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0.1µm grains

Molecular clouds and protoplanetary disks are weakly ionized

19
90
MN
RA
S.
24
3.
.1
03
U

12 M. Wardle and R. Salmeron

0 1 2 3 4 5
–22

–18

–14

–10

–6

M+, e

m+

log H (s–1) C+

H3
+
He+

H+

–22

–18

–14

–10

–6

M+

e

m+

Mdust / Mgas = 10–2

C+

H3
+

He+

H+

–90  Z  –81

–50  Z  –41

–80  Z  –71

–70  Z  –61
  –60  Z  –51

11  |Z|  20

1  |Z|  10
Z = 0

–22

–18

–14

–10

–6

lo
g 

n 
/ n

H

M+

C+

H3
+

He+

H+

e

m+

lo
g 

n 
/ n

H

z / h

lo
g 

n 
/ n

H

–50  Z  –41

–80  Z  –71

–70  Z  –61
  –60  Z  –51

Mdust / Mgas = 10–4

Mdust / Mgas = 0

Figure 11. Fractional abundances of charged particles in the MMSN at 1 au
from the Sun as a function of height above the mid-plane, assuming that
grains have radius 1 µm. The upper, centre and lower panels correspond to
dust-to-gas ratios 10!2, 10!4 and 0 by mass, respectively. The black curve
in the lower panel shows the height dependence of the ionization rate per
hydrogen nucleus due to stellar X-rays and interstellar cosmic rays (see text)
assumed for all three models. The other curves give the fractional abundances
of electrons (red), light ions (H+, H+

3 , He+ and C+) representative molecular
(m+) and metal (M+) ions (blue), and grains (green, labelled by charge
state).

both increase sharply away from the mid-plane. For the ionization
profile plotted in Fig. 11, it turns out that !"/v2

A is small near the
surface (so that ideal MHD holds) and large near the mid-plane
(so that Ohm damping is severe). As a result, near the surface the
largest achievable growth rate is close to the ideal value 0.75", but
declines rapidly below the height where !"/v2

A " 1. The height of
the transition between these regimes declines with increasing field
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Figure 12. Colour shading shows the growth rate of the fastest growing
local MRI mode at height z above the mid-plane in the MMSN at 1 au as a
function of the strength of an initially vertical magnetic field B. Dust grains
are assumed to have settled to the mid-plane (see lower panel of Fig. 11). The
vertical wavenumber k of the modes are required to satisfy kh > 1, where h
is the disc scaleheight. The unshaded regions show stable combinations of
height and field strength. The top and middle panels correspond to the cases
where the initial field and rotation axis are parallel (Bz > 0) or antiparal-
lel (Bz < 0), respectively. The lower panel shows the effect of artificially
suppressing ambipolar and Hall diffusion, so including only Ohm diffusion.
In this case, there is no dependence on the sign of Bz. The dashed line in
each panel indicates the value of the local equipartition magnetic field as a
function of height above the mid-plane.

strength, simply because !"/v2
A # B!2. A second consideration is

that the range of MRI-unstable wavenumbers is bounded above by kc

(see equation B12), and this must be larger than 1/h if any unstable
modes are to exist with kh > 1. It is this criterion that provides
the upper and lower envelopes to the unstable region in Figs 12
and 13. Near the surface where !"/v2

A $ 1, kc is approximately%
3"/vA, and as vA rapidly increases with height, the unstable range
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Figure 11. Fractional abundances of charged particles in the MMSN at 1 au
from the Sun as a function of height above the mid-plane, assuming that
grains have radius 1 µm. The upper, centre and lower panels correspond to
dust-to-gas ratios 10!2, 10!4 and 0 by mass, respectively. The black curve
in the lower panel shows the height dependence of the ionization rate per
hydrogen nucleus due to stellar X-rays and interstellar cosmic rays (see text)
assumed for all three models. The other curves give the fractional abundances
of electrons (red), light ions (H+, H+

3 , He+ and C+) representative molecular
(m+) and metal (M+) ions (blue), and grains (green, labelled by charge
state).

both increase sharply away from the mid-plane. For the ionization
profile plotted in Fig. 11, it turns out that !"/v2

A is small near the
surface (so that ideal MHD holds) and large near the mid-plane
(so that Ohm damping is severe). As a result, near the surface the
largest achievable growth rate is close to the ideal value 0.75", but
declines rapidly below the height where !"/v2

A " 1. The height of
the transition between these regimes declines with increasing field
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Figure 12. Colour shading shows the growth rate of the fastest growing
local MRI mode at height z above the mid-plane in the MMSN at 1 au as a
function of the strength of an initially vertical magnetic field B. Dust grains
are assumed to have settled to the mid-plane (see lower panel of Fig. 11). The
vertical wavenumber k of the modes are required to satisfy kh > 1, where h
is the disc scaleheight. The unshaded regions show stable combinations of
height and field strength. The top and middle panels correspond to the cases
where the initial field and rotation axis are parallel (Bz > 0) or antiparal-
lel (Bz < 0), respectively. The lower panel shows the effect of artificially
suppressing ambipolar and Hall diffusion, so including only Ohm diffusion.
In this case, there is no dependence on the sign of Bz. The dashed line in
each panel indicates the value of the local equipartition magnetic field as a
function of height above the mid-plane.
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A # B!2. A second consideration is

that the range of MRI-unstable wavenumbers is bounded above by kc

(see equation B12), and this must be larger than 1/h if any unstable
modes are to exist with kh > 1. It is this criterion that provides
the upper and lower envelopes to the unstable region in Figs 12
and 13. Near the surface where !"/v2

A $ 1, kc is approximately%
3"/vA, and as vA rapidly increases with height, the unstable range
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Molecular cloud MMSN @ 1 AU





 particles tied to field 

particles tied to neutral fluid 

Cowling 1957



• If the only charged species are ions and electrons,

• Three distinct diffusion regimes: 

– Ohmic (resistive)

– Hall

– Ambipolar
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regime magnetised 
component

unmagnetised 
component B drift through neutrals

Ideal MHD neutrals, ions, 
electrons — 0

Ambipolar ions, electrons neutrals

Hall electrons neutrals, ions

Ohmic — neutrals, ions, 
electrons c
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Fig. 7 As for Fig. 4 but for the charged particle abundances plotted in
Fig. 6. Note that the vertical scale extends to much larger values than
that in Fig. 4 because the dominance of charged grains for z/h ! 3.5
increases the diffusivity by many orders of magnitude. The kink in
the dashed red curve at z/h ! 2.2 occurs because for B = 1 G the
Hall diffusivity becomes negative above this point (the absolute value
is plotted)

carriers—i.e. the grains—are decoupled from the magnetic
field by neutral collisions and ohmic diffusion dominates.
The grains become tied to the magnetic field if it is strong
enough and ambipolar diffusion dominates. Hall diffusion,
which would normally be prominent at intermediate field
strengths, is suppressed by the almost equal numbers of pos-
itive and negative grains. This is because the Hall effect re-
lies on different degrees of field line-tying for positive and
negatively charged species. Above z/h ! 3.5 where grains
become unimportant, the diffusivity behaves as in Fig. 5.
The region where the magnetic field can couple to the dif-
ferential rotation of the disk is restricted to B ! 0.5 G and
z/h ! 3.5–5.

These effects can be mitigated by the aggregation of
grains, which reduce the surface area available to capture
charged particles from the gas phase. For example, I show in
Fig. 9 the diffusivities obtained if grains have aggregated to
3 µm in radius. This is sufficient to allow the coupled region
to extend down to z/h ! 1.5, which is now the height be-
low which the grains dominate the charged species. Grains
rapidly grow to this size in protoplanetary disks, so this sug-
gests that Gauss-strength magnetic fields can couple to 10%
of the disk at 1 AU.

At 5 AU, the region of giant planet formation, the X-ray
flux is reduced by a factor of about 25, while the column
density, !60 g cm"2, is no longer able to significantly at-
tenuate the cosmic ray flux impinging on the midplane. The
ionisation rate drops from #10"13 s"1 H"1 at the surface to
#10"17 s"1 H"1 at the midplane. The ionisation fraction is
similar to that at 1 AU, but the reduced gas density allows
greater mobility of ions and electrons. Equipartition fields

Fig. 8 As for Fig. 5, but for the charged particle abundances plotted in
Fig. 6 (i.e. including 0.1 µm radius grains)

Fig. 9 As for Fig. 5, but assuming that grains have radius 3 µm

(#1 G) can easily couple to the midplane in the absence of
grains (see Fig. 10). Note that Hall diffusion tends to domi-
nate.

Grains, if present, increase the diffusion and create a dead
zone, though not as extensive as that at 1 AU. Increasing the
grain size to just 1 µm is sufficient to move the transition
from gas-phase to grain-dominated recombinations down to
the midplane. Then magnetic fields with strengths below a
few tens of milliGauss can couple to the bulk of the disk
(Fig. 11) and Hall diffusion again is dominant.

6 Discussion

These resistivity calculations assume a minimum-mass so-
lar nebula subject to cosmic-ray and X-ray ionisation, with

Wardle 2007

MMSN, 1AU
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Figure 5. Radial dependence of the Ohmic, ⌘O (solid curve), Hall, ⌘H (dashed curve) and Ambipolar, ⌘A (dotted curve) di↵usivities
scaled by the coupling threshold (dotted horizontal line). The MRI field coupling threshold, ⌘/⌦v�2

a = 1, is used for for the constant-↵
disk (top-left panel) and self-consistent accretion disk with MRI field (centre-left panel), while ⌘⌦c�2

s = 1, is used for the self-consistent
accretion disk with vertical field (bottom-left panel). Di↵usivities for the Canup & Ward ↵ disk and MMJN are calculated for an MRI
field in the top-right and bottom-right panels for comparison.

magnetically driven with ↵ saturated at its maximum value;
(ii) Beyond 30RJ the disk is too cool for su�cient thermal
ionisation of potassium and di↵usivity exceeds the coupling
threshold. Accretion is still magnetically driven, however as
the magnetic coupling is weak, it occurs at a reduced e�-
ciency with ↵ inversely proportional to the level of magnetic
coupling (Sano & Stone 2002); (iii) The disk is gravitation-
ally unstable in the outer regions where Q ⇠ 1, and so grav-
itoturbulence is produced and drives accretion. Accretion is
self-regulated so that the disk maintains marginal stability
with Q = 1. We calculated the disk structure for accretion
driven by either MRI or vertical fields, finding very similar
disk structures. With Q ⇠ 1 at the outer edge, the disks are
massive with M

disk

= 0.5MJ .

MHD analysis by Fujii et al. (2011) and Turner et al.
(2013) argue against magnetically driven accretion through
the midplane where the cosmic-ray and X-ray fluxes are too

low. However, we find that midplane magnetic coupling re-
lies primarily on thermal ionisation and so the disk tempera-
ture is crucial. Fujii et al. (2011) use the surface temperature
which is necessarily cooler than the midplane temperature,
and so no thermal ionisation is expected. Turner et al. (2013)
considers both MMJN models and actively supplied accre-
tion disk 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
disks are controlled by the inflow rate which likely decreases
as inflow from the protoplanetary disk tapers. Turner et al.
(2013) consider inflow rates that are lower than ours by a
factor of 5–70, so these disks model a cooler stage and con-
sequently thermal ionisation is limited to the inner 4RJ of

c
� Year RAS, MNRAS 000, 1–18

Canup and Ward

MMJNMRI

Bz

alpha-disk

Circumplanetary disks

Keith & Wardle 2014



Circumplanetary disks

Keith & Wardle in preparation
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Figure 3. A contour plot of the minimum tangling length-scale
of the magnetic field shown at y = 0. Plots shown for fdg = 10�4,
a flux-conserved magnetic field, f⌃ = 1. (A colour version of this
figure is available in the online journal.)

so low that the weak field requirement, � < 8⇡2, isn’t met.
This region extends down towards the midplane near the
planet where the flux-conserved field is strongest.

Beneath this strong-field layer there is a one scale-height
band where non-ideal e↵ects are weak enough that it ex-
periences ideal MHD conditions. The field is weak enough
here that it is susceptible to the MRI. If the protoplane-
tary disk field and rotation axes are oppositely directed this
band is the only MRI unstable region. However, he region
below z . H experiences Hall-MRI for which the Hall e↵ect
destabilises the region if the protoplanetary vertical field and
rotation axes are aligned. In this case the unstable region ex-
tends down to the midplane, encompassing most of the gap.
As protoplanetary disks exhibit a range of field/rotation axis
misalignment angles we expect the size of the MRI unstable
region to di↵er between systems, with implications for the
flow dynamics (Hull et al. 2013; Krumholz et al. 2013).

• Comment on the sensitivity of the results to changes in
the parameters in Figure 5.

• Describe what the COMPLEX MRI model is used, for
Fig4f.

• Comment on the evolution of the scenario over time as
the gap is evacuated.

• Comment on the e↵ect of MRI to direct properties of
accretion and morphology. For example, estimate the tilt
angle of the circumplanetary disk for this simulation and
evolution over time (6.1 degrees) (?)

3.4 Relative importance of magnetic forces

• Introduce the aim of the section to identify how mag-
netic field influences the mean motion of the fluid.

• Give the angular momentum equation and explain the
terms, including any e↵ective viscosity from MRI.

Figure 4. Non-ideal e↵ect regimes shown as radius vs height from
the protoplanet along the y = 0 axis. The fill colours represent
regions where (a) the field is too strong for MRI with � < 8⇡2

(blue), (b) Pedersen resistivity suppresses turbulence (green), (c)
MHD conditions are e↵ectively ideal (purple), and is subject to
MRI and (d) Hall-MRI ensues (orange). Plot is shown for fdg =
104, f⌃ = 1, and using the flux-conserved magnetic field. (A
colour version of this figure is available in the online journal.)

• Give another version of the equation matching up the
terms with my approximations and explain the approxima-
tions.

• Comment on the ine↵ectiveness of large-scale magnetic
forces because of the short gap crossing time scale and the
di↵erent mechanisms it rules out.

• Comment briefly on the relative e↵ectiveness of the
small-scale magnetic field in the accretion.

4 DISCUSSION

• ‘In this paper... what I set out to do and what I found.
A couple of paragraphs.

• Give a description of the topology of the magnetic field
in this case.

• Ine↵ectiveness of large-scale magnetic field to change
the mean motion means that there is no e↵ect on the size
of the circumplanetary disk, for example. Because gravity
is dominant hydro simulations may be able to capture the
motion well.

• Comment on how MHD calculations would e↵ect the
hydro simulation by Tanigawa. For example, this simulation
is inviscid and laminar but turbulence would make some
e↵ective viscosity and circumplanetary disk tilt angle (esti-
mate in an appendix?). Is it important? How would these
properties vary over time?

• Comment on the importance of the Hall e↵ect and
the changes in turbulence over time. Simulation in Hall
dominated regimes are reeally needed to describe the
motion well. Particularly the dichotomy of disks with
favourable/unfavourable sign(⌦p · B). The provides impor-
tant.

c� Year RAS, MNRAS 000, 1–8

Pmag > Pgas

Hall-MRI

ideal MHD
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– Hall drift is in and out of plane of screen
tends to induce or reduce twisting in B

– sense depends on global direction of B
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Field line drift: collapsing cores / protoplanetary disks



 Momentum equation



Effect on the MRI



MRI growth rate - ohmic vs Hall
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Column density of active layer!

Wardle & Salmeron, MNRAS submitted!Wardle & Salmeron 2012



Effect on disk winds
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Transport of magnetic flux vs angular momentum

Hall drift: magnetic torque => radial drift of field through gas



Braiding & Wardle 2012

 

t = 10 000 yr
Self-similar collapse with non-ideal MHD



Summary

• Ideal MHD breaks down on scale of cloud cores and protoplanetary disks
– core collapse: angular momentum, magnetic flux
– protoplanetary disks: distribution and nature of MHD turbulence
– disk-driven jets: launching, coupling between jet and disk

• Field line drift is a critical part of MRI / wind launching / flux transport problems
– “low” density (clouds, cores): ambipolar diffusion (Mestel & Spitzer 1956)
– high density (disks): ohmic resistivity (e.g. Hayashi 1981)
– Hall effect (collapsing cores and disks) (Wardle 1999, Wardle & Ng 1999)

AD:! vB ~ JxB ~ B2

Hall:! vB ~  ± J ~ B  ; depends on sign of B ; no dissipation
Ohm: ! vB ~ JxB / B2  ~ B0 ; important only for high density, weak fields

• Figure of merit for Hall is NOT given by ratio of diffusivities
– dissipationless  =>  compare vB (Hall) with v   e.g.   ηH Ω / vA2


