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Protoplanetary discs

Size 109-1013 m 

Central object: young star (1030 kg) 

Temperature 103-10 K
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the standard core-accretion picture, dust grains
must grow from submicrometer sizes to rocky
cores ~10 times the mass of Earth (MEarth) within
the ~10-million-year lifetime of the circumstellar
disk. However, this growth process is stymied
by what is usually called the radial drift and
fragmentation barrier: Particles of intermediate
size [~1 m at 1 astronomical unit (AU) (1 AU =
1.5 × 108 km = distance from Earth to the Sun),
or ~1 mm at 50 AU from the star] acquire high
drift velocities toward the star with respect to the
gas (3, 4). This leads to two major problems for
further growth (5): First, high-velocity collisions
between particles with different drift velocities
cause fragmentation. Second, even if particles
avoid this fragmentation, they will rapidly drift
inward and thus be lost into the star before they
have time to grow to planetesimal size. This
radial drift barrier is one of the most persistent
issues in planet formation theories. A possible
solution is dust trapping in so-called pressure
bumps: local pressure maxima where the dust
piles up. One example of such a pressure bump
is an anticyclonic vortex, which can trap dust
particles in the azimuthal direction (6–10).

Using the Atacama Large Millimeter/
submillimeter Array (ALMA), we report a high-
ly asymmetric concentration of millimeter-sized
dust grains on one side of the disk of the star
Oph IRS 48 in the 0.44-mm (685 GHz) con-
tinuum emission (Fig. 1). We argue that this can
be understood in the framework of dust trapping
in a large anticyclonic vortex in the disk.

The young A-type star Oph IRS 48 [dis-
tance from Earth ~120 parsecs (pc), 1 pc = 3.1 ×
1013 km] has a well-studied disk with a large
inner cavity (a deficit of dust in the inner disk
region), a so-called transition disk. Mid-infrared
imaging at 18.7 mm reveals a disk ring in the
small dust grain (size ~50 mm) emission at an
inclination of ~50°, peaking at 55 AU radius or
0.46 arc sec from the star (11). Spatially resolved
observations of the 4.7-mm CO line, tracing 200
to 1000 K gas, show a ring of emission at 30 AU
radius and no warm gas in the central cavity
(12). This led to the proposal of a large planet
clearing its orbital path as a potential cause of
the central cavity. Although these observations
provide information about the inner disk dy-
namics, they do not address the bulk cold disk
material accessible in the millimeter regime.

The highly asymmetric crescent-shaped dust
structure revealed by the 0.44-mm ALMA con-
tinuum (Fig. 1) traces emission from millimeter-
sized dust grains and is located between 45 and
80 AU (T9 AU) from the star. The azimuthal
extent is less than one-third of the ring, with no
detected flux at a 3s level (2.4 mJy per beam) in
the northern part (fig. S1). The peak emission
has a very high signal-to-noise ratio of ~390, and
the contrast with the upper limit on the opposite
side of the ring is at least a factor of 130. The
complete absence of dust emission in the north of
IRS 48 and resulting high contrast make the
crescent-shaped feature more extreme than earlier
dust asymmetries (10, 13). The spectral slope
a of the millimeter fluxes Fn [0.44 mm com-
bined with fluxes at lower frequencies n (14)]
is only 2.67 T 0.25 (Fn º na), suggesting that
millimeter-sized grains (15) dominate the
0.44-mm continuum emission. However, the
gas traced by the 12CO 6-5 line from the same
ALMA data set indicates a Keplerian disk pro-
file characteristic of a gas disk with an inner
cavity around the central star (Fig. 1B). 12CO 6-5
emission is detected down to a 20 AU radius,
which is consistent with the hot CO ring at 30 AU
(14). This indicates that there is indeed still some
CO inside the dust hole, with a significant drop
of the gas surface density inside of ~25 T 5 AU.
The simultaneous ALMA line and continuum
observations leave no doubt about the relative
position of gas and dust.

The observations thus indicate that large
millimeter-sized grains are distributed in an asym-
metric structure, but that the small micrometer-
sized grains are spread throughout the ring. To
our knowledge, the only known mechanism that
could generate this separation in the distribution
of the large and small grains is a long-lived gas
pressure bump in the radial and azimuthal di-
rection. The reason that dust particles get trapped
in pressure bumps is their drift with respect to the
gas in the direction of the gas pressure gradient:
v→dust − v→gas º ∇

→
p (3, 4), where v→dust and

v→gas are the dust and gas velocities and p is
the pressure. In protoplanetary disks without
vortices, this gradient typically points inward,
so dust particles experience the above-mentioned
rapid radial drift issue. If, however, there exists
(for whatever reason) a local maximum of the
gas pressure in the disk (i.e., where ∇

→
pgas ¼ 0

and ∇
→2pgas < 0), then particles would con-

verge toward this point and remain trapped
there (3, 5), avoiding both inward drift and
destructive collisions (14). Because small dust
particles are strongly coupled to the gas, they
will be substantially less concentrated toward
the pressure maximum along the azimuthal di-
rection than large particles. Various mechanisms
have been proposed that could produce a local
pressure maximum in disks; for instance, when
there is a “dead zone” (16) or a substellar com-
panion or planet (14, 17) in the disk, hindering
accretion. Until recently, however, the presence
of such dust pressure traps was purely speculative,
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Fig. 1. IRS 48 dust and gas observations. The
inclined disk around IRS 48 as observed with ALMA
Band 9 observations, centered on the star (white
star symbol). The ALMA beam during the observa-
tions is 0.32′′ × 0.21′′ and is indicated with a white
ellipse in the lower left corner. (A) The 0.44-mm
(685 GHz) continuum emission expressed both in
flux density and relative to the root mean square
(rms) level (s = 0.82 mJy per beam). The 63 AU
radius is indicated by a dashed ellipse. (B) The
integrated CO 6-5 emission over the highest ve-
locities in contours (6,12,...,60sCO levels, sCO =
0.34 Jy km s−1): integrated over –3 to 0.8 km s−1

(blue) and 8.3 to 12 km s−1 (red), showing a sym-
metric gas disk with Keplerian rotation at an in-
clination i = 50°. The green background shows the
0.44-mm continuum. The position angle is indi-
cated in the upper right corner. (C) The Very Large
Telescope Imager and Spectrometer for the mid-
infrared (VISIR) 18.7-mm emission in orange con-
tours (36 to 120sVISIR levels in steps of 12sVISIR,
sVISIR = 0.2 Jy arc sec−2) and orange colors,
overlayed on the 0.44-mm continuum in green
colors and the 5s contour line in green. The VISIR
beam size is 0.48′′ in diameter and is indicated
with an orange circle in the bottom right corner.
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[van-der Marel+ (2013)]

Structures in protoplanetary discs 
I- Vortices

Giant anticyclonic vortex
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Structures in protoplanetary discs 
II- Rings

ALMA (ESO/NAOJ/NRAO) 
Press release 6 Nov. 2014 

HL tau
ALMA Observations of HL Tau 7

FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the

HL tau deprojected

[Brogan+2015]



Compact binaries

Size 104-108 m 

Central object: white dwarf, 
neutron star, black hole (1030 kg) 

Temperature 105-103 K
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Artist view



Active galactic nuclei (blazars, quasars…)

Size 1010-1015 m 

Central object: black hole (1036-1039 kg=106-109 Msun) 

Temperature 105-102 K
7

M87



Jets in protoplanetary discs
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M87

Astrophysical"jets:"from"young"stars…""

HH"212"(Class"I"YSO)"

100 AU

HH212

HH30

2000 AU

100 AU



Jets in AGNs
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Centaurus A Quasar 3C175
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Nonlinear evolution of the MRI
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The shearing box model
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Boundary conditions

Courtesy T. Heinemann
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Use shear-periodic boundary conditions= 
«shearing-sheet» 
Allows one to use a sheared Fourier Basis 
periodic in y and z (non stratified box)

x

z y

mean vertical field

x

z y

mean toroidal field

x

z y

zero mean field

Mean vertical and toroidal fields are conserved



Mean vertical field case
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Typical simulation

Simulation parameters: Re=1000, 
Pm=1, β=1000 
3D map of vy (azimuthal velocity)
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Zero mean field case 
=“MRI dynamo”
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MRI Simulations 
zero mean field shearing box=dynamo
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8 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

(a) (b)

Figure 1. (a) Growth/decay rate of ⟨|B|2⟩ versus Pm for five values of Rm
(Rm ∼ 60: run a0 and series H0; Rm ∼ 110: series A and HA; Rm ∼ 230: series
B and HB; Rm ∼ 450: series C and HC; Rm ∼ 830: series D and HD). The round
points were obtained using the code written by J Maron, the square points using the
code written byA Iskakov. The unit of the growth rate is approximately one inverse
turnover time at the outer scale (the precise units of time are set by ε = 1 and
the box size = 1). (b) Growth/decay rates in the parameter space (Re, Rm). The
filled points correspond to runs with Laplacian viscosity, the empty ones to runs
with 8th-order hyperviscosity. The interpolated stability curves Rmc(Re) based
on the Laplacian and hyperviscous runs are shown separately. For comparison,
we also plot the Rmc(Re) curve obtained by Ponty et al (2006) for the turbulence
with a mean flow (see section 2.5 for discussion).

are shown in figure 2 and contrasted with similar snapshots for a run (C1) that has approximately
the same value of Rm ≃ 440 but Pm = 1 and in which the magnetic field exhibits a folded
structure characteristic of the fluctuation dynamo at Pm ! 1 (Brandenburg and Subramanian
2005, Schekochihin et al 2004b, Wilkin et al 2007).

Figure 1(b) presents the magnetic-energy growth/decay rates in the two-dimensional
parameter space (Re, Rm). We also include the growth/decay rates for the Pm ! 1 runs published
in Schekochihin et al (2004a) and (2004b) to give a complete picture of what is known about
the dependence γ(Re, Rm) (these runs are not shown in tables 1 and 2). We are now able to
reconstruct the stability curve Rmc(Re): each point on the curve is a linear interpolation between
a decaying and a growing case (this is done separately for the Laplacian and hyperviscous runs).
We see that Rmc increases with Re, reaches a maximum around Rm(max)

c ∼ 350 and Re ∼ 3000,
and then decreases (rather sharply). We expect that

Rmc(Re) → Rm(∞)
c = const. as Re → ∞, (6)

again on the grounds that exactly where the viscous cutoff is cannot matter in this limit, but
we cannot as yet obtain the asymptotic value Rm(∞)

c . Discounting the unlikely possibility that
the stability curve has multiple extrema at larger Re, we expect the asymptotic value to be

New Journal of Physics 9 (2007) 300 (http://www.njp.org/)
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Fig. 11. Summary of the state (turbulent or not) of the flow in an (Re,Pm) plane (left panel) and in an (Re,ReM) plane (right panel) for the
models presented in this paper. In the later, the dashed line represents the Pm = 1 case. On both panels, “YES” means that a non vanishing
transport coefficient α was measure while “NO” means that MHD turbulence eventually decays: α = 0. All cases use a resolution (Nx,Ny, Nz) =
(128, 200, 128), except the models appearing in a solid squared box, for which the resolution was doubled. The model appearing in a dashed line
squared box corresponds to the marginal model described in Fig. 7.

Fig. 12. Snapshots of By in the (x, z) plane at time t = 66 in
model 256Re12500Pm2. The structure of the flow and the typical length
scale of the fluctuations are similar to that obtained in model STD128 in
Paper I (see the middle panel of Fig. 4 in Paper I with which the present
figure should be compared).

Paper I, we found a time averaged value Ly(By) = 0.045, very
close to the value 0.04 we obtained for model STD128.

It is also possible to compare the results of model STD64
of Paper I to the results of the present paper. We recall here
that we found the rate of angular momentum transfer in this
model to be such that α ∼ 0.004 when time averaged over
the simulation. For model STD64, we estimated in Paper I that
ReM ∼ 104 and a similar value for the magnetic Prandtl num-
ber as for model STD128. This would correspond to Reynolds
number somewhat smaller than 10 000. In the present paper,
we found that α ∼ 0.01 for model 128Re3125Pm4, for which
Re = 3125 and Pm = 4, while model 128Re3125Pm2, hav-
ing Re = 3125 and Pm = 2 was shown to decay. It is there-
fore tempting to identify model STD64 with a model that would
be intermediate between the last two cases. Using the PENCIL
code, we ran such a model, having Re = 3125 and Pm = 3, and
found α = 0.007 which is close to the result of model STD64.

We want to stress, however, that it would be dangerous to
push such comparisons further than that. Indeed, we demon-
strated in Paper I that numerical dissipation generally departs
from a pure Laplacian dissipation in ZEUS. Moreover, we
stressed in Paper I that an accurate estimate for the magnetic
Prandtl number is difficult to obtain for a given simulation, as it
depends on the nature of the flow itself. A one to one compari-
son between the results of Papers I and II is therefore difficult to
carry and may not bear much significance.

5.2. Small scales

The results of this paper together with Paper I indicate the impor-
tance of flow phenomena occurring at the smallest scales avail-
able in a simulation, at least at currently feasible resolutions. In
fact the importance of small scales determined by the transport
coefficients is not unexpected when one considers previous work
on the maintenance of a kinematic magnetic dynamo.

Although a kinematic dynamo considers only the induction
equation with an imposed velocity field, some issues arising in
that case may be relevant, especially if one wishes to consider
the likely behaviour of turbulence driven by the MRI when the
transport coefficients are reduced to very small values.

If a dynamo is to be maintained in a domain such as a shear-
ing box with no net flux, one would expect that the magnitude of
a magnetic field could be amplified from a small value through
the action of some realised velocity field. Furthermore if such an
amplification occurs within a specified time scale and for arbi-
trarily small resistivity, it would be classified as a fast dynamo.
In the special case when the imposed velocity field is stationary
Moffatt & Proctor (1985) have shown that the field produced by
such a dynamo must have a small spatial scale determined by
the resistivity. A well known example of this type is generated
by the so called “ABC” flow (see Teyssier et al. 2006, and ref-
erences therein). This example also shows that certain quantities
such has the growth rate of the dynamo do not have a simple de-
pendence on magnetic Reynolds number when that is relatively
small and thus caution should be exercised in making any simple
extrapolation.

Although the case of a steady state velocity field is rather
special, the result can be very easily seen to hold more generally

?
Zero net flux MRI 

[Fromang+ 2007]
Small scale dynamo 

[Schekochihin+ 2006]

Turbulent resistivity effect ? [Riols+2015]

See also J. Walker’s talk on Thursday



[Flock+ 2011]

Global simulations are consistent with box simulations in the same conditions    

[Hawley+ (1995) ; Fromang & Nelson (2006) ; Sorathia+ (2012)]

MRI Simulations 
Global simulations
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The MRI in protoplanetary discs
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Ionisation sources in protoplanetary discs

21
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Thermal 
ionisation

X-rays 
Far-UV

Cosmic rays

R (AU)

z
/
R

Ionisation Fraction

 

 

10−1 100 101 1020

0.05

0.1

0.15

0.2

−12

−10

−8

−6

−4

Protoplanetary disc plasmas are dominated by neutrals



Dead zone in protoplanetary discs

3 non ideal effects enter the scene 

Ohmic diffusion (collisions between electrons and neutrals) 

Ambipolar Diffusion (collisions between ions and neutrals) 

Hall Effect (drift between electrons and ions) 

Amplitude of these effects depends strongly on location & chemistry
22

~1AU ~30AU

Thermal 
ionisation

X-rays 
Far-UV

«Dead zone»

Cosmic rays



AA49CH06-Armitage ARI 5 August 2011 12:22

ions and neutrals, respectively (for a derivation see, e.g., Balbus 2011). The terms on the right-
hand-side describe magnetic induction (the frozen-in field behavior of ideal MHD) and the three
nonideal effects, Ohmic diffusion (denoted as O), the Hall effect (H), and ambipolar diffusion
(A). Physically, ambipolar diffusion is dominant when the field is well-coupled to the ions and
electrons, such that the field drifts with the charged species relative to the neutral component.
Ohmic diffusion dominates when the conductivity is so low that the field is imperfectly coupled
to both the electrons and the ions. Finally, the Hall effect is most important in an intermediate
regime where the field is well coupled to the electrons but not to the ions.

Determining the absolute importance of the nonideal terms (i.e., their ratios to the inductive
term) requires solving for the ionization state of the disk. As we have already observed, this is
difficult everywhere except in the very innermost regions, interior to about 0.1 AU, where thermal
ionization dominates. It is much easier to assess the relative magnitude of the nonideal terms, which
depend only upon the temperature, T, and total number density, n. Balbus & Terquem (2001)
estimate these ratios by assuming that electrons and singly-ionized ions are the charge carriers,
that the typical fluid velocities are ∼vA, the Alfvén speed, and that typical gradients are ∼h−1.
They obtain,

O
H

=
(

n
8 × 1017 cm−3

)1/2 (
vA

c s

)−1

, (26)

A
H

=
(

n
9 × 1012 cm−3

)−1/2 (
T

103 K

)1/2 (
vA

c s

)
. (27)

Using these expressions, we show in Figure 5 the relative importance of the three nonideal effects
as a function of density and temperature (after Kunz & Balbus 2004). Over-plotted on the figure

1) Ambipolar
2) Hall
3) Ohmic

1) Hall
2) Ambipolar
3) Ohmic

1) Hall
2) Ohmic
3) Ambipolar

1) Ohmic
2) Hall
3) Ambipolar

0.1 AU

1 AU

10 AU

102 AU

Midplane 
temperature,
density

Density at z = 4 h,
effective disk
temperature

10 –17 10 –15 10 –13 10 –11

ρ (g cm–3)

T 
(K

)

10 –9 10 –7 10 –5

10 3

10 2

10 1

10 0

Figure 5
The relative importance of nonideal magnetohydrodynamic terms is shown in the (ρ, T ) plane (Balbus &
Terquem 2001, Kunz & Balbus 2004), assuming a magnetic field strength such that vA/c s = 0.1. Also
plotted are very approximate tracks showing the radial variation of physical conditions at the midplane, and
near the surface, of protoplanetary disks. The midplane conditions are estimated for a disk around a
solar-mass star with " = 103(r/1 AU)−1 g cm−2 and (h/r) = 0.04. The surface conditions are estimated
from the density at z = ±4h (using a Gaussian density profile), assuming that the temperature is the effective
temperature for a steady-state disk accreting at Ṁ = 10−7 M⊙ year−1.
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Non-ideal protoplanetary discs

Hall effect dominates in most of the disc midplane

[Armitage 2011]

Ambipolar diffusion dominates in the upper layer

NB: strongly depends on 
grain size and metallically

[Kunz & Balbus 2003]



weak ionisation regions 
Wind-driven accretion

Surface layer is sufficiently ionised to drive a wind 

Wind extract angular momentum and generates accretion 

Self organisation instead of turbulence in the midplane
24
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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 opposi-
tion 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. The polar asymmetry
and the absence of B' sign reversal within the disk are obvious.

4.5.2. Vertical structure

The vertical structure of run R1-M3 is represented in Fig. 22.
A strong outflow is launched in the southern hemisphere, with
v✓/vK ⇡ 20% at z ⇡ �8h. The toroidal velocity is higher than the
local Keplerian value, down to z ⇡ �6h. The outflow receives
angular momentum via the Maxwell stressMz', and transports
mass at a rate ṁ�w ⇡ 2.6 ⇥ 10�7 M�. yr�1. Picking a streamline
passing through (r = 6r0, z = �5h), its total angular momen-
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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.

momentarily be as narrow as eight grid cells in the disk. How-
ever, with a magnetic Reynolds number RA ⇡ 3, we believe that
this width is primarily attributed to physical di↵usivity and not
numerical di↵usion. This run also displays an even B' symme-
try, causing the tilting of magnetic field lines through the disk.
As in run R1-M3 (cf. Fig. 21), ejection is thermally 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)

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

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.

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 becomes
strong enough to stabilize the HSI. In stratified simulations, 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 magnetic stress in
Hall-shear stable (i.e., strong field) regions.

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)).

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. Ambipolar di↵usion re-
mains a dissipative process when considering all three spatial
directions. With J? ' Jr and @' ' 0, the di↵usion occurs pri-
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Detecting the MRI 
in protoplanetary discs
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Line broadening
Emission lines from the gas are broaden by: 

Keplerian rotation 

Thermal velocity 

Turbulence
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from fitting the low-resolution spectra which has different
values of Tmid0 and Tatm0, and predicts a CO ice line at Rice=
103 18

23
-
+ AU, but produces similar images.
While our models do not treat the dust, assumptions about

the dust distribution may still be implicit in our models.
Jonkheid et al. (2007) find that in their chemical models the
depletion of dust from the upper layers of the dust leads to a
drop in the gas temperature. In the context of the D’Alessio
et al. (2006) models, Qi et al. (2011) show that the settling of
large dust grains will affect the height at which the disk reaches
the atmosphere temperature; in other words more settling
results in lower Zq0. Our assumed value of Zq0 is most similar
to models with little dust settling (Qi et al. 2011). The
significant degeneracy between Zq0 and Tatm0 means that a
model with lower Zq0, when combined with a lower Tatm0,
would fit the data as well as the models presented here.
Rosenfeld et al. (2013a), using the same functional form for the
vertical temperature profile as we do here, find that the data can
be fit with Tatm0= 64 K, given Zq0= 43 AU. This atmosphere
temperature is much lower than our Tatm0= 86± 1 K but the
difference in Zq0 means that both models produce a nearly
identical gas temperature at the τ= 1 surface. Further data
probing the uppermost layers in the disk atmosphere, where CO
is photodissociated, are needed to break this degeneracy.

Overall we are able to find a model that accurately fits the
data and is consistent with previous radiative transfer models of
the HD 163296 system. By carefully accounting for parameter
degeneracies and systematic effects due to assumptions about
the distance and flux calibration, we can measure the statistical
and systematic uncertainties in temperature and density
structure of the disk. This indicates that our derived disk
structure is not going to strongly bias our characterization of
turbulence.

4.1.1. Turbulence

When fitting either the high-resolution or low-resolution CO
(3-2) spectra, we consistently find low levels of turbulence
(Table 1). We conservatively quote three-sigma upper limits of
vturb< 0.03 cs and vturb< 0.04 cs, respectively. In the

uppermost layers of the CO region, these limits correspond to
velocity dispersions of less than ∼9–19 m s−1, with higher
velocities at smaller radii. While we have some constraint on
the inner disk from the high velocity channels, most of the
information about the turbulence comes from the spatially
resolved outer disk (R> 30 AU) and our upper limit is
indicative of the behavior in this region. Our limit is well
below the spectral resolution of even the high-resolution data
(δv= 0.1 km s−1). To test whether we can distinguish between
turbulence at the resolution limit from much weaker non-
thermal motion, we run an additional MCMC fit to the low-
resolution CO(3-2) data with vturb fixed at 0.1 km s−1 while
allowing the other model parameters to vary. Figure 6 shows
the best-fit vturb= 0.1 km s−1 model along with our fiducial low
turbulence model, using a Gaussian fit to the short-baseline
visbilities to derive the spectra. The low turbulence models are
a much better fit to the spectra, and the chi-squared, which
captures the behavior of the full three-dimensional data set, also
finds a significantly better fit (>10σ significance) from the low-
turbulence models. This behavior indicates that fitting a model
to the full data set has a stronger diagnostic power than the
broadening of the line in the spectral domain. Simon et al.
(2015) have suggested the peak-to-trough ratio as a potential
diagnostic of turbulence. They found in simulated observations
of numerical MRI simulations, with typical vturb∼ 0.1–0.5 cs at
the CO(3-2) emitting surface, that the peak-to-trough ratio
decreases as the turbulence increases. This behavior can be
seen in Figure 6 where the vturb= 0.1 km s−1 models have a
much lower peak-to-trough ratio than the low-turbulence
models and the data, consistent with the conclusion that the
turbulence is weaker than 0.1 km s−1.
Peak-to-trough ratio is a one-dimensional metric that

provides a convenient way of diagnosing differences in the
three-dimensional data set. Variations in the temperature can
also affect the peak-to-trough ratio, however the uncertainty in
temperature is dominated by the uncertainty in the flux
calibration and within the range of temperatures given by this
uncertainty the peak-to-trough ratio is substantially more

Figure 5. In fitting the low-resolution CO(3-2) data we see evidence for a
degeneracy between Tmid0 and Tatm0. As Tmid0 increases the disk becomes
puffier, raising the τ = 1 surface higher in the disk where it is warmer, and
Tatm0 must then adjust downward to maintain the same flux from the τ = 1
surface.

Figure 6. CO(3-2) high resolution spectra (black line) compared to the median
model when turbulence is allowed to move toward very low values (red dotted–
dashed lines) or when it is fixed at 0.1 km s−1 (blue dashed lines). All spectra
have been normalized to their peak flux to better highlight the change in shape.
The models with weak turbulence provide a significantly better fit to the data
despite the fact that the turbulence is smaller than the spectral resolution of
the data.
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Measuring line  
broadening due to 

turbulence requires very 
precise measures 

of      and  

[Flaherty+2015]

Turbulence weaker than “ideal 
MHD” MRI turbulence



Dust settling (I)

The thickness of the dust layer depends on the 
competition between settling and turbulent mixing

28

Dust 
settling

Turbulent  
mixing



Dust settling (II)
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Assume the disc is organised into rings

Thick dust disc Thin dust disc

In a thick disc seen inclined, the dark bands are strongly non-axisymmetric  



Dust settling (III)

HL tau dust disc is very thin (H/R<0.01)       [Pinte+2016] 

Very strong settling (H/R gas=0.1)          low level of turbulence
30

Thin disc model Thick disc model

HL tau, as seen by ALMA observatory 
[ALMA partnership 2015]



The end
thank you for your attention
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