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4.3.1. Overview

We show in Fig. 12 the average flow morphology in run R10-
M3, initially threaded by a negative Bz < 0. The density in the
disk has homogeneously decreased by 10%, maintaining its ra-
dial and vertical stratification profiles. Magnetic field lines are
straight in the disk, as one can expect in a di↵usion-dominated
regime. In the inner regions of the corona, the field lines remain
vertical or bend inward. Because the magnetic field is the weak-
est in these regions, it exerts no constraints on the fluid. The
velocity field in the innermost region appears to be a↵ected by
our outflow polar boundary conditions.

The initial magnetic field has been substantially reduced for
radii as far as 3r0, where positive magnetic flux has entered the
domain from the inner radial boundary. Although this phe-
nomenon is artificially caused by our boundary conditions,
it calls for a dedicated study of the Hall-driven transport of
magnetic flux in protoplanetary disks (Bai & Stone 2016).
The outer corona displays a laminar structure. Field lines bend
outward, with an inclination larger than 60� at the disk surface,
favorable to magneto-centrifugal acceleration. The poloidal ve-
locity and magnetic field lines are aligned in this region, con-
sistently with a quasi-steady and ideal MHD wind. The average
wind mass loss rate is ṁW ⇡ 2.7 ⇥ 10�5 in code units. This cor-
responds to approximately 1.7⇥ 10�7 M�. yr�1 at 100au, compa-
rable to our fiducial case despite the temperature di↵erence.

Fig. 12. Averaged flow poloidal map for run R10-M3 (from 10au to
100au, with Bz < 0) from 400T0 to 700T0; magnetic field lines are
regularly sampled along the midplane, and the velocity field is indicated
with green arrows over the background density field.

We select a streamline in the poloidal plane, passing through
(r = 7r0, z = 5h). The flow and the characteristic MHD veloci-

ties are projected on this streamline in Fig. 13. The increase in
sound speed, from z = 3.7h to 4.7h, marks the disk-corona tem-
perature transition. As for the fiducial, cold corona case (cf. Fig.
8), the slow-magnetosonic and Alfvén critical points are crossed
at z ⇡ 4h. The fast-magnetosonic critical point is now clearly
within the computational domain. It is crossed by the outflow
way before reaching the outer radial boundary, so the base of the
wind should be causally disconnected from the boundary.
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Fig. 13. Same as Fig. 8 for a streamline passing through (r = 7r0, z =
5h) in run R10-M3, averaged from 400T0 to 700T0. Note that the fast-
magnetosonic point is clearly crossed within the computational domain.

The magnetic field again contributes to 0.4 j0 in the specific
angular momentum along this streamline. According to steady-
state MHD jet theory, a small magnetic lever arm � ⇡ 1.4 corre-
sponds to an ejection e�ciency ⇠ ⌘ @ log ṁW/@ log r ⇠ 1 (Fer-
reira & Pelletier 1993; Ferreira 1997). This is consistent with the
large ratio of mass outflow over mass accretion rates observed in
our simulation. In this case, the amount of matter loaded into the
wind would be too high to obtain a steady and trans-Alfvénic
outflow without coronal heating (cf. Eq. (40) of Ferreira 1997).

4.3.2. Energy budget

We examine the energetics of the outflow by means of the
Bernoulli invariant. Following Suzuki & Inutsuka (2009), we de-
compose the ideal MHD Poynting flux as:

⇧ ⌘ E ⇥ B = (�v ⇥ B) ⇥ B
= (B? · B?)v � (v? · B?)B ⌘ B2

?v + w. (18)

The first term can be thought of as the advection of magnetic
energy by the flow; the second term gives the wave-like transport
of energy. Given a streamline, we can decompose the integral

Z rP
⇢
· dl =

�

� � 1
P
⇢
�
Z

T rs · dl ⌘ H � Q, (19)

respectively an enthalpy contribution minus a heating term. The
first corresponds to the adiabatic work exerted by the fluid,
whereas the second measures its variation of specific entropy s.
By dotting Eq (4) with v, we can construct a quantity constant
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Angular momentum transport processes 
I- turbulent (viscous) transport

Transport angular momentum in the bulk of the disc 
Suggested by Shakura & Sunyaev (1973) 
Turbulence leads to enhanced transport («mixing length theory») 
One defines a turbulent viscosity

2

⌫t = ↵csH

Angular momentum 2H

«turbulent transport» «sound speed» «1/2 disc thickness»

↵ ⇠ 10�3 to explain observed accretion rates



Angular momentum transport processes 
II- disc wind

Angular momentum extracted from the disc by a magnetic wind 
[Blandford & Payne 1982] 
Magnetic field exerts a torque on the disc surface which generates accretion 
(not described by α-disc!)
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Angular momentum



Ionisation sources in protoplanetary discs
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~1AU ~30AU

Thermal 
ionisation

X-rays 
Far-UV

Cosmic rays
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Non-ideal MHD

Ohmic diffusion  
(collisions between 
electrons and neutrals)

5

Ambipolar Diffusion  
(collisions between ions 
and neutrals) 

Hall effect  
(drift between electrons 
and ions) 



Polarity matters!
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@tB = r⇥
h
v ⇥B � ⌘OJ � ⌘HJ ⇥ b̂+ ⌘AJ ⇥ b̂⇥ b̂

i
J =

c

4⇡
r⇥B

Induction equation

;

/ B/ B / B / B2 / B3

Ideal Ohmic Hall Ambipolar

Under field reversal, each term changes sign except the Hall term.

The dynamics is sensitive to the field polarity 
whenever Hall is important



Zero net flux MRI
Let’s assume no external field is threading the disc (MRI-dynamo) 

        What is needed for the MRI-dynamo to be alive?

7

and

[Fleming & Stone 2000, 
Ilner & Nelson 2008, 

Oishi & MacLow 2011]  

Rm & 103—104 Am & 1—10

[Hawley & Stone 1998 
Bai & Stone 2011] 

Look for a non-MHD process Add an external field 
(reduce the critical Rm and Am)[see R. Nelson’s talk]

zero net flux MRI is inexistent below ~3H 



Adding an external poloidal field

8

[Lesur+2013] 

MRI spontaneously produces magnetized winds 
in the presence of an external poloidal field  

(true both in ideal and non-ideal MHD)



Non-ideal shearing boxes 
With an external field

No angular momentum actually extracted from the disc 

No accretion!

9

A&A 566, A56 (2014)
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Fig. 14. Space–time evolution of the horizontally averaged azimuthal magnetic field, hByi, as a function of time in run 1-OA-5-e. The run starts
with odd symmetry for the azimuthal field. At t ' 1000 ⌦�1 a current layer forms and is ejected at t = 1410 ⌦�1, leaving an azimuthal field with
even symmetry.

4.1. Diffusivity tensor

Dust grains preferentially capture free electrons, since electrons
have less inertia than the ions. This process occurs quickly, so
that grains are usually the dominant negative charge carriers
when they are well mixed with the gas. Since grains carry nega-
tive charges, they also tend to increase the e↵ective recombina-
tion rate with ions, acting as a catalyst for recombination. This
decreases the total ionisation fraction by one or two orders of
magnitude, depending upon the grain size. A typical situation
is presented in Bai (2011, fig. 1), where we clearly see that the
presence of 0.1µm-sized grains decreases the ionisation fraction
and makes singly charged grains the dominant charge carriers.

In addition to the modification of the ionisation equilibrium,
dust grains also have an impact on the gas dynamics. From a
plasma point of view, the presence of charged grains indicates
that some charge carriers are much heavier than electrons and
ions. This suggests that the average mobility of charge carriers
and their coupling time with neutral H2 are drastically reduced.
The di↵usivities associated to the three non-ideal MHD e↵ects
(⌘O, ⌘H, ⌘A) are therefore significantly altered.

To compute the di↵usivities in such a plasma, one should fol-
low the derivation of the complete di↵usivity tensor of Wardle
(2007), which takes into account all charged species. This cal-
culation is beyond the scope of this paper, but we can rely on
the work of Salmeron & Wardle (2008) to investigate the impact
of dust grains on protoplanetary disc midplanes. Consider their
Fig. 1, which presents di↵usivity profiles for various grain con-
tents. Without grains, we observe that the dominant non-ideal
e↵ect in the midplane is Hall at 5 and 10 au, which matches our
own di↵usivity profiles (see Sect. 2.4). When 1 µm grains are
introduced, the respective ratios of Ohmic, Hall, and ambipolar
di↵usion are largely una↵ected in the midplane, although each
of these di↵usivities are increased by roughly three orders of
magnitude. The most dramatic modification comes from 0.1 µm
grains: at 10 au, those authors found that ambipolar di↵usion
dominates in the disc midplane, followed by the Hall e↵ect at
about a factor of 10 smaller. At 5 au, all three di↵usivities are
comparable in the midplane, although their absolute values are
increased by five to six orders of magnitude.

4.2. Vertical distribution

Despite the presence of a strong magnetic torque and the con-
sequent large rates of angular-momentum transport observed in
our Hall-dominated simulations, the flow appears to be predom-
inantly laminar. One might then expect any population of large
dust grains to slowly settle into the disc midplane and thereby af-
fect the di↵usivity tensor. However, the driven outflows may lift
up these grains and, in doing so, mimic the role traditionally as-
cribed to turbulent stirring. It is therefore natural to ask whether

or not grains are expected to sediment under the conditions
found in our simulations.

To this end, let us consider the vertical equilibrium for dust
grains obtained by balancing vertical gravity with gas drag:

0 = �mggz + h�vig ⇢vz,
where gz is the vertical component of gravity, vz is the vertical
gas velocity, and h�vig is the rate of momentum exchange of
grains with neutral gas molecules. We approximate h�vig ⇠ a2cs
and mg ⇠ a3⇢S, where ⇢S is the grain material density and a is
the grain radius. Using gz = ⌦

2z, we find

zmax ⇠ ⇢
⇢S

csvz
a⌦2

to be the equilibrium height reached by the grains when they are
dragged by the outflow. The continuity equation implies that ⇢vz
is conserved along z, defining the mass-outflow rate. Assuming
⇢S = 1 g cm�3 and using Eq. (9) to quantify the mass-loss rate,
we obtain

zmax

H
⇠ 107

 
⌃

103 g cm�2

!  
a

1 µm

!�1

Ṁoutflow· (22)

This estimate suggests that dust grains with sizes up to 1 mm
(30 µm) can be lifted up at 1 au (10 au) for typical outflow mass-
loss rates found in our simulations (i.e. Ṁoutflow & 10�4).

4.3. Impact on this work

Overall, it appears that 1 µm grains should not have too much
of an impact on our results at 5 and 10 au: the Hall e↵ect still
dominates in the midplane, and the increase in the di↵usivities
by three orders of magnitude leads to Elsasser numbers close to
the midplane values we adopted at R0 = 1 au. Hence, the role
played by the Hall e↵ect is likely to be qualitatively comparable
to what we presented in Sect. 3.3 though quantitatively di↵erent.
To test this conjecture, we performed two simulations at 10 au
in which the di↵usivities are artificially increased by a factor
of 1000 throughout the vertical extent of the disc (runs 10-OA-
gr and 10-OHA-gr). Even in this worst-case scenario, the Hall
e↵ect still significantly enhances the magnetic stress in the disc
(see ↵ values in Table 1).

For 0.1 µm grains, the impact is less obvious. The Hall e↵ect
can still be a major player at 5 au, but the dramatic increase of the
di↵usivities brings us into new territory, for which we have no
numerical simulations to guide our intuition. This regime is quite
di�cult to study numerically, since the di↵usivities are much
larger than the cap values we used in this work (see Sect. 2.4).
Increasing the cap values to the predicted di↵usivities would
lead to extremely small time steps, making explicit numerical
simulations, such as ours, impractical at this time.
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By(t) = B'(t)

[Lesur+2014]

Shearing box is not adapted to wind-emitting discs



Global simulations 
Numerical setup

10

Disc including Ohmic diffusion, 
Hall effect & Ambipolar diffusion

Coronal heating (due to X-rays & F/E-UV) 
constant Tcorona>Tdisc Poloidal field threading 

the disc

Ionisation fraction 
computed on the fly 

from the density 
structure

2.5D (axisymmetric) grid 
(except for a few full 3D 

simulations) 
Pluto code, static mesh 

refinement



Global simulations 
Classical bipolar outflows

11

@10->100 AU

A&A proofs: manuscript no. global_full

and becomes positive at the base of the wind z & 2h. The accre-
tion stream is very narrow, and accurately fits the profile of radial
electric current. We show instead the relative ion-electron radial
velocity, vi � ve ⌘ J/ne, which drives the Hall drift. Because this
disk sees a net vertical magnetic field Bz < 0, the Lorentz force
F' ' �JrBz < 0 is extremal at the current sheet, thereby slowing
matter and causing it to fall inward.
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Fig. 5. Vertical profiles in run R10-M3-C2 (fiducial), averaged in time
from 200T0 to 600T0, and in spherical radius from 5r0 to 8r0. First
panel: fluid velocity, normalized by the local Keplerian value vK; the
disk mean value has been subtracted from the azimuthal component.
Second panel: magnetic field, normalized by the vertically averaged
value of the vertical field Bz. Third panel: horizontal (solid blue) and
vertical (dashed red) magnetic stressesMr' andMz', normalized by the
vertically averaged pressure (cf. Eq. (8)). Fourth panel: radial mass flux
(solid blue), and ion minus electron radial velocity, normalized by the
local Keplerian velocity and the vertically averaged density. Fifth panel:
ambipolar di↵usivity ⌘A (solid blue), Ohmic di↵usivity ⌘O (dashed blue,
increased by a factor 104 for visibility), and Hall length `H (green dots).

The profile of radial electric current hJri' = �@z
D
B'
E

can be
linked to the ambipolar di↵usivity ⌘A, drawn in the bottom panel
of Fig. 5. The magnetic energy dissipation rate due to ambipolar
di↵usion is

R
⌘AJ2?, where J? is the electric current perpendic-

ular to the local magnetic field. To minimize energy dissipation,
this current must flow along the circuit with the smallest resis-
tivity. Low density and strong field regions are poorly conduct-
ing due to ambipolar di↵usion (cf. Eq. (2)). This enforces the
current layer to be localized near the midplane and near the cur-
rent sheet, where ⌘A takes its smallest value. Ohmic resistivity is
unimportant in this region, making ambipolar di↵usion the dom-
inant dissipation process. The presence of dust grains should
not alter this ordering in the outer regions of protoplanetary
disks (see Fig. 1 of Simon et al. 2015) . With the present values
of `H and B0, the region below z . 2h is stable with respect to

the Hall-Shear instability (HSI, Balbus & Terquem 2001; Kunz
2008).

4.1.3. Mass and momentum fluxes

We draw in Fig. 6 the radial profiles of stress in our fiducial run
R10-M3-C2. The horizontal Maxwell stressMr' is positive at all
radii, transporting angular momentum radially outward, with ↵Mr'
increasing from 10�2 to 10�1 from 10 au to 100 au. The vertical
component Mz' is positive beyond 2.5r0, transporting angular
momentum from the disk to the corona. The fact thatM'z < 0 in
the inner region is possibly related to our polar outflow boundary
conditions. The Reynolds stress ↵Rr' is negative for r & 4.6r0.
This is because above z > 1h, the velocity fluctuations ṽ ⌘ v �
hvi⇢ display ṽr > 0 and ṽ' < 0. Because |Mr'| > 10 |Rr'|, we
will focus on the Maxwell stress for transport-related processes.
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Fig. 6. Radial profiles of normalized stress in R10-M3-C2 (fiducial),
averaged in time between 200T0 and 600T0. Note that the radial com-
ponents of Maxwell (red dots) and Reynolds (dashed blue) are averaged
over the disk height, whereas the vertical Maxwell stress (solid green)
is measured at the disk surface z = ±H.

The absence of correlation hRi 6/ hMi, so as the fact that
hRi',z < 0, are discrepant with a state of MRI turbulence (Pessah
et al. 2006). It was mentioned in Sect. 4.1.1 that the flow cannot
be considered as turbulent, and that there is no clear spatial scale
separation between the magnetic structures and the entire disk.
For these reasons, the ↵ viscosity prescription should not be ap-
plied in this context (Balbus & Papaloizou 1999). However, con-
servation of angular momentum still applies and we can use Eq.
(9) to compute the accretion rate separately caused by radial and
vertical angular momentum fluxes; this decomposition is repre-
sented in Fig. 7. We find that the vertical transport of angular
momentum ⌧z is the main driver of accretion. Conversely, the ra-
dial contribution ⌧r oscillates about zero and causes no accretion
on average. We recall that it does not contradict the presence of
a significant radial stress (cf. Fig. 6) since accretion is controlled
by the stress divergence. Finally, we find the average mass flux
in this box is ⌃ hvri⇢ ⇡ �4⇥ 10�6 in code units, corresponding to
an average accretion rate ṁr ⌘ |2⇡r⌃ hvri⇢ | ⇡ 1.1⇥10�7 M�. yr�1

at 50 au around a solar-mass star.

We find that ⌧r ⇡ 0 in all our simulations, meaning that
the radial flux of angular momentum is divergence-free. This is
a fortuitous consequence of our initial ⌃(r), �(r), etc.. We will
therefore focus on the vertical transport of angular momentum.
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and becomes positive at the base of the wind z & 2h. The accre-
tion stream is very narrow, and accurately fits the profile of radial
electric current. We show instead the relative ion-electron radial
velocity, vi � ve ⌘ J/ne, which drives the Hall drift. Because this
disk sees a net vertical magnetic field Bz < 0, the Lorentz force
F' ' �JrBz < 0 is extremal at the current sheet, thereby slowing
matter and causing it to fall inward.
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Fig. 5. Vertical profiles in run R10-M3-C2 (fiducial), averaged in time
from 200T0 to 600T0, and in spherical radius from 5r0 to 8r0. First
panel: fluid velocity, normalized by the local Keplerian value vK; the
disk mean value has been subtracted from the azimuthal component.
Second panel: magnetic field, normalized by the vertically averaged
value of the vertical field Bz. Third panel: horizontal (solid blue) and
vertical (dashed red) magnetic stressesMr' andMz', normalized by the
vertically averaged pressure (cf. Eq. (8)). Fourth panel: radial mass flux
(solid blue), and ion minus electron radial velocity, normalized by the
local Keplerian velocity and the vertically averaged density. Fifth panel:
ambipolar di↵usivity ⌘A (solid blue), Ohmic di↵usivity ⌘O (dashed blue,
increased by a factor 104 for visibility), and Hall length `H (green dots).

The profile of radial electric current hJri' = �@z
D
B'
E

can be
linked to the ambipolar di↵usivity ⌘A, drawn in the bottom panel
of Fig. 5. The magnetic energy dissipation rate due to ambipolar
di↵usion is

R
⌘AJ2?, where J? is the electric current perpendic-

ular to the local magnetic field. To minimize energy dissipation,
this current must flow along the circuit with the smallest resis-
tivity. Low density and strong field regions are poorly conduct-
ing due to ambipolar di↵usion (cf. Eq. (2)). This enforces the
current layer to be localized near the midplane and near the cur-
rent sheet, where ⌘A takes its smallest value. Ohmic resistivity is
unimportant in this region, making ambipolar di↵usion the dom-
inant dissipation process. The presence of dust grains should
not alter this ordering in the outer regions of protoplanetary
disks (see Fig. 1 of Simon et al. 2015) . With the present values
of `H and B0, the region below z . 2h is stable with respect to

the Hall-Shear instability (HSI, Balbus & Terquem 2001; Kunz
2008).

4.1.3. Mass and momentum fluxes

We draw in Fig. 6 the radial profiles of stress in our fiducial run
R10-M3-C2. The horizontal Maxwell stressMr' is positive at all
radii, transporting angular momentum radially outward, with ↵Mr'
increasing from 10�2 to 10�1 from 10 au to 100 au. The vertical
component Mz' is positive beyond 2.5r0, transporting angular
momentum from the disk to the corona. The fact thatM'z < 0 in
the inner region is possibly related to our polar outflow boundary
conditions. The Reynolds stress ↵Rr' is negative for r & 4.6r0.
This is because above z > 1h, the velocity fluctuations ṽ ⌘ v �
hvi⇢ display ṽr > 0 and ṽ' < 0. Because |Mr'| > 10 |Rr'|, we
will focus on the Maxwell stress for transport-related processes.
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Fig. 6. Radial profiles of normalized stress in R10-M3-C2 (fiducial),
averaged in time between 200T0 and 600T0. Note that the radial com-
ponents of Maxwell (red dots) and Reynolds (dashed blue) are averaged
over the disk height, whereas the vertical Maxwell stress (solid green)
is measured at the disk surface z = ±H.

The absence of correlation hRi 6/ hMi, so as the fact that
hRi',z < 0, are discrepant with a state of MRI turbulence (Pessah
et al. 2006). It was mentioned in Sect. 4.1.1 that the flow cannot
be considered as turbulent, and that there is no clear spatial scale
separation between the magnetic structures and the entire disk.
For these reasons, the ↵ viscosity prescription should not be ap-
plied in this context (Balbus & Papaloizou 1999). However, con-
servation of angular momentum still applies and we can use Eq.
(9) to compute the accretion rate separately caused by radial and
vertical angular momentum fluxes; this decomposition is repre-
sented in Fig. 7. We find that the vertical transport of angular
momentum ⌧z is the main driver of accretion. Conversely, the ra-
dial contribution ⌧r oscillates about zero and causes no accretion
on average. We recall that it does not contradict the presence of
a significant radial stress (cf. Fig. 6) since accretion is controlled
by the stress divergence. Finally, we find the average mass flux
in this box is ⌃ hvri⇢ ⇡ �4⇥ 10�6 in code units, corresponding to
an average accretion rate ṁr ⌘ |2⇡r⌃ hvri⇢ | ⇡ 1.1⇥10�7 M�. yr�1

at 50 au around a solar-mass star.

We find that ⌧r ⇡ 0 in all our simulations, meaning that
the radial flux of angular momentum is divergence-free. This is
a fortuitous consequence of our initial ⌃(r), �(r), etc.. We will
therefore focus on the vertical transport of angular momentum.
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and becomes positive at the base of the wind z & 2h. The accre-
tion stream is very narrow, and accurately fits the profile of radial
electric current. We show instead the relative ion-electron radial
velocity, vi � ve ⌘ J/ne, which drives the Hall drift. Because this
disk sees a net vertical magnetic field Bz < 0, the Lorentz force
F' ' �JrBz < 0 is extremal at the current sheet, thereby slowing
matter and causing it to fall inward.
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Fig. 5. Vertical profiles in run R10-M3-C2 (fiducial), averaged in time
from 200T0 to 600T0, and in spherical radius from 5r0 to 8r0. First
panel: fluid velocity, normalized by the local Keplerian value vK; the
disk mean value has been subtracted from the azimuthal component.
Second panel: magnetic field, normalized by the vertically averaged
value of the vertical field Bz. Third panel: horizontal (solid blue) and
vertical (dashed red) magnetic stressesMr' andMz', normalized by the
vertically averaged pressure (cf. Eq. (8)). Fourth panel: radial mass flux
(solid blue), and ion minus electron radial velocity, normalized by the
local Keplerian velocity and the vertically averaged density. Fifth panel:
ambipolar di↵usivity ⌘A (solid blue), Ohmic di↵usivity ⌘O (dashed blue,
increased by a factor 104 for visibility), and Hall length `H (green dots).

The profile of radial electric current hJri' = �@z
D
B'
E

can be
linked to the ambipolar di↵usivity ⌘A, drawn in the bottom panel
of Fig. 5. The magnetic energy dissipation rate due to ambipolar
di↵usion is

R
⌘AJ2?, where J? is the electric current perpendic-

ular to the local magnetic field. To minimize energy dissipation,
this current must flow along the circuit with the smallest resis-
tivity. Low density and strong field regions are poorly conduct-
ing due to ambipolar di↵usion (cf. Eq. (2)). This enforces the
current layer to be localized near the midplane and near the cur-
rent sheet, where ⌘A takes its smallest value. Ohmic resistivity is
unimportant in this region, making ambipolar di↵usion the dom-
inant dissipation process. The presence of dust grains should
not alter this ordering in the outer regions of protoplanetary
disks (see Fig. 1 of Simon et al. 2015) . With the present values
of `H and B0, the region below z . 2h is stable with respect to

the Hall-Shear instability (HSI, Balbus & Terquem 2001; Kunz
2008).

4.1.3. Mass and momentum fluxes

We draw in Fig. 6 the radial profiles of stress in our fiducial run
R10-M3-C2. The horizontal Maxwell stressMr' is positive at all
radii, transporting angular momentum radially outward, with ↵Mr'
increasing from 10�2 to 10�1 from 10 au to 100 au. The vertical
component Mz' is positive beyond 2.5r0, transporting angular
momentum from the disk to the corona. The fact thatM'z < 0 in
the inner region is possibly related to our polar outflow boundary
conditions. The Reynolds stress ↵Rr' is negative for r & 4.6r0.
This is because above z > 1h, the velocity fluctuations ṽ ⌘ v �
hvi⇢ display ṽr > 0 and ṽ' < 0. Because |Mr'| > 10 |Rr'|, we
will focus on the Maxwell stress for transport-related processes.
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over the disk height, whereas the vertical Maxwell stress (solid green)
is measured at the disk surface z = ±H.

The absence of correlation hRi 6/ hMi, so as the fact that
hRi',z < 0, are discrepant with a state of MRI turbulence (Pessah
et al. 2006). It was mentioned in Sect. 4.1.1 that the flow cannot
be considered as turbulent, and that there is no clear spatial scale
separation between the magnetic structures and the entire disk.
For these reasons, the ↵ viscosity prescription should not be ap-
plied in this context (Balbus & Papaloizou 1999). However, con-
servation of angular momentum still applies and we can use Eq.
(9) to compute the accretion rate separately caused by radial and
vertical angular momentum fluxes; this decomposition is repre-
sented in Fig. 7. We find that the vertical transport of angular
momentum ⌧z is the main driver of accretion. Conversely, the ra-
dial contribution ⌧r oscillates about zero and causes no accretion
on average. We recall that it does not contradict the presence of
a significant radial stress (cf. Fig. 6) since accretion is controlled
by the stress divergence. Finally, we find the average mass flux
in this box is ⌃ hvri⇢ ⇡ �4⇥ 10�6 in code units, corresponding to
an average accretion rate ṁr ⌘ |2⇡r⌃ hvri⇢ | ⇡ 1.1⇥10�7 M�. yr�1

at 50 au around a solar-mass star.

We find that ⌧r ⇡ 0 in all our simulations, meaning that
the radial flux of angular momentum is divergence-free. This is
a fortuitous consequence of our initial ⌃(r), �(r), etc.. We will
therefore focus on the vertical transport of angular momentum.
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our initial conditions. This is illustrated in Fig. 32 showing the
evolution of B' as a function of time. From 10T0 to 40T0, the
MRI amplifies B' at z ⇡ 3h, causing �' to alternate from posi-
tive to negative as the instability saturates and eventually settles
with �' > 0. In this example, �' > 0 is clearly set by the ini-
tial phase and saturation mechanism of the most unstable MRI
mode, which itself depends on how the MRI was initially seeded.
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Fig. 32. Evolution of the toroidal magnetic field B' along a vertical
cut at r = 5r0 and over the first 150T0 (color scale) of run R10-M3-
C2 (accreting); values have been normalized by the initial, unsigned
vertical field at this radius.

Several hundred inner orbits later, one polarity of the toroidal
magnetic field can be vertically removed out of the disk, leading
to a one-sided outflow. Among these runs with ◆' = ±1, most
have Bz > 0 and � < 5 ⇥ 104, the exception being run R1-M3.
These configurations are stable attractors, in the sense that these
disks never return to an odd symmetry of B' about the midplane.

5.2. Magneto-thermal winds

We have shown that all runs display a vertical outflow, al-
though it is disorganized for non-accreting disks (cf. Sect. 4.4).
We observed no di↵erence between two and three-dimensional
winds. Our winds exhibit several properties of steady-state,
magnetically-driven jets. However, they become super-Alfvénic
before reaching the ideal MHD regime, contrarily to all pub-
lished models of magnetically-driven jets from accretion disks.
This could explain why, although they also heated the base of
the wind, Casse & Ferreira (2000) never achieved an ejection
e�ciency as high as the one we obtain. It should be possible
to design models going continuously from thermally-driven to
magnetically-driven winds. Our simulations provide such a link.

One important control parameter for magnetically-driven
winds is the disk magnetization (1/�). At a comparably low disk
magnetization, Murphy et al. (2010) also obtained super-fast-
magnetosonic winds, but with a larger magnetic lever arm (see
their Figs. 8 & 14, and also Stepanovs & Fendt 2016). However,
they used constant ↵ viscosity and resistivity coe�cients, with
prescribed vertical profiles, to mimic turbulent transport in the
disk. This points out to the fact that di↵erent transport regimes
within disk may lead to di↵erent wind properties.

We plot the wind mass loss rate ṁW of our two-dimensional
runs in Fig. 33, as a function of the midplane magnetization
�. Runs R1-M3 (blue circle) and R10-P3 (red square), both of
which have ◆' = ±1 (cf. Fig. 31), also have larger mass loss rates
than the other simulations of the same radial range. Given this
degree of freedom, we find no clear dependence of ṁW with the
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Fig. 33. Wind mass loss rate relative to the disk mass ṁW/md, as a
function of the initial midplane magnetization �; the symbols and color
coding are the same as in Fig. 31; the two dashed lines indicate the
ṁW ⇠ ��1/2 scaling for R1 and R10 runs separately.

polarity of the initial magnetic field alone. There is no apparent
correlation of ṁW with the temperature contrast k either.

The wind mass loss rate typically scales as ṁW ⇠ ��1/2 in
runs R1 and R10 taken separately. This is consistent with the
shearing-box measurements of Bai & Stone (2013), regardless of
the fast-magnetosonic point being crossed in the computational
domain (see Sect. 4.1.4 of this paper, and Sect. 3.4 of Lesur et al.
2013). In physical units, the wind mass loss rate is

ṀW ⇡ 2 ⇥ 10�2
✓ r0

1au

◆�1/2
 

ṁW

md

!
(27)

The fact that ṁW/md increases by a factor 4 ⇡ p10, from R1
runs to R10 runs, means that ṀW is roughly independent of the
inner radius. We can sum the contributions over [1, 100]au to get

ṀW ⇡ 3 ⇥ 10�5��1/2 M�. yr�1. (28)

6. Summary

We have performed global simulations of protoplanetary disks
in the non-ideal MHD framework. Our model include both ra-
dial and vertical density stratification, spanning one decade in
radius to separately cover the ranges from 1au to 10au and from
10au to 100au, with twenty disk scale heights vertically. The ion-
ization fraction is computed dynamically, and all three non-ideal
MHD e↵ects are accounted for. The disk is embedded in a warm
corona, with several temperature contrasts.

In the disk, the flow is essentially laminar and evolves over
hundreds of local orbital periods. Angular momentum is trans-
ported by a large-scale magnetic stress, unsuited for an ↵ vis-
cosity prescription. The radial transport of angular momentum
causes no net mass accretion in our disk model. The vertical
flux of angular momentum can take both orientations through
the disk. If angular momentum is transported from the disk mid-
plane to the surface, then a magnetized wind is launched and the
disk accretes at rates of the order of 10�7 M�/yr. Conversely, an-
gular momentum can be transported from the disk surface to the
midplane, resulting in a large-scale meridional circulation. This
circulation is characterized by the gas flowing radially inward at
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4.1.4. Cold, magnetized wind

We have shown that a wind is launched by the outer half of the
disk, where the Maxwell stress transports angular momentum
from the disk to the corona. We qualify these winds as ‘cold’
since the ratio of sound speeds between the disk and the corona
is set to k = 2 (which corresponds to a factor 4 in temperature).

To characterize these winds, we first look at the dynamics of
a fluid element. We average every quantity in azimuth and time,
and compute the characteristic velocities along a streamline in
the poloidal plane. We recall the definition of the slow (minus
sign) and fast (plus sign) magnetosonic waves velocity:

v2
± ⌘

1
2

✓
v2

A + c2
s ±
q

(v2
A + c2

s)2 � 4c2
sv2

Ap

◆
, (15)

where the index p stands for the poloidal component of a vector.
These velocities are relevant only in the ideal MHD regime.

As apparent in Fig. 8, the fluid poloidal velocity monoton-
ically increases, and crosses all characteristic MHD velocities.
Surprisingly, the fast-magnetosonic point is located right before
the domain boundary. The same is true in several, but not all
runs (see for example Fig. 13). This fact was already observed
in stratified, shearing-box simulations (Fromang et al. 2013). It
indicates that our boundary conditions are still, somehow, con-
straining the flow structure down to the disk in this run.

The mass transported by the wind is computed via Eq. (10).
We estimate its average value ṁW ⇡ 2.6 ⇥ 10�4 in code units,
corresponding to approximately 2.3⇥ 10�7 M�. yr�1 for this run.

We compute separately the acceleration ap ⌘ vp@pvp, and the
acceleration caused by the forces F along the streamline. These
include the thermal pressure gradient, the Lorentz force, and the
inertial force due to gravitational and centrifugal accelerations:

Finertia ⌘ �⇢
⇣
r� + v · rv � vp@pvp

⌘
. (16)

We present the resulting accelerations F/⇢ in Fig. 9, normalized
by the Keplerian value aK ⌘ v2

K/r at the streamline base. The
sum of the forces decently reproduces the true acceleration, in
spite of the variability of the flow. The thermal pressure gradient
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Fig. 8. Velocities projected on a streamline passing through (r = 6r0, z =
5h) in run R10-M3-C2 (fiducial), averaged from 400T0 to 500T0, and
normalized by the Keplerian velocity at the launching radius vK0; flow
velocity v (solid black), sound speed cs (dashed orange), Alfvén velocity
vA (dashed green), slow magnetosonic speed v� (dashed blue) and fast
magnetosonic speed v+ (red dots).

helps accelerating the flow, but it is significantly weak than the
Lorentz force. The latter barely compensates the inertial term,
resulting in an overall small wind acceleration ap/aK0 . 2%.
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Fig. 9. Acceleration along a streamline passing through (r = 6r0, z =
5h) in run R10-M3-C2 (fiducial), averaged from 400T0 to 500T0, nor-
malized by the Keplerian acceleration aK0 at the streamline base. The
sum of the di↵erent forces (dashed cyan) is shown to validate this de-
composition.

We split the specific angular momentum of a fluid element
into its matter and magnetic contributions:

j ⌘ rv'|{z}
matter

� rB'/|{z}
magnetic

, (17)

where  ⌘ ⇢vp/Bp is the ratio of mass over magnetic flux along
the streamline. Both j and  should be invariant along stream-
lines for stationary, axisymmetric, ideal MHD flows (Chan-
drasekhar 1956; Pelletier & Pudritz 1992). We show in Fig. 10
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our initial conditions. This is illustrated in Fig. 32 showing the
evolution of B' as a function of time. From 10T0 to 40T0, the
MRI amplifies B' at z ⇡ 3h, causing �' to alternate from posi-
tive to negative as the instability saturates and eventually settles
with �' > 0. In this example, �' > 0 is clearly set by the ini-
tial phase and saturation mechanism of the most unstable MRI
mode, which itself depends on how the MRI was initially seeded.
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Fig. 32. Evolution of the toroidal magnetic field B' along a vertical
cut at r = 5r0 and over the first 150T0 (color scale) of run R10-M3-
C2 (accreting); values have been normalized by the initial, unsigned
vertical field at this radius.

Several hundred inner orbits later, one polarity of the toroidal
magnetic field can be vertically removed out of the disk, leading
to a one-sided outflow. Among these runs with ◆' = ±1, most
have Bz > 0 and � < 5 ⇥ 104, the exception being run R1-M3.
These configurations are stable attractors, in the sense that these
disks never return to an odd symmetry of B' about the midplane.

5.2. Magneto-thermal winds

We have shown that all runs display a vertical outflow, al-
though it is disorganized for non-accreting disks (cf. Sect. 4.4).
We observed no di↵erence between two and three-dimensional
winds. Our winds exhibit several properties of steady-state,
magnetically-driven jets. However, they become super-Alfvénic
before reaching the ideal MHD regime, contrarily to all pub-
lished models of magnetically-driven jets from accretion disks.
This could explain why, although they also heated the base of
the wind, Casse & Ferreira (2000) never achieved an ejection
e�ciency as high as the one we obtain. It should be possible
to design models going continuously from thermally-driven to
magnetically-driven winds. Our simulations provide such a link.

One important control parameter for magnetically-driven
winds is the disk magnetization (1/�). At a comparably low disk
magnetization, Murphy et al. (2010) also obtained super-fast-
magnetosonic winds, but with a larger magnetic lever arm (see
their Figs. 8 & 14, and also Stepanovs & Fendt 2016). However,
they used constant ↵ viscosity and resistivity coe�cients, with
prescribed vertical profiles, to mimic turbulent transport in the
disk. This points out to the fact that di↵erent transport regimes
within disk may lead to di↵erent wind properties.

We plot the wind mass loss rate ṁW of our two-dimensional
runs in Fig. 33, as a function of the midplane magnetization
�. Runs R1-M3 (blue circle) and R10-P3 (red square), both of
which have ◆' = ±1 (cf. Fig. 31), also have larger mass loss rates
than the other simulations of the same radial range. Given this
degree of freedom, we find no clear dependence of ṁW with the
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Fig. 33. Wind mass loss rate relative to the disk mass ṁW/md, as a
function of the initial midplane magnetization �; the symbols and color
coding are the same as in Fig. 31; the two dashed lines indicate the
ṁW ⇠ ��1/2 scaling for R1 and R10 runs separately.

polarity of the initial magnetic field alone. There is no apparent
correlation of ṁW with the temperature contrast k either.

The wind mass loss rate typically scales as ṁW ⇠ ��1/2 in
runs R1 and R10 taken separately. This is consistent with the
shearing-box measurements of Bai & Stone (2013), regardless of
the fast-magnetosonic point being crossed in the computational
domain (see Sect. 4.1.4 of this paper, and Sect. 3.4 of Lesur et al.
2013). In physical units, the wind mass loss rate is

ṀW ⇡ 2 ⇥ 10�2
✓ r0

1au

◆�1/2
 

ṁW

md

!
(27)

The fact that ṁW/md increases by a factor 4 ⇡ p10, from R1
runs to R10 runs, means that ṀW is roughly independent of the
inner radius. We can sum the contributions over [1, 100]au to get

ṀW ⇡ 3 ⇥ 10�5��1/2 M�. yr�1. (28)

6. Summary

We have performed global simulations of protoplanetary disks
in the non-ideal MHD framework. Our model include both ra-
dial and vertical density stratification, spanning one decade in
radius to separately cover the ranges from 1au to 10au and from
10au to 100au, with twenty disk scale heights vertically. The ion-
ization fraction is computed dynamically, and all three non-ideal
MHD e↵ects are accounted for. The disk is embedded in a warm
corona, with several temperature contrasts.

In the disk, the flow is essentially laminar and evolves over
hundreds of local orbital periods. Angular momentum is trans-
ported by a large-scale magnetic stress, unsuited for an ↵ vis-
cosity prescription. The radial transport of angular momentum
causes no net mass accretion in our disk model. The vertical
flux of angular momentum can take both orientations through
the disk. If angular momentum is transported from the disk mid-
plane to the surface, then a magnetized wind is launched and the
disk accretes at rates of the order of 10�7 M�/yr. Conversely, an-
gular momentum can be transported from the disk surface to the
midplane, resulting in a large-scale meridional circulation. This
circulation is characterized by the gas flowing radially inward at
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our initial conditions. This is illustrated in Fig. 32 showing the
evolution of B' as a function of time. From 10T0 to 40T0, the
MRI amplifies B' at z ⇡ 3h, causing �' to alternate from posi-
tive to negative as the instability saturates and eventually settles
with �' > 0. In this example, �' > 0 is clearly set by the ini-
tial phase and saturation mechanism of the most unstable MRI
mode, which itself depends on how the MRI was initially seeded.
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Fig. 32. Evolution of the toroidal magnetic field B' along a vertical
cut at r = 5r0 and over the first 150T0 (color scale) of run R10-M3-
C2 (accreting); values have been normalized by the initial, unsigned
vertical field at this radius.

Several hundred inner orbits later, one polarity of the toroidal
magnetic field can be vertically removed out of the disk, leading
to a one-sided outflow. Among these runs with ◆' = ±1, most
have Bz > 0 and � < 5 ⇥ 104, the exception being run R1-M3.
These configurations are stable attractors, in the sense that these
disks never return to an odd symmetry of B' about the midplane.

5.2. Magneto-thermal winds

We have shown that all runs display a vertical outflow, al-
though it is disorganized for non-accreting disks (cf. Sect. 4.4).
We observed no di↵erence between two and three-dimensional
winds. Our winds exhibit several properties of steady-state,
magnetically-driven jets. However, they become super-Alfvénic
before reaching the ideal MHD regime, contrarily to all pub-
lished models of magnetically-driven jets from accretion disks.
This could explain why, although they also heated the base of
the wind, Casse & Ferreira (2000) never achieved an ejection
e�ciency as high as the one we obtain. It should be possible
to design models going continuously from thermally-driven to
magnetically-driven winds. Our simulations provide such a link.

One important control parameter for magnetically-driven
winds is the disk magnetization (1/�). At a comparably low disk
magnetization, Murphy et al. (2010) also obtained super-fast-
magnetosonic winds, but with a larger magnetic lever arm (see
their Figs. 8 & 14, and also Stepanovs & Fendt 2016). However,
they used constant ↵ viscosity and resistivity coe�cients, with
prescribed vertical profiles, to mimic turbulent transport in the
disk. This points out to the fact that di↵erent transport regimes
within disk may lead to di↵erent wind properties.

We plot the wind mass loss rate ṁW of our two-dimensional
runs in Fig. 33, as a function of the midplane magnetization
�. Runs R1-M3 (blue circle) and R10-P3 (red square), both of
which have ◆' = ±1 (cf. Fig. 31), also have larger mass loss rates
than the other simulations of the same radial range. Given this
degree of freedom, we find no clear dependence of ṁW with the

10

2
10

3
10

4
10

5

�

10

�6

10

�5

10

�4

ṁ
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Fig. 33. Wind mass loss rate relative to the disk mass ṁW/md, as a
function of the initial midplane magnetization �; the symbols and color
coding are the same as in Fig. 31; the two dashed lines indicate the
ṁW ⇠ ��1/2 scaling for R1 and R10 runs separately.

polarity of the initial magnetic field alone. There is no apparent
correlation of ṁW with the temperature contrast k either.

The wind mass loss rate typically scales as ṁW ⇠ ��1/2 in
runs R1 and R10 taken separately. This is consistent with the
shearing-box measurements of Bai & Stone (2013), regardless of
the fast-magnetosonic point being crossed in the computational
domain (see Sect. 4.1.4 of this paper, and Sect. 3.4 of Lesur et al.
2013). In physical units, the wind mass loss rate is

ṀW ⇡ 2 ⇥ 10�2
✓ r0

1au

◆�1/2
 

ṁW

md

!
(27)

The fact that ṁW/md increases by a factor 4 ⇡ p10, from R1
runs to R10 runs, means that ṀW is roughly independent of the
inner radius. We can sum the contributions over [1, 100]au to get

ṀW ⇡ 3 ⇥ 10�5��1/2 M�. yr�1. (28)

6. Summary

We have performed global simulations of protoplanetary disks
in the non-ideal MHD framework. Our model include both ra-
dial and vertical density stratification, spanning one decade in
radius to separately cover the ranges from 1au to 10au and from
10au to 100au, with twenty disk scale heights vertically. The ion-
ization fraction is computed dynamically, and all three non-ideal
MHD e↵ects are accounted for. The disk is embedded in a warm
corona, with several temperature contrasts.

In the disk, the flow is essentially laminar and evolves over
hundreds of local orbital periods. Angular momentum is trans-
ported by a large-scale magnetic stress, unsuited for an ↵ vis-
cosity prescription. The radial transport of angular momentum
causes no net mass accretion in our disk model. The vertical
flux of angular momentum can take both orientations through
the disk. If angular momentum is transported from the disk mid-
plane to the surface, then a magnetized wind is launched and the
disk accretes at rates of the order of 10�7 M�/yr. Conversely, an-
gular momentum can be transported from the disk surface to the
midplane, resulting in a large-scale meridional circulation. This
circulation is characterized by the gas flowing radially inward at
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Integrated between 1au and 100au:



But it’s not so simple…
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Problem solved!



Wind energetics

Wind is asymptotically free: 

Thermal pressure (& heating) have a 
significant contribution to the 
energy budget 

Mixture of purely magnetic and 
photo-evaporation wind:  
magneto-thermal wind
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Energy is conserved along poloidal streamlines

B =
v2'
2

+
v2p
2

+ �G +
B2

?vp + wp

⇢vp
+H�

Z
�Qd`

Poynting fluxGravitationalKinetic Enthalpy Heating

A&A proofs: manuscript no. global_full

along stationary streamlines, the Bernoulli invariant:

B0 ⌘ v2

2
+ � +

⇧p

⇢vp
+

Z rP
⇢
· dl

=
v2
'

2
+

v2
p

2
+ � +

B2?vp + wp

⇢vp
+H � Q. (20)

Because Q keeps an integral form, the value of B0 along a
streamline depends on the choice of integration bounds. We
choose to subtract from B0 the heat input Q evaluated at the
domain boundary: B ⌘ B0 + Qend. With this definition, a fluid
element having B > 0 is able to escape the gravitational poten-
tial on its own energetic content, without additional heating past
the domain boundary.

We draw the various contributions to B along the stream-
line in Fig. 14. The poloidal component v2

p/2 keeps increasing,
as already apparent in Fig. 13. The toroidal component v2

'/2 is
initially the main energy reservoir against gravity, and slowly
decreases. This is because the fluid specific angular momen-
tum rv' is approximately constant above z & 5h, so v' de-
creases as 1/r along the streamline. The wave-like Poynting flux
wp ⇠ (v2

K0/2) is large at the disk surface z ⇡ 3.2h, and most of
it has been consumed at the end of the streamline. However, it is
e�ciently converted into kinetic energy only in the ideal-MHD
region z & 5h. The thermal contributions to the Bernoulli invari-
ant, namelyH andQ, both increase at the disk-corona transition.
Beyond z & 5.5h, the enthalpy H decreases, while the heating
Q keeps increasing. The decrease in enthalpy corresponds to the
adiabatic cooling of the fluid, exerting a mechanical work and
thus contributing to the outflow acceleration. The increase in Q
means that the fluid keeps receiving heat, because it is always
colder than the prescribed temperature at a given location.
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Fig. 14. Contributions to the Bernoulli invariant B (solid black) as ex-
plicited in Eq. (20), along a streamline passing through (r = 7r0, z = 5h)
in run R10-M3, averaged from 400T0 to 700T0; the gravitational con-
tribution is not shown.

The final value of B ⇡ 1.6 ⇥ 10�2 (v2
K0/2) is positive in this

case, so the outflow has the potential to escape from the gravi-
tational field. We note that the heating Q is necessary to make
B > 0. The quantity B0+Q increases along the streamline, and it
becomes positive at z ⇡ 5.1h. In principle, we could stop heating
above this height, and keep a potentially released flow.

The analysis of the Bernoulli invariant suggests that mag-
netic acceleration is important only at the wind basis, whereas
most of the remaining acceleration along the streamline is due to
coronal heating. This association constitutes the key mechanism
at the origin of the magneto-thermal winds we observe in these
simulations. This is an extension of the situation described by
Casse & Ferreira (2000), with the important di↵erence that the
flow becomes super-Alfvénic in the non-ideal MHD zone.

4.3.3. Ejection mechanism

We examine the role of coronal heating in the lifting and ac-
celeration of material along a streamline in run R10-M3. The
acceleration of a fluid element and its decomposition into pres-
sure, Lorentz and inertial forces are drawn in Fig. 15. The true
acceleration ap is about 15% larger than the sum reconstructed
from the averaged forces. This bias may be due to the correlated
fluctuations of density with the Lorentz force, or between veloc-
ity components in the inertial term. We verified that it is entirely
removed in runs showing better stationarity properties.

At the surface of the disk z . H, the streamline is nearly
vertical. In this direction, the inertial potential precisely cancels
the vertical pressure gradient, as required from the initial, hydro-
static equilibrium. In the transition region z/h 2 [3.7, 4.7], matter
from the disk is being pushed down toward the midplane by the
hot gas at the base of the corona. The inertial acceleration is neg-
ligible in this region, and it is the Lorentz force that provides the
kick lifting matter up into the hotter wind region.

Because the streamlines strongly bend outward at z > 4.7h,
the radial pressure gradient becomes favorable to the outflow,
whereas the Lorentz force is negligible in this region. For z >
6h, the acceleration produced by thermal pressure gradients de-
creases, whereas magnetic acceleration increases again. This is
generic to all magnetically-ejecting runs with a warm corona.
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Fig. 15. Same as Fig. 9 in run R10-M3, averaged in time between 400T0
and 700T0, with a streamline passing through (r = 7r0, z = 5h).

We conclude that, in our warm corona simulations, mass is
still loaded into the wind by the Lorentz force. The vertical tem-
perature gradient acts against the launching of a wind. The radial
temperature gradient bends the magnetic field lines, and causes
the outward acceleration of the flow along these lines.
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Symmetry breaking
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Winds are not necessarily bipolar…

William Béthune et al.: Global simulations of protoplanetary disks with net magnetic flux

tal magnetic field. Near the surface, the feedback loop corre-
sponds to the MRI: the accretion layers stretch Bz into Br, which
is sheared into B'; the resulting stressMz' removes angular mo-
mentum from the surface, thereby enhancing the accretion lay-
ers. Ambipolar di↵usion is responsible for the saturation of the
HSI in the midplane, and of the MRI at the disk surface.

4.4.4. Coexistence of accreting and non-accreting regions

All the cases presented so far were relatively symmetric with
respect to the disk midplane. In particular, the inward or out-
ward mass streams were located near the midplane. Yet we have
disks exhibiting both accreting and non-accreting behaviors at
the same time. We show the radial transition between two di↵er-
ent portions of the same disk in Fig. 20.

Fig. 20. Same as Fig. 16 for run R1-P4 at t = 1000T0. The disk exhibits
both an accreting (inner) and a non-accreting (outer) region.

As mentionned in Sect. 4.1.2, the mass flux actually follows
the B' = 0 layer, where the electric current is extremal. The
transition from an accreting to a non-accreting disk region nec-
essarily comes with the current sheet reaching the surface of the
disk. In a region where B' has a non-accreting phase, there is
no magnetized outflow, and B' ⇡ 0 above the disk. In this case,
the mass flux follows closed circulation loops along the current
sheet, inward at the surface and outward in the midplane. At the
intersection with an accreting region, part of this mass flux is
reoriented into the wind, and part of it goes to the midplane.

4.5. Vertical symmetry breaking

This section describes a spontaneous breaking of the up/down
symmetry identified in our simulations. It is related to the emer-
gence of a favored magnetic polarity over long time scales.

4.5.1. Overview

Within our stratified setup, the horizontal magnetic flux is free
to leave the disk in the vertical direction. One polarity can be
removed or amplified faster than the other, leaving the disk with
only one sign of B'. This was observed in stratified shearing-
box simulations (Lesur et al. 2014; Bai 2015), but considered
unlikely to be directly connected to a global flow geometry. Fo-
cusing on the horizontal magnetic field, we will refer to these as
even configurations with respect to the disk midplane, in oppo-
sition to states showing an odd symmetry.

Such a configuration is illustrated in Fig. 21 for run R1-M3.
The entire disk sees B' < 0; the Keplerian and Hall shears ensure
that Br > 0 is also even about the midplane. In the inner half
of the northern corona, the magnetic field lines do not guide the
velocity field. Because the corona obeys ideal MHD, this implies
that this part of the flow is turbulent, resulting in an e↵ective
“turbulent di↵usion” for the time-averaged flow. On the contrary,
the outflow in the southern corona is very laminar and stationary.
A magnetic collimation e↵ect is observed in this hemisphere.

Fig. 21. Averaged flow poloidal map for run R1-M3 (from 1au to 10au,
with moderate Bz < 0) from 800T0 to 1000T0; magnetic field lines are
sampled along the midplane, and the velocity field is indicated with
green arrows over the background toroidal field. Note the polar asym-
metry, and the absence of B' sign reversal in the disk.
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Strong accretion in the surface 
layers 

Dissymmetric wind launching 
(factor of a few in         ) 
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when  

Also seen in shearing box:  
due to Hall-shear instability (HSI) 
in the midplane.

Ṁwind

hBi ·⌦ > 0
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Fig. 24. Vertical profiles in run R1-P2, averaged in time between 120T0
and 130T0, and in spherical radius between 5.5r0 and 6r0; upper panel:
sonic Mach number for the radial Alfvén velocity (solid blue) and elec-
tron minus ion velocity, normalized by the Keplerian velocity (dashed
red); lower panel: induction of radial magnetic field.

4.6.1. Overview

We illustrate in Fig. 25 the morphology of the flow in run R1-P2.
We see a series of density bumps in the disk, radially separated
by approximately the local disk thickness 2H. The magnetic flux
is concentrated in low density regions, and this foliation is main-
tained in both coronae. Some magnetic flux accumulations can
momentarily be as narrow as eight grid cells in the disk.
However, with a magnetic Reynolds number RA ⇡ 3, we be-
lieve that this width is primarily attributed to physical dif-
fusivity and not numerical di↵usion. This run also displays
an even B' symmetry, causing the tilting of magnetic field lines
through the disk. As in run R1-M3 (cf. Fig. 21), ejection is ther-
mally driven in the northern corona, and magnetically enhanced
in the southern one.

Density and magnetic field fluctuations are anti-correlated.
Table 3 shows that runs with Bz < 0 or � > 5⇥103 do not exhibit
such structures. These are the runs in which the disk midplane is
Hall-shear stable, or has linear growth rates smaller than 0.01⌦.
Because our 3D simulations were integrated over shorter time
intervals, the indicated number of zonal flows cannot directly be
compared between equivalent 2D and 3D runs.

4.6.2. Self-organization mechanism

The induction of Bz is governed by the toroidal electromotive
force (EMF), the same as in Eq. (21):

*
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Fig. 25. Averaged flow poloidal map for run R1-P2 (from 1au to 10au,
with strong Bz > 0), from 500T0 to 700T0; magnetic field lines are
sampled along the midplane, and the velocity field is indicated with
green arrows over the background density field. Magnetic field lines are
accumulated in low density rings.

so the average Bz increases in time where E' decreases with ra-
dius. The ideal, Hall and ambipolar EMFs can be expressed as:

EI ⌘ �v ⇥ B, EH ⌘ `H J ⇥ B, EA ⌘ ⌘A J?, (24)

J? ⌘ J �
 

J · B
B · B

!
B. (25)

The first panel of Fig. 26 shows the anti-correlated fluctu-
ations of density and magnetic field. In the second panel, we
plot the averaged EMFs. The Ohmic contribution has been omit-
ted, for it is negligible and cannot confine magnetic flux. The
ideal term EI' increases with radius at the location of each mag-
netic field concentration. The velocity field thus acts as a turbu-
lent di↵usion. The ambipolar term precisely balances the ideal
one, so it decreases with radius at the location of each band.
This was already noted by Bai & Stone (2014) (see their Fig.
8). Ambipolar di↵usion is therefore responsible for the accu-
mulation of Bz. Apart from being negligible by a factor 50, the
Hall term acts against the accumulation of magnetic flux. Hall-
driven self-organization requires the magnetic stress and flux
to be anti-correlated (Kunz & Lesur 2013). This is possible
in non-stratified simulations, when the net magnetic flux be-
comes strong enough to stabilize the HSI. In stratified simu-
lations, the wind-driven stress �B'Bp is known to correlate
with the net magnetic flux for � � 1 (Lesur et al. 2014). Self-
organization can thus be inhibited if the wind drives the mag-
netic stress in Hall-shear stable (i.e. strong field) regions.

Article number, page 17 of 23

Magnetic structure spontaneously 
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[see also Kunz & Lesur 2013, Bai & Stone 2014] 
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Fig. 26. Radial profiles in run R1-P2, vertically averaged through the
disk from 500T0 to 700T0; first panel: density (solid blue) and vertical
magnetic field (dashed red), normalized by their initial profiles; second
panel: ideal (solid blue) ambipolar (dashed red) and Hall (black dots,
multiplied by 50 for visibility) electromotive forces, given by Eq. (24);
third panel: toroidal component of the electric current J' (solid blue),
and of its projection J?' normal to the magnetic field; the vertical lines
mark the location of magnetic field maxima.

Fig. 27. Ambipolar-driven self-organization mechanism: the electric
current J is mainly radial, and the magnetic field B is mainly toroidal;
as a result, the signs of J' and J?' are opposed; this is equivalent to a
negative di↵usivity for Bz (cf. Eq. (24)).

The direction of the ambipolar EMF is given by the elec-
tric current projected perpendicularly to the local magnetic field.
Upon projection, the sign of the toroidal component J?' can be-
come opposed to the sign of J'. This is what happens in our
simulations featuring zonal flows, as shown in the bottom panel

of Fig. 26. In this case, the toroidal component of EA yields a
negative e↵ective resistivity (cf. Eq. (24)).
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Fig. 28. Radial profiles of normalized stress in R1-P2, averaged in time
between 500T0 and 700T0.

The typical configuration occurring in such simulations is
sketched in Fig. 27. The magnetic field is mainly toroidal in the
disk, and the dominant component of J is the radial one. The
signs of J' and J?' are opposed, and they remain opposed when
flipping the orientation of J and/or B. Note that ambipolar dif-
fusion remains a dissipative process when considering all three
spatial directions. With J? ' Jr and @' ' 0, the di↵usion oc-
curs primarily on B' in the vertical direction. We verified that
the same sign inversion occurred in the ambipolar run ABS pre-
sented by Béthune et al. (2016), which also featured magnetic
flux concentrations without Hall drift.

We show in Fig. 28 the radial profiles of magnetic stress in
the saturated state containing zonal flows. The radial stressMr'
is maximal in regions of magnetic field accumulation. The re-
sulting stress divergence pushes mass away from stress maxima,
causing the observed anti-correlation between Bz and ⇢.

4.6.3. Hydrodynamic properties and saturation mechanism

Zonal flows refer to quasi-steady deviations from the Keplerian
rotation profile of the disk. We characterize these by the fluctu-
ations of angular velocity ⌦ relative to the Keplerian one ⌦K,
and by the dimensionless shear q ⌘ @ log⌦/@ log r. The radial
profiles of these two diagnostics are drawn in Fig. 29 for run
R1-P2, showing five distinct oscillations. Since � � 1, magnetic
pressure gradients do not provide a significant support against
gravity. Given the density fluctuations, the deviations from a Ke-
plerian profile follow the condition of geostrophic equilibrium:

v0' ⌘ v' � vK ' c2
s

2⌦K

1
⇢0

@

@r
⇥
⇢ � ⇢0

⇤
(26)

One important issue regarding zonal flows is their ability to
trap dust particles (Weidenschilling 1977). Several objects have
now revealed axisymmetric structures in their dust distribution,
such as rings and gaps (Brogan et al. 2015; Nomura et al. 2016).
One possible scenario involves zonal flows. Dust particles un-
dergo a drag force from the gas as they orbit the star at the
local Keplerian velocity, whereas the gas can rotate slower or
faster depending on its radial pressure gradient. If the gas rotates
faster, it will transfer angular momentum to the dust and make it
migrate outward, or inward if it rotates slower. Dust grains are
thus accumulated in pressure maxima. We prove in Fig. 29 that
the zonal flows produced in our simulations are actually able to
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Fig. 26. Radial profiles in run R1-P2, vertically averaged through the
disk from 500T0 to 700T0; first panel: density (solid blue) and vertical
magnetic field (dashed red), normalized by their initial profiles; second
panel: ideal (solid blue) ambipolar (dashed red) and Hall (black dots,
multiplied by 50 for visibility) electromotive forces, given by Eq. (24);
third panel: toroidal component of the electric current J' (solid blue),
and of its projection J?' normal to the magnetic field; the vertical lines
mark the location of magnetic field maxima.

Fig. 27. Ambipolar-driven self-organization mechanism: the electric
current J is mainly radial, and the magnetic field B is mainly toroidal;
as a result, the signs of J' and J?' are opposed; this is equivalent to a
negative di↵usivity for Bz (cf. Eq. (24)).

The direction of the ambipolar EMF is given by the elec-
tric current projected perpendicularly to the local magnetic field.
Upon projection, the sign of the toroidal component J?' can be-
come opposed to the sign of J'. This is what happens in our
simulations featuring zonal flows, as shown in the bottom panel

of Fig. 26. In this case, the toroidal component of EA yields a
negative e↵ective resistivity (cf. Eq. (24)).
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Fig. 28. Radial profiles of normalized stress in R1-P2, averaged in time
between 500T0 and 700T0.

The typical configuration occurring in such simulations is
sketched in Fig. 27. The magnetic field is mainly toroidal in the
disk, and the dominant component of J is the radial one. The
signs of J' and J?' are opposed, and they remain opposed when
flipping the orientation of J and/or B. Note that ambipolar dif-
fusion remains a dissipative process when considering all three
spatial directions. With J? ' Jr and @' ' 0, the di↵usion oc-
curs primarily on B' in the vertical direction. We verified that
the same sign inversion occurred in the ambipolar run ABS pre-
sented by Béthune et al. (2016), which also featured magnetic
flux concentrations without Hall drift.

We show in Fig. 28 the radial profiles of magnetic stress in
the saturated state containing zonal flows. The radial stressMr'
is maximal in regions of magnetic field accumulation. The re-
sulting stress divergence pushes mass away from stress maxima,
causing the observed anti-correlation between Bz and ⇢.

4.6.3. Hydrodynamic properties and saturation mechanism

Zonal flows refer to quasi-steady deviations from the Keplerian
rotation profile of the disk. We characterize these by the fluctu-
ations of angular velocity ⌦ relative to the Keplerian one ⌦K,
and by the dimensionless shear q ⌘ @ log⌦/@ log r. The radial
profiles of these two diagnostics are drawn in Fig. 29 for run
R1-P2, showing five distinct oscillations. Since � � 1, magnetic
pressure gradients do not provide a significant support against
gravity. Given the density fluctuations, the deviations from a Ke-
plerian profile follow the condition of geostrophic equilibrium:
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One important issue regarding zonal flows is their ability to
trap dust particles (Weidenschilling 1977). Several objects have
now revealed axisymmetric structures in their dust distribution,
such as rings and gaps (Brogan et al. 2015; Nomura et al. 2016).
One possible scenario involves zonal flows. Dust particles un-
dergo a drag force from the gas as they orbit the star at the
local Keplerian velocity, whereas the gas can rotate slower or
faster depending on its radial pressure gradient. If the gas rotates
faster, it will transfer angular momentum to the dust and make it
migrate outward, or inward if it rotates slower. Dust grains are
thus accumulated in pressure maxima. We prove in Fig. 29 that
the zonal flows produced in our simulations are actually able to
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Fig. 26. Radial profiles in run R1-P2, vertically averaged through the
disk from 500T0 to 700T0; first panel: density (solid blue) and vertical
magnetic field (dashed red), normalized by their initial profiles; second
panel: ideal (solid blue) ambipolar (dashed red) and Hall (black dots,
multiplied by 50 for visibility) electromotive forces, given by Eq. (24);
third panel: toroidal component of the electric current J' (solid blue),
and of its projection J?' normal to the magnetic field; the vertical lines
mark the location of magnetic field maxima.

Fig. 27. Ambipolar-driven self-organization mechanism: the electric
current J is mainly radial, and the magnetic field B is mainly toroidal;
as a result, the signs of J' and J?' are opposed; this is equivalent to a
negative di↵usivity for Bz (cf. Eq. (24)).

The direction of the ambipolar EMF is given by the elec-
tric current projected perpendicularly to the local magnetic field.
Upon projection, the sign of the toroidal component J?' can be-
come opposed to the sign of J'. This is what happens in our
simulations featuring zonal flows, as shown in the bottom panel

of Fig. 26. In this case, the toroidal component of EA yields a
negative e↵ective resistivity (cf. Eq. (24)).
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Fig. 28. Radial profiles of normalized stress in R1-P2, averaged in time
between 500T0 and 700T0.

The typical configuration occurring in such simulations is
sketched in Fig. 27. The magnetic field is mainly toroidal in the
disk, and the dominant component of J is the radial one. The
signs of J' and J?' are opposed, and they remain opposed when
flipping the orientation of J and/or B. Note that ambipolar dif-
fusion remains a dissipative process when considering all three
spatial directions. With J? ' Jr and @' ' 0, the di↵usion oc-
curs primarily on B' in the vertical direction. We verified that
the same sign inversion occurred in the ambipolar run ABS pre-
sented by Béthune et al. (2016), which also featured magnetic
flux concentrations without Hall drift.

We show in Fig. 28 the radial profiles of magnetic stress in
the saturated state containing zonal flows. The radial stressMr'
is maximal in regions of magnetic field accumulation. The re-
sulting stress divergence pushes mass away from stress maxima,
causing the observed anti-correlation between Bz and ⇢.

4.6.3. Hydrodynamic properties and saturation mechanism

Zonal flows refer to quasi-steady deviations from the Keplerian
rotation profile of the disk. We characterize these by the fluctu-
ations of angular velocity ⌦ relative to the Keplerian one ⌦K,
and by the dimensionless shear q ⌘ @ log⌦/@ log r. The radial
profiles of these two diagnostics are drawn in Fig. 29 for run
R1-P2, showing five distinct oscillations. Since � � 1, magnetic
pressure gradients do not provide a significant support against
gravity. Given the density fluctuations, the deviations from a Ke-
plerian profile follow the condition of geostrophic equilibrium:

v0' ⌘ v' � vK ' c2
s

2⌦K

1
⇢0

@

@r
⇥
⇢ � ⇢0

⇤
(26)

One important issue regarding zonal flows is their ability to
trap dust particles (Weidenschilling 1977). Several objects have
now revealed axisymmetric structures in their dust distribution,
such as rings and gaps (Brogan et al. 2015; Nomura et al. 2016).
One possible scenario involves zonal flows. Dust particles un-
dergo a drag force from the gas as they orbit the star at the
local Keplerian velocity, whereas the gas can rotate slower or
faster depending on its radial pressure gradient. If the gas rotates
faster, it will transfer angular momentum to the dust and make it
migrate outward, or inward if it rotates slower. Dust grains are
thus accumulated in pressure maxima. We prove in Fig. 29 that
the zonal flows produced in our simulations are actually able to
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cause transitions from sub- to super-Keplerian rotation. These
zonal flows would therefore act as dust traps.
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Fig. 29. Radial profiles in run R1-P2, vertically averaged through the
disk from 500T0 to 700T0, of the variations of angular velocity ⌦
relative to Keplerian ⌦K (solid blue), and dimensionless radial shear
@ log ⇢/@ log r (dashed red).

The profile of dimensionless shear is superimposed to the
rotation profile in Fig. 29, and tells us about the saturation of
this process. In the limit q! �2, the distribution of specific an-
gular momentum is flat and the flow is marginally stable with
respect to Rayleigh’s criterion. This criterion appears to set the
lower bound for the shear, as if any deviation q < �2 would in-
stantly reorganize the flow to prevent hydrodynamic instability.
Note however that we do not observe any evidence of purely hy-
drodynamic turbulence in these simulations. The disk therefore
never crosses the Rayleigh line.

4.6.4. Three-dimensional simulations

We now ascertain that these structures are not restricted to two-
dimensional simulations. The formation of axisymmetric rings
in run R1-P3 and in its three-dimensional equivalent run 3D-R1-
P3 are shown in Fig. 30. We observe the emergence of zonal
flows on the same time-scale, at about the same location, and
with the same radial separation. The structures form very early
in the simulation (50T0 at 4r0, i.e. five local orbits), the con-
trast in �z ⌘ 2P/B2

z increases in time up to two orders of mag-
nitude. They evolve over hundreds of local orbits, but we still
count seven bands in run R1-P3 after 1000T0.

The present self-organization phenomenon is thus not in-
hibited in three-dimensional simulations. Regarding the non-
axisymmetric stability of these structures, they could be Rossby
wave unstable for the criterion given by Lovelace et al. (1999).
Nevertheless, run 3D-R1-P3 proves that they are stable over
20 local orbits to all modes fitting in a quarter disk. Three-
dimensional simulations of a full disk with an increased res-
olution and/or a less di↵usive numerical scheme will be re-
quired to confirm their stability over long time scales.

5. Discussion

5.1. Large-scale configuration of the magnetic field

We gather the symmetry coe�cients �' and ◆' from Table 3,
and plot them in Fig. 31. We distinguish three populations in
this area. Runs with Bz < 0 are the only ones on the right half
of the figure (�' > 0), i.e. overall loosing angular momentum
in the wind and therefore accreting. The blue square associated
with run R10-M3 is close to the origin, because its outer half is
accreting while the inner half is non-accreting. On the left side

Fig. 30. Space-time diagram of vertically and azimuthally averaged �z
in runs R1-P3 (upper panel) and 3D-R1-P3 (lower panel); only the first
300T0 of the two-dimensional run are shown.

�' < 0, we find runs with a positive and weak magnetic field.
The third population is located near (�', ◆') ⇡ (0,±1), i.e. only
one sign of B' in the disk, accreting in one hemisphere and non-
accreting on the other. These runs mostly have Bz > 0 and a
strong magnetization �  5 ⇥ 103.
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Fig. 31. Symmetry coe�cients �' and ◆' in our set of 2D simula-
tions, averaged over representative time intervals; colors indicate the
initial midplane magnetization �, blue corresponding to Bz < 0; runs
in [1, 10]au are plotted with circles, runs in [10, 100]au are plotted
with squares; di↵erent background colors correspond to di↵erent disk-
corona temperature contrast k; the error bars correspond to standard de-
viations over time.

It is tempting to see a correlation between the sign of Bz
and the presence of magnetized outflows. However, we believe
that this correlation is fortuitous. Indeed, the vertical phase of
B' seems to be set, at least partially, by the noise injected in
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cause transitions from sub- to super-Keplerian rotation. These
zonal flows would therefore act as dust traps.
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Fig. 29. Radial profiles in run R1-P2, vertically averaged through the
disk from 500T0 to 700T0, of the variations of angular velocity ⌦
relative to Keplerian ⌦K (solid blue), and dimensionless radial shear
@ log ⇢/@ log r (dashed red).

The profile of dimensionless shear is superimposed to the
rotation profile in Fig. 29, and tells us about the saturation of
this process. In the limit q! �2, the distribution of specific an-
gular momentum is flat and the flow is marginally stable with
respect to Rayleigh’s criterion. This criterion appears to set the
lower bound for the shear, as if any deviation q < �2 would in-
stantly reorganize the flow to prevent hydrodynamic instability.
Note however that we do not observe any evidence of purely hy-
drodynamic turbulence in these simulations. The disk therefore
never crosses the Rayleigh line.

4.6.4. Three-dimensional simulations

We now ascertain that these structures are not restricted to two-
dimensional simulations. The formation of axisymmetric rings
in run R1-P3 and in its three-dimensional equivalent run 3D-R1-
P3 are shown in Fig. 30. We observe the emergence of zonal
flows on the same time-scale, at about the same location, and
with the same radial separation. The structures form very early
in the simulation (50T0 at 4r0, i.e. five local orbits), the con-
trast in �z ⌘ 2P/B2

z increases in time up to two orders of mag-
nitude. They evolve over hundreds of local orbits, but we still
count seven bands in run R1-P3 after 1000T0.

The present self-organization phenomenon is thus not in-
hibited in three-dimensional simulations. Regarding the non-
axisymmetric stability of these structures, they could be Rossby
wave unstable for the criterion given by Lovelace et al. (1999).
Nevertheless, run 3D-R1-P3 proves that they are stable over
20 local orbits to all modes fitting in a quarter disk. Three-
dimensional simulations of a full disk with an increased res-
olution and/or a less di↵usive numerical scheme will be re-
quired to confirm their stability over long time scales.

5. Discussion

5.1. Large-scale configuration of the magnetic field

We gather the symmetry coe�cients �' and ◆' from Table 3,
and plot them in Fig. 31. We distinguish three populations in
this area. Runs with Bz < 0 are the only ones on the right half
of the figure (�' > 0), i.e. overall loosing angular momentum
in the wind and therefore accreting. The blue square associated
with run R10-M3 is close to the origin, because its outer half is
accreting while the inner half is non-accreting. On the left side

Fig. 30. Space-time diagram of vertically and azimuthally averaged �z
in runs R1-P3 (upper panel) and 3D-R1-P3 (lower panel); only the first
300T0 of the two-dimensional run are shown.

�' < 0, we find runs with a positive and weak magnetic field.
The third population is located near (�', ◆') ⇡ (0,±1), i.e. only
one sign of B' in the disk, accreting in one hemisphere and non-
accreting on the other. These runs mostly have Bz > 0 and a
strong magnetization �  5 ⇥ 103.
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Fig. 31. Symmetry coe�cients �' and ◆' in our set of 2D simula-
tions, averaged over representative time intervals; colors indicate the
initial midplane magnetization �, blue corresponding to Bz < 0; runs
in [1, 10]au are plotted with circles, runs in [10, 100]au are plotted
with squares; di↵erent background colors correspond to di↵erent disk-
corona temperature contrast k; the error bars correspond to standard de-
viations over time.

It is tempting to see a correlation between the sign of Bz
and the presence of magnetized outflows. However, we believe
that this correlation is fortuitous. Indeed, the vertical phase of
B' seems to be set, at least partially, by the noise injected in
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Results for the runs presented in this paper
Label 103 ⇥ ↵Tr' 103 ⇥ ↵Tz' 107 ⇥ ⌧z 106 ⇥ ṁ�w/md 106 ⇥ ṁ+w/md ◆' �' nzf
R1-P4 3.94 ± 0.08 0.10 ± 0.20 2.0 ± 2.0 1.4 ± 0.2 1.5 ± 0.3 6% �55% 0
R1-P4-C4 3.80 ± 0.10 �1.10 ± 0.40 5.0 ± 2.0 0.7 ± 0.4 0.8 ± 0.3 3% �81% 0
R1-P3 14.30 ± 0.80 �8.00 ± 1.00 23.0 ± 2.0 2.8 ± 0.5 3.0 ± 0.6 �13% �51% 7
R1-P2 75.00 ± 0.80 27.40 ± 0.60 �22.0 ± 2.0 22.0 ± 8.0 4.0 ± 2.0 97% 0% 5
R1-M3 6.50 ± 0.50 2.00 ± 1.00 �4.0 ± 5.0 10.0 ± 2.0 3.1 ± 0.7 �99% 6% 0
R10-P3 24.00 ± 2.00 8.00 ± 2.00 �18.0 ± 4.0 40.0 ± 8.0 21.0 ± 4.0 96% 6% 9
R10-P2 131.00 ± 6.00 47.00 ± 6.00 �88.0 ± 35.0 117.0 ± 44.0 24.0 ± 9.0 91% 5% 9
R10-M3 10.50 ± 0.80 8.90 ± 0.70 �24.0 ± 3.0 14.0 ± 3.0 13.0 ± 3.0 �7% 12% 0
R10-M3-C2 23.00 ± 2.00 17.00 ± 2.00 �43.0 ± 11.0 18.0 ± 4.0 19.0 ± 4.0 12% 73% 0
3D-R1-P4 4.00 ± 0.05 0.74 ± 0.08 �2.8 ± 0.4 1.2 ± 0.2 1.2 ± 0.2 4% �45% 0
3D-R1-P3 18.90 ± 0.30 �2.40 ± 0.30 18.7 ± 0.2 2.4 ± 0.8 2.4 ± 0.8 0% �59% 2
3D-R1-M4 1.09 ± 0.04 0.32 ± 0.06 0.0 ± 0.1 1.3 ± 0.2 1.3 ± 0.2 �7% 20% 0
3D-R10-P3 16.00 ± 1.00 8.10 ± 0.50 �16.0 ± 5.0 12.0 ± 2.0 11.0 ± 2.0 0% �24% 2

Table 3. Label of the run; normalized horizontal and vertical stresses, ↵Tr' and ↵Tz' as defined by Eq. (8), volume-averaged from 3r0 to 8r0; accretion
rate due to the vertical stress only ⌧z, as defined in Eq. (9); wind mass loss rates in the southern and northern corona, ṁ�w and ṁ+w, defined by Eq.
(10), normalized to the disk mass; symmetry coe�cients ◆' and �', as defined by Eqs. (11) and (12); number of zonal flows identified at the end
of the simulation nzf . Except for nzf , all quantities are time-averaged, and the uncertainties are standard deviations over time.

Fig. 4. Snapshot of run R10-M3-C2 (fiducial) at t = 200T0, showing the
toroidal magnetic field in color background (blue to red), the poloidal
velocity field in units of local sound speed (green arrows in the corona),
and the orientation of the angular momentum flux caused by magnetic
stress (purple arrows in the disk). Note that hBzi < 0 in this case.

time window, we can decompose the magnetic field in a time and
azimuthally averaged component hBi',t plus a fluctuating com-
ponent B̃. Under this decomposition, the average magnetic stress

is split into two terms:

hMi',t = � hBi ⌦ hBi �
D
B̃ ⌦ B̃

E
⌘Mlaminar +Mfluctuating, (14)

representing a laminar plus a fluctuating contribution toM. We
compute the ratio of laminar to total magnetic stress over 30T0
(⇡ one outer orbit), average it over the poloidal surface of the
disk, and find that it exceeds Mlaminar/ hMi > 90% for every
run. Therefore, the magnetic stress in the disk is not due to a tur-
bulent component, but is rather a quasi-steady (laminar) stress.
The variability near the inner radius is likely caused by the out-
flow polar boundary conditions.

4.1.2. Disk vertical structure

We show in Fig. 5 a series of vertical profiles in the outer region
of the fiducial run R10-M3-C2. In the top panel, we see that
the deviations from Keplerian velocity become significant above
z & 2h. The radial velocity is the dominant component, with
vR/vK ⇡ 10%, corresponding to vR/cs ⇡ 1 at z = 5h. The polar
velocity v✓ is second in magnitude, reaching v✓/vK ⇡ 5%. The
azimuthal velocity decreases by 5% in the corona, compared to
the disk midplane value at the same radius. This last trend could
be due to the outflow itself, or to the thermal pressure support
against gravity in the corona.

The second panel shows that the horizontal magnetic field
has an odd symmetry about the midplane. The initial vertical
component is negative in this case, and it is the weakest compo-
nent during the evolution of the simulation. The toroidal com-
ponent is anti-correlated to the radial one, with a magnitude
twenty to a hundred times larger in the disk. The location where
B' = Br = 0 corresponds to a thin current sheet.

The third panel shows the horizontal and vertical magnetic
stresses. The horizontal magnetic stress Mr' is positive every-
where. It is maximal at the disk surface, where ↵Mr' ⇡ 0.08 is
ten times larger than in the midplane. The vertical stress Mz'
changes sign at the midplane, transporting angular momentum
downward in the southern hemisphere and upward in the north-
ern one. The large-scale magnetic field thus extracts angular mo-
mentum from the disk, and transports it toward the corona.

In the fourth panel of Fig. 5, the radial mass flux displays a
negative peak at the current sheet (i.e. the midplane is accreting),
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tal magnetic field. Near the surface, the feedback loop corre-
sponds to the MRI: the accretion layers stretch Bz into Br, which
is sheared into B'; the resulting stressMz' removes angular mo-
mentum from the surface, thereby enhancing the accretion lay-
ers. Ambipolar di↵usion is responsible for the saturation of the
HSI in the midplane, and of the MRI at the disk surface.

4.4.4. Coexistence of accreting and non-accreting regions

All the cases presented so far were relatively symmetric with
respect to the disk midplane. In particular, the inward or out-
ward mass streams were located near the midplane. Yet we have
disks exhibiting both accreting and non-accreting behaviors at
the same time. We show the radial transition between two di↵er-
ent portions of the same disk in Fig. 20.

Fig. 20. Same as Fig. 16 for run R1-P4 at t = 1000T0. The disk exhibits
both an accreting (inner) and a non-accreting (outer) region.

As mentionned in Sect. 4.1.2, the mass flux actually follows
the B' = 0 layer, where the electric current is extremal. The
transition from an accreting to a non-accreting disk region nec-
essarily comes with the current sheet reaching the surface of the
disk. In a region where B' has a non-accreting phase, there is
no magnetized outflow, and B' ⇡ 0 above the disk. In this case,
the mass flux follows closed circulation loops along the current
sheet, inward at the surface and outward in the midplane. At the
intersection with an accreting region, part of this mass flux is
reoriented into the wind, and part of it goes to the midplane.

4.5. Vertical symmetry breaking

This section describes a spontaneous breaking of the up/down
symmetry identified in our simulations. It is related to the emer-
gence of a favored magnetic polarity over long time scales.

4.5.1. Overview

Within our stratified setup, the horizontal magnetic flux is free
to leave the disk in the vertical direction. One polarity can be
removed or amplified faster than the other, leaving the disk with
only one sign of B'. This was observed in stratified shearing-
box simulations (Lesur et al. 2014; Bai 2015), but considered
unlikely to be directly connected to a global flow geometry. Fo-
cusing on the horizontal magnetic field, we will refer to these as
even configurations with respect to the disk midplane, in oppo-
sition to states showing an odd symmetry.

Such a configuration is illustrated in Fig. 21 for run R1-M3.
The entire disk sees B' < 0; the Keplerian and Hall shears ensure
that Br > 0 is also even about the midplane. In the inner half
of the northern corona, the magnetic field lines do not guide the
velocity field. Because the corona obeys ideal MHD, this implies
that this part of the flow is turbulent, resulting in an e↵ective
“turbulent di↵usion” for the time-averaged flow. On the contrary,
the outflow in the southern corona is very laminar and stationary.
A magnetic collimation e↵ect is observed in this hemisphere.

Fig. 21. Averaged flow poloidal map for run R1-M3 (from 1au to 10au,
with moderate Bz < 0) from 800T0 to 1000T0; magnetic field lines are
sampled along the midplane, and the velocity field is indicated with
green arrows over the background toroidal field. Note the polar asym-
metry, and the absence of B' sign reversal in the disk.
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along stationary streamlines, the Bernoulli invariant:

B0 ⌘ v2

2
+ � +

⇧p

⇢vp
+

Z rP
⇢
· dl

=
v2
'

2
+

v2
p

2
+ � +

B2?vp + wp

⇢vp
+H � Q. (20)

Because Q keeps an integral form, the value of B0 along a
streamline depends on the choice of integration bounds. We
choose to subtract from B0 the heat input Q evaluated at the
domain boundary: B ⌘ B0 + Qend. With this definition, a fluid
element having B > 0 is able to escape the gravitational poten-
tial on its own energetic content, without additional heating past
the domain boundary.

We draw the various contributions to B along the stream-
line in Fig. 14. The poloidal component v2

p/2 keeps increasing,
as already apparent in Fig. 13. The toroidal component v2

'/2 is
initially the main energy reservoir against gravity, and slowly
decreases. This is because the fluid specific angular momen-
tum rv' is approximately constant above z & 5h, so v' de-
creases as 1/r along the streamline. The wave-like Poynting flux
wp ⇠ (v2

K0/2) is large at the disk surface z ⇡ 3.2h, and most of
it has been consumed at the end of the streamline. However, it is
e�ciently converted into kinetic energy only in the ideal-MHD
region z & 5h. The thermal contributions to the Bernoulli invari-
ant, namelyH andQ, both increase at the disk-corona transition.
Beyond z & 5.5h, the enthalpy H decreases, while the heating
Q keeps increasing. The decrease in enthalpy corresponds to the
adiabatic cooling of the fluid, exerting a mechanical work and
thus contributing to the outflow acceleration. The increase in Q
means that the fluid keeps receiving heat, because it is always
colder than the prescribed temperature at a given location.
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Fig. 14. Contributions to the Bernoulli invariant B (solid black) as ex-
plicited in Eq. (20), along a streamline passing through (r = 7r0, z = 5h)
in run R10-M3, averaged from 400T0 to 700T0; the gravitational con-
tribution is not shown.

The final value of B ⇡ 1.6 ⇥ 10�2 (v2
K0/2) is positive in this

case, so the outflow has the potential to escape from the gravi-
tational field. We note that the heating Q is necessary to make
B > 0. The quantity B0+Q increases along the streamline, and it
becomes positive at z ⇡ 5.1h. In principle, we could stop heating
above this height, and keep a potentially released flow.

The analysis of the Bernoulli invariant suggests that mag-
netic acceleration is important only at the wind basis, whereas
most of the remaining acceleration along the streamline is due to
coronal heating. This association constitutes the key mechanism
at the origin of the magneto-thermal winds we observe in these
simulations. This is an extension of the situation described by
Casse & Ferreira (2000), with the important di↵erence that the
flow becomes super-Alfvénic in the non-ideal MHD zone.

4.3.3. Ejection mechanism

We examine the role of coronal heating in the lifting and ac-
celeration of material along a streamline in run R10-M3. The
acceleration of a fluid element and its decomposition into pres-
sure, Lorentz and inertial forces are drawn in Fig. 15. The true
acceleration ap is about 15% larger than the sum reconstructed
from the averaged forces. This bias may be due to the correlated
fluctuations of density with the Lorentz force, or between veloc-
ity components in the inertial term. We verified that it is entirely
removed in runs showing better stationarity properties.

At the surface of the disk z . H, the streamline is nearly
vertical. In this direction, the inertial potential precisely cancels
the vertical pressure gradient, as required from the initial, hydro-
static equilibrium. In the transition region z/h 2 [3.7, 4.7], matter
from the disk is being pushed down toward the midplane by the
hot gas at the base of the corona. The inertial acceleration is neg-
ligible in this region, and it is the Lorentz force that provides the
kick lifting matter up into the hotter wind region.

Because the streamlines strongly bend outward at z > 4.7h,
the radial pressure gradient becomes favorable to the outflow,
whereas the Lorentz force is negligible in this region. For z >
6h, the acceleration produced by thermal pressure gradients de-
creases, whereas magnetic acceleration increases again. This is
generic to all magnetically-ejecting runs with a warm corona.
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Fig. 15. Same as Fig. 9 in run R10-M3, averaged in time between 400T0
and 700T0, with a streamline passing through (r = 7r0, z = 5h).

We conclude that, in our warm corona simulations, mass is
still loaded into the wind by the Lorentz force. The vertical tem-
perature gradient acts against the launching of a wind. The radial
temperature gradient bends the magnetic field lines, and causes
the outward acceleration of the flow along these lines.
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Fig. 24. Vertical profiles in run R1-P2, averaged in time between 120T0
and 130T0, and in spherical radius between 5.5r0 and 6r0; upper panel:
sonic Mach number for the radial Alfvén velocity (solid blue) and elec-
tron minus ion velocity, normalized by the Keplerian velocity (dashed
red); lower panel: induction of radial magnetic field.

4.6.1. Overview

We illustrate in Fig. 25 the morphology of the flow in run R1-P2.
We see a series of density bumps in the disk, radially separated
by approximately the local disk thickness 2H. The magnetic flux
is concentrated in low density regions, and this foliation is main-
tained in both coronae. Some magnetic flux accumulations can
momentarily be as narrow as eight grid cells in the disk.
However, with a magnetic Reynolds number RA ⇡ 3, we be-
lieve that this width is primarily attributed to physical dif-
fusivity and not numerical di↵usion. This run also displays
an even B' symmetry, causing the tilting of magnetic field lines
through the disk. As in run R1-M3 (cf. Fig. 21), ejection is ther-
mally driven in the northern corona, and magnetically enhanced
in the southern one.

Density and magnetic field fluctuations are anti-correlated.
Table 3 shows that runs with Bz < 0 or � > 5⇥103 do not exhibit
such structures. These are the runs in which the disk midplane is
Hall-shear stable, or has linear growth rates smaller than 0.01⌦.
Because our 3D simulations were integrated over shorter time
intervals, the indicated number of zonal flows cannot directly be
compared between equivalent 2D and 3D runs.

4.6.2. Self-organization mechanism

The induction of Bz is governed by the toroidal electromotive
force (EMF), the same as in Eq. (21):

*
@Bz

@t

+

',z
= �1

r
@

@r

D
r (EI + EO + EH + EA)'

E
',z
, (23)

Fig. 25. Averaged flow poloidal map for run R1-P2 (from 1au to 10au,
with strong Bz > 0), from 500T0 to 700T0; magnetic field lines are
sampled along the midplane, and the velocity field is indicated with
green arrows over the background density field. Magnetic field lines are
accumulated in low density rings.

so the average Bz increases in time where E' decreases with ra-
dius. The ideal, Hall and ambipolar EMFs can be expressed as:

EI ⌘ �v ⇥ B, EH ⌘ `H J ⇥ B, EA ⌘ ⌘A J?, (24)

J? ⌘ J �
 

J · B
B · B

!
B. (25)

The first panel of Fig. 26 shows the anti-correlated fluctu-
ations of density and magnetic field. In the second panel, we
plot the averaged EMFs. The Ohmic contribution has been omit-
ted, for it is negligible and cannot confine magnetic flux. The
ideal term EI' increases with radius at the location of each mag-
netic field concentration. The velocity field thus acts as a turbu-
lent di↵usion. The ambipolar term precisely balances the ideal
one, so it decreases with radius at the location of each band.
This was already noted by Bai & Stone (2014) (see their Fig.
8). Ambipolar di↵usion is therefore responsible for the accu-
mulation of Bz. Apart from being negligible by a factor 50, the
Hall term acts against the accumulation of magnetic flux. Hall-
driven self-organization requires the magnetic stress and flux
to be anti-correlated (Kunz & Lesur 2013). This is possible
in non-stratified simulations, when the net magnetic flux be-
comes strong enough to stabilize the HSI. In stratified simu-
lations, the wind-driven stress �B'Bp is known to correlate
with the net magnetic flux for � � 1 (Lesur et al. 2014). Self-
organization can thus be inhibited if the wind drives the mag-
netic stress in Hall-shear stable (i.e. strong field) regions.
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Heating in the corona is dynamically 
important. Wind properties depends on it 
(especially mass loss rates). 

Self-organisation is present in disc-
emitting discs. Impact on dust disc is to 
be quantified.
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Fig. 7. Accretion in the disk region of run R10-M3-C2 (fiducial), be-
tween r 2 [3, 8] r0; the actual mass flux (solid black) is decomposed
into radial (dashed blue) and vertical (red dots) torques as explicited in
Eq. (9); the sum is drawn (dashed cyan) to validate this decomposition.

4.1.4. Cold, magnetized wind

We have shown that a wind is launched by the outer half of the
disk, where the Maxwell stress transports angular momentum
from the disk to the corona. We qualify these winds as ‘cold’
since the ratio of sound speeds between the disk and the corona
is set to k = 2 (which corresponds to a factor 4 in temperature).

To characterize these winds, we first look at the dynamics of
a fluid element. We average every quantity in azimuth and time,
and compute the characteristic velocities along a streamline in
the poloidal plane. We recall the definition of the slow (minus
sign) and fast (plus sign) magnetosonic waves velocity:

v2
± ⌘

1
2

✓
v2

A + c2
s ±
q

(v2
A + c2

s)2 � 4c2
sv2

Ap

◆
, (15)

where the index p stands for the poloidal component of a vector.
These velocities are relevant only in the ideal MHD regime.

As apparent in Fig. 8, the fluid poloidal velocity monoton-
ically increases, and crosses all characteristic MHD velocities.
Surprisingly, the fast-magnetosonic point is located right before
the domain boundary. The same is true in several, but not all
runs (see for example Fig. 13). This fact was already observed
in stratified, shearing-box simulations (Fromang et al. 2013). It
indicates that our boundary conditions are still, somehow, con-
straining the flow structure down to the disk in this run.

The mass transported by the wind is computed via Eq. (10).
We estimate its average value ṁW ⇡ 2.6 ⇥ 10�4 in code units,
corresponding to approximately 2.3⇥ 10�7 M�. yr�1 for this run.

We compute separately the acceleration ap ⌘ vp@pvp, and the
acceleration caused by the forces F along the streamline. These
include the thermal pressure gradient, the Lorentz force, and the
inertial force due to gravitational and centrifugal accelerations:

Finertia ⌘ �⇢
⇣
r� + v · rv � vp@pvp

⌘
. (16)

We present the resulting accelerations F/⇢ in Fig. 9, normalized
by the Keplerian value aK ⌘ v2

K/r at the streamline base. The
sum of the forces decently reproduces the true acceleration, in
spite of the variability of the flow. The thermal pressure gradient
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Fig. 8. Velocities projected on a streamline passing through (r = 6r0, z =
5h) in run R10-M3-C2 (fiducial), averaged from 400T0 to 500T0, and
normalized by the Keplerian velocity at the launching radius vK0; flow
velocity v (solid black), sound speed cs (dashed orange), Alfvén velocity
vA (dashed green), slow magnetosonic speed v� (dashed blue) and fast
magnetosonic speed v+ (red dots).

helps accelerating the flow, but it is significantly weak than the
Lorentz force. The latter barely compensates the inertial term,
resulting in an overall small wind acceleration ap/aK0 . 2%.
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Fig. 9. Acceleration along a streamline passing through (r = 6r0, z =
5h) in run R10-M3-C2 (fiducial), averaged from 400T0 to 500T0, nor-
malized by the Keplerian acceleration aK0 at the streamline base. The
sum of the di↵erent forces (dashed cyan) is shown to validate this de-
composition.

We split the specific angular momentum of a fluid element
into its matter and magnetic contributions:

j ⌘ rv'|{z}
matter

� rB'/|{z}
magnetic

, (17)

where  ⌘ ⇢vp/Bp is the ratio of mass over magnetic flux along
the streamline. Both j and  should be invariant along stream-
lines for stationary, axisymmetric, ideal MHD flows (Chan-
drasekhar 1956; Pelletier & Pudritz 1992). We show in Fig. 10
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Fig. 26. Radial profiles in run R1-P2, vertically averaged through the
disk from 500T0 to 700T0; first panel: density (solid blue) and vertical
magnetic field (dashed red), normalized by their initial profiles; second
panel: ideal (solid blue) ambipolar (dashed red) and Hall (black dots,
multiplied by 50 for visibility) electromotive forces, given by Eq. (24);
third panel: toroidal component of the electric current J' (solid blue),
and of its projection J?' normal to the magnetic field; the vertical lines
mark the location of magnetic field maxima.

Fig. 27. Ambipolar-driven self-organization mechanism: the electric
current J is mainly radial, and the magnetic field B is mainly toroidal;
as a result, the signs of J' and J?' are opposed; this is equivalent to a
negative di↵usivity for Bz (cf. Eq. (24)).

The direction of the ambipolar EMF is given by the elec-
tric current projected perpendicularly to the local magnetic field.
Upon projection, the sign of the toroidal component J?' can be-
come opposed to the sign of J'. This is what happens in our
simulations featuring zonal flows, as shown in the bottom panel

of Fig. 26. In this case, the toroidal component of EA yields a
negative e↵ective resistivity (cf. Eq. (24)).
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Fig. 28. Radial profiles of normalized stress in R1-P2, averaged in time
between 500T0 and 700T0.

The typical configuration occurring in such simulations is
sketched in Fig. 27. The magnetic field is mainly toroidal in the
disk, and the dominant component of J is the radial one. The
signs of J' and J?' are opposed, and they remain opposed when
flipping the orientation of J and/or B. Note that ambipolar dif-
fusion remains a dissipative process when considering all three
spatial directions. With J? ' Jr and @' ' 0, the di↵usion oc-
curs primarily on B' in the vertical direction. We verified that
the same sign inversion occurred in the ambipolar run ABS pre-
sented by Béthune et al. (2016), which also featured magnetic
flux concentrations without Hall drift.

We show in Fig. 28 the radial profiles of magnetic stress in
the saturated state containing zonal flows. The radial stressMr'
is maximal in regions of magnetic field accumulation. The re-
sulting stress divergence pushes mass away from stress maxima,
causing the observed anti-correlation between Bz and ⇢.

4.6.3. Hydrodynamic properties and saturation mechanism

Zonal flows refer to quasi-steady deviations from the Keplerian
rotation profile of the disk. We characterize these by the fluctu-
ations of angular velocity ⌦ relative to the Keplerian one ⌦K,
and by the dimensionless shear q ⌘ @ log⌦/@ log r. The radial
profiles of these two diagnostics are drawn in Fig. 29 for run
R1-P2, showing five distinct oscillations. Since � � 1, magnetic
pressure gradients do not provide a significant support against
gravity. Given the density fluctuations, the deviations from a Ke-
plerian profile follow the condition of geostrophic equilibrium:

v0' ⌘ v' � vK ' c2
s

2⌦K

1
⇢0

@

@r
⇥
⇢ � ⇢0

⇤
(26)

One important issue regarding zonal flows is their ability to
trap dust particles (Weidenschilling 1977). Several objects have
now revealed axisymmetric structures in their dust distribution,
such as rings and gaps (Brogan et al. 2015; Nomura et al. 2016).
One possible scenario involves zonal flows. Dust particles un-
dergo a drag force from the gas as they orbit the star at the
local Keplerian velocity, whereas the gas can rotate slower or
faster depending on its radial pressure gradient. If the gas rotates
faster, it will transfer angular momentum to the dust and make it
migrate outward, or inward if it rotates slower. Dust grains are
thus accumulated in pressure maxima. We prove in Fig. 29 that
the zonal flows produced in our simulations are actually able to
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Open questions

External field configuration? (polarity, long term evolution, initial condition).  
X. Bai & N. Dzyurkevich talks 

Quantitative predictions for wind properties?  
(requires a proper treatment of X-ray & UV heating) 

Dust disc observables? (dust concentration, settling with winds)
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Thank you!


