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ALMA/Band 6 (1.3mm)

Totally different scales!
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Revolution of ALMA (pre-ALMA)
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Revolution of ALMA (Early Science)
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Revolution of ALMA (long baseline)
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UV-coverage
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So what’s the origin of dust rings?

Recall:

dp

Gas disk has a pressure gradient - <0
r
- Radial inward drift dust

Large particles move
towards high pressure

Dust disk evolves ditferently
than the gas disk

=> Need pressure bump
to prevent radial drift

Weidenschilling 1977



Dust trapping
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Problem:
dust traps require planets?




Recognize dust trapping

Distribution large vs small grains/gas

Orbit of Neptune um — dust

mm —dust

Segregation between large
and small dust (and gas) is
evidence for trapping

Van der Marel et al. 2013



What sets drift/trapping efficiency

 Stokes number: property of particle

a = grain size
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What sets drift/trapping efficiency

Stokes numbers
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At 100 au, mm-grains (ALMA)
have St ~ 10-2 - 100:
=> efficient drift/trapping

Williams & Cieza 2011



What sets drift/trapping efficiency

Stokes numbers
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At 1 au, 10 micron-grains (MATISSE) At 100 au, mm-grains (ALMA)
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===> Do not expect to observe real dust traps
(concentrations) in inner regions: dust follows the gas



Origin dust traps

1. Planets
(difficult to explain formation
and occurrence at gap radii)

3. Hydrodynamic/MHD instabilities

(hard to prove or disprove)
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Why we think it’s planets
Direct detections of protoplanets

ALMA Subaru Telescope Image of AB Aurigae

MUSE/VLT Size of
Neptune's orbit

Protoplanet / I
| 3

AB Aur b

PDS70 b+c AB Aur b

Super-Jovian protoplanets at wide
(>20 au) orbits inside dust cavities

e.g. Keppler et al. 2018, 2021,
Haffert et al. 2019, Currie et al. 2022,
Hammond et al. 2023

Protoplanet ——



Why we think it’s planets

Deep gas gaps in 12413CO

Hon 345 GIlz conlinuum

HD 1353118

Indirect evidence for (super-)Jovian
protoplanets at wide orbits

Spiral arms in NIR Non-Keplerian motion
- in line cubes

Kink in flow
. caused by

Planet, " planet ' = N " ] ,
» ‘ & Benisty et al.

’ ‘ Bae et al.
' ‘ Stolker et al.
| © - ‘ Benisty et al.
e Pinte et al.
Mostly indirect: detection protoplanets is hard! Stadler et al.

2021
2022
2016
2017
2018
2022

VdMarel et al. 2016,2021



Why we think it’s planets

Giant exoplanets: stellar mass dependence
Disks

0.1-0.5 Mg 0.5-1.0 Mg 1.0-1.5 Mg >1.5 Mg

Giant exoplanets
<0.5 M@ 0.5-1 M 1-1.5 M@ >1.5 M@

B Transition disk
Bl Ring disk

B Extended (> 40 au)
mmm Compact (<40 au)

- >1 MJ“p
- 0.2'1 Mjup
- <0.2 Mjup

van der Marel & Mulders 2021



Why we think it’s planets

Gas giant locations
l Typical gap radii

=

o
[
1

=

o
o
1

.(-
*%‘?‘TMl ration|” °

Planet mass (M;y)

1071 3 .!' —
] °® ‘Neptune
* o Uranus
'~ *
10—2 -
Searth ¢ e Transit
OVegars e Radial velocity
1073 4 » Direct imaging
1 e Microlensing
E ° @ Mercury o Other
10_4 LELILALBLA | v LELALALAAAI | v LELELALLAA | v LI B | v LA LB | v LA AL |
102 101 10° 101 10% 103

Semi-major axis (au)
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Asymmetries
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Asymmetries

2. Horse shoe by eccentric

stellar companion
1. Rossby wave instability
leading to vortices HD142527

Disc with a vortex, M, =10M ;. a =10 :

t=8.9e+04 + 134.16 years

ﬁﬁﬁﬁﬁ

Ragusa et al. 2016, 2020
Price et al. 2018
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Asymmetries

Eccentric disk rings

Using inner disk and/or stellar

position: eccentric rings with e~0.1
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Inner dust disks
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Inner dust disks suggest small
dust grains flow through the gap
and grow in inner disk

Francis & van der Marel 2020
Pinilla et al. 2021



Inner dust disks

Multi-wavelength analysis mm-cm wavelengths
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Inner dust disks ...
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Inner dust disks

Misalignment Simulation:
; .
Shadows in scattered light ﬁsgf ZIS-SI?(ZS
suggest misalignment | planet ‘breaks’
| | the disk

Disentangling
orientation
combining VLTI
with scattered light
iImages
Marino et al. 2015

/Zhu et al. 2019
Bohn et al. 2022




Dust ring properties

Multi-wavelength analysis

Basic relations in
continuum emission:

Flux
\ Dust surface
b, = [BU(T)(l — e~ )df2 / density
. szdust
T, = :
COS 1
Temperature

kK, ~n(a)xa”’, a

/ max

Grain size

distribution Spatially resolved multi-wavelength

data at 3 or more wavelengths can
disentangle these 3 disk parameters!



Dust ring properties
Multi-wavelength analysis
Example: TW Hya
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Dust ring properties

Multi- wavelength analy5|s

More stringent

constraints on dust : o WaVe LA
N\A

properties and , \g

optical depth .

Scattering
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Summary

* Dust rings observed with ALMA are thought to be caused by
pressure bumps at the edge of wide-orbit planet gaps

e Dust rings observed at IR VLTI unlikely to be dust traps
 Dust asymmetries at mm and IR can have different origins

* |Inner dust disks with ALMA could be free-free emission, but
those in IR can be used to study e.g. misalignments

* Multi-wavelength analysis of ALMA has been used to infer dust
properties, potential at IR?



