MNRAS 440, 89–105 (2014)

doi:10.1093/mnras/stu245

Advance Access publication 2014 March 7

Accretion in giant planet circumplanetary discs
Sarah L. Keith1,2‹ and Mark Wardle1‹
1 Department of Physics and Astronomy and MQ Research Centre in Astronomy, Astrophysics and Astrophotonics, Macquarie University, NSW 2109, Australia
2 Jodrell

Bank Centre for Astrophysics, The University of Manchester, Alan Turing Building, Manchester M13 9PL, UK

Accepted 2014 February 4. Received 2014 January 17; in original form 2013 October 7

ABSTRACT

Key words: accretion, accretion discs – magnetic fields – MHD – planets and satellites:
formation.

1 I N T RO D U C T I O N
Gas giant planets form within a protoplanetary disc surrounding a
young star (Lin & Papaloizou 1985). Those orbiting within ∼100 au
of the star form through the aggregation of a ∼15 M⊕ solid core
and subsequent gas capture from the surrounding disc (Pollack et al.
1996; Boley 2009). During the initial slow accretion phase the protoplanet envelope is thermally supported and distended. However,
once the envelope mass reaches the core mass gas accretion accelerates rapidly and, unable to maintain thermal equilibrium, the
envelope collapses (Pollack et al. 1996; Lissauer et al. 2009). This
‘run-away’ gas accretion ends once the planet is massive enough
that it accretes faster than gas can be replenished into its vicinity.
Infalling gas has too much angular momentum to fall directly on to
the contracted planet, and so an accretion disc, the circumplanetary
disc, forms around the planet (Lunine & Stevenson 1982; Ayliffe &
Bate 2009b).
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In contrast to the icy conditions implied by satellite systems
around Solar system giant planets, circumplanetary discs are likely
initially hot and convective (Coradini et al. 1989). Most of the protoplanet’s mass is delivered during run-away accretion and so the
circumplanetary disc must support a high inflow rate during this
phase. The formation of Jupiter consistent with the giant planet formation time-scale inferred from the lifetime of protoplanetary discs
(lifetime ∼3 × 106 yr; Williams & Cieza 2011) suggests an inflow
rate of Ṁ ∼ 10−6 MJ yr−1 . Models of the accretion phase of a circumplanetary disc include self-luminous discs (Quillen & Trilling
1998; Fendt 2003; Nelson & Benz 2003), Shakura–Sunyaev α discs
(Canup & Ward 2002, 2006; Alibert, Mousis & Benz 2005; Turner,
Lee & Sano 2014), time-dependent discs with MRI-Gravitational
instability limit cycles (Martin & Lubow 2011b; Lubow & Martin 2012), and hydrodynamical simulations (Lubow, Seibert &
Artymowicz 1999; D’Angelo, Henning & Kley 2002; D’Angelo,
Henning & Kley 2003; Machida et al. 2008; Ayliffe & Bate 2009a,b;
Machida 2009; Rivier et al. 2012; Tanigawa, Ohtsuki & Machida
2012; Shabram & Boley 2013). The evolution of the disc associated
with the contraction of the protoplanetary envelope and changes in
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During the final growth phase of giant planets, accretion is thought to be controlled by a
surrounding circumplanetary disc. Current astrophysical accretion disc models rely on hydromagnetic turbulence or gravitoturbulence as the source of effective viscosity within the
disc. However, the magnetically coupled accreting region in these models is so limited that
the disc may not support inflow at all radii, or at the required rate. Here, we examine the
conditions needed for self-consistent accretion, in which the disc is susceptible to accretion
driven by magnetic fields or gravitational instability. We model the disc as a Shakura–Sunyaev
α disc and calculate the level of ionization, the strength of coupling between the field and disc
using Ohmic, Hall and Ambipolar diffusevities for both a magnetorotational instability (MRI)
field and vertical field, and the strength of gravitational instability. We find that the standard
constant-α disc is only coupled to the field by thermal ionization within 30 RJ with strong
magnetic diffusivity prohibiting accretion through the bulk of the mid-plane. In light of the
failure of the constant-α disc to produce accretion consistent with its viscosity, we drop the
assumption of constant-α and present an alternate model in which α varies radially according
to the level magnetic turbulence or gravitoturbulence. We find that a vertical field may drive
accretion across the entire disc, whereas MRI can drive accretion out to ∼ 200 RJ , beyond
which Toomre’s Q = 1 and gravitoturbulence dominates. The discs are relatively hot (T 
800 K), and consequently massive (Mdisc ∼ 0.5 MJ ).
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They also consider magnetic coupling in the Jovian analogue to the
Minimum Mass Solar Nebula–the Minimum Mass Jovian Nebula
(MMJN; Mosqueira & Estrada 2003), finding that dust must be
removed for magnetically coupled surface layers. They find that
thermal ionization in actively supplied discs may permit coupling
within the inner 4 RJ of the mid-plane, although Fendt (2003) suggest a larger thermally ionized region (r  65 RJ ). Either way, we
conclude that current α models of circumplanetary discs are not necessarily susceptible to the magnetically driven accretion assumed
at all radii, and that magnetically active surface layers may be too
high above the mid-plane to carry the required accreting column.
In this paper, we probe the viability of self-consistent steady-state
accretion through the circumplanetary disc mid-plane, with accretion driven by magnetic fields and gravitoturbulence. We model
the disc as Shakura–Sunyaev α disc and solve for the disc structure self-consistently with the opacity using the Zhu, Hartmann &
Gammie (2009) opacity law (Section 2). In Section 3.1, we calculate the ionization level produced by thermal ionization, cosmic
rays, and radioactive decay, and also consider the effectiveness of
turbulent mixing (Ilgner & Nelson 2006; Turner et al. 2007; Ilgner & Nelson 2008), and Joule heating in resistive MRI regions
(Inutsuka & Sano 2005; Muranushi, Okuzumi & Inutsuka 2012).
We determine the magnetic field strength needed for accretion by an
MRI or large-scale vertical field (Section 4), and calculate Ohmic,
Hall and Ambipolar diffusivities to determine the strength of magnetic coupling (Section 5). Motivated by the failure of the standard
constant-α disc (Section 6.1) to produce magnetic coupling consistent with the assumed viscosity profile, we present an alternate
α disc (Section 6.2) in which the level of magnetic transport (i.e.
α) varies radially consistent with the level of viscosity proceed by
either magnetic forces or gravitational instability, as per the Sano
& Stone (2002) prescription for α for non-ideal magnetic transport.
We present the results in Section 7, with a summary and discussion
of findings in Section 8.

2 D I S C S T RU C T U R E
We model a circumplanetary disc as an axisymmetric, cylindrical,
radiative, thin disc surrounding a protoplanet of mass M, in orbit
around a star of mass M∗ , at an orbital distance d. The disc extends
out to a radius r = RH /3 around the planet, where
 13
M
RH = d
3M∗

 1

1 
M 3 M∗ − 3
d
≈ 743 RJ
5.2 au
MJ
M


(1)

is the Hill radius, RJ is the radius of Jupiter, MJ is the mass of
Jupiter, and M is the mass of the Sun (Quillen & Trilling 1998;
Martin & Lubow 2011a).
The scaleheight, H, is determined by a balance between thermal
pressure, the planet’s gravity, and self-gravity of the disc. Toomre’s
Q quantifies the strength of self-gravity (Toomre 1964),
Q=

cs 
πG
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the mode of accretion from the protoplanetary disc have also been
addressed (Ward & Canup 2010).
The angular momentum transport mechanism is key in determining the disc structure and evolution, however little work has
been done to model the disc self-consistently with the accretion
mechanism. The α-model invokes a source of viscosity (typically
hydromagnetic turbulence is suggested); however, there is no guarantee that the resulting disc complies with the conditions required
for viscosity, hydromagnetic or otherwise. An exception is the timedependent gravomagneto outbursting cycles modelled by Lubow &
Martin (2012); however, numerical simulations suggest that discs
rapidly evolve away from a gravitationally unstable state.
There are a variety of candidates for the accretion mechanism, including magnetic forces, gravitational instability, thermally driven
hydrodynamical instabilities, torque from spiral waves generated
by satellitesimals [see Papaloizou & Lin 1995 and Turner et al. (in
preparation) for a review], and stellar forcing (Rivier et al. 2012).
Magnetic fields and gravitational instability are generally considered the most promising mechanisms within the protoplanetary
disc. Magnetically driven accretion may result from hydromagnetic
turbulence produced by the magnetorotational instability (MRI;
Balbus & Hawley 1991; Hawley, Gammie & Balbus 1995), centrifugally driven disc winds associated with large-scale vertical fields
(Blandford & Payne 1982; Wardle & Königl 1993), magnetic braking (Matsumoto & Tomisaka 2004), or large-scale toroidal fields
(Stone et al. 2000). MRI turbulence has been modelled extensively
(e.g. Gammie 1996; Sano et al. 2004; Turner, Sano & Dziourkevitch 2007; Flaig et al. 2012; Wardle & Salmeron 2012; Parkin &
Bicknell 2013) and simulations of MRI transport in protoplanetary
discs indicate α ∼ 10−3 , where α is the Shakura–Sunyaev viscosity parameter (Shakura & Sunyaev 1973; King, Pringle & Livio
2007). Gravitational instability occurs in massive discs and may
cause fragmentation or gravitoturbulence (Toomre 1964; Gammie
2001).
Certain conditions are required for these mechanisms to be effective. For example, magnetic processes can only act in sufficiently
ionized ‘active’ regions, where the evolution of the magnetic field is
coupled to the motion of the disc. If the ionization fraction is too low,
magnetic diffusivity decouples their motion (e.g. Wardle 2007). In
protoplanetary discs, magnetic coupling is strong enough to permit
MRI accretion in two regions: (i) layers above the mid-plane where
cosmic rays, and stellar X-rays and UV photons penetrate, and
(ii) close to the star where the disc is hot and thermally ionized
(Gammie 1996). Gravitational instability requires strong selfgravity such that Toomre’s stability parameter Q  1, and quasisteady gravitoturbulent accretion further requires a cooling timescale in excess of ∼30 orbital time-scales (Meru & Bate 2012;
Paardekooper 2012).
Existing steady-state model circumplanetary discs are not massive enough for gravitational instability, and so testing for selfconsistent accretion has focused on identifying regions which are
susceptible to the MRI. Fujii, Okuzumi & Inutsuka (2011) determined the thickness of the magnetically uncoupled Ohmic midplane ‘dead zone’ of an α disc for the ionization by cosmic rays.
They find that the dead zone extends up at least 2.5 scaleheights (for
plasma β = 104 ) with the presence of grains extending this region
to even greater heights. These results agree with the recent paper
by Turner et al. (2014) which includes ionization from X-rays, radioactive decay, turbulent mixing, thermal ionization as well as cosmic rays and accounting for Ambipolar and Ohmic diffusion. They
find that α discs are magnetically coupled in surface layers above
∼3 scaleheights unless the disc is dusty and is shielded from X-rays.
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with Q  1 for negligible self-gravity and Q
1 for strong selfgravity. Here,  is the column density,  is the Keplerian angular
velocity,


− 32 
1
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×
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=
r3
102 RJ
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√
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cs = kT /mn ≈ 1.9 km s−1 T /1000 K is the isothermal sound
speed with mn = 2.34mp the mean neutral particle mass for an H/He
gas at temperature T, mp the proton mass, and k is Boltzmann’s
constant. Solving for the scaleheight for arbitrary Q is complex
(e.g. see Paczynski 1978), and so we adopt the simplified equation
of vertical equilibrium (cf. Krasnopolsky & Königl 2002)
2 H 2 + πGH  − cs2 = 0,
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To calculate the opacity, κ, we use the analytic Rosseland mean
opacity law presented in Zhu et al. (2009). This is a piecewise
power-law fit to the Zhu et al. (2007, 2008) opacity law. We give
this in Table 1, re-expressed as a function of temperature and density,
using the ideal gas law.1 This model features nine opacity regimes,
incorporating the effects of dust grains, molecules, atoms, ions, and
electrons. The transition temperature Tj → k between regimes j and
k, as a function of density, is obtained by equating the opacity in
neighbouring regimes (i.e. κ j = κ k ), and is
 1

−ak
κi,j bk −bj abjk −b
j
Tj →k =
ρ
(12)
κi,k
with two additional constraints:

(7)

for massive, cool, self-gravitating discs. From this, we estimate the
vertically averaged neutral mass density
ρ=

where Ṁ is the inflow rate, and σ the Stefan–Boltzmann constant. We consider a uniform, steady, inward mass flux throughout
the disc.
Shock heating of infalling material colliding with the disc contributes additional heating; however, it is negligible compared to
that of the viscous dissipation (i.e. flux ratio: Finfall /Fviscous < 10−4 ;
Cassen & Moosman 1981). Similarly, irradiation from the hot young
planet (TJ = 500 K determined from pure contraction of the young
planet; e.g. Hubbard, Burrows & Lunine 2002) and the accretion hotspot (Thotspot = 3300 K calculated using equation 3.3 in
Pringle 1977) is also negligible with Fplanet /Fviscous < 10−4 and
Fhotspot /Fviscous < 10−2 determined using equation 21 from Turner
et al. (2014).
Equations (9) and (10) are applicable in optically thick regions
of the disc (i.e. where optical depth τ  1). This is appropriate for
the mid-plane, as the high column density favours a large optical
depth:

− 12

(8)

and the  associated number
density, n = ρ/mn ≈ 2.6 ×

1015 cm−3 ρ/10−8 g cm−3 .
The thermal structure of the disc is governed by dissipation driven
by the inflow. We use the standard plane–parallel stellar atmosphere
model (Hubeny 1990),
3
τ σ Ts4 ,
(9)
8
to calculate the mid-plane temperature T from the surface temperature Ts and optical depth, τ , from the mid-plane to the surface.
Gravitational binding energy released during infall results in a surface temperature (Pringle 1981)
σT 4 =

1
3Ṁ2 4
Ts =
8πσ
 14 
1 
− 34

M 4
r
Ṁ
≈ 82 K
,
10−6 MJ yr−1
MJ
102 RJ


(10)

(i) use Grains opacity for T < 794 K, and
(ii) use Molecules and H scattering
2.34 × 104 κ 0.279 K < T < 104 K.

opacity

for

As the opacity law is complex, we show the temperature and density
boundaries for each opacity regime in Fig. 1.
For comparison, we also give the Bell & Lin (1994) opacity
law in Table 1. This opacity law underestimates the opacity for
temperatures T ∼ 1500–3000 K because it neglects contributions
from TiO and water lines longward of 5 μm (Alexander & Ferguson
1994; Semenov et al. 2003; Zhu et al. 2009). The discrepancy is
greatest at ∼1700 K where the Bell & Lin opacity is a factor of ∼500
too low, as compared with the Zhu et al. model.
We solve for the local structure (i.e.  and T) simultaneously
with the opacity, at each radius. Following Bell et al. (1997), we
solve for the radial temperature profile by combining equations (2),
(3), (5), (8)–(11) and the opacity law in Table 1, to give
9Ṁκi 2 −a a+1
H  ,
(13)
2a+7 πσ
with a, b, and κ i specified for each opacity regime. This relationship
allows us to describe the disc temperature and column density selfconsistently, when one or the other is specified.
T 4−b =

1 We have used the mean particle mass of molecular H/He gas in the conversion from pressure to density even though it is not strictly valid where
hydrogen is ionized. Hydrogen is only ionized within the inner 5 RJ , at temperatures above 3000 K, and we find that correcting the mean particle mass
(to μ = 1.24) leads to at most a 15 per cent change in the temperature in this
region.
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with solution
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.
1 + 1 + 4Q2 
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Table 1. Coefficient and indices, in each opacity regime, for the opacity law κ = κ i ρ a Tb , as given in table 3 of Bell & Lin (1994)
and table 1 of Zhu et al. (2009). The resulting opacity has units of cm2 g−1 . See equation (12) and Fig. 1 for the boundaries of the
opacity regimes.
Bell & Lin (1994)
Opacity regime
Ice grains
Evaporation of ice grains
Metal grains
Evaporation of metal grains
Molecules
H scattering
Bound–free and free–free
Electron scattering

Zhu et al. (2009)
κi

a

2 × 10−4
2 × 1016
0.1
2 × 1081
10−8
10−36
1.5 × 1020
0.348

0
0
0
1
2/3
1/3
1
0

b
2
−7
1/2
−24
3
10
−5/2
0

Opacity regime
Grains
Grain evaporation
Water vapour
Molecules
H scattering
Bound–free and free–free
Electron scattering
Molecules and H scatteringa

κi

a

5.3 × 10−2
1.0 × 10145
1.0 × 10−15
1.1 × 1064
5.1 × 10−11
8.9 × 10−39
1.1 × 1019
0.33
1.4

0
1.3
0
0.68
0.50
0.38
0.93
0
0

b
0.74
−42
4.1
−18
3.4
11
−2.4
0
3.6

regime is given in the footnote of table 1 in Zhu et al. (2009). The dominant sources of opacity in this regime are molecular
lines and H scattering (Zhu 2013, private communication).

Observational estimates of α, derived from the inferred mass accretion rates of T-Tauri stars, and the time-dependent behaviour of
FU Orionis outbursts, dwarf nova, and X-ray transients, indicate
α ∼ 0.001 − 0.1, while numerical magnetohydrodynamical shearing box simulations yield α ∼ 0.01–10−3 (see King et al. 2007, and
references therein). This results in an accreting column
=

Ṁ
2παcs H

(15)


α
Ṁ
−6
−1
10 MJ yr
10−3
−1 
 12 
− 32

T
r
M
×
MJ
1000 K
102 RJ

≈ 1.6 × 102 g cm−2



−1

(16)

for negligible self-gravity.
Figure 1. Temperature and density boundaries of the Zhu et al. (2009)
opacity regimes, given in Table 1, calculated with equation (12).

At a given radius, we solve this equation within each opacity
regime, and determine whether the resulting temperature and density fall within the limits of that regime. Solutions which do not fall
within these limits are discarded. The solution is not necessarily
unique, as the disc may satisfy the conditions of multiple opacity
regimes (e.g. Bell & Lin 1994; Zhu et al. 2007).
Conservation of angular momentum provides the closing relation
by specifying the accreting column needed to drive the inflow caused
by turbulence, Ṁ = 2πν 2 (Shakura & Sunyaev 1973). A common
approach to modelling the turbulent viscosity ν is to adopt the
α-viscosity prescription, in which uncertainties in the form of the
viscosity are gathered into a single parameter α  1 (Shakura &
Sunyaev 1973),
ν = αcs H .

(14)

2 Heat is released in a boundary layer (thickness
RJ ) above the planet
surface where the disc angular velocity profile transitions sharply between
keplerian and the planetary
rotation

 rate (Pringle 1977). This contributes
√
an additional factor 1 − RJ /r to the right-hand side to this viscosity–
inflow relation. However, we find that this factor is only significant within
r < 2 RJ , i.e. within the boundary layer.
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3 D E G R E E O F I O N I Z AT I O N
In this section, we calculate the level of ionization at the mid-plane
of the circumplanetary disc. The disc is too dense for the penetration of cosmic rays and X-rays down to the mid-plane, and so the
primary sources of ionization are thermal ionization and decaying
radionuclides. We also consider two further ionizing mechanisms
produced by the action of MRI turbulence – the transport of ionization from MRI active surface layers to the mid-plane by eddies, and
ionization from electric fields generated by MRI turbulence.

3.1 Thermal ionization
Ionization leads to the production of electrons, ions (with atomic
number j), and charged dust grains with associated number density
ne , ni, j , ng , mass me , mi, j , mg , and charge −q, +q, Zg q, respectively.
Here, the grain mass and charge represent the mean value.
From this we define the total ion number density ni ≡ j ni,j ,
−1/2 −2
and average ion mass mi ≡ (n−1
i
j ni,j mi,j ) , where the summation runs over each ion species.
To calculate the level of thermal ionization, we use the Saha
equation
ne ni,j
= ge
nj



2πme kT
h3

 32

 χ
j
exp −
kT

,

(17)
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Table 2. Atomic weight, solar photospheric logarithmic abundance and abundance, and first ionization potential for hydrogen,
helium, sodium, magnesium, and potassium (Lide 2004; Asplund et al. 2009). Depletion of heavy elements by incorporation
into grains is parametrized by δ.
Atomic number

1
2
11
12
19

Element

Atomic weight
(amu)

Logarithmic abundance

Abundance

Ionization potential
(eV)

H
He
Na
Mg
K

1.01
4.00
22.98
24.31
39.10

12.00
10.93
6.24
7.60
5.03

9.21 × 10−1
7.84 × 10−2
1.60 × 10−6
3.67 × 10−5
9.87 × 10−8

13.60
24.59
5.14
7.65
4.34

Zg = ψτ −

1+

1
√
,
τ0 /τ

(18)

where
τ=

ag kT
,
q2

(19)

8me
τ0 ≡
,
πμmp

μ≡

ne se
ni

2 

(20)

mi
mp


,

(21)

0
0
δ
δ
δ

where se is the electron sticking coefficient, ag the grain radius, and
ψ is the solution to the transcendental equation (Spitzer 1941):

1−ψ =

μ

mp
me

 12

eψ .

(22)

We solve this using the second-order approximation (Armstrong &
Kulesza 1981)
ψ = 1 − ln(1 + y) +

ln(1 + y)
ln[(1 + y −1 ) ln(1 + y)]
1 + ln(1 + y)

(23)


with y ≡ e μmp /me .
Charge fluctuations are small, with most grains having charge
within one unit about this mean (Elmegreen 1979). Measurements
and analytical estimates of the electron sticking coefficient suggest
se is in the range 10−3 –1 (Umebayashi & Nakano 1980; Heinisch,
Bronold & Fehske 2010). As an approximation, we maximize the
impact of grain charge removal by adopting se ∼ 1.
We adopt a constant gas to dust mass ratio ρd /ρ ≡ fdg = 10−2 ,
grain size ag = 0.1 μm, and grain bulk density ρb = 3 g cm−3
(Pollack et al. 1994). This leads to a grain number density
ng =

mn fdg n
4
πag3 ρb
3



n
fdg
1015 cm−3
10−2
−3 
−1

ρb
ag
.
×
0.1 μm
3 g cm−3

≈ 3.1 × 103 cm−3



(24)

Grain evaporation, which removes grain species, will cause spatial
variation of these properties. For instance, very few grains would be
present where the temperature exceeds the vaporization temperature
of iron (T ∼ 1500 K at ρ ∼ 10−7 g cm−3 ; Pollack et al. 1994).
However, we find that removing grains in this region (i.e. fdg = 0
for r < 7 RJ ), or indeed uniformly across the disc (i.e. fdg = 0 for all
r), has no effect on the boundary of the magnetically coupled region
owing to the overwhelming effectiveness of thermal ionization here.
The final condition needed to determine the ionization level is
charge neutrality,
ni − ne + Zg ng = 0.

(25)

To solve equations (17)–(25), we use Powell’s Hybrid Method for
root finding (Powell 1970), with the routine fsolve from the PYTHON
library scipy.optimize (Jones et al. 2001). This method is a
modified form of Newton’s Method, which checks that the residual
is improved before accepting a Newton step. This optimization
allows for convergence despite the steep gradients caused by the
exponential factor in the Saha equation.
MNRAS 440, 89–105 (2014)
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where nj is the number density of neutrals with atomic number
j, χ j is the ionization potential of the j th ion species, ge = 2 is
the statistical weight of an electron, and h is Planck’s constant.
Table 2 gives the atomic weight and first ionization energy of five
key contributing elements: hydrogen, helium, sodium, magnesium,
and potassium (Lide 2004).
The exponential factor in the Saha equation gives rise to switch
on/off behaviour in thermal ionization, such that the bulk of atoms
are ionized in a narrow temperature band around their ionization
temperature. Potassium has the lowest ionization energy and is first
to be ionized with an ionization temperature of T ∼ 103 K.
We use solar photospheric abundances to model the elemental
composition of the disc, as given in Table 2 (Asplund et al. 2009).
However, heavy elements are incorporated into grains, reducing
their gas phase abundance. We allow for depletion on to grains
through a depletion factor δ (cf. Sano et al. 2000). The degree of
depletion varies greatly between elements; however, we make the
simplifications that the abundance of elements other than hydrogen
and helium are reduced by a constant factor, 10δ . Grain depletion in
the Orion nebula has been determined by comparing the abundances
in the H II region (gas only) with that of Orion O stars (gas+dust;
Esteban et al. 1998). Magnesium, a key grain constituent, is depleted
at the level δMg = −0.92, which we adopt for all depleted elements.
The abundance of the j th element is related to its logarithmic
form, accounting for depletion on to grains: Xj = log10 (nj /nH ) +
12 − δ, where the logarithmic abundance of hydrogen is defined to
be XH = 12. The abundance is then xj = 10Xj /( i 10Xi ), for which
we take the logarithmic abundances of the remaining elements from
Asplund et al. (2009).
Dust grains also act to reduce the ionization fraction by soaking
up electrons, acquiring charge through the competitive sticking of
electrons and ions to their surface. The net charge is found through
the balance of preferential sticking of electrons due to their higher
thermal velocity, with the subsequent Coulomb repulsion that develops. The average charge acquired by a dust grain is (Draine &
Sutin 1987)

Depletion
(dex)
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3.2 Ionization by decaying radionuclides, cosmic rays, and
X-rays

Under these conditions the equilibrium electron and ion number
density fractions are

Cosmic rays and the decay of radionuclides are the primary sources
of ionization in the outer disc where it is too cool for thermal
ionization. The short-lived radioisotope 26 Al is the main contributor
to ionization by decaying radionuclides, yielding an ionization rate
ζ R = 7.6 × 10−19 s−1 (Umebayashi & Nakano 2009). Cosmic ray
ionization occurs at a rate ζCR = 10−17 s−1 exp(−/CR ), where
CR = 96 g cm−2 is the attenuation depth of cosmic rays.
X-rays from the young star will also ionize the surface layers
[with ζXR = 9.6 × 10−17 s−1 exp(−/XR ) at the orbital radius of
Jupiter for a star with Solar luminosity (Igea & Glassgold 1999;
Turner & Sano 2008)]; however, the X-ray attenuation depth is so
small (XR = 8 g cm−2 ) that X-rays do not reach the mid-plane and
do not contribute to mid-plane ionization or accretion (in contrast
with surface ionization calculations by Turner et al. 2014).
Calculating the ionization resulting from radioactive decay involves solving the coupled set of reaction rate equations for electrons, metal ions (number density ni with metal abundance xm ), and
grains subject to charge neutrality. Molecular ions are the first ions
produced as part of the reaction scheme, however, charge transfer to metals is so rapid that metal ions are more abundant (Fujii
et al. 2011). We model the metals as a single species, adopting the
mass, mi , and abundance, xi , of the most abundant metal – magnesium (Lide 2004; Asplund et al. 2009). Free electrons and ions are
formed through ionization, and are removed through recombination
(rate coefficient kei ) and capture by grains (rate coefficients keg , kig
for electrons and ions, respectively). These processes are described
by the following rate equations:

ζ
ne
=
,
n
keg ng

(27)
(28)
(29)

keg = πag2

8kb T
≈ 3.0 × 10−5 cm3 s−1
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T
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− 12
,



T
103 K
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(32)

keg ne
ni
=
,
n
kig nn


− 12 

−1
n
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 12

mi
ag
×
.
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24.3 mp
−17

≈ 1.1 × 10

T
103 K
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We insert these values into equation (29) to calculate an improved
estimate of the grain charge:
ni
Zg = −
ng


− 12 

−1
n
1015 cm−3
2 


ρb
fdg −2
ζ
×
10−18 s−1
3 g cm−3
10−2
4 
 12

mi
ag
×
.
0.1 μm
24.3 mp

T
103 K


(34)

Charge capture by grains has removed a large fraction of the free
electrons and so the average grain charge is small (validating our
initial estimate, Zg ≈ 0), and simply traces the ion density:
To calculate the charge resulting from the combined efforts of
thermal ionization, decay of radionuclides, and external ionization
sources, we add the contributions linearly. A complete treatment
would address the non-linear effects associated with using the combined charge particle population, rather than treating the populations
as independent. However, as the drop-off of the radial thermal ionization profile is so steep, the contribution of decaying radionuclides
and cosmic rays within r  55 RJ is insignificant when compared to
thermal ionization. Similarly, thermal ionization is highly inefficient
beyond this distance, and so charge production is by radioactive
decay and cosmic rays.

(30)
3.3 Ionization from MRI turbulence

8kb T
πme

≈ 6.2 × 10−3 cm3 s−1

ζ
10−18 s−1


ag
,
×
0.1 μm

 12 

ag
0.1 μm

2
.

(31)

The action of MRI turbulence in the disc offer two further ionizing
mechanisms, which we describe below. We do not calculate the level
of ionization produced by these mechanisms, but rather determine
their effectiveness within the circumplanetary disc.
Eddies within MRI active surface layers caused by cosmic ray
ionization may penetrate into the underlying dead zone, transporting
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(26)

for which we have neglected grain charge fluctuations (see for example, Umebayashi & Nakano 1980; Fujii et al. 2011). Anticipating
that the resulting ionization fraction will be low, we make the following simplifications: (i) the average grain charge will be low
and so we approximate Zg ≈ 0 in calculating the rate coefficients
kig , keg and (ii) recombination is inefficient such that charge capture
by grains dominates and we set kei = 0. The charge capture rate
coefficients for neutral grains are





×

≈ −3.5 × 10

0 = ni − ne + Zg ng ,

×

≈ 5.2 × 10

− 12 

−1
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1015 cm−3


ρb
fdg −1
3 g cm−3
10−2

T
103 K


−6

dni
= ζ n − kei ni ne − kig ng ni ,
dt
dne
= ζ n − kei ni ne − keg ng ne ,
dt
dZg
= kig ni − keg ne ,
dt

kig = πag2



−20
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ionized material with them (Ilgner & Nelson 2006; Turner et al.
2007; Ilgner & Nelson 2008). Turbulent mixing may deliver enough
ionization into the dead zone for magnetic coupling and reactivation
of the dead zone (Turner et al. 2007). The vertical mixing time-scale
for diffusion through a scaleheight is (Ilgner & Nelson 2006)
H2
= (α)−1 ,
(35)
ν
which is 1000 dynamical times for Shakura–Sunyaev viscosity parameter α = 10−3 . However, free charges are removed through
recombination and grain charge capture which lowers the ionization fraction. From equation (27), we find that charges are removed
on a time-scale
−1

,
(36)
τR = kei ni + keg ng

95

where l = 1/(nσen ) ≈ 1 cm (1015 cm−3 n−1 ) is the electron mean
free path, and σen  = 1015 cm2 is the momentum transfer rate coefficient between elections and neutrals. For ionization to be effective,
the electron energy,  must exceed the ionization threshold of neutral
particles within the disc.

τD =

E=

3αcs Beq
4cffill fsat

2Q

1 + 1 + 4Q2

.

(37)

Given this restriction, we calculate the maximum electron kinetic
energy, , available from Joule heating (Inutsuka & Sano 2005),

(38)
 = 0.43qEl mn /me ,
3 For consistency, we insert our equation (39) into equation 32 of Muranushi
et al. 2012, and account for self-gravity which leads to stricter criterion,
independent of plasma β: fwhb = 5.4 × 10−2 for Q = 0 (cf. their equation
36).

Furthermore, to a possible protoplanetary dynamo field (e.g.
Jupiter’s present-day surface field is 4.2 G; Stevenson 2003), the
disc may accrete its own field from the protoplanetary disc (Quillen
& Trilling 1998; Turner et al. 2014). As both MRI and vertical
fields have been modelled extensively in protoplanetary discs, we
consider both field geometries in driving accretion in circumplanetary discs. We calculate the magnetic field strength, B, required to
drive accretion at the inferred accretion rate, Ṁ = 10−6 MJ yr−1 .
Three-dimensional stratified and unstratified shearing box, and
global MRI simulations with a net vertical flux indicate that during
accretion the MRI magnetic field saturates with (Hawley et al. 1995;
Sano et al. 2004; Simon, Hawley & Beckwith 2011; Parkin &
Bicknell 2013)
α ≈ 0.5β −1 = 0.5

B2
,
8πp

(39)

where β ≡ 8πp/B 2 is the plasma beta, and p = cs2 ρ is the pressure.
This leads to a magnetic field strength

(40)
BMRI = 16παcs2 ρ,
which can be directly determined by the inflow rate as (Wardle
2007)

1

Ṁ2 2 1 + 1 + 4Q2
BMRI =
cs
Q
− 14
 12 
 
M 1/2
T
Ṁ
10−6 MJ yr−1
MJ
103 K

− 32

Q−1 + Q−2 + 4
r
.
×
2
10 RJ
2


≈ 0.66 G

(41)

√
The equipartition field, Beq = 8πp, defines the maximum field
that the disc can support before magnetic pressure dominates over
thermal pressure. From equation (39), we see that the MRI field is
sub-equipartition, satisfying
√
va
BMRI
= √
= 2α,
Beq
2cs

(42)

which is constant for a given α, and where the Alfvén speed is
va = √

B
,
4πρ

≈ 8.9 × 10−2 km s−1



B
1G



ρ
10−9 g cm−3

− 12
.

(43)

Large-scale fields acting through disc winds and jets may also
drive angular momentum transport and have been studied in the
context of protoplanetary discs (e.g. Wardle & Königl 1993; Shu
et al. 1994; Bai & Stone 2013). Magnetically driven outflows have
also been proposed for circumplanetary discs (Quillen & Trilling
1998; Fendt 2003; Machida, Inutsuka & Matsumoto 2006; Adams
2011). If a vertical field drives the inflow, the field strength must be
MNRAS 440, 89–105 (2014)
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where the ion and grain number densities are vertically averaged
along the path. We calculate the grain charge capture rate keg for
neutral grains, and the ion number density using the height averaged
cosmic ray and constant radioactive decay ionization rates assuming
that ion capture by grains is small. We use a vertically uniform
temperature; however, we find no qualitative difference in the results
using mid-plane or surface temperatures. For turbulent mixing to
be effective in delivering ionization to the mid-plane, it must be at
least as rapid as charge removal (i.e. τ D  τ R ). Thus, we determine
the effectiveness of mid-plane ionization from active surface layers
by comparing the charge removal and vertical mixing time-scales
in Section 7.
Ionization is also produced through currents generated by the
action of the MRI turbulent field (Inutsuka & Sano 2005). The electric field, E, associated with the MRI may be able to accelerate
electrons to high enough energies that they are able to ionize hydrogen in some regions. Such MRI ‘sustained’ regions occur within the
minimum mass solar nebula, reducing the vertical extent of the dead
zone away from the mid-plane (Muranushi et al. 2012). Here, we
determine if self-sustained MRI occurs in circumplanetary discs.
Joule heating is the primary mechanism for converting work done
by shear [work per unit volume WS = (3/2)αp] into the electron
kinetic energy. The work dissipated per unit volume by Joule heating of an equipartition current [i.e. the current Jeq = cBeq /(4πH )
associated with an equipartition field over a length-scale H], is
WJ = ffill fsat Jeq E. Here c is the speed of light, ffill is the filling
factor representing the fraction of the total volume contributing
to Joule heating, and fsat is the ratio of the saturation current in
MRI unstable regions to the equipartition current. Muranushi et al.
(2012) performed three-dimensional shearing box simulations to
determine the time, space, and ensemble averaged filling factor and
MRI saturation current, finding ffill = 0.264 and fsat = 13.1. The
total energy available for ionization through Joule heating is limited
to the work done by shear (i.e. WJ ≤ WS ), and so the electric field
strength cannot exceed (Muranushi et al. 2012)3
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at least (Wardle 2007)
Ṁ
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Ṁ
10−6 MJ yr−1

 12 

M
MJ

 14 

−5/4

r

.

102 RJ

(44)

5 M AG N E T I C C O U P L I N G
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(55)

where P = ng |Zg |/ne is the Havnes parameter.
The magnetic field couples to the motion of the disc in regions of
low magnetic diffusivity [i.e. where |∇ × (v × B)|  |∇ × [η(∇ ×
B)]|, for each diffusivity, η]. For MRI fields, we require that the
turbulent magnetic field grows faster than dissipation can destroy it
such that (Sano & Stone 2002; Mohanty, Ercolano & Turner 2013)

≈ 1.3 × 1014 cm2 s−1

(51)



cB
4πene

2
/
η < va,z

− 12

Ions and grains, being the more massive particles, have a lower
gyrofrequency, and hence a lower Hall parameter. Thus, neutral
collisions are more effective at decoupling ions and grains than
MNRAS 440, 89–105 (2014)

2 −1

≈ 1.9 × 10 cm s
17

ηH =

The Hall parameter is large, β j  1, when magnetic forces dominate
1, when neutral drag
the equation of motion, and small, β j
decouples the motion from the field.
The Hall parameters for ions, electrons, and grains are (Wardle
1998, 2007)


−1
n
B 
,
(49)
βi ≈ 4.6 × 10−3
15
−3
1G
10 cm


me c 2
(νen + νei )
4πe2 ne

(46)

|Zj |eB 1
.
mj c νj n

βe ≈ 1.1

ηO =

×
,

(52)

where v is the fluid velocity. The Ohmic (ηO ), Hall (ηH ), and Ambipolar diffusivities (ηA ) are (Pandey & Wardle 2008; Wardle &
Pandey, in preparation)



where ρn = ρ − (ρi + ρe ), and nn = ρn /mn are the mass and number density of neutral particles, respectively. Electron–ions collisions are the dominant source of drag in the highly ionized inner
region; however, neutral drag dominates across the remainder of the
disc. The Hall parameter for a species j, β j , quantifies the relative
strength of magnetic forces and neutral drag. It is the ratio of the
gyrofrequency to the neutral collision frequency (Wardle 2007),
βj =

∂B
= ∇(v × B) − ∇ × [ηO (∇ × B) + ηH (∇ × B) × B̂]
∂t
−∇ × [ηA (∇ × B)⊥ ],

×

r
102 RJ

 32 



M
MJ

B
1G
− 12

2 

ρ
10−9 g cm−3

−1

(56)

for each diffusivity η = ηO , ηH , and ηA . This condition is equiva2
/(η) is the Elsasser
lent to the condition  > 1, where  = va,z
number. The coupling condition uses the Alfvén speed for the
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We are now in a position to calculate the level of magnetic diffusivity
within the disc to identify which regions of the disc are subject
to magnetically driven transport. A minimum level of interaction
between the disc and the magnetic field is needed for magnetically
controlled accretion.
Collisions disrupt the gyromotion of charged species around the
magnetic field. Collisions between the electrons, ions, and neutrals
occur at a rate ν ij (for colliding species i with j), with (Pandey &
Wardle 2008)
− 32 

T
ne
νei = 1.6 × 10−2 s−1
3
10 K
10 cm−3

nn
,
(45)
×
1015 cm−3

electrons. This leads to three regimes, according to the neutral density: (a) Ohmic regime, high density: electron–ion or neutral collisions are so frequent as to decouple both electrons and ions (i.e.
βe
1). (b) Hall regime, intermediate density: neutral colliβi
sions decouple ions, but the electrons remain tied to the field (i.e.
1
βe ). (c) Ambipolar regime, low density: both the ions
βi
and electrons are coupled to the magnetic field, and drift through
βe ).
the neutrals. (i.e. 1
βi
In each regime, collisions produce magnetic diffusivity which
affects the evolution of the magnetic field through the induction
equation:

Accretion in circumplanetary discs
vertical component of the magnetic√field. We calculate the vertical field component as Bz ∼ BMRI / 28, using results from Sano
et al. (2004).
If, instead, a vertical (rather than turbulent) field is responsible
for angular momentum transport (e.g. through the action of a disc
wind or jet), the condition is more relaxed as we only require that
the magnetic field couples to the shear, with (Wardle 2007)
η < cs2 / 
≈ 6.1 × 1016 cm2 s−1



T
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r
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 32 

M
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− 12
(57)

6 DISC MODELS
We consider four circumplanetary disc models in this paper. We
present two Shakura–Sunyaev α discs developed for this work: (i)
a constant-α model in which the viscosity parameter is radially
uniform (Section 6.1), and (ii) a self-consistent accretion model
in which the level of angular momentum transport is consistent
with the strength of magnetic coupling or gravitational instability
at all radii (Section 6.2). For comparison, we also describe two
key circumplanetary disc models in the literature: (iii) the MMJN
(Section 6.3), and (iv) the Canup and Ward α disc (Section 6.4).
6.1 Constant-α model
Here, we take the traditional approach, adopting the α-viscosity prescription with a radially uniform α. This allows for direct comparison with existing steady-state circumplanetary disc models which
adopt a constant α. We take α = 10−3 in keeping with the results of
simulations (with net zero magnetic flux). However, the disc may
accrete a net field which enhances transport, and so we also consider
α = 10−2 .
To obtain the radial temperature profile for this model, we insert
equations (6) and (15) into equation (13), yielding (Bell et al. 1997)
 a+2 
 3
9κi  μmp 32 a+1 −(a+1) Ṁ
GM a+ 2
3 a−b+5
2
= 2a+8
α
.
T
2
σ
k
π
r3
(58)
We calculate all other properties, such as column density,
by inserting this temperature profile into the relations given in
Section 2.
6.2 Self-consistent accretion model
The constant-α model implicitly assumes that the angular momentum transport mechanism operates at all radii, and to the right
degree. Ionization by cosmic rays and decaying radionuclides is
insufficient to couple the disc and magnetic field (Fujii et al. 2011),
and thermal ionization is only active in the inner disc where T 
103 K. Without gravitoturbulence from gravitational instability, or
magnetically driven transport, which relies on magnetic coupling,
little if any viscosity is produced throughout the bulk of the disc
(i.e. α ≈ 0). Thus, equation (15) is invalid across the majority of the
disc.

Motivated by the inconsistency of the constant-α disc, we present
an enhanced steady-state α disc in which the level of angular momentum transport (i.e. α) driven by magnetic fields or gravitoturbulence is consistent with the level of magnetic coupling and strength
of gravitational instability at all radii. To achieve this we divide the
disc into three regions according to the mode of transport.
(i) Saturated magnetic transport – the inner disc is hot enough for
significant thermal ionization allowing for strong magnetic coupling
(i.e. ηO , ηH , ηA are well below than the coupling threshold) and
Toomre’s Q  1. Magnetically driven angular momentum transport
is maximally efficient and α saturates at its maximum value, which
we take as αsat = 10−3 . In this region, the disc is identical to the
constant-α disc.
(ii) Marginally coupled magnetic transport – in the majority of
the disc, magnetic diffusivity exceeds the coupling threshold while
self-gravity is still too weak for gravitoturbulence (i.e. Toomre’s
Q > 1). In this intermediate region, accretion is magnetically driven,
although at a reduced efficiency. Sano & Stone (2002) determined
the saturation level for MRI turbulence, and hence α, for Ohmic
and Ohmic+Hall magnetohydrodynamic (MHD) simulations in the
2
< 1; see their fig. 20). They find that
non-linear regime (i.e. η/va,z
2
/ , to
α is proportional to the ratio of the coupling threshold, va,z
Ohmic diffusivity. By extension, we also assume that the effective
α for non-turbulent accretion (i.e. for a vertical field) also adjusts
according to the level of resistivity, using the analogous coupling
threshold, cs2 / . Thus, in this regime for the two modes of magnetic
transport, we take α to be

2
/ (ηO ) for an MRI field,
αsat va,z
(59)
α=
2
αsat cs / (ηO ) for a vertical field,
which is at most αsat (Sano & Stone 2002).
(iii) Gravoturbulent transport – in the outer disc magnetic coupling at the level required by equation (59) would result in a gravitationally unstable disc with Toomre’s Q < 1, and so self-gravitational
forces dominate. The cooling time-scale determines whether the
disc fragments or enters a gravoturbulent state. We find that the
cooling time-scale is much longer than the dynamical time-scale,
−1 , (Rafikov 2007; Boley 2009) with
tcool =
=

cs2 
σ Ts4
8cs3
3GṀQ

∼ 1.9 × 105



T
120 K

 32 

Ṁ
10−6 MJ yr−1

−1

Q−1 ,

(60)

[using equations 2 and 10, for a minimum mid-plane temperature
T = 120 K set by the temperature of the Solar Nebula at the presentday orbital radius of Jupiter according to the Minimum Mass Solar
Nebula (Hayashi 1981)] and so gravitoturbulence rather than fragmentation occurs (Meru & Bate 2012). Either by the slow build up
of surface density from inflow on to the disc coupled with heating by
dissipation of turbulence (Gammie 2001) or by time-dependent evolution of gravitationally unstable discs (Forgan et al. 2011; Shabram
& Boley 2013), the disc likely evolves towards a state with Q ∼ 1.
Thus, in this region we take Q = 1.
We solve for the disc profile by inserting equation (5), the scaleheight with self-gravity, into equation (13) requiring one final relation to close the set of equations. Each region has its own closing
equation to account for the differences in the mode of transport.
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for each diffusivity.
Magnetic interaction still occurs for diffusivity at, or above the
coupling threshold, however coupling is weak in these conditions
and the connection between the dynamics of the disc and field is
diminished.
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the disc at both early and late times. However, a low inflow rate
(Ṁ = 2 × 10−7 MJ yr−1 ) is needed to match the ice line with the
present-day location of Ganymede and to ensure solid accretion
is slow enough to account for Callisto’s partially differentiation.
This indicates that the disc must be ‘gas starved’ as compared with
the MMJN. We calculate this disc model using the method given
in Canup & Ward (2002),4 with parameters taken from Canup
& Ward (2006) (i.e. α = 6.5 × 10−3 , Ṁ = 10−6 MJ yr−1 , and
κ = 0.1 cm2 g−1 ).

(i) In the saturated magnetic transport region, we use equation
(15) with constant α = αsat , inverted to give the surface density as
a function of temperature.
(ii) In the marginally coupled magnetic transport region, we solve
for the mid-plane temperature numerically using fsolve from the
PYTHON library scipy.optimize (Jones et al. 2001). The solution
is determined so that α calculated by inverting equation (15) is
consistent with that from equation (59). To achieve this, at each
iteration of the temperature solver we calculate the surface density,
scaleheight and Q through equations (2), (5), and (13) numerically
using fsolve. These allow us to determine α from equation (15),
and to also calculate the resulting ionization fraction, magnetic field,
and diffusivity (according to Section 3.1, Section 4, and Section 5,
respectively) for determining α from equation (59). Necessarily, α
varies radially [i.e. α → α(r)].
(iii) In the Gravoturbulent region, we set Q = 1 and invert equation (2) to give the surface density as a function of temperature. We
post-calculate α(r) using equation (15).

We are now in a position to apply the tools developed in Sections
2–5 to the models described in Section 6. All figures are shown for
a protoplanet in orbit around a solar-mass star at the current orbital
distance of Jupiter (i.e. M∗ = 1M , and d = 5.2 au), calculated
with the standard parameter set α = 10−3 , Ṁ = 10−6 MJ yr−1 , and
M = MJ , unless otherwise stated.

We solve the complete set of equations using the routine fsolve
from the PYTHON library scipy.optimize (Jones et al. 2001).

7.1 Disc structure

The MMJN is an adaptation of the Minimum Mass Solar Nebula
used for modelling the Solar nebula (Weidenschilling 1977; Hayashi
1981). The MMJN is produced by smearing out the solid mass of
the satellites to form a disc, and augmenting it with enough gas to
bring the composition up to solar (i.e. fdg ∼ 10−2 ).
We use the surface density for the MMJN given in Mosqueira
& Estrada (2003) which follows a  ∝ r−1 profile, except in a
transition region (20 RJ < r < 26 RJ ) where the profile steepens,
⎧

−1
⎪
⎪
5.1 × 105 g cm−2 14rRJ
r < 20 RJ ,
⎪
⎪
⎪
⎨

−13.5
 = 3.6 × 105 g cm−2 20rR
20 RJ < r < 26 RJ ,
J
⎪
⎪
⎪

⎪
−1
⎪
r
⎩ 3.1 × 103 g cm−2
26 RJ < r < 150 RJ .
87 RJ
We use the opacity (κ = 10−4 cm2 g−1 ; appropriate for absorption
by hydrogen molecules) and temperature profile given by Lunine &
Stevenson (1982),

T =

240 K

r
15 RJ

−1

1/4

+ (130 K)4

.

(61)

The temperature profile follows T ∝ r−1 in the optically thick inner
regions, and is matched to the temperature of the ambient nebula
(Tneb = 130 K) at the outer edge of the disc.
6.4 Canup and Ward α disc
Canup & Ward (2002, 2006) model the circumplanetary disc as a
steady-state, thin, axisymmetric, constant-α disc. They adopt the
Lynden-Bell & Pringle (1974) surface density model, and use the
plane–parallel stellar atmosphere model to calculate the mid-plane
temperature. Heating sources are viscous dissipation, the ambient
stellar nebula (Tneb = 150 K), and the hot young planet. The midplane temperature and density are solved self-consistently for a uniform opacity; however, a range of opacities (κ = 10−4 –1 cm2 g−1 )
are considered to account for uncertainty in the population of submicron grains. A range of inflow rates (Ṁ = 10−8 –10−4 MJ yr−1 ),
and viscosity parameters (α = 10−4 –10−2 ), are considered to model
MNRAS 440, 89–105 (2014)

Fig. 2 shows the radial disc structure for each model. The constant-α
disc, MMJN, and Canup and Ward discs are shown as the solid, longdashed, and dot–dashed curves, respectively. The self-consistent
accretion disc is shown for both an MRI (dotted curve) and vertical
field (short-dashed curve). The curves are labelled α, MMJN, CW,
MRI, and V, respectively.
The temperature profiles are shown in the top-left panel. The
temperature profile for the constant-α and self-consistent accretion
discs follow a power law with index changes at the transitions between opacity regimes. The self-consistent accretion disc profiles
follow the constant-α profile out to ∼30 RJ where the temperature,
and thermal ionization level is high enough for good magnetic coupling. The stronger coupling requirement for an MRI field makes
for a slightly hotter and more dense disc than for accretion driven
by a vertical field, and so the disc is gravoturbulent beyond 200 RJ ,
where the temperature profile steepens. There is no corresponding gravoturbulent region for the self-consistent accretion disc with
vertical field. Nevertheless, the self-consistent accretion disc is remarkably similar when either the MRI or verticals used for drive
accretion. The profile for constant-α disc follows T ∝ r−1.1 in the
outer regions where the opacity is primary from grains (i.e. a = 0,
b = 0.74; see equation 58). Of the parameter set α, Ṁ and M, the
temperature profile is most sensitive to changes in the inflow rate.
An order of magnitude change in Ṁ only corresponds to a factor
of ∼3 change in the temperature across most of the disc, with little
effect beyond ∼40 RJ . The profiles are multivalued in the region r ∼
2–5 RJ , with a characteristic ‘S-shape’. Here, the disc satisfies conditions for multiple opacity regimes, with the radially increasing,
unstable branch corresponding to the H-scattering opacity regime.
The viscous-thermal instability associated with this feature has been
used to model outbursts in circumstellar discs surrounding T-Tauri
stars – most notably FU Orionis outbursts by Bell et al. (1997).

4 The profiles shown in Fig. 2 are calculated using the full expression χ =
1 + 32 [rc /r − 15 ]−1 (given below equation 20 in Canup & Ward 2002);
however, we found χ = 1 was needed to reproduce the profiles in Canup &
Ward (2002). For the parameter set used here, we find that the approximation
leads to at most a 37 per cent increase in the surface density, and 27 per cent
reduction in the temperature profile. The difference is greatest at r = 60 RJ ,
but decreases towards the inner and outer boundaries.
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Figure 2. Radial dependence of the mid-plane temperature, T (top-left panel), column density,  (top-right panel), aspect ratio, H/r (centre-left panel),
Toomre’s Q (centre-right panel), and viscosity parameter α (bottom-left panel) for five circumplanetary disc models. Opacity as a function of temperature,
κ(ρ(T), T) is also shown (bottom-right panel). The constant-α model (solid curve; Section 6.1), and self-consistent accretion disc with an MRI field (dotted
curve; Section 6.2), and vertical field (short-dashed curve; Section 6.2) are shown with the MMJN model (long-dashed curve; Section 6.3) and Canup & Ward
disc (dot–dashed curve; Section 6.4) for comparison.

The constant-α and self-consistent accretion discs are hotter than
the Canup and Ward and MMJN discs, which aim to model a later
phase of the disc when the opacity is from ice grains (and necessarily lower; see the opacity profile in bottom-right panel of Fig. 2),
and the disc is cool enough to form icy satellites. As inflow from
the protoplanetary disc tapers, the disc cools, consistent with the
evolution to an icy state recorded by the Solar system giant-planet
satellite systems. For example, reducing the inflow rate by a fac-

tor of 10 lowers the temperature to only 370 K at the disc outer
edge.
The column density profile is shown in the top-right panel. The
profile for the constant-α disc is generally shallow, decreasing by
only a factor of ∼12 between the inner and outer edge. Like the
Canup & Ward disc, the column density is low compared with
the MMJN, and so the disc is ‘gas starved’. Consequently, the
disc mass is also low, with Mdisc = 1.6 × 10−3 MJ , validating our
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self-consistent accretion discs follow that of the constant-α disc.
This is because the discs only deviate in the Grains opacity regime
where the opacity is density independent (i.e. a = 0).
7.2 Ionization
Fig. 3 shows the electron (solid curve), ion (dashed curve), and
charge-weighted grain (dotted curve) number density fraction for
the constant-α model (top-left panel), and self-consistent accretion
discs with MRI field (centre-left panel) and vertical field (bottomleft panel).
In the constant-α disc, the ionization fraction is high within the
inner disc. Close to the planet the disc is almost fully ionized by
thermal ionization of hydrogen and helium, and thermal ionization
continues out to ∼30 RJ where the temperature exceeds ∼1000 K
and potassium is thermally ionized. In the abundance of free electrons, grains acquire a large negative charge, Zg ∼ −660, but with
little effect on the total electron density. Beyond this distance, the
disc is not hot enough for significant thermal ionization and so
the ionization fraction drops sharply. Ionization is primarily by radioactive decay beyond 60 RJ , and the ionization fraction is low
(i.e. ne /n ∼ 10−19 ). In these conditions, grains are mostly neutral,
but still remove a large proportion of free electrons, reducing the
electron density by a factor of ∼190 relative to the ions.
Thermal ionization is strong over a larger portion of the selfconsistent accretion discs, as the disc structure is reliant on a
higher level of ionization in the marginally magnetically coupled region. We rely on thermal ionization to achieve magnetic coupling,
as mid-plane ionization from radioactive decay, cosmic rays and
X-rays is too weak (see Section 7.4). Grain charging is important
beyond ∼40 RJ for both field geometries; however, it has a greater
effect for the vertical field where the ionization fraction is lower.
All profiles are multivalued within the range 3 RJ ≤ r ≤ 5 RJ , in
keeping with the temperature profiles.
Depletion on to grains removes heavy elements from the gas
phase, and consequently reduces the ionization fraction within the
range 3 RJ  r  60 RJ in the constant-α disc. There is no depletion
close to the planet where ionization is from the non-depleted hydrogen and helium, and in the outer disc ionization by radioactive decay
xmetals ) and
is so weak that neutral metals are abundant (i.e. ni /nn
the reaction rate is not limited by depletion. In the intermediate region, depletion reduces the ionization fraction by up to the depletion
factor, 10−δ = 0.12. The lowered electron density leads to a slight
increase (up to 10 per cent) in grain charge. Depletion at this level
has no appreciable effect on the structure of the self-consistent
accretion discs.
Additional ionization from MRI is ineffective for both the
constant-α and fixed-temperature discs. Grain capture through vertical mixing rapidly removes ionization in eddies produced in MRI
active surface layers. If grains are absent, charges are removed by
recombination quickly over a time-scale τ R ≈ 4−1 at the outer
edge. However, if grains are present, even at the level fdg  10−11 ,
grain charge capture is rapid. Thus, free charges are rapidly removed
as they are mixed into the dead zone and so do not contribute to
mid-plane ionization.
For ionization produced through acceleration by MRI electric
fields, we find that the electron energy is at most  ≈ 5 × 10−3 eV in
the constant-α disc, and lower still in higher density self-consistent
accretion discs. This energy is orders of magnitude too low to ionize any atomic species. Thus, there is no appreciable contribution
from self-sustaining MRI ionization in circumplanetary discs. Selfsustaining ionization is more successful in protoplanetary discs
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neglect of self-gravity. On the other hand, the column density in
the self-consistent accretion discs increase beyond ∼30 RJ reaching
 = 9.6 × 104 g cm−2 for a vertical field, and  = 2.5 × 105 g cm−2
for an MRI field. Consequently, the disc masses are large, with
Mdisc = 0.5 MJ for the vertical field, and Mdisc = 0.64 MJ for the
MRI field. The disc mass increases as the inflow rate from the
protoplanetary discs tapers, such that a factor of 10 reduction in
the inflow rate leads to an inward extension of the gravoturbulent
region, and a disc mass Mdisc = 0.42 MJ , independent of the field
geometry.
The centre-left panel of Fig. 2 shows the aspect ratio for each
model. The aspect ratio for the constant-α model ranges between
H/r = 0.14–0.34, with pressure dominating the scaleheight. Selfgravity is too weak to counteract the strong thermal pressure in
the outer regions of the self-consistent accretion discs and so the
discs are very thick, with the aspect ratio reaching a maximum of
H/r = 0.63, and 0.71 for a vertical and MRI field, respectively. Our
results agree with Shabram & Boley (2013) in that circumplanetary
discs may be more aptly described as ‘slim’ (i.e. H/r  1) rather
than ‘thin’.
The centre-right panel of Fig. 2 shows the radial profile for
Toomre’s Q. Toomre’s Q is large for the low-mass constant-α disc,
however, despite the high temperatures the self-consistent accretion
discs reach Q ∼ 1 at the outer edge where the column density is highest. We fix Q = 1 in the gravoturbulent region in the self-consistent
accretion disc with MRI field.
The bottom-left panel of Fig. 2 shows the radial profile of the viscosity parameter, α. The viscosity parameter is constant across the
Canup and Ward and constant-α discs, and in the inner regions of
the self-consistent accretion discs where magnetic coupling is good
and α saturates at its maximum value. Once the temperature drops
below ∼1000 K, thermal ionization drops and with it the strength
of magnetic coupling. Magnetic transport is less efficient with high
diffusivity and so α is reduced, as per equation (59), reaching a
minimum of 1.9 × 10−7 for an MRI field, and 4.8 × 10−7 for a
vertical field. In the outer ∼60 RJ of the self-consistent MRI accretion disc, α increases radially to compensate for the decreasing
column density. However, such a low required effective viscosity
is potentially overwhelmed by other processes, such as stellar forcing or satellitesimal wakes which may contribute additional torque
exceeding this level (Goodman & Rafikov 2001; Rivier et al. 2012).
Note that a property of this model is that temperature increases
with decreasing α. This result is counter intuitive given that viscosity, and hence dissipation, are directly proportional to α. However,
for a fixed Ṁ, increasing α enhances the effectiveness of the turbulence and so reduces the required active column density (see
equation 15). The associated reduction in optical depth lowers the
mid-plane temperature relative to the surface temperature. Consequently, if we increase αsat to 10−2 which is appropriate for MRI
with net magnetic flux, we find that the mid-plane temperature
reaches at most 2100 K. We also find that the saturated magnetic
transport region (i.e. where the diffusivities are below the coupling
threshold) only reaches out to 6 RJ , whereas the gravoturbulent
region extends in as far as 120 RJ . However, we also note that increasing αsat requires a further reduction of the minimum value of
α to 2.2 × 10−8 (at the boundary of the marginally coupled and
gravoturbulent regions).
Opacity as a function of temperature is shown in the bottomright panel of Fig. 2, using the corresponding density profile [i.e.
κ(ρ(r), T(r)) versus T(r)]. The opacity is complex and varies by
four orders of magnitude throughout the disc. Despite differences
in the temperature and density profiles, the opacity profile for the
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where the density is lower such that electrons are able to be accelerated over a longer mean free path.
We have also calculated the charge number density fractions
for the Canup and Ward α disc (top-right panel) and the MMJN
(bottom-right panel) using the same method as given in Section
3.1. In the Canup and Ward α disc, thermal ionization is high close
to the planet with cosmic ray ionization dominant beyond 20 RJ ,
similar to the constant-α disc. In the MMJN, the ionization fraction
is very low (ne /n < 10−16 ) due to both high surface density and
low temperature.
7.3 Magnetic field strength
Fig. 4 shows the magnetic field strength for the constant-α model
(solid curve), and self-consistent accretion discs with MRI field
(dotted curve) and vertical field (dashed curve).
The MRI field strength for the constant-α disc varies between
B = 0.28–250 G, and follows B ∝ r−1.1 across most of the disc.

The field strength for the self-consistent accretion disc with MRI
field is almost identical to that of the constant-α disc, except for
a small deviation at the outer edge where the temperature profiles
diverge. The vertical field required for self-consistent accretion has
a similar dependence, with B ∝ r−5/4 , but it is ∼5 times weaker and
decreases monotonically. All disc model fields are sub-equipartition
and are consistent with the estimate of B = 10–50 G at 10 RJ by
Fendt (2003).
We have plotted the magnetic field strength required to drive
accretion throughout the entire disc for the self-consistent accretion disc with MRI field; however, beyond 200 RJ accretion
is powered by gravitoturbulence rather than magnetic fields. We
have no information about the magnetic field in the gravoturbulent
region.
For comparison, we have calculated the MRI magnetic field
strength for the Canup and Ward α disc and the MMJN, which
we also show in Fig. 4. We calculate the field strength, the Canup
and Ward disc using equation (40) for their α = 6.5 × 0−3 , and
MNRAS 440, 89–105 (2014)
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Figure 3. Radial dependence of the mid-plane ionization fraction, ne /n (solid curve), ion number density fraction, ni /n (dashed curve), and charge-weighted
grain number density fraction, |Zg |ng /n (dotted curve) for the constant-α model (top-left panel) and self-consistent accretion disc with MRI field (centre-left
panel), and vertical field (bottom-left panel). For comparison, charged number density fractions are also shown for the Canup and Ward α disc and MMJN in
the top-right and bottom-right panels.
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for the MMJN using equation (41) assuming an accretion rate of
Ṁ = 10−6 MJ yr−1 .
7.4 Magnetic coupling
Fig. 5 shows the Ohmic (solid curve), Hall (dashed curve), and Ambipolar (dotted curve) magnetic diffusivities scaled by the coupling
threshold for the constant-α disc (top panel), and self-consistent accretion disc with MRI field (centre panel) and vertical field (bottom
panel). The coupling threshold η/va2 = 1 is used for the constantα disc and self-consistent accretion disc with MRI field whereas
η/cs2 = 1 is used for the self-consistent accretion disc with vertical field. The threshold is shown as a dotted horizontal line, with
strong magnetic coupling in regions where each of the Ohmic, Hall
and Ambipolar diffusivities are below the coupling threshold.
We find that all discs are dense enough that Ohmic diffusivity
dominates over Hall and Ambipolar. The diffusivities follow the inverse of the ionization fraction (i.e. η ∝ n/ne , see equations 53–55).
Within 30 RJ , the ionization fraction is high and so the diffusivities
1 or ηcs−2
1.
are well below the coupling threshold, ηva−2
At 30 RJ the diffusivities rise exponentially as thermal ionization of
potassium is suppressed by the low temperature. In the constant-α
disc, ionization from cosmic rays, X-rays and decaying radionuclides is too low for good magnetic coupling and so the majority of
the disc, (i.e. r > 30 RJ ), is uncoupled from the magnetic field. The
magnetically coupled region is larger at higher inflow rates where
the mid-plane temperature is higher (i.e. the disc is coupled within
90 RJ for Ṁ = 10−5 MJ yr−1 ); however, this also produces a higher
disc scaleheight, (aspect ratio up to 0.79), violating the ‘thin-disc’
approximation. Diffusivity below the coupling threshold in the inner disc indicates that the evolution of the disc and magnetic field
are locked together; however, the bulk of the disc is uncoupled to
the magnetic field and accretion cannot proceed in these regions.
The boundary of the magnetically coupled region is controlled by
the exponential rise in the diffusivity at the ionization temperature
of potassium. For instance, if a vertical field is used instead of an
MRI field, the scaled diffusivity is reduced by a factor (va /cs )2 = 4α
(using the MRI field to evaluate v a ; see equation 42), but the steepness of the diffusivity profile at the coupling boundary means that
there is no change in the magnetically coupled boundary. Similarly,
depletion of heavy elements on to grains increases the diffusivity
MNRAS 440, 89–105 (2014)

8 DISCUSSION
In this paper, we modelled steady-state accretion within a giant
planet circumplanetary disc, and determined the effectiveness of
magnetic fields and gravitoturbulence in driving accretion. We modelled the disc as a thin Shakura–Sunyaev α disc, heated by viscous
transport and solved for the opacity simultaneously with the disc
mid-plane structure using the Zhu et al. (2009) opacity law, including the effects of self-gravity. Thermal ionization dominates within
r  30 RJ , where the disc reaches the ionization temperature of
potassium (T ∼ 103 K), but drops rapidly in cooler regions where
ionization is primarily by radioactive decay. The mid-plane is too
dense for penetration of cosmic rays or stellar X-rays. We considered both an MRI field and a vertical field in driving accretion, and
found that a field of the order of 10−2 –10 G is needed to account
for the inferred accretion rate on to the young Jupiter. To quantify
the strength of interaction between the magnetic field and disc, we
calculated Ohmic, Hall, and Ambipolar diffusivities which cause
slippage of the field lines relative to the bulk motion of the disc,
decoupling their evolution.
In the standard constant-α disc, diffusivity is low enough for
magnetic coupling in the inner region where potassium is thermally
ionized. However, the remainder of the disc is too cool for thermal
ionization and so strong diffusivity prohibits magnetically driven
accretion throughout the bulk of the disc. The disc is gravitationally
stable, with Toomre’s Q  1, and so there is no transport from
gravitoturbulence either.
This is inconsistent with the assumption of a constant-α, and
so we presented an alternate model in which α varies radially,

Downloaded from http://mnras.oxfordjournals.org/ at Macquarie University on September 11, 2014

Figure 4. Radial dependence of the magnetic field strength, B, for the α
model (solid curve), and fixed temperature model with MRI field (dotted
curve), and vertical field (short-dashed curve), Canup and Ward α disc (dot–
dashed curve), and MMJN (long-dashed curve).

within the range 3 RJ ≤ r ≤ 60 RJ , but does not change the radius
of the magnetically coupled region.
The diffusivity profile for the self-consistent accretion disc with
MRI field follows the constant-α disc profiles out until 30 RJ , where
Ohmic diffusivity reaches the coupling threshold. Here, the disc enters the marginally magnetic coupled region and the rise in the
diffusivity is not as steep. Although magnetic coupling is only
weak, as the diffusivities are above the coupling threshold, it is
still enough to drive accretion at the level given by equation (59).
This state of marginal coupling occurs out to 200 RJ , with Ohmic
diffusivity up to ∼104 times greater than the coupling threshold.
At the point where Q = 1 gravitoturbulence becomes the dominant
transport mechanism and the diffusivities resume their exponential
rise.
The coupling criterion for a vertical field is less stringent, and so
the diffusivities are lower relative to the coupling threshold within
r ∼ 30 RJ . As with the self-consistent accretion disc with MRI field,
the sharp rise in the diffusivity is reduced once the diffusivities reach
the coupling threshold as the disc transitions to marginal magnetic
coupling. However, in contrast, the disc never reaches Q = 1 and
so there is no transition to the gravoturbulent region.
We have also calculated diffusivities for the Canup and Ward α
disc (top-right panel) and the MMJN (bottom-right panel) for an
MRI field. We show the absolute value of the Hall diffusivity for
the Canup and Ward α disc as Hall diffusivity is negative beyond
r ∼ 70 RJ (shown by a dotted curve when ηH < 0). This occurs
near the transition for ion re-coupling, and indicates that the Hall
drift, between the field and neutrals, is in the opposite direction for
a given field configuration. The diffusivities are above the coupling
threshold for r > 10 RJ for the Canup and Ward α disc and at all
radii for the MMJN, preventing magnetically driven accretion in
these regions.
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ensuring that the accretion rate (taken to be uniform through the
disc) is consistent with the level of magnetic coupling and gravitational instability. We achieved this by dividing the disc into three
regions according to the mode of accretion: (i) the inner disc is
hot enough for strong magnetic coupling through thermal ionization and inflow is magnetically driven with α saturated at its
maximum value. (ii) Beyond 30 RJ the disc is too cool for sufficient thermal ionization of potassium and diffusivity exceeds the
coupling threshold; accretion is still magnetically driven, however as the magnetic coupling is weak, it occurs at a reduced
efficiency with α inversely proportional to the level of magnetic
coupling (Sano & Stone 2002). (iii) The disc is gravitationally
unstable in the outer regions where Q ∼ 1, and so gravitoturbulence is produced and drives accretion. Accretion is self-regulated
so that the disc maintains marginal stability with Q = 1. We calculated the disc structure for accretion driven by either MRI or
vertical fields, finding very similar disc structures. With Q ∼ 1
at the outer edge, the discs are massive with Mdisc = 0.5 MJ .

MHD analysis by Fujii et al. (2011) and Turner et al. (2014)
argue against magnetically driven accretion through the mid-plane
where the cosmic ray and X-ray fluxes are too low. However, we
find that mid-plane magnetic coupling relies primarily on thermal
ionization and so the disc temperature is crucial. Fujii et al. (2011)
use the surface temperature which is necessarily cooler than the midplane temperature, and so no thermal ionization is expected. Turner
et al. (2014) considers both MMJN models and actively supplied
accretion disc models, appropriate for a later, and so cooler, phase
than we consider here. MMJN models are necessarily cold to match
conditions recorded by the final, surviving generation of Jovian
moons; however, these are likely formed late after a succession
of earlier generations were accreted by the planet (Canup & Ward
2006). Temperatures in actively accreting discs are controlled by the
inflow rate which likely decreases as inflow from the protoplanetary
disc tapers. Turner et al. (2014) consider inflow rates that are lower
than ours by a factor of 5–70, so these discs model a cooler stage
and consequently thermal ionization is limited to the inner 4 RJ of
MNRAS 440, 89–105 (2014)
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Figure 5. Radial dependence of the Ohmic, ηO (solid curve), Hall, ηH (dashed curve) and Ambipolar, ηA (dotted curve) diffusivities scaled by the coupling
threshold (dotted horizontal line). The MRI field coupling threshold, η/ va−2 = 1, is used for the constant-α disc (top-left panel) and self-consistent accretion
disc with MRI field (centre-left panel), while ηcs−2 = 1, is used for the self-consistent accretion disc with vertical field (bottom-left panel). Diffusivities for
the Canup and Ward α disc and MMJN are calculated for an MRI field in the top-right and bottom-right panels for comparison.
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(Mosqueira & Estrada 2003). The location of the ice line is often incorporated or used as a measure of success in circumplanetary
disc models (e.g. Lunine & Stevenson 1982; Canup & Ward 2002;
Mosqueira & Estrada 2003); however, no moons have been discovered beyond the Solar system and so it is not clear how typical the
Jovian system is, nor to what degree these systems can vary (Kipping et al. 2013). It is not our aim to reproduce the conditions for
moon formation, but rather we are focused on modelling the early
phase of the disc, in which the disc is hot and there is the significant
inflow on to Jupiter. Consequently, the ice line in our constant-α
disc is at r = 139 RJ , and the self-consistent accretion discs are too
hot for ice. Several generations of satellites may have formed in
these conditions, but the present-day satellites likely form at a later
stage when the disc has cooled as inflow into the circumplanetary
disc tapers with the dispersal of the protoplanetary disc (Coradini
et al. 1989; Canup & Ward 2006; Sasaki, Stewart & Ida 2010). Our
results support the two stage circumplanetary disc evolution proposed by Coradini et al. (1989) in which the disc is initially hot and
turbulent, but evolves to the cool quiescent disc as recorded by the
giant planet satellite systems.
In summary, we have found that during the final gas accretion
phase of a giant planet the circumplanetary disc is hot and steadystate accretion may be driven by a combination of magnetic fields
and gravitoturbulence. Accretion maintains the disc at a high temperature so that there is thermal ionization through most of the
disc.
AC K N OW L E D G E M E N T S
We thank Yuri I. Fujii and Philippa K. Browning for valuable discussion and comments on the manuscript. We thank the anonymous
referee for helpful comments which improved this manuscript. This
work was supported in part by the Australian Research Council
grant DP120101792. SK further acknowledges the support of an
Australian Postgraduate Award and funding from the Macquarie
University Postgraduate Research Fund scheme. This research has
made use of NASA’s Astrophysical Data System.
REFERENCES
Adams F. C., 2011, ApJ, 730, 27
Alexander D. R., Ferguson J. W., 1994, ApJ, 437, 879
Alibert Y., Mousis O., Benz W., 2005, A&A, 439, 1205
Armstrong R., Kulesza B. L. J., 1981, Inst. Math. Appl., 17, 56
Asplund M., Grevesse N., Sauval A. J., Scott P., 2009, ARA&A, 47, 481
Ayliffe B. A., Bate M. R., 2009a, MNRAS, 393, 49
Ayliffe B. A., Bate M. R., 2009b, MNRAS, 397, 657
Bai X.-N., Stone J. M., 2013, ApJ, 769, 76
Balbus S. A., Hawley J. F., 1991, ApJ, 376, 214
Bell K. R., Lin D. N. C., 1994, ApJ, 427, 987
Bell K. R., Cassen P. M., Klahr H. H., Henning T., 1997, ApJ, 486, 372
Blandford R. D., Payne D. G., 1982, MNRAS, 199, 883
Boley A. C., 2009, ApJ, 695, L53
Canup R. M., Ward W. R., 2002, AJ, 124, 3404
Canup R. M., Ward W. R., 2006, Nature, 441, 834
Cassen P., Moosman A., 1981, Icarus, 48, 353
Coradini A., Cerroni P., Magni G., Federico C., 1989, in Atreya S. K.,
Pollack J. B., Matthews M. S., eds, Formation of the Satellites of the
Outer Solar System - Sources of their Atmospheres. Univ. Arizona Press,
Tuscan, AZ, p. 723
D’Angelo G., Henning T., Kley W., 2002, A&A, 385, 647
D’Angelo G., Henning T., Kley W., 2003, ApJ, 599, 548
Draine B. T., Sutin B., 1987, ApJ, 320, 803
Elmegreen B. G., 1979, ApJ, 232, 729

Downloaded from http://mnras.oxfordjournals.org/ at Macquarie University on September 11, 2014

their highest inflow disc. Additionally, we also consider accretion
in regions which are only marginally coupled to the magnetic field.
We find that while saturated magnetic transport (i.e. with strong
magnetic coupling) is limited to the inner 30 RJ , magnetically driven
accretion with marginal coupling can potentially occur across the
entire disc.
We have modelled steady-state accretion within the disc, with
the assumption that the disc evolves towards or through this state
during the protoplanet accretion phase. Numerical simulations indicate that accretion discs, including circumplanetary discs, rapidly
evolve away from a self-gravitating state towards a quasi-steady
state (Forgan et al. 2011; Shabram & Boley 2013); however, there
may be other time-dependent processes, such as short time-scale
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