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Toroidal vortices in protoplanetary discs

Gas
s ⇠ µm ! cm

Solids “want” to orbit at the 
Keplerian velocity. Dust suffers an 
aerodynamical drag.

Dust grains with typical sizes:  

Star

~Fdrag ⇠ �~vDG

ts
Migration !!!

Gas orbits the star at a sub-Keplerian velocity 
due to partial support by pressure. 

Fragmentation barrier !!!
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Gas

Star

Dust traps

Baroclinic instability 
(Klahr & Bodenheimer 2003)

 Streaming instability  
(Youdin & Goodman 2005)

Fotoelectric instability 
(Lyra & Kuchner 2013)

Gravitational instability
(Cameron 1978)

Self-induced dust traps 
(Gonzalez et al. 2015)

Toroidal vortices 
(Lorén-Aguilar & Bate 2015)
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In 2014 we started investigating a new numerical method (Loren-Aguilar & Bate 2014, 
Booth, Sijacki & Clarke 2015, Loren-Aguilar & Bate 2015) to follow the evolution of small 
dust grains in the SPH two-fluid scheme (Monaghan & Kocharian 1995, Monaghan 1997, 
Laibe & Price 2012)
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After testing the method we starting investigating the settling and radial migration of dust 
grains in a protoplanetary disc.

Dust

Gas disc

1M�

⇠ 0.01M�

⇢D/⇢G = 0.01

Locally isothermal EOS => P = c2s (R)⇢gas(R,Z)
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The possibility of a numerical error was our first concern, so we tested the scenario against 
standard integration methods, dust-to-gas ratios or resolutions.

High resolution simulations using 
standard explicit integration methods 
produce the same result.
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One can illustrate one possible consequence of the presence of dust by analysing the 
classical  Solberg-Høiland stability criteria for a disc. 

If St <<1 the gas+dust can be 
approximately considered as a 
single “heavy” fluid.
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Another possible source of instability can be obtained by considering (as suggested by 
Richard Nelson) the impact of the presence of dust in the classical Vertical Shear Instability 
(Goldreich & Schubert 1967, Fricke 1968, Nelson, Gressel & Umurhan 2013)
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⌘ ĉ2s

q̂

R

@✏/@R

@✏/@Z

Dust may boost the VSI by modifying the effective 
sound speed radial profile.

Another possible source of instability can be obtained by considering (as suggested by 
Richard Nelson) the impact of the presence of dust in the classical Vertical Shear Instability 
(Goldreich & Schubert 1967, Fricke 1968, Nelson, Gressel & Umurhan 2013)
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Loren-Aguilar & Bate 2015

• The instability is preferentially triggered by 
~ mm grains.

• Smaller grains are too coupled to the gas. 
They need an extremely long time to settle.

• Bigger grains, of the order of ~ cm, settle 
extremely fast. If the dust layer is too thin, 
the conditions become unfavourable for the 
development of the instability. 

• An increase of the initial dust-to-gas ratio 
allows the instability to be triggered by 
bigger grains.

• The wavelength of the instability is roughly 
proportional to the characteristic height of the 
dust layer.

• The absence of shear (solid body rotation) 
“kills” the instability.
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Pablo Lorén-Aguilar & Matthew R. Bate, MNRAS Letters, 2016, 457, L54



Toroidal vortices in protoplanetary discs

x [AU]

z 
[A

U
]

7 7.5 8 8.5 9

-0.5

0

0.5

v [cm/s] =701

1�10-12

2�10-12

3�10-12

G
as

 D
en

si
ty

 [g
 c

m
-3

]

t = 1521 yrs

x [AU]

z 
[A

U
]

7 7.5 8 8.5 9

-0.5

0

0.5

v [cm/s] =1210

1⌫10-12

2⌫10-12

3⌫10-12

G
as

 D
en

si
ty

 [g
 c

m
-3

]

t = 1521 yrs

x [AU]

z 
[A

U
]

7 7.5 8 8.5 9

-0.5

0

0.5

v [cm/s] =1210

-16

-15

-14

-13

-12

lo
g 

(D
us

t D
en

si
ty

) [
g/

cm
3 ]

t = 1521 yrs

x [AU]

z 
[A

U
]

7 7.5 8 8.5 9

-0.5

0

0.5

v [cm/s] =701

-16

-15

-14

-13

-12

lo
g 

(D
us

t D
en

si
ty

) [
g/

cm
3 ]

t = 1521 yrs

Si
ng

le 
du

st
 p

op
ula

tio
n 

( 5
0 

cm
 )

Tw
o-

fo
ld

 d
us

t p
op

ula
tio

n 
( 1

 m
m

 &
 5

0 
cm

 )



Toroidal vortices in protoplanetary discs

x [AU]

z 
[A

U
]

7 7.5 8 8.5 9

-0.5

0

0.5

v [cm/s] =701

1�10-12

2�10-12

3�10-12

G
as

 D
en

si
ty

 [g
 c

m
-3

]

t = 1521 yrs

x [AU]

z 
[A

U
]

7 7.5 8 8.5 9

-0.5

0

0.5

v [cm/s] =701

-16

-15

-14

-13

-12

lo
g 

(D
us

t D
en

si
ty

) [
g/

cm
3 ]

t = 1521 yrs

No observable density perturbations Gas in hydrostatic equilibrium

Right migration velocity for the 
dust



Toroidal vortices in protoplanetary discs

x [AU]

z 
[A

U
]

7 7.5 8 8.5 9

-0.5

0

0.5

v [cm/s] =1210

1⌫10-12

2⌫10-12

3⌫10-12

G
as

 D
en

si
ty

 [g
 c

m
-3

]

t = 1521 yrs

x [AU]

z 
[A

U
]

7 7.5 8 8.5 9

-0.5

0

0.5

v [cm/s] =1210

-16

-15

-14

-13

-12

lo
g 

(D
us

t D
en

si
ty

) [
g/

cm
3 ]

t = 1521 yrs

50 cm grains are stopped due to the outward gas radial 
velocity

1 mm grains and gas move together due to the strong 
drag
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Pinilla et al. 2012

Pinilla P. et al.: Trapping dust particles in the outer regions of protoplanetary disks

The results presented here suggest that the presence of
pressure bumps with a width of the order of the disk scale-height
and an amplitude of 30% of the gas surface density of the
disk, provide the necessary physical conditions for the survival
of larger grains in a disk with properties summarized in Table
1. Comparisons between the observed fluxes of the Taurus,
Ophiucus and Orion Nebula Cluster star forming regions with
the results of the models ratify that the e↵ect of the radial
drift is reduced allowing particles to grow. Figure 8 shows how
models with these kind of disturbances reproduce much better
mm-observations than models with full or without radial drift.

In addition, we presented a comparison between the bumpy
density profile assumed in this work and 3D MHD models of
zonal flows that can cause long lived bumps in protoplanetary
disks. We showed that the pressure bumps cause by zonal flows
of (Uribe et al. 2011) are in agreement with the amplitudes and
wavelengths used in this work. Therefore, taking those bumps,
the survival of dust particles is possible in the outer regions after
some Myr.

The simulated images using CASA ALMA simulator
(version 3.2.0) show that, with di↵erent antenna configuration
of the final ALMA stage, the ring structures, due to the presence
of the pressure bumps, should be detectable. Future ALMA
observations will have an important impact for understanding
the first stages of planet formation and it will be very important
to investigate if the grain growth and retetion can be explained
with the presence of these kind of inhomogeneities in the gas
density profile.
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Interesting 
similarities

Given the accuracy of present observations of protoplanetary discs, we should be able to 
start thinking in searching for the presence of the vortices. 
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2

scattered light emission (Akiyama et al. 2015; Rapson
et al. 2015; Debes et al. 2013, 2016).
In this Letter, we present and analyze observations

that shed new light on the substructure in the TW Hya
disk. We have used the long baselines of ALMA to mea-
sure the 870µm continuum emission from this disk at
an unprecedented spatial resolution of ⇠1AU. Section 2
presents these observations, Section 3 describes a broad-
brush analysis of the continuum data, and Section 4 con-
siders potential interpretations of the results in the con-
texts of disk evolution and planet formation.

2. OBSERVATIONS AND DATA CALIBRATION

TW Hya was observed by ALMA on 2015 Novem-
ber 23, November 30, and December 1. The array in-
cluded 36, 31, and 34 antennas, respectively, configured
to span baseline lengths from 20m to 14 km. The corre-
lator processed four spectral windows centered at 344.5,
345.8, 355.1, and 357.1GHz with bandwidths of 2000,
469, 1875, and 1875MHz, respectively. The observa-
tions cycled between the target and J1103-3251 with a
1 minute cadence. Additional visits to J1107-3043 were
made every 15 minutes. J1037-2934, J1058+0133, and
J1107-4449 were briefly observed as calibrators. The pre-
cipitable water vapor (PWV) levels were ⇠1.0mm on
November 23 and 0.7mm on the latter two executions.
The total on-target integration time was ⇠2 hours.
These raw data were calibrated by NRAO sta↵. After

applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s inte-
grations and flagged for problematic antennas and times.
The bandpass response of each spectral window was cal-
ibrated using the observations of J1058+0133. The am-
plitude scale was determined from J1037-2934 and J1107-
4449. The complex gain response of the system was cal-
ibrated using the frequent observations of J1103-3251.
Although images generated from these data are relatively
free of artifacts and recover the integrated flux density
of the target (1.5 Jy), folding in additional ALMA obser-
vations with a higher density of short antenna spacings
improves the image reconstruction.
To that end, we calibrated two archival ALMA data

observations of TW Hya, from 2012 May 20 and Novem-
ber 20, using 16 and 25 antennas spanning baselines
from 15–375m. Again, four spectral windows were used,
but they have much narrower bandwidths (59MHz each)
and are centered at 333.8, 335.4, 345.8, and 347.4 GHz.
J1037-2934 was employed as a gain calibrator, and Titan
and 3C 279 (May 20) or Ceres and J0522-364 (November
20) served as flux or bandpass calibrators. The weather
for both observations was excellent, with PWV levels of
0.5mm. The combined on-target integration time was 80
minutes. The basic calibration was as described above.
As a check, we compared the amplitudes from each in-

Figure 1. A synthesized image of the 870µm continuum emission
from the TW Hya disk with a 30mas FWHM (1.6AU) circular
beam. The RMS noise level is ⇠37µJy beam�1. The inset shows
a 0.200-wide (10.8AU) zoom using an image with finer resolution
(24⇥18mas, or 1.3⇥1.0AU, FWHM beam) to highlight the central
unresolved source, 1AU dark annulus, and 2.4AU bright ring.

dividual dataset on overlapping spatial frequency ranges
and found exceptional consistency.
The calibrated visibilities from each observation were

shifted to account for the proper motion of the target
and then combined after excising channels with potential
emission from spectral lines. Some modest improvements
were made with a round of phase-only self-calibration.
Continuum images at a mean frequency of 345.9GHz
(867µm) were generated by Fourier inverting the visi-
bilities, deconvolving with a multi-scale, multi-frequency
synthesis version of the CLEAN algorithm, and then restor-
ing with a synthesized beam. All calibration and imaging
was performed with the CASA package (v4.5.0).
After some experimentation, we settled on an analysis

of two images made from the same composite dataset.
The first used a Briggs weighting (with a robust param-
eter of 0) to provide a 24⇥ 18mas synthesized beam (at
P.A.=78�). While this provides enhanced resolution, it
comes at the cost of a dirty beam with ⇠20% sidelobes
(due to the sparse coverage at long baselines) that de-
grades the image quality. A second image was made with
a robust parameter of 0.5 and an elliptical taper to create
a circular 30mas beam with negligible sidelobes. Both
images are consistent (within the resolution di↵erences)
and have RMS noise levels around 37µJy beam�1.

3. RESULTS

Figure 1 shows a high resolution map of the 870µm
continuum emission from the TW Hya disk, revealing a
series of concentric bright and dark rings out to a radial
distance of 60AU from the host star with a nearly pole-

Andrews et al. 2016
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Figure 2. (top) The high resolution (24 ⇥ 18mas beam) synthe-
sized image described in Sect. 2, deprojected into a map in polar
coordinates to more easily view the disk substructure. (bottom)
The azimuthally-averaged radial surface brightness profile.

on viewing geometry. To aid in the visualization of this
substructure, Figure 2 shows the image transformed into
polar coordinates and azimuthally averaged into a radial
surface brightness profile.
The inner disk includes an unresolved (<0.5AU in ra-

dius) 0.93 ± 0.04mJy source coincident with the stellar
position and a bright ring that peaks at 2.4AU; between
them is a dark annulus centered at 1AU. The bright
ring and dark annulus are unresolved (<1AU across).
Because it is unresolved, the depth of the dark annulus
is di�cult to determine unambiguously: we find at least
a 30% brightness reduction.
The outer disk shows dark annuli at 22, 37, and 43AU

separated by more extended bright zones. We tenta-
tively identify additional dark annuli that have lower
contrasts with respect to their neighboring regions at 12,
28, and 31AU. These dark features are narrow, only 1–
6AU across, and shallow, with depths only 5–20% below
the intensities of neighboring regions. The dark annulus
at 22AU has also been seen at infrared wavelengths, as
a deficit of light reflected o↵ the disk surface (Akiyama
et al. 2015; Rapson et al. 2015; Debes et al. 2016). Debes
et al. (2013) reported an additional annular deficit in the
scattered light around 80AU, but there is too little mi-
crowave continuum emission that far from the star to
identify any related features in the ALMA data.
Based on the data in Figure 2, comparisons of the ra-

dial profile along small ranges of polar angles in the disk
plane demonstrate that there are no statistically signifi-
cant azimuthal variations in the observed emission. The

typical deviations correspond roughly to the RMS noise
level; the median fractional deviation is only 7%. We
fitted ellipses to the prominent bright rings at 2.4 and
40AU (the latter between two dark annuli) and the dark
annulus at 22AU to estimate the projected viewing ge-
ometry of the disk. Each feature was consistent with the
standard geometry inferred from molecular line observa-
tions (e.g., Qi et al. 2004; Andrews et al. 2012): the joint
constraints suggest an inclination of 7± 3� and a major
axis position angle of 155± 12�.
On broad angular scales, the overall continuum bright-

ness distribution is roughly consistent with the broken
power-law model of Hogerheijde et al. (2016): the sur-
face brightness falls o↵ like r�0.7 inside 50AU and then
drops precipitously, like r�6, at larger radii. A refined
description would characterize the emission inside 50AU
using two di↵erent segments, where the linear slope in-
side 20AU is about 6⇥ steeper than from 20–50AU.
Zhang et al. (2016) recently pointed out this same slope
change in ALMA data with 0.003 resolution. But note that
this is distinct from the 22AU dark annulus, which is not
detectable at resolutions coarser than ⇠0.001.1

For some general guidance, we generated a representa-
tive (but not in any sense optimized) model disk using the
radiative transfer code RADMC-3D (Dullemond 2012). We
followed the same basic assumptions as Andrews et al.
(2012), with a few distinctions: (1) we employed a bro-
ken power-law dust surface density prescription (Hoger-
heijde et al. 2016); (2) in the very inner disk, we included
a belt of dust that has an optically thick Gaussian den-
sity profile with a width of 0.4AU (to insure it would
be unresolved); (3) to mimic the observed dark annulus,
the outer disk is truncated at 2.4AU (rather than the
previously assumed 4AU). With only minor tweaks to
the original parameters, this model reproduces well the
broadband spectral energy distribution. It also accounts
for the⇠1mJy point source at the disk center, confirming
its likely origin as thermal emission from warm (⇠200K)
dust adjacent to the host star. However, it still has dif-
ficulty reproducing the observed brightness profile in de-
tail. While we aim to refine this model in future work,
for now it serves as a crude reference for the disk tem-
peratures that will aid in our discussion of the potential
mechanisms responsible for the observed substructure.

4. DISCUSSION

Currently only one other disk, around the much
younger source HL Tau, is known to exhibit ringed sub-
structure like we find here (ALMA Partnership 2015).
But the apparent similarities are superficial. The dark
annuli in the TW Hya disk are considerably less deep

1 Nomura et al. (2015) mis-interpret the slope change found by
Zhang et al. (2016) as a “gap” because of artifacts invoked by the
extreme spatial filtering applied in their imaging.
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• We have recently started a new project, trying to reproduce the instability using another 
numerical technique. We are using a modified version of the Athena code in order to simulate 
the process of dust settling in global protoplanetary discs (Disclaimer: this is extremely 
ongoing work)
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Conclusions
• The instability is preferentially triggered by intermediately coupled grains (~ mm).

• An increase of the initial dust-to-gas ratio allows the instability to be triggered by bigger 
grains.

• The wavelength of the instability is roughly proportional to the characteristic height of 
the disc.

• Simulations suggest that the presence of the instability can stop the radial migration of 
bigger grains.

• The best theoretical explanation so far seems to be a “dusty version” of the VSI. A 
detailed theoretical model will arrive soon (-ish).

• Given the accuracy of present day observations, we should be capable to search for the 
the presence of the instability.


