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Motivation: the dead zone paradigm

How large is the dead zone?

What’s happening inside the dead zone?
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Induction equation:

Ideal Ohmic

Non ideal dynamics

Ambipolar Hall

where

The 3 nonideal effects have to be taken into account to 
characterise dead zones
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MRI in the Hall regime
Linear stability analysis
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⇤⌘ =
v2A
⌘⌦

Ohmic Elsasser number

Hall Elsasser number

«Hall diffusion increases or decreases the MRI-active 
column density by an order of magnitude or more...»

[Wardle & Salmeron (2012)]
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The Hall-Shear instability (HSI)
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Linearised induction equation with a uniform field and shear

Describes a sheared whistler wave
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[Kunz 2008]
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Nonlinear dynamics of Hall-dominated dead zones
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[Lesur et al. 2014, Bai 2014]



The shearing box model
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Diffusivity profiles

Ionisation sources: cosmic ray, X-ray, FUV, RA decay

Consider a simplified reaction network: metal-free and grain-free
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G. Lesur et al.: Thanatology in protoplanetary discs
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Fig. 2. Ohmic (⇤; Eq. (15)), Hall (Ha; Eq. (16)), and ambipolar (Am;
Eq. (17)) Elsasser numbers in the initial state versus height z at 1 au
(top) and 10 au (bottom), assuming a constant vertical magnetic field
with �0 = 105.

is the ion-neutral collision rate (Draine 2011); mn and mi are
the average masses of the neutrals and ions, respectively. Due to
our normalisation of the magnetic field in Eqs. (2) and (3), fac-
tors of

p
4⇡ and 4⇡ appear in our expressions for the Hall and

ambipolar di↵usivities. Note that the upper layers of protoplan-
etary discs at 1 au are likely to be strongly ionised and heated
by X-rays to temperatures up to ⇠8000 K (Aresu et al. 2011).
Our simple isothermal model thus breaks down for column den-
sities .10�3–10�2 g cm�2. In response, we arbitrarily multiply
our di↵usivities by a constant factor of exp(�⌃/0.01 g cm�2) to
mimic a hot and fully ionised gas in the upper layers.

Introducing the Alfvén speed vA = B/p⇢, the di↵usivi-
ties (14) can be cast in terms of dimensionless Elsasser numbers:

⇤⌘ ⌘
v2A
⌦⌘O
, (15)

Ha ⌘ v2A
⌦⌘H
, (16)

Am ⌘ v2A
⌦⌘A
· (17)

Example profiles of these Elsasser numbers are given in Fig. 2;
note that they evolve throughout the simulation only via changes
in density and magnetic-field strength. These profiles are similar
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Fig. 3. Hall lengthscale `H (Eq. (18)) versus height z at 1, 5, and
10 au. The dotted line denotes the threshold above which saturation via
zonal magnetic fields occurs in unstratified simulations with net vertical
magnetic flux (KL13).

to those used by Bai & Stone (2013b)3. Another useful way
of quantifying Hall di↵usion, which is independent of the
magnetic-field strength, is the Hall lengthscale:

`H ⌘ vA
⌦Ha

· (18)

When `H & 0.2H, KL13 found that unstratified simulations of
the Hall-MRI with net vertical magnetic flux saturate by the pro-
duction of strong axisymmetric (“zonal”) magnetic fields (see
also Appendix A). In Fig. 3, we present `H as a function of z
for our ionisation profiles, demonstrating that most of the disc
midplane is in the putative zonal-field regime.

The non-ideal MHD terms introduce second derivatives of
the magnetic field into the induction equation. This often yields
a tight constraint on the maximum allowed stable timestep in
our simulations. To circumvent this problem, we follow Bai &
Stone (2013b) by introducing a capping procedure on the mag-
netic di↵usivities ⌘O,H,A. Whenever one of these di↵usivities be-
comes larger than ⌘cap = 10⌦H2, we automatically set its value
to ⌘cap. We have briefly explored the impact of the cap value on
our results: increasing ⌘cap for ⌘O and ⌘A does not quantitatively
impact our results at 1 au. However, increasing ⌘cap for ⌘H by a
factor of 4 tends to increase ↵ significantly (by ⇠50% at 1 au).
Therefore, our stress values for ⌦Bz0 > 0 should be understood
as lower bounds when the Hall e↵ect is included.

3. Results

3.1. Linear evolution of stratified discs subject
to Ohmic and Hall diffusion

We first concentrate on the influence of the Hall e↵ect on the lin-
ear evolution of an MRI-unstable, stratified disc. We set ⌘A = 0
to isolate the e↵ects of Hall di↵usion but include Ohmic dissipa-
tion. We use a setup that is identical to run 1-OH-5, except that
we seed the instability with very small perturbations to the veloc-
ity field (RMS = 10�6) so as to produce a clean linear phase. We
compare the vertical profile of the resulting azimuthal magnetic
3 Note that Bai & Stone (2013b) included a numerical cap to limit
di↵usion coe�cients in their Fig. 1 for |z| < 2, which we do not include
in our plot.
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Most unstable linear eigenmodes @ 1AU
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Dead zone dynamics @ 1AU
Ohmic diffusion only

Ohmic+Ambipolar diffusion

Ohmic+Ambipolar+Hall
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Fig. 9. Space–time evolution of the logarithm of the horizontally-averaged magnetic stress, loghMxyi, in the Ohmic (1-O-5; top), Ohmic-ambipolar
(1-OA-5; middle), and Ohmic-ambipolar-Hall (1-OHA-5; bottom) runs.

Note that the Hall-shear instability is not a version of the MRI
and does not rely on the Coriolis force (though it can be obtained
from the Hall-MRI dispersion relation by taking the highly dif-
fusive limit – see Rüdiger & Kitchatinov 2005 and Wardle &
Salmeron 2012). It is, however, sensitive to the polarity of the
vertical magnetic field. This is discussed more extensively in
Sect. 3.3.2.

It is possible to understand the physical content of Eq. (21)
by observing that @zhByi = �hJxi = hvd,xi

p
4⇡ene, where ud is

the drift velocity of the electrons relative to the ions. Hence,
the term on the right-hand side of (21a) is simply the mag-
netic stretching term due to electron motion. In protoplanetary
discs, the number of free electrons can be very small, so that
the drift speed can be large for a given current density. As a re-
sult, the usual stretching term of ideal MHD caused by the bulk
motion of the gas is replaced by a stretching term due to the
electron motion. The electron drift produces a radial field from
the vertical mean field (Eq. (21a)), which is then sheared by the
Keplerian flow to produce an azimuthal field (Eq. (21b)). It is
this azimuthal field that sustains the drift through Ampère’s law.

In our simulations, the non-linear saturated state results from
a balance between this Hall-shear instability, an outflow which
transports the magnetic energy away from z ⇠ H, and Ohmic
di↵usion which di↵uses the field from the midplane to the base
of the outflow (see Fig. 8).

3.3. Non-linear evolution of stratified discs subject to Ohmic,
Hall, and ambipolar diffusion

3.3.1. Fiducial runs

With an understanding of how a strong Hall e↵ect impacts re-
sistive protoplanetary discs, we now turn to simulations that
also include ambipolar di↵usion. A comparison of the mag-
netic stresses measured in the Ohmic (1-O-5), Ohmic-ambipolar
(1-OA-5), and Ohmic-ambipolar-Hall (1-OAH-5) runs at R0 =
1 au is presented in Fig. 9. The first two simulations are quanti-
tatively similar to runs O-b5 and OA-b5 of Bai & Stone (2013b),

and we recover their main statistical properties. However, the
inclusion of Hall di↵usion dramatically changes the picture.
Similar to the behaviour discussed in Sect. 3.2, we find a large
vertical band of strong Maxwell stress in the disc midplane,
which substantially increases the transport by almost two orders
of magnitude.

The resulting stress profiles averaged over the entire simula-
tion from t = 300 ⌦�1 are presented in Fig. 10. The addition of
ambipolar di↵usion tends to weaken the activity in the surface
layers (cf. Bai & Stone 2013b). The addition of the Hall e↵ect
does not alter this picture, and we find that the surface activity is
even more reduced in the OAH run. However, magnetic activity
is greatly enhanced in the midplane, where stresses as high as
Mxy = 3 ⇥ 10�2 are found. The Reynolds stress is not signifi-
cantly a↵ected by the Hall e↵ect. This implies that the flow is
not “turbulent” in the usual sense.

The presence of a strong Hall e↵ect in the midplane also
a↵ects the vertical structure of the disc. We find a turbulent
plasma beta � ⇠ 1 in the disc midplane in run 1-OAH-5
(Fig. 11). The hydrostatic equilibrium is significantly a↵ected
by the magnetic structure and the disc scale height increases,
as in Sect. 3.2. Outflows are also a↵ected in this new quasi-
equilibrium state, producing mass-loss rates a factor of 20 larger
than those obtained in the Ohmic-ambipolar simulations.

3.3.2. Parameter study

Field polarity: it is well known that the linear Hall-MRI is sen-
sitive to the field polarity P = sign(�0) (Wardle 1999; Balbus &
Terquem 2001). To test whether or not this result carries over to
the non-linear regime, we have performed a simulation identical
to run 1-OHA-5 but with a reversed mean field: P = �1 (run
1-OHA-mB). In this case, we find that the level of transport, the
surface stress, and the mass-loss rate to be smaller than in the run
without the Hall e↵ect (run 1-OA-5). Therefore, when P = �1,
the Hall e↵ect weakens the e�ciency of the MRI and the strength
of the outflow. This sensitivity to the field polarity was already
pointed out in Sect. 3.2.2 as a natural consequence of the fact
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Fig. 9. Space–time evolution of the logarithm of the horizontally-averaged magnetic stress, loghMxyi, in the Ohmic (1-O-5; top), Ohmic-ambipolar
(1-OA-5; middle), and Ohmic-ambipolar-Hall (1-OHA-5; bottom) runs.

Note that the Hall-shear instability is not a version of the MRI
and does not rely on the Coriolis force (though it can be obtained
from the Hall-MRI dispersion relation by taking the highly dif-
fusive limit – see Rüdiger & Kitchatinov 2005 and Wardle &
Salmeron 2012). It is, however, sensitive to the polarity of the
vertical magnetic field. This is discussed more extensively in
Sect. 3.3.2.

It is possible to understand the physical content of Eq. (21)
by observing that @zhByi = �hJxi = hvd,xi
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4⇡ene, where ud is

the drift velocity of the electrons relative to the ions. Hence,
the term on the right-hand side of (21a) is simply the mag-
netic stretching term due to electron motion. In protoplanetary
discs, the number of free electrons can be very small, so that
the drift speed can be large for a given current density. As a re-
sult, the usual stretching term of ideal MHD caused by the bulk
motion of the gas is replaced by a stretching term due to the
electron motion. The electron drift produces a radial field from
the vertical mean field (Eq. (21a)), which is then sheared by the
Keplerian flow to produce an azimuthal field (Eq. (21b)). It is
this azimuthal field that sustains the drift through Ampère’s law.

In our simulations, the non-linear saturated state results from
a balance between this Hall-shear instability, an outflow which
transports the magnetic energy away from z ⇠ H, and Ohmic
di↵usion which di↵uses the field from the midplane to the base
of the outflow (see Fig. 8).

3.3. Non-linear evolution of stratified discs subject to Ohmic,
Hall, and ambipolar diffusion

3.3.1. Fiducial runs

With an understanding of how a strong Hall e↵ect impacts re-
sistive protoplanetary discs, we now turn to simulations that
also include ambipolar di↵usion. A comparison of the mag-
netic stresses measured in the Ohmic (1-O-5), Ohmic-ambipolar
(1-OA-5), and Ohmic-ambipolar-Hall (1-OAH-5) runs at R0 =
1 au is presented in Fig. 9. The first two simulations are quanti-
tatively similar to runs O-b5 and OA-b5 of Bai & Stone (2013b),

and we recover their main statistical properties. However, the
inclusion of Hall di↵usion dramatically changes the picture.
Similar to the behaviour discussed in Sect. 3.2, we find a large
vertical band of strong Maxwell stress in the disc midplane,
which substantially increases the transport by almost two orders
of magnitude.

The resulting stress profiles averaged over the entire simula-
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ambipolar di↵usion tends to weaken the activity in the surface
layers (cf. Bai & Stone 2013b). The addition of the Hall e↵ect
does not alter this picture, and we find that the surface activity is
even more reduced in the OAH run. However, magnetic activity
is greatly enhanced in the midplane, where stresses as high as
Mxy = 3 ⇥ 10�2 are found. The Reynolds stress is not signifi-
cantly a↵ected by the Hall e↵ect. This implies that the flow is
not “turbulent” in the usual sense.

The presence of a strong Hall e↵ect in the midplane also
a↵ects the vertical structure of the disc. We find a turbulent
plasma beta � ⇠ 1 in the disc midplane in run 1-OAH-5
(Fig. 11). The hydrostatic equilibrium is significantly a↵ected
by the magnetic structure and the disc scale height increases,
as in Sect. 3.2. Outflows are also a↵ected in this new quasi-
equilibrium state, producing mass-loss rates a factor of 20 larger
than those obtained in the Ohmic-ambipolar simulations.

3.3.2. Parameter study

Field polarity: it is well known that the linear Hall-MRI is sen-
sitive to the field polarity P = sign(�0) (Wardle 1999; Balbus &
Terquem 2001). To test whether or not this result carries over to
the non-linear regime, we have performed a simulation identical
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1-OHA-mB). In this case, we find that the level of transport, the
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without the Hall e↵ect (run 1-OA-5). Therefore, when P = �1,
the Hall e↵ect weakens the e�ciency of the MRI and the strength
of the outflow. This sensitivity to the field polarity was already
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Terquem 2001). To test whether or not this result carries over to
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pointed out in Sect. 3.2.2 as a natural consequence of the fact

A56, page 9 of 17

G. Lesur et al.: Thanatology in protoplanetary discs
z
/
H

−5

−3

−1

1

3

5

−4.5

−4

−3.5

−3

−2.5

−2

z
/
H

−5

−3

−1

1

3

5

−4.5

−4

−3.5

−3

−2.5

−2

t (Ω−1)

z
/
H

0 100 200 300 400 500 600 700 800 900 1000

−5

−3

−1

1

3

5

−4.5

−4

−3.5

−3

−2.5

−2
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Note that the Hall-shear instability is not a version of the MRI
and does not rely on the Coriolis force (though it can be obtained
from the Hall-MRI dispersion relation by taking the highly dif-
fusive limit – see Rüdiger & Kitchatinov 2005 and Wardle &
Salmeron 2012). It is, however, sensitive to the polarity of the
vertical magnetic field. This is discussed more extensively in
Sect. 3.3.2.

It is possible to understand the physical content of Eq. (21)
by observing that @zhByi = �hJxi = hvd,xi

p
4⇡ene, where ud is

the drift velocity of the electrons relative to the ions. Hence,
the term on the right-hand side of (21a) is simply the mag-
netic stretching term due to electron motion. In protoplanetary
discs, the number of free electrons can be very small, so that
the drift speed can be large for a given current density. As a re-
sult, the usual stretching term of ideal MHD caused by the bulk
motion of the gas is replaced by a stretching term due to the
electron motion. The electron drift produces a radial field from
the vertical mean field (Eq. (21a)), which is then sheared by the
Keplerian flow to produce an azimuthal field (Eq. (21b)). It is
this azimuthal field that sustains the drift through Ampère’s law.

In our simulations, the non-linear saturated state results from
a balance between this Hall-shear instability, an outflow which
transports the magnetic energy away from z ⇠ H, and Ohmic
di↵usion which di↵uses the field from the midplane to the base
of the outflow (see Fig. 8).

3.3. Non-linear evolution of stratified discs subject to Ohmic,
Hall, and ambipolar diffusion

3.3.1. Fiducial runs

With an understanding of how a strong Hall e↵ect impacts re-
sistive protoplanetary discs, we now turn to simulations that
also include ambipolar di↵usion. A comparison of the mag-
netic stresses measured in the Ohmic (1-O-5), Ohmic-ambipolar
(1-OA-5), and Ohmic-ambipolar-Hall (1-OAH-5) runs at R0 =
1 au is presented in Fig. 9. The first two simulations are quanti-
tatively similar to runs O-b5 and OA-b5 of Bai & Stone (2013b),

and we recover their main statistical properties. However, the
inclusion of Hall di↵usion dramatically changes the picture.
Similar to the behaviour discussed in Sect. 3.2, we find a large
vertical band of strong Maxwell stress in the disc midplane,
which substantially increases the transport by almost two orders
of magnitude.

The resulting stress profiles averaged over the entire simula-
tion from t = 300 ⌦�1 are presented in Fig. 10. The addition of
ambipolar di↵usion tends to weaken the activity in the surface
layers (cf. Bai & Stone 2013b). The addition of the Hall e↵ect
does not alter this picture, and we find that the surface activity is
even more reduced in the OAH run. However, magnetic activity
is greatly enhanced in the midplane, where stresses as high as
Mxy = 3 ⇥ 10�2 are found. The Reynolds stress is not signifi-
cantly a↵ected by the Hall e↵ect. This implies that the flow is
not “turbulent” in the usual sense.

The presence of a strong Hall e↵ect in the midplane also
a↵ects the vertical structure of the disc. We find a turbulent
plasma beta � ⇠ 1 in the disc midplane in run 1-OAH-5
(Fig. 11). The hydrostatic equilibrium is significantly a↵ected
by the magnetic structure and the disc scale height increases,
as in Sect. 3.2. Outflows are also a↵ected in this new quasi-
equilibrium state, producing mass-loss rates a factor of 20 larger
than those obtained in the Ohmic-ambipolar simulations.

3.3.2. Parameter study

Field polarity: it is well known that the linear Hall-MRI is sen-
sitive to the field polarity P = sign(�0) (Wardle 1999; Balbus &
Terquem 2001). To test whether or not this result carries over to
the non-linear regime, we have performed a simulation identical
to run 1-OHA-5 but with a reversed mean field: P = �1 (run
1-OHA-mB). In this case, we find that the level of transport, the
surface stress, and the mass-loss rate to be smaller than in the run
without the Hall e↵ect (run 1-OA-5). Therefore, when P = �1,
the Hall e↵ect weakens the e�ciency of the MRI and the strength
of the outflow. This sensitivity to the field polarity was already
pointed out in Sect. 3.2.2 as a natural consequence of the fact
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Note that the Hall-shear instability is not a version of the MRI
and does not rely on the Coriolis force (though it can be obtained
from the Hall-MRI dispersion relation by taking the highly dif-
fusive limit – see Rüdiger & Kitchatinov 2005 and Wardle &
Salmeron 2012). It is, however, sensitive to the polarity of the
vertical magnetic field. This is discussed more extensively in
Sect. 3.3.2.

It is possible to understand the physical content of Eq. (21)
by observing that @zhByi = �hJxi = hvd,xi

p
4⇡ene, where ud is

the drift velocity of the electrons relative to the ions. Hence,
the term on the right-hand side of (21a) is simply the mag-
netic stretching term due to electron motion. In protoplanetary
discs, the number of free electrons can be very small, so that
the drift speed can be large for a given current density. As a re-
sult, the usual stretching term of ideal MHD caused by the bulk
motion of the gas is replaced by a stretching term due to the
electron motion. The electron drift produces a radial field from
the vertical mean field (Eq. (21a)), which is then sheared by the
Keplerian flow to produce an azimuthal field (Eq. (21b)). It is
this azimuthal field that sustains the drift through Ampère’s law.

In our simulations, the non-linear saturated state results from
a balance between this Hall-shear instability, an outflow which
transports the magnetic energy away from z ⇠ H, and Ohmic
di↵usion which di↵uses the field from the midplane to the base
of the outflow (see Fig. 8).

3.3. Non-linear evolution of stratified discs subject to Ohmic,
Hall, and ambipolar diffusion

3.3.1. Fiducial runs

With an understanding of how a strong Hall e↵ect impacts re-
sistive protoplanetary discs, we now turn to simulations that
also include ambipolar di↵usion. A comparison of the mag-
netic stresses measured in the Ohmic (1-O-5), Ohmic-ambipolar
(1-OA-5), and Ohmic-ambipolar-Hall (1-OAH-5) runs at R0 =
1 au is presented in Fig. 9. The first two simulations are quanti-
tatively similar to runs O-b5 and OA-b5 of Bai & Stone (2013b),

and we recover their main statistical properties. However, the
inclusion of Hall di↵usion dramatically changes the picture.
Similar to the behaviour discussed in Sect. 3.2, we find a large
vertical band of strong Maxwell stress in the disc midplane,
which substantially increases the transport by almost two orders
of magnitude.

The resulting stress profiles averaged over the entire simula-
tion from t = 300 ⌦�1 are presented in Fig. 10. The addition of
ambipolar di↵usion tends to weaken the activity in the surface
layers (cf. Bai & Stone 2013b). The addition of the Hall e↵ect
does not alter this picture, and we find that the surface activity is
even more reduced in the OAH run. However, magnetic activity
is greatly enhanced in the midplane, where stresses as high as
Mxy = 3 ⇥ 10�2 are found. The Reynolds stress is not signifi-
cantly a↵ected by the Hall e↵ect. This implies that the flow is
not “turbulent” in the usual sense.

The presence of a strong Hall e↵ect in the midplane also
a↵ects the vertical structure of the disc. We find a turbulent
plasma beta � ⇠ 1 in the disc midplane in run 1-OAH-5
(Fig. 11). The hydrostatic equilibrium is significantly a↵ected
by the magnetic structure and the disc scale height increases,
as in Sect. 3.2. Outflows are also a↵ected in this new quasi-
equilibrium state, producing mass-loss rates a factor of 20 larger
than those obtained in the Ohmic-ambipolar simulations.

3.3.2. Parameter study

Field polarity: it is well known that the linear Hall-MRI is sen-
sitive to the field polarity P = sign(�0) (Wardle 1999; Balbus &
Terquem 2001). To test whether or not this result carries over to
the non-linear regime, we have performed a simulation identical
to run 1-OHA-5 but with a reversed mean field: P = �1 (run
1-OHA-mB). In this case, we find that the level of transport, the
surface stress, and the mass-loss rate to be smaller than in the run
without the Hall e↵ect (run 1-OA-5). Therefore, when P = �1,
the Hall e↵ect weakens the e�ciency of the MRI and the strength
of the outflow. This sensitivity to the field polarity was already
pointed out in Sect. 3.2.2 as a natural consequence of the fact
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dotted), 1-OA-5 (dashed), and 1-OAH-5 (solid).

z/H

β

−6 −4 −2 0 2 4 6
10−2

10−1

100

101

102

103

1−O−5

1−OA−5

1−OAH−5

Fig. 11. Horizontally averaged turbulent plasma � versus height z, av-
eraged over 700 ⌦�1, from runs 1-O-5 (dash-dotted), 1-OA-5 (dashed),
and 1-OAH-5 (solid).

that the radial drift of electrons drives the non-linearly satu-
rated state. A similar trend was found by Sano & Stone (2002)
in unstratified shearing boxes, though the Hall e↵ect was much
weaker in their case and the result less extreme.

Zero vertical-net-flux configuration: the zero vertical-net-flux
configuration has been largely explored in the past, with both
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Fig. 12. Horizontally and temporally averaged Maxwell (top) and
Reynolds (bottom) stress versus height z for runs 1-O-3 (dash-dotted),
1-OA-3 (dashed), and 1-OAH-3 (solid).

unstratified (Hawley et al. 1996; Fromang & Papaloizou 2007)
and stratified simulations (Brandenburg et al. 1995; Stone et al.
1996; Fleming & Stone 2003; Simon et al. 2012, 2013b). We
have only explored one such situation including all three non-
ideal e↵ects (run 1-OHA-znf). This simulation is identical to
run 1-OHA-5 except that the initial magnetic-field configura-
tion is given by Bz = Bz0 sin(2⇡x/Lx), where Bz0 is the initial
field strength from run 1-OHA-5. This initial condition rapidly
collapses into a quiet state with virtually no transport and no
outflow (see Table 1).

Mean field strength: the runs 1-xxx-5 have an initially weak
mean vertical magnetic field in the disc midplane. To test how
this initial condition might influence the subsequent evolu-
tion, we have run a set of simulations with �0 = 103 (runs
1-O-3, 1-OA-3, 1-OAH-3). The resulting profiles are presented
in Fig. 12, which may be directly compared to the weak field
case (Fig. 10). An initially stronger mean field significantly in-
creases the transport in the active surface layers of the Ohmic
run, as anticipated using results from ideal-MHD simulations
(cf. Hawley et al. 1995). A strong Maxwell stress also ap-
pears in the disc midplane, which is most likely due to hori-
zontal field lines di↵using down from the active layers (Turner
& Sano 2008). Taken as a whole, these three simulations exhibit
Maxwell stresses in the midplane that are roughly one order of
magnitude larger than those found in run 1-OHA-5; this scal-
ing is qualitatively similar to the hMxyi / ��1/2

0 scaling found in
ideal MHD simulations (Hawley et al. 1995). Note, however, that
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↵ (the vertically integrated stress) does not increase that steeply
(see Table 1); the stress is less vertically distributed for �0 = 103.
Fitting our results with a simple power law, we obtain ↵ / ��0.4

0 .
The outflow is also a↵ected by the mean field strength.

We recover approximately the scalings Ṁoutflow / ��0.54
0 and

T S
yz / ��0.7

0 found by Bai & Stone (2013b) in runs that include
only Ohmic and ambipolar di↵usion. When the Hall e↵ect is in-
cluded, the scaling for T S

yz still holds but the scaling for Ṁoutflow

is shallower with Ṁoutflow / ��0.3
0 .

Distance from the central protostellar object: the ionisation
profile depends strongly upon the radial location in the disc, R0
(Sect. 2.4). At larger distances, the gas density is lower, and not
only do cosmic rays penetrate deeper into the disc interior, but
also the recombination time is longer. Both e↵ects lead to an
increase in the ionisation fraction. For this reason, the saturation
properties of the MRI vary with radius. We have performed three
simulations with �0 = 105, varying R0 from 1 au to 10 au. The
resulting Maxwell stress profiles are presented in Fig. 135.

We find that the Maxwell stress in the disc midplane de-
creases as one moves to larger radii, since Ha increases and
approaches Am. Note that the outflow surface stress and the
mass-loss rate decrease in a similar fashion (see Table 1). By
contrast, the Maxwell stress tends to increase in the surface lay-
ers, contributing roughly to 1/5 of the vertically integrated stress
at 10 au. We find that this component of the stress at 5 and 10 au
is due to turbulence in the surface layer, in a way that is quali-
tatively similar to that found in run 1-OH-5. Overall, this trend
indicates that, as we move outward, we approach the point at
which the stress contribution due to the surface layers dominates
that of the vertically integrated disc. This corresponds to the clas-
sic layered accretion picture, which is a limit that corresponds to
“region III” described by Bai (2013) and studied extensively by
Simon et al. (2013a,b) in situations where ambipolar di↵usion
suppresses the MRI in the disc midplane.

Symmetries: the saturated states of all the OAH runs exhibit
the same � = 1 symmetry (see Eq. (19)). However, this sym-
metry implies that the outflow points inwards on one side of the

5 The Reynolds stress is negligible in these runs.

disc and outwards on the other side. A more physical outflow
solution has � = �1. It has been shown by Bai & Stone (2013b)
that ambipolar-di↵usion–dominated simulations can exhibit so-
lutions having outflows with the proper symmetry at |z| & 3.5H
if particular initial conditions are chosen. These solutions ex-
hibit a strong o↵-midplane current layer, which was found to
be stable by Bai & Stone (2013b). We have tried to find simi-
lar solutions including the Hall e↵ect but have failed: we have
only found � = 1 solutions when Hall di↵usion is included.
However, we are able to find long-lived � = �1 solutions when
only Ohmic and ambipolar di↵usion are included (see run 1-
OA-5-e in Fig. 14). These solutions start to develop a strong o↵-
midplane current layer (around t ⇠ 1000 ⌦�1), which is very
similar to the one presented by Bai & Stone (2013b). However,
we find that this layer is eventually ejected on longer timescales,
and the system ultimately relaxes into a � = 1 symmetry. This
casts doubt upon the stability and even the applicability of these
outflow solutions in actual protoplanetary discs.

3.3.3. Magnetic self-organisation in Hall-dominated
magnetorotational turbulence

KL13 have shown that the saturated state favoured by Hall-
dominated magnetorotational turbulence in unstratified shear-
ing boxes with net vertical magnetic flux is characterised by a
strong axisymmetric (“zonal”) magnetic field and a vanishingly
low level of turbulent transport. Remarkably, none of the simula-
tions presented in this paper exhibit this behaviour. This dispar-
ity is not caused by the di↵erent numerical algorithms employed.
Indeed, we were able to reproduce their results with our fiducial
16 points per H (see Sect. A.2.3). Instead, the di↵erence is due
to the strong azimuthal field that is naturally produced in our
stratified simulations. In unstratified simulations, the net mag-
netic flux is conserved and, if there is initially no net azimuthal
flux, none will be generated (hByi = 0). In contrast, the out-
flow boundary conditions imposed at the top and bottom of the
stratified shearing box allows a net azimuthal field to develop:
azimuthal flux of opposite polarity is ejected during the gener-
ation of the outflow. As a result, stratified simulations with the
Hall e↵ect can produce a (very large) mean azimuthal field rela-
tive to the mean vertical field, typically with hByi ⇠ 200hBzi. As
pointed out by KL13, this magnetic configuration (hByi � hBzi)
does not saturate via the production of zonal magnetic fields.

4. Influence of dust grains

Dust grains comprise ⇠1% by mass of protostellar cores and,
by extension, protoplanetary discs (Hayashi 1981). In the latter,
micron-sized grains can dramatically increase the rate of mag-
netic di↵usion, mainly because of their propensity to soak up
free charges at high densities. This tends to decouple the gas
from the magnetic field (Semenov et al. 2004; Wardle 2007;
Bai 2011). Since these models usually involve complex chem-
ical networks and various grain distributions, it is di�cult to ob-
tain a good physical intuition for the e↵ect grains can have on
the physics of accretion disc turbulence. To clarify the situation,
we discuss the qualitative e↵ects of dust grains on the chem-
istry and dynamics of a protoplanetary disc. Our discussion fo-
cuses on the disc midplane, where the ionisation rate is very low
(typically ⇠O(10�14)).
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For positive      , the Maxwell stress in the midplane is increased by more 
than one order of magnitude.
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Flow snapshots
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Transport not due to «turbulence»
Locality of the turbulent transport? 

[Balbus & Papaloizou 1999]
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Zonal structures
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Stratified simulations do not exhibit zonal flow structures (see Kunz’s talk)

Expulsion of one       polarityBy

hByi ⇠ 200hBzi



Zonal structures (2)
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Non stratified illustration

hByi = 0 hByi = 50 hBzi

Strong toroidal fields prevents the formation 
of zonal flows in the disc midplane (see also 

Kunz & Lesur 2013)



Midplane dynamical balance
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Outflows
Outflows are found in every stratified simulations with a mean field 
[Suzuki & Inutsuka 2009, Moll 2012, Ogilvie 2012, Lesur+2013, Fromang+2013, Bai & Stone 2013, 
Simon+2013,...]
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Outflows

Symmetry problem is not specific to the Hall-dominated regime
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Outflows: a problem of symmetry
The shearing box model has (too) many symmetries

Symmetry                   is likely to create spurious solutions 
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«odd symmetry»

Favoured in shearing boxes
No angular momentum extracted 

from the disc

«even symmetry»

Favoured in global setups
Unstable in shearing boxes

Angular momentum is extracted

R ! �R



Conclusions
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