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What are the typical densities and temperatures in
clouds and disks?



What’s it like out there?

- Conditions very different from Earth!

- Typical conditions:
- Diffuse clouds: Tkin~100 K, n~100 cm-3
- Dense clouds: Tkin~10-100 K, n~104-108 cm-3
+ Disk: Tkin~10-1000 K, n~108-1013 cm-3

* In clouds: 100 times more gas than dust!

- Compare atmosphere at sea level:
Tkin~300 K, n~3 1019 cm-3



How do dust and gas emit radiation?



vF, [erg cm™ s™']

SED of a disk

Dust in disk gets heated
up by the star:
radial temperature
gradient
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infrared to mm emission:
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Line excitation

Molecules move around randomly =
and occasionally collide \

(more collisions at higher
temperature and/or higher density)
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Why is ALMA so much more powerful than Spitzer
in disk studies?



Interferometry

ALMA: Atacama Large Millimeter/submillimeter Array
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Why is ALMA split up in frequency bands?



ALMA bands

Bands are in between H20 absorption frequencies

 ALMA Bands: atmosphere
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What happens if you only measure the emission at
long baselines, and not at short baselines?



Demo uv-coverage

Interferometers have a

spatial sampling and T -

beam shape determined Fourier Domain (uv-plane) Sampling What ALMA sees:
by their configuration.
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Why is it necessary to do phase calibration during
an ALMA observation?



Phase calibration
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Why does a disk spread in the
viscous accretion disk model?



Angular momentum
transport

Ring A moves faster than ring B.

Friction between A & B slows A
down, speeds B up. Therefore ang.
mom. transferred from A to B.

 Specific angular momentum
for a Keplerian disk:

[=rv, = Q. = \/GM*r

So if ring A looses angular momentum (but forced to keep
Kepler orbit), it must move inward!

Ring B moves outward (unless there are additional external
rings C, D, etc.).



How does a gas disk dissipate?



Photoevaporation and disk evolution

Evolution of surface density: M,=1Mg, ¢=10%s""
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What is the alternative evolution scenario instead of
the viscous disk model?



MHD disk wind mode
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What are the different things that can happen when
two grains collide?



Collision outcome

Sticking

Fragmentation

Bouncing

Also: mass transfer and erosion

Courtesy of Paola Pinilla



What mechanisms exist in the disk that cause dust
grains to move and collide?



Dust movement Iin a disk

How do dust particles move around
so that they can collide?

midplane

Brownian Motion Settling

Each of these processes depend on grain size
(Stokes number) and can lead to dust
collisions



What causes the radial drift of a particle?



Radial drift

- (Gas disk has a pressure gradient _p <0

- Radial inward drift dust dr

2
v _ GM, 1dP

r rzlpdr

pressure force

V¢ ~ VK ‘ (1 - ﬂ)
(0.5% slower than Keplerian)

Weidenschilling 1977



What is the Stokes number of a dust particle?



What sets the radial drift?

e Stokes number: property of particle

[
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How can we prevent radial drift?



Pressure bump/dust trap

A forming planet will carve a gap in the
gas distribution: at the outer edge you
naturally get a pressure maximum
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Why is such a dust trap not a solution
for planet formation?



Problem:
dust traps require planets?




Do we have observational evidence for radial drift?



Gas-to-dust size ratio

Most extreme example
CX Tau (at high resolution of 0.04”!) with a ratio of >6:

12C0O emission (velocity map)

1.0 o -

Dust continuum

L | 17 rgrrveregy T |

0.2 F 5
S 0.1F
QJ -
m -
Y 00F W
1v) T -~
o | 110 €
<01 F =
: e
o2k @
Sy IR TP IR IrrTrere -U. A ‘ -l
0.2 01 00 -0.1 -0.2 - -2
Aa (arcsec) - N
i @ 10 AU
(NO gaps Seen) -10 _l PUNE YRR TN TN (NN TN T NN TN NN NN WA SRNN SN (N TN S S A
1.0 0.5 0.0 -0.5 -1.0

AC!(H)

This may be a case of a drift-dominated disk, but very few small
disks have been resolved at high spatial resolution Facchini et al. 2019



What are the four main ways to explain
a transition disk cavity?



Transition disk cavity clearing

1. Binaries

2. Photoevaporation
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How can we confirm that a dust concentration is
caused by trapping?



How do we know that these
are dust traps?

Large
trapped dust Small dust
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What are the two proposed mechanisms for an
azimuthal pressure bump?



Azimuthal pressure bump

Rossby Wave Instability Horseshoe in eccentric

resulting in a vortex circumbinary disk
Disc with a vortex, M, =10M,, , a=10"

t=8.9e+04 + 134.16 years

40



What are two ways to generate a spiral arm in a
protoplanetary disk?



Origin spirals?

Planet spiral density waves Gravitational instability

STANDARD MIGRATION

Inltial planetary orbit

The spirals seen in mm emission are often associated
with gravitational instability, as their disk masses are
large. The NIR/CO spirals are more scale height/
temperature variations (as the underlying mm disk
looks very different) so more likely due to dynamical | Credits:
interaction. Not fully conclusive yet! Pablo Benitez-Llambay, Ken Rice



Why is it so hard to determine the fraction of disks
with substructures?



Detectability of substructures
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Under which assumptions is the grain size related
to the observed millimetre spectral index?



Rayleigh-Jeans
approximation

2h’

Rayleigh-Jeans: B(T) =

Approximation: ; hv < kg1’

B,(T(r) = 22 F8T(") —p B (T) ~ 12

2

Remember: Ky ~ I/'B

. B (T)xM
Rayleigh-Jeans + P v dust b o 120 o 120 g
Opt thin regime: FI/ o 2 FI/ UKy v v

So the spectral index alpha can provide us the dust
opacity B in the assumption of opt. thin emission



Why is it OK to assume a constant temperature of
20 K when calculating a disk dust mass from a flux?



T (K)

Dust temperature

OL. )1/4— oL, 1
8mopr? -

T(r) = (

Disk temperature

100

80 A — L+=0.1
Bulk of the disk (50-150 au, where

most of the mass is) is between
10 and 20 K:

General assumption:
use average temperature to
compute dust mass (usually 20 K)
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What are the main challenges of using HD as
measurement of the disk gas mass?



HD measurements

HD emission depends strongly on disk temperature
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Also: no FIR mission any more in the near future
Trapman et al. 2017



What is the problem with disk gas masses that are
derived with CO isotopologue emission?
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How do we know that the low GDR is likely not
caused by disk dissipation?



Gas dissipation?
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How can we understand a depletion of CO in a
protoplanetary disk?



© Grainw/COice C

CO depletion

O Grainw/out COice snowline
@® COaqgas

©

O
Sublimation
o

Excess CO vapor:
C/O~1, elevated C/H

Dust pebble drift can cause Oberd ot al. 5016
CO depletion as the CO-icy pebbles drift inwards, Somth 2 llas 2019
depleting the outer disk of molecular CO Krijt et al. 2018, 2020



How can you determine both gas temperature and
density simultaneously from line emission?



Line excitation
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How does ice chemistry contribute to the chemical
complexity in a cloud/disk?



lce chemistry

Grain-surface and ice processes

Freeze-out / adsorption Grain surface and ice chemistry lce sublimation / desorption
Atom '
addition Photolysis / Non-thermal

radiolysis desorption
y/e

Y y/e

M ."_",,_‘)
Radical B Hydrogen
reaction abstraction

@ s 5
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Thermal desorption

Many possible chemical reactions, followed by ice sublimation

=> more chemical complexity!

Oberg & Bergin 2020



Why are edge-on disks so interesting for
studying disk chemistry?



Disk chemistry:
vertical structure
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In edge-on disks it is possible to resolve the vertical
structure of the molecules: temperature structure

Podio et al

. 2020



How can we explain the detection of CH3OH
(an ice product) in a warm Herbig disk?



Relative Declination (arcsec)

CH30OH in warm disk?

HD100546: warm disk (hot star) = no CO ice reservoir?

CH30H (647,51 — 51.4.1)
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CH30OH ice must be formed in
early cloud phase and inherited,
drifted inwards and then
sublimated

(Also seen in IRS48)
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What kind of kinematics have we detected and are
we expecting to detect in protoplanetary disks?



Expected kinematics
In a disk
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Much more than just Keplerian rotation!

Pinte et al. 2022 (PPVII)






