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Magnetic fields
• Magnetic fields are present in PPDs

– measured B in molecular clouds  ==> B>10 mG in PPDs
Zeeman, submm polarization

• Weak magnetic fields create turbulence
– subequipartition B and rotational shear  ==> MHD turbulent torque

magnetorotational instability (MRI)
– accretion, heating, stirring (chemistry, dust grains)

disc evolution
observational signatures
planet formation
planet migration (!)

• Accretion rates require B ~ 0.1 – 1G at 1AU





Magnetorotational instability (MRI)!
•  magnetic field couples different radii in disc"

•  tension transfers angular momentum outwards"

•  kh > 1 required to fit in disc, i.e.   vA/cs < 1!

•  resulting turbulence transports angular momentum outwards!



Flux freezing breaks down in PPDs
• high density and low ionisation

– drag on charged particles 
• deeper layers shielded from ionising radiation for r < 5 AU

– x-ray attenuation column ~10 g/cm2 
– cosmic ray attenuation column ~100 g/cm2

– “dead zone” near midplane (Gammie 1996)



MRI with !
dead zone!

Turner & Sano 2008!



Magnetic diffusion

Ideal MHD electrons, ions and neutrals 
tied to magnetic field 

Ambipolar diffusion neutrals decoupled

Hall diffusion ions and neutrals decoupled

Ohmic diffusion electrons, ions and neutrals 
decoupled



HallAmbipolar
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Figure 5. Schematic dependence of the behaviour of the MRI on the Hall and Pedersen (ohmic+ambipolar) diffusivities, ηH and ηP, for
an initial magnetic field sBẑ in a Keplerian disc, where s = ±1 is the sign of Bz . The field is assumed to be weak so that stratification

can be neglected. Physical values of the Pedersen conductivity ηP are non-negative, and there are no unstable modes for Hall diffusivities
sηHΩ/v2A ≤ −2. The unstable region sηHΩ/v2A > −2 is subdivided according to the dependence of the growth rate on wave number k,
which is sketched in the insets labelled I–III. In region I (outside the red locus given by eq. 32), wave numbers less than a cutoff kc are

unstable with the maximum growth rate ν0 attained at k0 (see eqs 33, 34, and 35). Between the red and blue loci (region II) all wave

numbers are unstable with the maximum growth rate still occurring at finite wave number. Within the blue locus given by eq. 36 (region

III) all wave numbers are unstable and the maximum growth rate is approached asymptotically as k → ∞.
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Figure 6. Contours of the critical wave wave number kc below

which instability sets in. The red innermost contour shows where

kc becomes infinite and all wave numbers are unstable, corre-

sponding to the boundary between regions I and II in Fig. 5.

Having delineated these three regions, we now consider
how the critical wave number kc, fastest growth rate ν0 and
corresponding wave number k0 vary across the entire ηP–sηH
plane. Contours of constant kc are semicircles, as plotted in
Fig. 6. While the range of unstable wave numbers is reduced
for large values of sηH and ηP, as one might expect, the range
is not maximised in the ideal limit (ie. at the origin) but in
regions II and III, bounded by the kc = ∞ contour.

Turning now to the fastest growing modes, the maxi-

mum growth rate is given either by (34) in regions I and
II or by (37) in region III, and the corresponding contours
are plotted in Fig. 7. The growth rate increases clockwise,
from 0Ω along the vertical line sηH = −2 up to 0.75Ω for
the horizontal line ηP = 0 for sηH > −4/5. In the absence
of Hall diffusion, the maximum growth rate ν0 declines with
increasing (Ohm and/or ambipolar) diffusivity (e.g. mov-
ing vertically upwards through the sηH = 0 point in the
horizontal axis), with ν0 ≈ 3

4
η−1

P
for ηP � 1. The most im-

portant effect of Hall diffusion, apparent from Fig. 7, is that
the growth rate of the MRI exceeds 0.3Ω for sηH >∼ ηP, even
for arbitrarily large ηP. More generally, the addition of Hall
diffusion at fixed ηP increases the growth rate if sηH > 0
and decreases it when sηH < 0. For large values of ηP, eq
(34) shows that sηH/ηP ≈ 24ν0/(9 − 16ν2

0 ). It is this fact
that has the potential to modify the extent of dead zones in
protoplanetary discs, as we explore later in §7.

The wave number of the fastest growing mode (blue
contours in Fig. 7) decreases as the diffusivity is increased.
Again, the contours are not arranged so that the highest
wave numbers occur in the ideal-MHD limit, but to the
sηH < 0 side, within the boundary between regions II and
III (traced by the k0 = ∞ contour).

Overall, these patterns place the ideal, ohmic (or am-
bipolar) and Hall regimes in context, and for the first time
we see an overview of the effect of magnetic diffusivity on the
linear MRI. In particular, there is nothing special about the
ohmic/ambipolar limit, e.g. the behaviour of the instability
in the presence of diffusion is not qualitatively different for
sηH = 2 vs ηH = 0. Even the ideal-MHD limit does not stand
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Figure 11. Fractional abundances of charged particles in the

minimum mass solar nebula at 1 au from the Sun as a function

of height above the mid-plane, assuming that grains have radius

1µm. 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 ion-

isation rate per hydrogen nucleus due to stellar x-rays and inter-

stellar 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

+
, C

+
) representative molecular (m

+
),

and metal (M
+
) ions (blue), and grains (green, labelled by charge

state).

mass solar nebula disc ionised by cosmic-rays and stellar x-

rays at 1 au from the central star. These models adopt a col-

umn density of 1700 g cm
−2

and temperature T = 280K in-

dependent of height, with x-ray ionisation rate computed by

Igea & Glassgold (1999) and a standard interstellar cosmic-

ray ionisation rate of 10
−17

s
−1

H
−1

that is exponentially

attenuated with depth as exp(−Σ/96 g cm−2
). We charac-

terise the grain population by assuming a single 1µm radius

and varying dust-to-gas mass ratios, crudely mimicking the

effect of the settling of grains to the disc mid-plane.

The abundances of charged species for dust-to-gas mass

ratios of 10
−2

, 10
−4

and 0 are presented in Figure 11. The

ionisation rate as a function of depth is plotted in the lower

panel – interstellar cosmic rays are the dominant source be-

low 2 scale heights, above this ionisation by stellar x-rays

dominates. In the no-grain case, electrons and metal ions

are the dominant charged species because the metal ions

have the smallest recombination rate coefficient. The top

panel shows the effect of adding a population of 1µm-radius

grains with total mass 1% of the gas mass: grains acquire a

charge via sticking of electrons and ions from the gas phase.

Above z/h ≈ 2.5 the grain charge is determined by the

competitive rates of sticking of ions and electrons, with the

coulomb repulsion of electrons by negatively-charged grains

offsetting their greater thermal velocity compared to ions

(Spitzer 1941; Draine & Sutin 1987). This leads to a gaus-

sian grain charge distribution with mean charge (in units

of e) �Zg� ≈ −4akT/e2 ≈ −67 and standard deviation

≈ �Zg�1/2 ≈ 8. Most recombinations still occur in the gas

phase. The abundance of metal ions and electrons is reduced

over the grain-free case for z/h<∼ 5 where the charge stored

on grains becomes comparable to the electron abundance.

For z/h ≈ 2–2.5, the abundances of ions and electrons have

declined to the point that the majority of electrons stick to

grain surfaces before they can recombine in the gas phase,

and most neutralisations occur when ions stick to negatively

charged grains (Nakano & Umebayashi 1980). Closer to the

mid-plane, the ionisation fraction is so low that most grains

are lightly charged, so that coulomb attraction or repulsion

of ions and electrons by grains is negligible. Then ions and

electrons stick to any grain that they encounter, with re-

combinations occurring on grain surfaces. The middle panel

of Fig. 11 shows what happens if 99% of the grains are re-

moved (e.g. by settling to the mid-plane). The capacity of

the grain population to soak up electrons from the gas phase

is reduced a hundredfold, and the height below which grains

substantially reduce the free electron density below the ion

density moves downwards to the lowest scale height.

Unlike ohmic resistivity, the Hall and ambipolar diffu-
sivities depend on the magnetic field strength as well as the

charged particle abundances, so we consider field strengths

ranging between 10
−3

–10
2
G, encompassing the plausible

range of values in the solar nebula (see Wardle 2007). For

each choice of magnetic field we use the ionisation calcu-

lations to compute the diffusivities as a function of height.

Typically, ambipolar diffusion dominates at the surface and,

for weak magnetic fields, ohmic diffusion dominates near the

mid-plane. Between these regimes Hall diffusion dominates

(Wardle 2007). With the diffusivity profiles in hand, we ap-

ply eq (66) to identify the fastest growing MRI mode that

has kh > 1 at a given height; the results for dust-to-gas

c� 2011 RAS, MNRAS 000, 1–20
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Figure 11. Fractional abundances of charged particles in the

minimum mass solar nebula at 1 au from the Sun as a function

of height above the mid-plane, assuming that grains have radius

1µm. 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 ion-

isation rate per hydrogen nucleus due to stellar x-rays and inter-

stellar 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

+
, C

+
) representative molecular (m

+
),

and metal (M
+
) ions (blue), and grains (green, labelled by charge

state).

mass solar nebula disc ionised by cosmic-rays and stellar x-

rays at 1 au from the central star. These models adopt a col-

umn density of 1700 g cm
−2

and temperature T = 280K in-

dependent of height, with x-ray ionisation rate computed by

Igea & Glassgold (1999) and a standard interstellar cosmic-

ray ionisation rate of 10
−17

s
−1

H
−1

that is exponentially

attenuated with depth as exp(−Σ/96 g cm−2
). We charac-

terise the grain population by assuming a single 1µm radius

and varying dust-to-gas mass ratios, crudely mimicking the

effect of the settling of grains to the disc mid-plane.

The abundances of charged species for dust-to-gas mass

ratios of 10
−2

, 10
−4

and 0 are presented in Figure 11. The

ionisation rate as a function of depth is plotted in the lower

panel – interstellar cosmic rays are the dominant source be-

low 2 scale heights, above this ionisation by stellar x-rays

dominates. In the no-grain case, electrons and metal ions

are the dominant charged species because the metal ions

have the smallest recombination rate coefficient. The top

panel shows the effect of adding a population of 1µm-radius

grains with total mass 1% of the gas mass: grains acquire a

charge via sticking of electrons and ions from the gas phase.

Above z/h ≈ 2.5 the grain charge is determined by the

competitive rates of sticking of ions and electrons, with the

coulomb repulsion of electrons by negatively-charged grains

offsetting their greater thermal velocity compared to ions

(Spitzer 1941; Draine & Sutin 1987). This leads to a gaus-

sian grain charge distribution with mean charge (in units

of e) �Zg� ≈ −4akT/e2 ≈ −67 and standard deviation

≈ �Zg�1/2 ≈ 8. Most recombinations still occur in the gas

phase. The abundance of metal ions and electrons is reduced

over the grain-free case for z/h<∼ 5 where the charge stored

on grains becomes comparable to the electron abundance.

For z/h ≈ 2–2.5, the abundances of ions and electrons have

declined to the point that the majority of electrons stick to

grain surfaces before they can recombine in the gas phase,

and most neutralisations occur when ions stick to negatively

charged grains (Nakano & Umebayashi 1980). Closer to the

mid-plane, the ionisation fraction is so low that most grains

are lightly charged, so that coulomb attraction or repulsion

of ions and electrons by grains is negligible. Then ions and

electrons stick to any grain that they encounter, with re-

combinations occurring on grain surfaces. The middle panel

of Fig. 11 shows what happens if 99% of the grains are re-

moved (e.g. by settling to the mid-plane). The capacity of

the grain population to soak up electrons from the gas phase

is reduced a hundredfold, and the height below which grains

substantially reduce the free electron density below the ion

density moves downwards to the lowest scale height.

Unlike ohmic resistivity, the Hall and ambipolar diffu-
sivities depend on the magnetic field strength as well as the

charged particle abundances, so we consider field strengths

ranging between 10
−3

–10
2
G, encompassing the plausible

range of values in the solar nebula (see Wardle 2007). For

each choice of magnetic field we use the ionisation calcu-

lations to compute the diffusivities as a function of height.

Typically, ambipolar diffusion dominates at the surface and,

for weak magnetic fields, ohmic diffusion dominates near the

mid-plane. Between these regimes Hall diffusion dominates

(Wardle 2007). With the diffusivity profiles in hand, we ap-

ply eq (66) to identify the fastest growing MRI mode that

has kh > 1 at a given height; the results for dust-to-gas

c� 2011 RAS, MNRAS 000, 1–20
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mass ratios 0 and 10−2 are displayed in Figs 12 and 13 re-
spectively.

First consider the case in which grains are absent
(Fig. 12). The bottom panel shows the fastest growth rate
(subject to kh > 1) as a function of magnetic field strength
and height if Hall and ambipolar diffusion are neglected and
only ohmic diffusion is included. In this case the departure
from ideal MHD is measured by ηΩ/v2A (the inverse of the
Elsasser number; see section 6.1), which strongly decreases
with height as the fractional ionisation and Alfvén speed
both increase strongly. For the ionisation profile plotted in
Fig. 11 it turns out that ηΩ/v2A is small near the surface
(so that ideal MHD holds) and large near the mid-plane (so
that ohmic damping is severe). As a result, near the sur-
face the largest achievable growth rate is close to the ideal
value 0.75Ω, but declines rapidly below the height where
ηΩ/v2A ∼ 1. The height of the transition between these
regimes declines with increasing field strength, simply be-
cause ηΩ/v2A ∝ B−2. A second consideration is that the
range of MRI-unstable wave numbers is bounded above by
kc (see eq 33), and this must be larger than 1/h if any unsta-
ble modes are to exist with kh > 1. It is this criterion that
provides the upper and lower envelopes to the unstable re-
gion in Figs. 12 and 13. Near the surface where ηΩ/v2A � 1,
kc is approximately

√
3Ω/vA, and as vA rapidly increases

with height the unstable range shifts to wave numbers with
kh < 1 and it is no longer possible to find unstable modes
that fit within a scale height. This occurs when the magnetic
pressure roughly exceeds the gas pressure. By contrast, close
to the mid-plane where ηΩ/v2A � 1, kc ≈

√
3vA/η and the

wave numbers are pushed out of the relevant range by the
increasing diffusivity and the declining Alfvén speed as the
mid-plane is approached.

Next, we add the remaining magnetic diffusion terms,
ie. ambipolar and Hall diffusion. The latter depends on the
sign of Bz, which we take to be positive or negative in the
upper and middle panels of Fig. 12 respectively. Ambipo-
lar diffusion dominates in the surface layers (see Fig. 5 of
Wardle 2007), and it acts just like ohmic diffusion when, as
assumed here, the initial magnetic field is vertical 8, tending
to damp the growth of the MRI and pushing the unstable
wavelengths to longer wavelengths. For field strengths below
∼ 1G, ambipolar diffusion is severe enough above about 4
scale heights to reduce the growth rate significantly below
0.75Ω. Hall diffusion tends to dominate below this except
for weak fields when ohmic diffusion dominates closer to the
mid-plane. For Bz > 0 Hall diffusion is destabilising and
pushes the region where the fastest growth rate is close to
0.75Ω to greater depths. The rapid decline to low growth
rates (ie. from green to blue shading in Fig. 12) traces the
transition from Hall-dominated to ohm-dominated diffusion.
Below this, Hall diffusion acts to significantly extend the re-
gion of slow growth by modifying kc, and this extends all
the way to the mid-plane for fields in excess of 10mG.

On the other hand, when Bz < 0 (ie. B is antiparallel
to the rotation axis) Hall diffusion tends to stabilise the

8
This is not the case in more general geometries, e.g. when the

field has vertical and toroidal components and the wave number

has radial and vertical components (see Kunz & Balbus 2004 and

Desch 2004).
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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

minimum mass solar nebula 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 wave number k of the modes are required to satisfy

kh > 1 where h is the disc scale height. 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 antiparallel (Bz <
0), respectively. The lower panel shows the effect of artificially

suppressing ambipolar and Hall diffusion, so including only ohmic

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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mass ratios 0 and 10−2 are displayed in Figs 12 and 13 re-
spectively.

First consider the case in which grains are absent
(Fig. 12). The bottom panel shows the fastest growth rate
(subject to kh > 1) as a function of magnetic field strength
and height if Hall and ambipolar diffusion are neglected and
only ohmic diffusion is included. In this case the departure
from ideal MHD is measured by ηΩ/v2A (the inverse of the
Elsasser number; see section 6.1), which strongly decreases
with height as the fractional ionisation and Alfvén speed
both increase strongly. For the ionisation profile plotted in
Fig. 11 it turns out that ηΩ/v2A is small near the surface
(so that ideal MHD holds) and large near the mid-plane (so
that ohmic damping is severe). As a result, near the sur-
face the largest achievable growth rate is close to the ideal
value 0.75Ω, but declines rapidly below the height where
ηΩ/v2A ∼ 1. The height of the transition between these
regimes declines with increasing field strength, simply be-
cause ηΩ/v2A ∝ B−2. A second consideration is that the
range of MRI-unstable wave numbers is bounded above by
kc (see eq 33), and this must be larger than 1/h if any unsta-
ble modes are to exist with kh > 1. It is this criterion that
provides the upper and lower envelopes to the unstable re-
gion in Figs. 12 and 13. Near the surface where ηΩ/v2A � 1,
kc is approximately

√
3Ω/vA, and as vA rapidly increases

with height the unstable range shifts to wave numbers with
kh < 1 and it is no longer possible to find unstable modes
that fit within a scale height. This occurs when the magnetic
pressure roughly exceeds the gas pressure. By contrast, close
to the mid-plane where ηΩ/v2A � 1, kc ≈

√
3vA/η and the

wave numbers are pushed out of the relevant range by the
increasing diffusivity and the declining Alfvén speed as the
mid-plane is approached.

Next, we add the remaining magnetic diffusion terms,
ie. ambipolar and Hall diffusion. The latter depends on the
sign of Bz, which we take to be positive or negative in the
upper and middle panels of Fig. 12 respectively. Ambipo-
lar diffusion dominates in the surface layers (see Fig. 5 of
Wardle 2007), and it acts just like ohmic diffusion when, as
assumed here, the initial magnetic field is vertical 8, tending
to damp the growth of the MRI and pushing the unstable
wavelengths to longer wavelengths. For field strengths below
∼ 1G, ambipolar diffusion is severe enough above about 4
scale heights to reduce the growth rate significantly below
0.75Ω. Hall diffusion tends to dominate below this except
for weak fields when ohmic diffusion dominates closer to the
mid-plane. For Bz > 0 Hall diffusion is destabilising and
pushes the region where the fastest growth rate is close to
0.75Ω to greater depths. The rapid decline to low growth
rates (ie. from green to blue shading in Fig. 12) traces the
transition from Hall-dominated to ohm-dominated diffusion.
Below this, Hall diffusion acts to significantly extend the re-
gion of slow growth by modifying kc, and this extends all
the way to the mid-plane for fields in excess of 10mG.

On the other hand, when Bz < 0 (ie. B is antiparallel
to the rotation axis) Hall diffusion tends to stabilise the
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This is not the case in more general geometries, e.g. when the

field has vertical and toroidal components and the wave number

has radial and vertical components (see Kunz & Balbus 2004 and
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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

minimum mass solar nebula 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 wave number k of the modes are required to satisfy

kh > 1 where h is the disc scale height. 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 antiparallel (Bz <
0), respectively. The lower panel shows the effect of artificially

suppressing ambipolar and Hall diffusion, so including only ohmic

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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MRI while extending the unstable wavelengths to shorter
wavelengths (see Fig. 7). As a result, super-equipartition
fields are unstable near the mid-plane. We emphasise that
irrespective of the magnitudes of the other diffusivities Hall

diffusion is completely stabilising when ηHΩ/v
2

A > 2. This
is responsible for the sharp cutoff at the lower boundary in
the middle panel of Fig. 12.

When a full complement of 1µm dust grains are present
(i.e. dust-to-gas mass ratio 10−2; charged species as in lower
panel of Fig. 11), the diffusivities are greatly increased near
the mid-plane because electrons are locked up by grains and
rendered immobile. Fig. 13 displays the same trends as in
the zero-grain case are apparent, but the MRI-unstable re-
gion is now restricted to the upper layers of the disc, and
in all cases the bulk of the disc is stable to the MRI. While
the differences between the three panels might appear less
severe in this case, the strong density stratification means
that there are orders of magnitude differences in the column
density of the MRI-unstable region.

Fig. 14 shows the magnetically-active column density
as a function of field strength for different assumptions re-
garding the diffusivity when 99% of grains are assumed to
have settled. The active column density varies by 1-2 orders
of magnitude depending on the accuracy of the treatment
of magnetic diffusion. First, neglect Hall diffusion and con-
sider either ohmic diffusion alone or ohmic and ambipolar
diffusion (i.e. Pedersen diffusion) operating in concert (red
long-dashed curves). Ohmic diffusion dominates ambipolar
diffusion except for strong magnetic fields and low densities,
so there is little difference between these two cases except
for magnetic fields in excess of 1G where the additional
damping due to ambipolar diffusivity suppresses the MRI.
Hall diffusion either increases or decreases the active column
density by an order of magnitude depending on whether the
initial magnetic field is pointing up or down.

Fig. 15 shows how the active column depends on grain
abundance and magnetic field orientation. In the absence
of grains the entire disc cross-section is magnetically active
for an upwardly-directed field in the range 0.01–5G. On the
other hand, when the field is pointing downwards, a minus-
cule fraction of the disc is active for weak fields, but the
active column increases rapidly and encompasses the entire
cross section of the disc for field strengths in the range 20–
80G. As one would expect, grains sharply reduce the active
column density because of the reduction in mobile charge
carriers. The continued extreme sensitivity to field align-
ment demonstrates that Hall diffusion still plays a critical
role in determining the extent of magnetic activity regard-
less of the grain abundance.

The reduction in the active column when Bz < 0 occurs
because Hall diffusion stabilises the disc against the MRI
when ηH < 2v2A/Ω. When the grains and ions are strongly
coupled to the neutrals and the electrons are coupled to the
magnetic field, the Hall diffusivity is given by eq (18) and
we obtain a field-dependent criterion for stability on the
fractional ionisation
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This critical fractional ionisation is typically larger than the
corresponding criterion for ohmic damping, so sets the lower
boundary of the magnetically active region when Bz < 0.
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Figure 13. As for Fig. 12, but now including a population of
1µm radius grains with total mass 1% of the gas mass (see upper
panel of Fig. 11).

Note that once the grain abundance is low enough not to
affect the ionisation fraction, the lower boundary and active
column density saturates.

These results suggest that ohmic estimates of the col-
umn density of the magnetically-active layers in protoplan-
etary discs are in error by about an order of magnitude,
systematically under- or overestimating the active column
if the magnetic field is directed upwards or downwards, re-
spectively.

This conclusion rest on several assumptions. First, our
neglect of stratification is unlikely to be serious given that
in the ohmic limit this approach yields excellent predictions
of the extent of the depth of the turbulent layers Turner &
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MRI while extending the unstable wavelengths to shorter
wavelengths (see Fig. 7). As a result, super-equipartition
fields are unstable near the mid-plane. We emphasise that
irrespective of the magnitudes of the other diffusivities Hall

diffusion is completely stabilising when ηHΩ/v
2

A > 2. This
is responsible for the sharp cutoff at the lower boundary in
the middle panel of Fig. 12.
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the mid-plane because electrons are locked up by grains and
rendered immobile. Fig. 13 displays the same trends as in
the zero-grain case are apparent, but the MRI-unstable re-
gion is now restricted to the upper layers of the disc, and
in all cases the bulk of the disc is stable to the MRI. While
the differences between the three panels might appear less
severe in this case, the strong density stratification means
that there are orders of magnitude differences in the column
density of the MRI-unstable region.

Fig. 14 shows the magnetically-active column density
as a function of field strength for different assumptions re-
garding the diffusivity when 99% of grains are assumed to
have settled. The active column density varies by 1-2 orders
of magnitude depending on the accuracy of the treatment
of magnetic diffusion. First, neglect Hall diffusion and con-
sider either ohmic diffusion alone or ohmic and ambipolar
diffusion (i.e. Pedersen diffusion) operating in concert (red
long-dashed curves). Ohmic diffusion dominates ambipolar
diffusion except for strong magnetic fields and low densities,
so there is little difference between these two cases except
for magnetic fields in excess of 1G where the additional
damping due to ambipolar diffusivity suppresses the MRI.
Hall diffusion either increases or decreases the active column
density by an order of magnitude depending on whether the
initial magnetic field is pointing up or down.

Fig. 15 shows how the active column depends on grain
abundance and magnetic field orientation. In the absence
of grains the entire disc cross-section is magnetically active
for an upwardly-directed field in the range 0.01–5G. On the
other hand, when the field is pointing downwards, a minus-
cule fraction of the disc is active for weak fields, but the
active column increases rapidly and encompasses the entire
cross section of the disc for field strengths in the range 20–
80G. As one would expect, grains sharply reduce the active
column density because of the reduction in mobile charge
carriers. The continued extreme sensitivity to field align-
ment demonstrates that Hall diffusion still plays a critical
role in determining the extent of magnetic activity regard-
less of the grain abundance.

The reduction in the active column when Bz < 0 occurs
because Hall diffusion stabilises the disc against the MRI
when ηH < 2v2A/Ω. When the grains and ions are strongly
coupled to the neutrals and the electrons are coupled to the
magnetic field, the Hall diffusivity is given by eq (18) and
we obtain a field-dependent criterion for stability on the
fractional ionisation
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This critical fractional ionisation is typically larger than the
corresponding criterion for ohmic damping, so sets the lower
boundary of the magnetically active region when Bz < 0.
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Figure 13. As for Fig. 12, but now including a population of
1µm radius grains with total mass 1% of the gas mass (see upper
panel of Fig. 11).

Note that once the grain abundance is low enough not to
affect the ionisation fraction, the lower boundary and active
column density saturates.

These results suggest that ohmic estimates of the col-
umn density of the magnetically-active layers in protoplan-
etary discs are in error by about an order of magnitude,
systematically under- or overestimating the active column
if the magnetic field is directed upwards or downwards, re-
spectively.

This conclusion rest on several assumptions. First, our
neglect of stratification is unlikely to be serious given that
in the ohmic limit this approach yields excellent predictions
of the extent of the depth of the turbulent layers Turner &
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Summary & Discussion
• Ionisation levels determine extent of magnetically turbulent regions in 
protoplanetary discs

– dead zones: ~ 0.3 – 3 AU from central star
– topped by magnetically active layers

• Hall diffusion modifies thickness of active layer by an order of 
magnitude 

– dead zones: Bz < 0 vs Bz > 0 ; depends on magnitude of B
– can sustain accretion rates in these layers across radial extent of dead zone
– may drive “undead” zones
– more general geometries destabilise disk (Pandey & Wardle submitted)

• MHD simulations?
– linear analysis such as used here appears to be a good predictor of dead 
zone extent
– no MHD simulations with strong hall diffusion (yet)
– PS: simulations with non net flux are unrealistic


