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Jovian System v.s. Saturnian System

Titan

Io Europa Ganymede Callisto

rocky rocky icy icy, undiff.

icy, undiff.

mutual mean motion resonances (MMR)

only one big body
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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 
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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.

10.1126/science.1186255

Published by AAAS

 o
n 

M
ar

ch
 1

3,
 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 



Satellite Properties

a/Rp M/Mp [10-5] ρ [g/cm3] 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

Callisto and Titan’s undifferentiated interiors
　→ accretion timescale  > 5×105 years [Barr & Canup, 2008]



Questions; Motivation of this study

Satellites’ size, number, and location
Jovian: 4 similar mass satellites in MMR
Saturnian: only 1 large satellite far from Saturn

Among Galilean satellites
Io & Europa: rocky satellite
Ganymede & Callisto: icy satellite
Callisto: undifferentiated

What is the origin of the different architecture?

What is the origin of the satellites’ diversity?



Overview of this study

Circum-Planetary Disk Satellite Formation
Canup & Ward, 2002, 2006
Satellites formed in c.-p. disk
Actively-supplied accretion disk
Supplied from circum-stellar disk
→ Analytical solution for T, Σ

Ida & Lin, 2004, 2008, 2010
Analytical solution for

accretion timescale
type I migration timescale
trapping condition in MMR
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Canup & Ward (2002, 2006)

Actively-Supplied Accretion Disk
   Uniform mass infall Fin from the circum-stellar disk
   Infall regions: rin < r < rc (rc ~ 30Rp)
   Diffuse out at outer edge: rd ~ 150Rp
   Infall rate decays exponentially with time
   Temperature: balance of viscous heating and blackbody radiation
   Viscosity: α model



Canup & Ward (2002, 2006) +α
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Ida & Lin (2004, 2008, 2010)

Timescales of satellite’s accretion & type I migration

Resonant trapping width of migrating proto-satellites
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These approximate analytical solutions
are based on the results of N-body simulations



Comparison with N-body simulation

N-body (Canup & Ward)

Time evolution of total mass of satellites (time-constant inflow)

α=10-4, 5×10-3, 5×10-2



Comparison with N-body simulation

N-body (Canup & Ward) analytical (this study)

Time evolution of total mass of satellites (time-constant inflow)

α=10-4, 5×10-3, 5×10-2

Excellent agreement with N-body simulation!
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The Ideas

Jupiter

Saturn

Difference of “inner cavity” is from Königl (1991) and Stevenson (1974)
Difference of gap conditions is from Ida & Lin (2004)

inner cavity

no cavity

opened up gap in c.-s. disk
　→ infall to c.-p. disk stop abruptly

did not open up gap in c.-s. disk
	

 → c.-p. disk decay with c.-s. disk



Inner Cavity (Analogy with T-Tauri stars)

The rotation period distribution for the 173 stars in NGC 2264
that lie within the specified color range appropriate to a spectral
class range of K4–M2 is shown in Figure 6. The 142 stars with
periods detected by Lamm et al. (2005) and appropriate values of
color were supplemented by 31 stars of quality 1 from Makidon
et al. (2004). Reasons for not using quality 2 stars fromMakidon
et al. (2004) are given by Lamm et al. (2005). A double-sided
Kolmogorov-Smirnov (K-S) test shows that there is no signifi-
cant difference between the distribution shown in Figure 6 and
the period distribution for stars in the same color range chosen
only from the sample of Makidon et al. (2004). It is also quite
clear that the period distributions of the ONC and NGC 2264
stars in this mass range are not drawn from the same parent
population. A K-S test indicates that they are different at the
99.7% confidence limit. While this contradicts the statement in
Makidon et al. (2004) that there is no significant difference be-
tween ‘‘Orion’’ and NGC 2264, it should be kept in mind that by
‘‘Orion’’ those authors are generally not referring to the ONC but
to the greater Orion association. In fact, as Figure 7b of Makidon
et al. (2004) shows, their period distribution in NGC 2264 does
differ from that in the ONC at the 99% confidence limit when a
K-S test is applied. Other features of this distribution have been
discussed by Lamm et al. (2005) and include its bimodality, with
peaks near 1 and 4 days and the extended tail of slowly rotating
stars.

Rotation periods for the three MS clusters are shown in
Figure 7. Combined, there are 148 stars, enough to reasonably
define the distribution in a statistical sense. However, it is not
entirely valid to simply combine these three clusters because
they do not have the same period distributions, as is evident from
the figures and confirmed by a K-S test. Clearly, ! Per has a
higher proportion of rapid rotators than do the other two clusters.
From a strictly empirical point of view, this could be caused by
an age difference between the clusters and a general slowdown of
rotation with age expected from wind losses, by mass-dependent
rotation properties and a difference in the mass distributions
between the clusters, or by some other selection effect. It is easier
to explore these issues in the j plane than in the P plane, so we
postpone the task of combining the data until after a discussion of
radii. The combined period distribution shown in the bottom

right panel of Figure 7 is not strictly valid given the real differ-
ences between the clusters. However, because these differences
are relatively small and a main feature of the combined plot,
namely, its evident bimodal nature, is worth noting, we show the
distribution as a didactic exercise.
To summarize, even without correcting for the effects of ra-

dius, a few things are clear about the rotation distributions of
PMS and recently arrived MS stars of solar-like mass. First, there
are indications in Figure 7 that the rotational bimodality observed
for the ONC and NGC 2264 continues into the early MS phase;
this becomes more evident when the j distributions are discussed
below. Second, the period distributions are significantly different
from one another at each age step. And third, the trend is for most
stars to spin faster as they age, exactly as one would expect if
angular momentum conservation were involved, at least to some
degree. To assess things more physically and quantitatively, we
need to examine j rather thanP. This, in turn, requires that we take
account of the stellar radii, a task to which we now turn.

3.2. Stellar Radii

Figure 8 shows the distribution of radii as a function of log TeA
for ONC stars in our periodic sample. As expected, there is a
wide scatter but no clearly evident trend with temperature. All
data were taken directly from Hillenbrand (1997). Taken at face
value, the wide range of radii would indicate stellar ages that
range from about 0.1 to 10Myr (Palla & Stahler 1999). As noted
previously, our position is that this scatter is dominated by errors
and that the actual age (and therefore radius) spread in the ONC
is probably quite small. Since there is no clear trend of Rwith Teff
visible in the data, we adopt the median radius of R ¼ 2:09 R"
for all stars. This is a more robust value than the mean (2:3# 0:1)
because of the outliers at large radius. We show below that
adopting a single value of R ¼ 2:09 R", as opposed to individual
radii, has no effect on the calculated j distribution other than to
tighten it. Since rotation periods are very accurately determined
and have a large range, while radii are evidently poorly deter-
mined but expected to have a very small range, we argue that this
is the most appropriate procedure if the intention is to obtain the
best estimate of the j distribution of a cluster population.

Fig. 6.—Rotation periods for stars in NGC 2264 withR$ I values appropriate
to the log TeA range of 3.54–3.67. The periods come from Lamm et al. (2004) for
142 stars andMakidon et al. (2004) for 31 additional stars that were not detected as
periodic by Lamm et al. (2004). Only quality 1 stars from Makidon et al. (2004)
were used. This distribution differs from the one shown in Fig. 5 for Orion at the
99.7% confidence limit according to a K-S test.

Fig. 5.—Rotation periods for stars in the ONC with spectral types (K4–M2)
appropriate to the log TeA range of 3.54–3.67. Periods are based on the work of
Stassun et al. (1999) and Herbst et al. (2002) as summarized in the latter paper.
Effective temperatures are assessed by spectral type, as reported by Hillenbrand
(1997), and employ the calibration of Cohen & Kuhi (1979). One star, with a
period of 35 days, lies outside the boundaries of this figure.
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Inner Cavity (Analogy with T-Tauri stars)
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et al. (2004) shows, their period distribution in NGC 2264 does
differ from that in the ONC at the 99% confidence limit when a
K-S test is applied. Other features of this distribution have been
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define the distribution in a statistical sense. However, it is not
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data were taken directly from Hillenbrand (1997). Taken at face
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weak magnetic field strong magnetic field → coupling with disk
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If the magnetic torque is stronger
than the viscous torque, the disk
would be truncated at the
corotation radius



Inner Cavity (Analogy with T-Tauri stars)

JovianSaturnian

The rotation period distribution for the 173 stars in NGC 2264
that lie within the specified color range appropriate to a spectral
class range of K4–M2 is shown in Figure 6. The 142 stars with
periods detected by Lamm et al. (2005) and appropriate values of
color were supplemented by 31 stars of quality 1 from Makidon
et al. (2004). Reasons for not using quality 2 stars fromMakidon
et al. (2004) are given by Lamm et al. (2005). A double-sided
Kolmogorov-Smirnov (K-S) test shows that there is no signifi-
cant difference between the distribution shown in Figure 6 and
the period distribution for stars in the same color range chosen
only from the sample of Makidon et al. (2004). It is also quite
clear that the period distributions of the ONC and NGC 2264
stars in this mass range are not drawn from the same parent
population. A K-S test indicates that they are different at the
99.7% confidence limit. While this contradicts the statement in
Makidon et al. (2004) that there is no significant difference be-
tween ‘‘Orion’’ and NGC 2264, it should be kept in mind that by
‘‘Orion’’ those authors are generally not referring to the ONC but
to the greater Orion association. In fact, as Figure 7b of Makidon
et al. (2004) shows, their period distribution in NGC 2264 does
differ from that in the ONC at the 99% confidence limit when a
K-S test is applied. Other features of this distribution have been
discussed by Lamm et al. (2005) and include its bimodality, with
peaks near 1 and 4 days and the extended tail of slowly rotating
stars.

Rotation periods for the three MS clusters are shown in
Figure 7. Combined, there are 148 stars, enough to reasonably
define the distribution in a statistical sense. However, it is not
entirely valid to simply combine these three clusters because
they do not have the same period distributions, as is evident from
the figures and confirmed by a K-S test. Clearly, ! Per has a
higher proportion of rapid rotators than do the other two clusters.
From a strictly empirical point of view, this could be caused by
an age difference between the clusters and a general slowdown of
rotation with age expected from wind losses, by mass-dependent
rotation properties and a difference in the mass distributions
between the clusters, or by some other selection effect. It is easier
to explore these issues in the j plane than in the P plane, so we
postpone the task of combining the data until after a discussion of
radii. The combined period distribution shown in the bottom

right panel of Figure 7 is not strictly valid given the real differ-
ences between the clusters. However, because these differences
are relatively small and a main feature of the combined plot,
namely, its evident bimodal nature, is worth noting, we show the
distribution as a didactic exercise.
To summarize, even without correcting for the effects of ra-

dius, a few things are clear about the rotation distributions of
PMS and recently arrived MS stars of solar-like mass. First, there
are indications in Figure 7 that the rotational bimodality observed
for the ONC and NGC 2264 continues into the early MS phase;
this becomes more evident when the j distributions are discussed
below. Second, the period distributions are significantly different
from one another at each age step. And third, the trend is for most
stars to spin faster as they age, exactly as one would expect if
angular momentum conservation were involved, at least to some
degree. To assess things more physically and quantitatively, we
need to examine j rather thanP. This, in turn, requires that we take
account of the stellar radii, a task to which we now turn.

3.2. Stellar Radii

Figure 8 shows the distribution of radii as a function of log TeA
for ONC stars in our periodic sample. As expected, there is a
wide scatter but no clearly evident trend with temperature. All
data were taken directly from Hillenbrand (1997). Taken at face
value, the wide range of radii would indicate stellar ages that
range from about 0.1 to 10Myr (Palla & Stahler 1999). As noted
previously, our position is that this scatter is dominated by errors
and that the actual age (and therefore radius) spread in the ONC
is probably quite small. Since there is no clear trend of Rwith Teff
visible in the data, we adopt the median radius of R ¼ 2:09 R"
for all stars. This is a more robust value than the mean (2:3# 0:1)
because of the outliers at large radius. We show below that
adopting a single value of R ¼ 2:09 R", as opposed to individual
radii, has no effect on the calculated j distribution other than to
tighten it. Since rotation periods are very accurately determined
and have a large range, while radii are evidently poorly deter-
mined but expected to have a very small range, we argue that this
is the most appropriate procedure if the intention is to obtain the
best estimate of the j distribution of a cluster population.

Fig. 6.—Rotation periods for stars in NGC 2264 withR$ I values appropriate
to the log TeA range of 3.54–3.67. The periods come from Lamm et al. (2004) for
142 stars andMakidon et al. (2004) for 31 additional stars that were not detected as
periodic by Lamm et al. (2004). Only quality 1 stars from Makidon et al. (2004)
were used. This distribution differs from the one shown in Fig. 5 for Orion at the
99.7% confidence limit according to a K-S test.

Fig. 5.—Rotation periods for stars in the ONC with spectral types (K4–M2)
appropriate to the log TeA range of 3.54–3.67. Periods are based on the work of
Stassun et al. (1999) and Herbst et al. (2002) as summarized in the latter paper.
Effective temperatures are assessed by spectral type, as reported by Hillenbrand
(1997), and employ the calibration of Cohen & Kuhi (1979). One star, with a
period of 35 days, lies outside the boundaries of this figure.
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Estimates of Cavity Opening

Königl (1991)
    magnetic field for the magnetic coupling
    accretion rate 10-6MJ/yr → ～ a few hundred Gauss

Stevenson (1974)
    proto-Jovian magnetic field ～1000 Gauss

    (Jovian system should be correspond to the stage)

<

Cavity

Present Saturnian magnetic field  < 1 Gauss
    ≒ late stage of Saturnian satellite formation

<

No Cavity



THE IDEAS
Jupiter: open up gap in circum-stellar disk
	

 → infall to circum-planetary disk stop
	

 → c.-p. disk quickly depleted
	

 → frozen satellite system with “inner cavity”

Saturn: did not open up the gap
	

 → c.-p. disk decay with c.-s. disk decay
	

 → c.-p. disk slowly depleted
	

 → satellite system without “inner cavity”

difference of gap conditions are from Ida & Lin (2004)



Jovian System

inner cavity
@corotation radius

outer proto-satellite
grow faster & migrate earlier

Because the infall mass flux per unit area is constant,
the total mass flux to satellite feeding zones is larger in outer regions.



Jovian System

Type I migration is
halted near the inner edge

The outer most satellite migrates and sweeps up
the inner small satellites.



Jovian System

Proto-satellites grow & migrate repeatedly
They are trapped in MMR with the innermost satellite

MMR



Jovian System

Total mass of the trapped satellites > Disk mass
→ the halting mechanism is not effective

　　　  → innermost satellite is released to the host planet



Jovian System

after the gap opening → c.-p. disk deplete quickly



Saturnian System

No inner cavity outer proto-satellite
grow faster & migrate earlier



Saturnian System

Large proto-satellites migrate from the outer regions
and fall to the host planet with inner smaller satellites

fall to Saturn



Saturnian System

c.-p. disk depleted slowly
 with the decay of c.-s. disk



Monte Carlo Simulation (n=100)
	

 Parameters:
	

 	

 Disk viscosity (α model)
	

 	

 Disk decay timescale
	

 	

 Number of “satellite seeds”
　

α = 10−3 − 10−2

τin = 3× 106 − 5× 106

N = 10− 20

yr



Results: Distribution of the number of large satellites
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Results: Distribution of the number of large satellites

number of produced satellites
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inner two bodies: rocky
& outer two bodies: icy

icy satellite
& large enough (~MTitan)



Results: Properties of produced satellite systems

Saturnian
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Jovian

rocky component
icy component
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Results: Properties of produced satellite systems

Saturnian

Titan

Jovian

rocky component
icy component

Galilean Satellites

1e-6

a/Rp

M
s/M

p

1e-5

1e-4

1e-3

0 10 20 30 0 10 20 30

inner three bodies
are trapped in MMR

the largest satellite
has ~90% of total satellite mass



Results: Other features of produced satellite systems
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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, 
Horn Point Laboratory, Cambridge, MD 21613, USA. E-mail: 
codispot@umces.eduC
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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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Accretion timescales in our simulations
Callisto: 105-106 years
Titan: ~106 years

Callisto and Titan’s undifferentiated interior
　→ accretion timescales  > 5×105 years [Barr & Canup, 2008]

Saturn’s ring formed from an ancient satellite at Roche Zone
　→ RRoche > RSynch is required  [Charnoz et al., 2009]

Jovian: RRoche < RSynch 
Saturnian: RRoche > RSynch 
Uranian, Neptunian: RRoche < RSynch



Summary

• Jovian Satellite System v.s. Saturnian Satellite System
    Difference of size, number, location, and compositions

• Satellite Accretion/Migration in Circum-Planetary Disk
   Canup & Ward (2002, 2006) + Ida & Lin (2004, 2008, 2010)

• The Ideas of Disk Boundary Conditions
    Difference of inner cavity opening and gap opening conditions 

• Monte Carlo Simulations
    Difference of Jovian/Saturnian system are naturally reproduced 

[Sasaki, Stewart & Ida (2010) ApJ 714, 1052]


