simulation results are presented in
Section 4. We successfully explain the pronounced difference
between Jovian and Saturnian systems in the framework of
our model. We also discuss implications for the formation of
Saturn’s rings. Section 5 is devoted to a summary of the major
results.

2. SATELLITE FORMATION CIRCUMSTANCES

We modify the actively supplied disk model developed by
Canup & Ward (2002, 2006; see Section 2.1), by introducing
the effects of the gap formation around a host planet’s orbit.
If a gap is opened, the proto-satellite disk rapidly dissipates
(Section 2.2), so that the mass distribution and orbital configu-
ration of satellites are “frozen” in the state of a relatively massive
and hot disk. The hot disk condition allows retention of rocky
satellites corresponding to Io and Europa. The massive disk
condition could also result in formation of an inner cavity of
the disk (Takata & Stevenson 1996; also see Section 2.4) that
plays a crucial role in formation of resonantly trapped multiple
satellites like the Galilean satellites.

Observations of Classical T-Tauri Stars (CTTSs) with rel-
atively strong mass accretion and Weak line T-Tauri Stars
(WTTSs) with relatively weak mass accretion suggest that mag-
netic coupling between disks and host stars becomes weak from
CTTSs to WTTSs. It may imply that the inner cavity would
vanish as disk surface density and disk accretion rate decay,
corresponding to evolution from CTTS stage to WTTS one.
We adopt the same picture for evolution of proto-satellite disks
(Section 2.4).

The Saturnian disk would also have experienced the massive
disk stage with an inner cavity to have resonantly trapped
multiple satellites. However, if Saturn did not open up a gap in
the protoplanetary disk, then as the cavity vanishes, the massive
satellites are released to migrate onto the host planet. The final
surviving satellites are therefore generally formed in depleted
and cold disk conditions, in which only ice-rich bodies exist
(Section 2.3).

2.1. Actively supplied Disk Model

First, we briefly summarize descriptions for evolution of the
actively supplied accretion disk model with relatively small
mass ∼10−4Mp (p = Jupiter, Saturn) developed by Canup &
Ward (2002, 2006), which we follow in the present paper. More
detailed descriptions are given in Appendix A.
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PERSPECTIVES

Interesting Times for Marine N
2
O

OCEANS

Louis A. Codispoti

Changes in ocean chemistry could exacerbate 
global warming by raising the atmospheric 
concentration of nitrous oxide, a potent
greenhouse gas.

        A
lthough present in minute concentra-

tions in Earth’s atmosphere, nitrous 

oxide (N
2
O) is a highly potent green-

house gas ( 1). It is also becoming a key factor 

in stratospheric ozone destruction ( 2). For the 

past ~400,000 years, changes in atmospheric 

N
2
O appear to have roughly paralleled changes 

in CO
2
 and to have had modest impacts on cli-

mate ( 1), but this may change. Human activi-

ties may be causing an unprecedented rise in 

the terrestrial N
2
O source ( 2). Marine N

2
O 

production may also rise substantially as a 

result of eutrophication, warming, and ocean 

acidification. Because the marine environ-

ment is a net producer of N
2
O, much of this 

production will be lost to the atmosphere, thus 

further intensifying N
2
O’s climatic impact.

Crucial to this discussion are the relation-

ships between dissolved oxygen levels and 

their variability, and the production of N
2
O. 

Under well-oxygenated conditions, microbes 

produce N
2
O at low rates as a side product 

during the fi rst step of nitrifi cation (NH
4

+
→ 

NO
2

−). At low oxygen concentrations, nitri-

fi ers may also reduce NO
2

− to N
2
O, a pro-

cess referred to as nitrifier denitrification 

( 3). Overall, the fraction of N
2
O produced by 

nitrifi ers relative to NO
2

− increases as oxygen 

concentrations decrease, such that the yield at 

~1% oxygen saturation is ~20 times greater 

than at 100% saturation ( 4).

These relationships favor high N
2
O pro-

duction by nitrification in hypoxic waters 

(O
2
 � 1% and � 30% saturation). Under sub-

oxic conditions (O
2
 � 1% saturation), deni-

trifying bacteria that use oxidized nitrogen to 

support respiration can be net producers or 

net consumers of N
2
O. N

2
O concentrations 

are high at the boundaries and low in the cen-

ter of quasi-stable suboxic zones ( 5). These 

zones account for 0.1 to 0.2% of the ocean 

volume ( 3), but are surrounded by much 

larger volumes of hypoxic waters (~10% of 

the ocean volume). Studies of N
2
O produc-

tion in regions containing suboxic waters 

suggest that these regions are strong net pro-

ducers ( 5,  6).

Generally, then, N
2
O yields are high when 

O
2
 concentrations are low. N

2
O production 

rates should be particularly high in shallow 

suboxic and hypoxic waters, because respira-

tion and biological turnover rates are higher 

near the sunlit waters where phytoplankton 

produce the fuel for respiration.

When denitrifiers switch from oxic to 

nitrogen respiration, they experience a lag 

in their ability to reduce N
2
O to N

2
. Con-

ditions are thus particularly favorable for 

N
2
O production when suboxia occurs close 

University of Maryland Center for Environmental Science, 
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dial ice-rock mixtures may display distinct 

degrees of internal differentiation. Impact-

induced melting and/or intense tidal heating 

of Ganymede, locked in orbital resonances 

with the inner neighboring satellites Io and 

Europa, may have triggered runaway differ-

entiation, but Callisto farther out from Jupiter 

remained unaffected ( 11). Titan’s interior must 

have stayed relatively cold and less dissipative 

to avoid tidal heating and damping of Titan’s 

notable orbital eccentricity ( 12). Prolonged 

accretion times farther away from their prima-

ries and gradual unmixing of ice and rock may 

also play a role for incomplete differentiation 

of icy satellites.  
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Inside Titan. Global gravity fi eld and shape data suggest that rock and ice are incom-
pletely separated within Titan’s deep interior, overlain by a water ice/liquid shell that 
may contain a cold water-ammonia ocean (blue), sandwiched between high-pressure 
water ice below (gray) and a fl oating ice/clathrate shell above (white). The three smaller 
images show that the extent of separation of rock from ice would depend on the rock 
density that is predominantly affected by the amount of silicate hydration.
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Results: Distribution of the number of large satellites

number of produced satellites

To
ta

l c
ou

nt
 o

f t
he

 c
as

e

Jovian Saturnian

1 20 6543 7 1 20 43
0

20

40

20

40

60

80

0

inner two bodies: rocky
& outer two bodies: icy

icy satellite
& large enough (~MTitan)

Results: Properties of produced satellite systems
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 The ring may be formed from an ancient
satellite which was originally in the planet s
Roche zone and was destroyed by a passing
comet. [Charnoz et al., 2009]

’

R      > R      : satellite migrate to the planetSynch Roche

R      < R      : satellite survive near the RZSynch Roche

key parameters

Formation of the Jovian and Saturnian satellite systems
Takanori Sasaki, Shigeru Ida (Earth and Planetary Sciences, Tokyo Institute of Technology)
Glen R. Stewart (Laboratory for Atmospheric and Space Physics, University of Colorado)

 We simulated growth and orbital evolution of proto-satellites

following accreting circumplanetary disk model and planet formation

model for the satellite formation problem.  Based on the hypotheses

for the proto-planetary disks such as difference of gap opening and

inner boundary condition, we explained the origin of the difference

between Jovian and Saturnian satellite systems.  The zoning and

thermal conditions of our produced satellite systems are consistent

with observed satellite systems.


