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1. What makes difference of two systems?

2. What determines final configuration?

β: migration parameter (function of p and q)
Mm: mass of moon (Ganymede or Callisto)
Mp: mass of planet
ΩK: Keplerian frequency
K=(Mm/Mp)2(H/r)-5α-1.  (Kanagawa+ 2015, 2018; Ogihara & Hori 2019)

4. Evolutions of disk structure & moon orbits

Saturn：Single large moon, Titan

Io, Europa, Ganymede, Callisto

Jupiter: 4 Galilean moons

Saturn: Single large moon, Titan

4:2:1 mean motion resonance

Vacancy (~20RS)

Compact (~30RJ)

Resonant

cf. Mercury’s orbit: 0.4au
1au = 215Rsun

4:2:1 = Laplace resonance
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(S-a) No magnetospheric cavity in a circum-Saturnian disk
Ionization degree of disk gas Disk surface density

Rapid mass accretion

Mass infall from PPD

satellitesimals
Ionized 
conductive gas

Poorly ionized gas

(S-b) Formation of multiple large moons and their inward migration

(S-c) Infall of inner moons onto young Saturn in a dissipating disk

(S-d) The present Titan
after 4.5 Gyrs

Absence of inner moons

Slow mass accretion

Weak B-field

(J-a) A magnetospheric cavity in a circum-Jovian disk
Ionization degree of disk gas Disk surface density

Strong B-field

Magnetospheric 
accretionCavity

Mass infall from PPD
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Ionized conductive 
gas
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(J-b) Formation of a resonant system

Cavity

proto-satellites
Resonant trapping

Inward migration

(J-c) The magnetospheric cavity disappears in a dissipating disk

(J-d) The present Galilean moons
after 4.5 Gyrs

The Laplace resonance

A compact system

Jovian system Saturnian system

When gas accretion calms down: magnetospheric accretion

Magnetic field is too weak
for magnetospheric accretion

Overview of Scenario 

(e.g., Paardekooper et al. 2011)

Orbital migration of moons

• Direction and speed of satellite migration:
→ Depend on radial dependence of disk surface density and temperature 

• Timing of disk dissipation

We model dissipating circumplanetary disks (CPDs) 

(Cannizzo 1993; Armitage+ 2001)

1) First, obtain steady state

: radiative cooling 

: viscous heating

2) Then, reduce mass infall rate, f

周惑星円盤

粘性拡散

原始惑星系円盤からの質量流入, fMass infall, f
Circumplanetary disk (CPD)

Viscous diffusion

f = exp(-t/tdissip) f0  r -1

(Based on Tanigawa et al. 2012)f / r�1
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f0 : infall rate of steady state, tdissip=103yr

We calculate magnetic-fields strength on surfaces of Jupiter and Saturn

Truncation Radius

Batygin (2018), Gosh & Lamb (1979), 
Ostriker & Shu (1995), Mohanty & Shu (2008)
See also Takasao et al. (2022) 

Can this happen for circumplanetary disks?

• Adopt                with assuming B~500G. (Batygin 2018) 

• Application to exoplanet (PDS70b/c) (Hasegawa+ 2021)

μ0：permeability
g：grav. const.
M：planet mass
M：accretion rate

Bs：mag. field
R：planet radius

・

Hartmann+ (2016) 

Strength of magnetic field

cf. Hori (2021)

Inner structure of gas giants

fohm : efficiency factor of energy conversion 
q0 : convective heat flux
L : length scale of the largest convective structures
HT : temperature scale height

(Christensen+ 2009) 
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3. Magnetospheric accretion?

Generation of magnetic field by dynamo in metallic hydrogen region

Jovian system Saturnian system

B=100G
Rp=2RJ
α=10-4
Tmin = 50K (minimum temperature in disk)

Inner cavity will disappear 
èNeed to configure resonance before disk starts to dissipate  

Time evolution of disk structure
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1x104yrr : radius
Σ: surface density
cs: sound speed
H: scale height
ν=αcsH : viscous coefficient
α: viscous parameter

Formation of inner cavity due to magnetospheric accretion in steady state 

Tanigawa+2012 (Visualization: T. Takeda)

Tc: midplane temperature
Te: effective temperature
Cp: specific heat
vr: radial velicity
κ: opacity (Bell & Lin 1994)

Gas needs to be ionized 
enough to be coupled 
with magnetic fields 

& è Magnetospheric accretion

Indicator of ionization degree: magnetic Reynold’s number
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Rm =
V H

⌘

H：disk scale height
η：magnetic diffusivity
V：Kepler velocity
ME : Earth mass
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Ogihara & Kobayashi (2013)

Migrating moon can be stopped at disk structure, such as inner cavity

If one moon is stopped, next migrating one can be captured in resonance

è Preferable for Jovian system but not for Saturnian one

No magnetospheric accretion all time

steady dissipating steady dissipating

Orbital evolution of moons (N-body simulation)

Time evolution of mass accretion rate

Orbital evolution of moons (N-body simulation)

Mass and orbit 
range of Titan

(within factor 2)

Mass and orbit range 
of Galilean moons

(within factor 2)

• Initial condition: 400-800 bodies of m=10-6MJ randomly placed at 20-80RJ

• Assumption: 50% water content for bodies outer to snowline (65RJ)

We demonstrate the formation of:

•Rock-rich inner two bodies
•Resonant inner three bodies

We demonstrate the formation of
Titan-like single large moon

• Initial condition: 400-800 bodies of m=10-6MS randomly placed at 20-80RS

• Assumption: 50% water content for bodies outer to snowline


