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ALMA is a revolution in planet formation studies

DSHARP collaboration



Continuum: 
- Dust mass, grain properties 
- Dust grain growth, migration, traps 
- Indirect detection of (proto)planets 

Gas lines: 
- Gas and stellar masses 
- Disk temperature and density structure 
- Disk chemistry 
- Location of snow-lines 
- Indirect detection of (proto)planets



Continuum observations of protoplanetary disk 

trace thermal emission from mm/cm-sized grains

ALMA partnership et al. 2015

HL Tau



Dust radial migration

- Dust grains orbit at keplerian velocity 
- Gas orbits at sub-keplerian velocity

mm/cm grains slow down  
and migrate inward 

Disk radii depend on wavelength, 
gas and dust radii are usually very 

different.

HD 163296
A. Isella & B. Saxton

gas 
dust



A solution to radial migration: dust traps

van der Marel et al. 2013

Dust particles move toward pressure maxima in the disk

Oph IRS-48

VISIR

ALMA
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Figure 1. Top left : 290 GHz continuum image of the TW Hya disk generated from combining Band 6 and Band 7 data. The
synthesized beam is shown in the lower left corner. Top right : The 290 GHz continuum emission deprojected and replotted as a
function of radius and azimuth, with the deprojected, azimuthally averaged radial surface brightness profile shown underneath.
The light blue ribbon shows the 1� scatter of each radial bin. Gray dashed lines mark the location of the continuum gaps at
25, 41, and 47 AU. The Gaussian profile shows the FWHM of the minor axis of the synthesized beam. Bottom left : Spectral
index map calculated from Band 6 and Band 7 data. Bottom right : The spectral index map deprojected and replotted as a
function of radius and azimuth, with its deprojected, azimuthally averaged radial profile shown underneath. The light purple
ribbon shows the 1� scatter in each radial bin. Values are only shown out to a radius of 55 AU because a substantial fraction
of pixels in the continuum image past this radius fall below the signal-to-noise threshold of 5�.

channels is ⇡ 1.7 mJy beam�1. A primary beam cor-
rection was applied to the image cube with the impbcor
task. An integrated intensity map was produced by sum-
ming emission above the 3� level in the velocity range
from �1.91 to 7.59 km s�1. This velocity range was
chosen based on where the emission in the line wings
exceeded the 3� level, but the map is robust to choice
of integration limits—truncating or extending the inte-
gration range by a few channels changed the integrated
flux by less than 0.1%.

3. OBSERVATIONAL RESULTS

3.1. The Spectral Index Between 1.3 mm and 870 µm

The 290 GHz (Band 6 + Band 7) continuum im-
age, spectral index (↵) map, and deprojected and az-
imuthally averaged radial profiles are shown in Figure 1.
The adopted position angle and inclination are 152 and
5 degrees, respectively, based on comparisons between
spectral line models and data (see Section 4). These
values are consistent within uncertainties with the ori-
entation derived by Andrews et al. (2016) from the 870
µm continuum. The inclination is slightly smaller than
the commonly used value of 7� from Qi et al. (2004), but

A solution to radial migration: dust traps
Rings and gaps can stop dust migration and aid  grain growth
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Huang et al. 2018

TW Hya



Walsh et al. 2017

Gas kinematics: disk rotation
13CO(3-2) line

HD 100546

0th-moment: total intensity

1st-moment: velocity field



Gas and stellar masses, disk structure
With this type of data (+ models), you can derive… 

 

- stellar mass 

- disk gas mass 

- gas density profile 

- disk temperature structure

Figure 5. from The Architecture of the GW Ori Young Triple-star System and Its Disk: Dynamical Masses, Mutual Inclinations, and Recurrent
Eclipses
null 2017 APJ 851 132 doi:10.3847/1538-4357/aa9be7
http://dx.doi.org/10.3847/1538-4357/aa9be7
© 2017. The American Astronomical Society. All rights reserved.
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Figure 4. from The Architecture of the GW Ori Young Triple-star System and Its Disk: Dynamical Masses, Mutual Inclinations, and Recurrent
Eclipses
null 2017 APJ 851 132 doi:10.3847/1538-4357/aa9be7
http://dx.doi.org/10.3847/1538-4357/aa9be7
© 2017. The American Astronomical Society. All rights reserved.

C18O(2-1) line

GW Ori
Czekala et al. 2018
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Location of snow-lines

TW Hya
Qi et al. 2013



Extremely rich chemistry, organic moleculesFigure 1. from A Subarcsecond ALMA Molecular Line Imaging Survey of the Circumbinary, Protoplanetary Disk Orbiting V4046 Sgr
null 2018 APJ 863 106 doi:10.3847/1538-4357/aacff7
http://dx.doi.org/10.3847/1538-4357/aacff7
© 2018. The American Astronomical Society.

V4046 Sgr
Kastner et al. 2018



Isella et al. 2018

Finding (proto)planets

Simulation:  

0.15Mjup at 54 au

HD 163296



Extra slides



Lee et al. 2018

Before and after protoplanetry disks
When do disks form? 

Class 0 disks, size, rotation

The remnants of planet formation: 
Debris disks, composition and structure

MacGregor et al. 2017

Fomalhaut

HH-221



Disk dust masses

Figure 6. from ALMA SURVEY OF LUPUS PROTOPLANETARY DISKS. I. DUST AND GAS MASSES
null 2016 APJ 828 46 doi:10.3847/0004-637X/828/1/46
http://dx.doi.org/10.3847/0004-637X/828/1/46
© 2016. The American Astronomical Society. All rights reserved.

Ansdell et al. 2016

A&A proofs: manuscript no. lupus_macc_mdisk

Millimeter/submillimeter Array (ALMA). We look for correla-
tions between Ṁacc and Mdisk, as predicted by viscous theory.

2. Data sample

The sample analyzed here includes Class II and transition disk
(TD) young stellar objects (YSOs) with 0.1<M?/M�<2.2, thus
including only the TTauri stars of the ALMA sample. Both the
ALMA and X-Shooter surveys are complete at the ⇠95% level.
In total, there are 66 objects with ALMA and X-Shooter data
available. The list of targets included in the analysis is reported
in Table A.1.

The ALMA data are presented by Ansdell et al. (2016, here-
after AW16). The setting includes continuum emission at 335.8
GHz (890 µm) at a resolution of ⇠0.3400⇥0.2800(⇠25⇥20 AU ra-
dius at 150 pc) and the 13CO and C18O 3-2 transitions. From
the continuum emission, detected for 54 of the targets included
here, AW16 derive disk dust mass (Mdisk,dust) using typical as-
sumptions of a single dust grain opacity (890 µm) = 3.37 cm2/g
and a single dust temperature Tdust=20 K. From the CO emission
lines, AW16 derive the disk gas mass (Mdisk,gas) for 29 disks in
our sample, but for 22 of these the lower bound of the acceptable
values of Mdisk,gas is unconstrained because of the lack of C18O
detection. Upper limits are calculated for the other 37 targets.

We obtain Ṁaccfrom the X-Shooter spectra (Alcalá et al.
2014; Alcalá et al. 2016). Briefly, the stellar and accretion pa-
rameters are derived by finding the best fit among a grid of mod-
els including photospheric templates, a slab model for the accre-
tion spectrum, and reddening. We use the UV excess as a main
tracer of accretion and the broad wavelength range covered by
X-Shooter (�� ⇠ 330 � 2500) to constrain both the spectral type
of the target and the extinction. Among the objects discussed
here, 57 have Ṁacc derived from X-Shooter measurements, while
5 have an accretion rate compatible with chromospheric noise
(non accretors), and 4 targets are observed edge-on, thus their
Ṁacc are underestimated. The evolutionary models by Siess et
al. (2000) are used to determine M?and, thus, Ṁacc.

Finally, the sample includes several resolved binaries. All of
these binaries have separations & 200 and are indicated in Ta-
ble A.1.

3. Results

3.1. Disk dust mass

The values of Mdisk,dust derived by AW16 (see Sect. 2) are a mea-
sure of the bulk dust mass in the disk. Figure 1 shows the values
of Ṁacc measured for our targets as a function of Mdisk,dust

1.
We first search for a correlation between the two quantities

running a least-squares linear regression on the targets with both
Mdisk,dust and Ṁacc measurements and find a moderate correla-
tion with r = 0.53 and a two-sided p-value of 1.5·10�4 for the
null hypothesis that the slope of this correlation is zero. The best
fit obtained with this method has a slope of 0.7 and a standard de-
viation of the fit of 0.2. Then, we compute the linear regression
coe�cients using the fully Bayesian method by Kelly (2007)2,
which allows us to include uncertainties on both axes in the fit-
ting procedure. Uniform priors are used for the linear regression
coe�cients. We include some single chain results in Fig. 1, as

1 Objects observed edge-on or with accretion compatible with chro-
mospheric noise are shown in the plot, but they are not included in the
analysis of correlations between Ṁacc and Mdisk,dust.
2 https://github.com/jmeyers314/linmix

Fig. 1: Logarithm of Ṁacc vs. logarithm of Mdisk,dust. Green filled
squares are used for measured values, open squares for edge-on
objects, and downward pointing open triangle for objects with
accretion compatible with chromospheric noise. Transition disks
are indicated with a circle. We show fit results obtained using
the Bayesian fitting procedure by Kelly (2007), which considers
errors on both axes and is only applied to detected targets. The
assumed best fit is represented with a red solid line, while the
light red lines are a subsample of the results of some chains. The
best fitting with this procedure overlaps with the least-squares
best fit.

well as the best fit obtained with this method, which has the same
slope and intercept of the least-squares fit relation. We adopt the
median of the results of the chains as best fit values. We refer
to Appendix B for the corner plots with the posterior analysis
results. The best fit obtained with this method has a slope of
0.7 ± 0.2, a standard deviation of 0.4 ± 0.1, and a correlation co-
e�cient of 0.56 ± 0.12. We also verified that the two quantities
are still correlated when upper limits on Mdisk,dust are properly
considered using the same tool. The correlation coe�cient in-
creases to 0.7± 0.1, while the slope is larger (1.2± 0.2) but com-
patible with that obtained using detections only. The same slope
is obtained including upper limits and using the emmethod and
buckleyjames method in ASURV. However, the slope estimated
when including upper limits is not well constrained (Kelly 2007)
and should be considered with caution. We then find a probabil-
ity lower than 10�4 of no-correlation using the Cox hazard test
for censored data in ASURV (Lavalley et al. 1992) including up-
per limits on Mdisk,dust.

We show the dependence of the accretion luminosity (Lacc)
on the sub-mm continuum flux normalized to a distance of 150
pc in Fig. 2 to confirm that the correlation is not induced by
the conversion from Lacc to Ṁacc. Indeed, Lacc is directly mea-
sured from the spectra, while the conversion to Ṁacc depends on
M?, which is derived from evolutionary models. A correlation is
found with r = 0.6, a slope of 0.8±0.2, and a standard deviation
of 0.5±0.1.

We then test for the robustness of the correlation, given
our assumptions to convert the continuum emission in Mdisk,dust.
First, we assumed a single disk opacity and gas-to-dust ratio for
all disks. To test whether a random variation of these param-
eters would a↵ect our results, we perform the same statistical
tests on the same targets after randomly displacing the values

Article number, page 2 of 8

Manara et al. 2016

Mstar vs Mdust Mdust vs Macc



Complex chemistry in protoplanetary disks

van Dishoeck 2014



Misaligned inner disks

Figure 1. from ALMA Reveals a Misaligned Inner Gas Disk inside the Large Cavity of a Transitional Disk
null 2018 APJL 868 L3 doi:10.3847/2041-8213/aae88b
http://dx.doi.org/10.3847/2041-8213/aae88b
© 2018. The American Astronomical Society. All rights reserved.

J1604-2130
Mayama et al. 2018



Finding planets: gasFigure 1. from Kinematic Evidence for an Embedded Protoplanet in a Circumstellar Disk
null 2018 APJL 860 L13 doi:10.3847/2041-8213/aac6dc
http://dx.doi.org/10.3847/2041-8213/aac6dc
© 2018. The American Astronomical Society. All rights reserved.

HD 163296
Pinte et al. 2018


