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Mon Tue Wed Thu Fri
Time July 22 July 23 July 24 July 25 July 26

9:20-10:40 Disk Observations I Disk dynamics and 
evolution

Planet Formation III 
(Formation of planets 

+ pop synthesis)
Disk Observations  II

11:00-12:20 Protoplanetary disk 
overview

Radiative transfer 
process

Planet Formation II 
(Accretion of 

planetesimal/pebble)

Planet Formation IV 
(Disk-Planet 
Interactions)

Special topics

12:20-14:00 lunch lunch lunch lunch lunch

14:00-15:20 Hydrodynamics
Grid-based method 

for gas and dust 
dynamics

N-body method GPU computing SPH/meshless 
method

15:40-17:00 
(regular and 

advanced topics)

Planet formation I    
(dust coagulation & 

dynamics)

Magneto-
hydrodynamics Disk microphysics Project introduction 1 Project introduction 2

open discussion open discussion open discussion open discussion

Regular lectures    Tools and methods   Advanced topics & project intro



Lecture: Protoplanetary Disk Basics

• References
• [Astrophysics of Planet Formation] by Philip J. Armitage, Chapter 2
• Miotello+23 PPVII reviews, https://ui.adsabs.harvard.edu/abs/2023ASPC..534..501M/abstract

• A basic overview of protoplanetary disks
• What is it
• How does it look like
• What is it made of
• How is material distributed

• There are no stupid questions. If you find anything confusing, please ask 
questions. 
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Planet Formation

Initial Conditions Final Products



Two Main Avenues of Planet Formation
I: Core Accretion (Bottom-Up)

Liu & Ji 2020
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Core Accretion
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Two Main Avenues of Planet Formation
II: Gravitational Instability (Top-Down)

Stamatellos & Whitworth



Planet Formation

Initial Conditions Final Products



0.5" = 70 au

ALMA Partnership, Brogan et al. 2015

Dust Thermal Emission at 1 mm

Atacama Large Millimeter / 
submillimeter Array (ALMA)

Solar System

Min      Max
Flux

HL Tau



Millimeter Dust Emission / ALMA (Andrews+18)

IM Lup

Near-Infrared Scattered light / SPHERE (Avenhaus+18)
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~1 mm ~1 um
• What are we looking at?

• Left 2D but right 3D?

• Left image smaller?

Inclination: 48 degree



VLT/SPHERE
K-band (2.2 um)

VLT/MUSE
H𝛼 (0.656 um)

ALMA
Band 7 (0.9 mm)

Keppler et al. 2018
Muller et al. 2018

Wagner et al. 2018
Haffert et al. 2019

Hashimoto et al. 2020

Benisty et al. 2021
Isella et al. 2019

Imaged Planets in Protoplanetary Disks



1 Million Years 3 Million Years 10 Million Years
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Protoplanetary Disks Dissipate in a few Million Years



Radial
Vertical

Size dependent dust distribution

(blue layer)

Radial
Vertical

Miotello+23 , Fig. 1
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(white layer)



Miotello+23 , Fig. 1
14

Radial
Vertical

Wien's 
displacement law



What Are Disks Made of?

• Gas: ~99% of the mass; 
(almost) transparent
• H2 + He: 98% of the gas
• CO, H2O, etc: ~1%
• Gas opacity

• Dust: ~1% of the mass; main 
source of opacity*
• Different size, 

composition, porosity, etc
• Magnetic field
• Planetesimals / planets

* https://en.wikipedia.org/wiki/Opacity 
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Zhang et al. 2015



Fundamental Properties of Protoplanetary Disks

1. Total disk mass (gas / dust)

2. Disk size

3. Material distribution (radial / vertical / gas / dust)

4. Temperature structure (radial / vertical)



Total Dust Mass

Tychoniec+20
18

Flux to dust mass conversion 
assuming optically thin disks

Miotello, A., Kamp, I., Birnstiel, T., Cleeves, L. I., Kataoka, A. Setting the Stage for Planet Formation

However, measuring dust surface density and particle sizes
is not straight-forward. Both of these quantities are gener-
ally entangled with the disk physical structure and the par-
ticle composition, impacting their optical properties. Inter-
preting observations of the continuum flux of disks there-
fore relies on modeling and strong assumptions to derive
the desired physical quantities. On the most basic level,
this requires translating the amount of material and its op-
tical properties to the emitted continuum intensity and vice
versa.

Continuum emission from dust particles – Neglecting
scattering for now (see Section 3.2), the outgoing intensity
of a plane-parallel layer with homogeneous temperature and
opacity can be calculated as

I⌫ = B⌫(Tdust)
�
1� e�⌧⌫

�
, (1)

where B⌫ is the Planck spectrum at the dust temperature,
Tdust, and ⌧⌫ the optical depth.

If the dust emission is optically thick (⌧⌫ � 1) then I⌫ =
B⌫(Tdust), and the dust temperature can be measured from
the observed intensity I⌫ . For optically thin emission (⌧⌫ ⌧
1), the outgoing intensity becomes

I⌫ = B⌫(T ) ⌧⌫ = B⌫(T )⌃d abs. (2)

It can be seen that there are two factors that contribute to
the frequency dependence of Eq. 2: the Planck spectrum,
which at (sub-)millimeter wavelength is approximately in
the Rayleigh-Jeans limit, / ⌫2, and the opacity, which is a
pure material property and commonly written as a power-
law abs / ⌫� (although � will itself be wavelength depen-
dent in general).

These considerations already reveal some possible path-
ways to measure the desired physical quantities: in the op-
tically thick limit, the intensity and temperature are linearly
related. In the optically thin limit, the spectral index ↵
defined as I⌫ / ⌫↵ is related to the material property as
↵ = � + 2 (where the value 2 applies only in the Rayleigh-
Jeans limit and might be smaller closer to the peak of the
Planck spectrum), relating the spectral dependency of the
emission to the emitting material.

From Eq. 2 it can be seen that the dust surface density,
the temperature profile or the opacity could be measured
at any place in the disk if the other two quantities were
known, which unfortunately is not the case for astrophys-
ical sources. Disentangling the right hand side of Eq. 2 is,
in principle, possible by using 1) a given or a parameter-
ized model of the opacity, 2) the same for the temperature,
and 3) enough wavelength coverage to constrain all param-
eters in these models (e.g., Carrasco-González et al. 2019).
We will discuss resulting constraints on the particle sizes in
later sections (Section 3.2) and focus in this section on the
dust mass measurements and its caveats.

Continuum flux to dust mass conversion – If there was
a known appropriate “average” temperature of the disk T̄d

and an “average” dust opacity ̄, and if the emission were
optically thin, then the total flux could be used to infer a
(rough) estimate for the disk mass since

F⌫ =
1

d2

Z
2⇡ r I⌫(r) dr

=
1

d2
B⌫(T̄d) ̄

Z
2⇡r⌃d(r) dr (3)

=
B⌫(T̄d) ̄

d2
Mdust,

where d is the distance to the source, Mdust =
R
2⇡ r⌃d dr

is the total dust mass of the disk and the integrals are
over the entire disk. While obviously very approximate,
this flux-to-mass conversion first proposed by Hildebrand
(1983) (see also Beckwith et al. 1986, 1990) has since then
been used and discussed countless times in the literature,
see D’Alessio et al. (1999) and D’Alessio et al. (2001)
for pioneering work on the radiative transfer, Andrews and
Williams (2005) for early works on disk populations as well
as recent discussions in Hendler et al. (2017) and Ballering
and Eisner (2019). At a first glance one might think that
Eq. 3 is a fair relative measure of mass, but this assumption
can fail if the compared disks are on average hotter or larger
or possess significantly different grain properties.

Fig. 2.— Cumulative disk mass distributions after Ty-
choniec et al. (2018) for different SFRs. Note: distributions
do not reach unity because of the & 20% of non-detections
in the respective sample. Also, separating the disk and en-
velope contributions in Class 0/I sources is not trivial and
may be a source of uncertainty.

With these caveats in mind, dust masses can now be de-
rived for a large number of masses in several star forming
regions. This was done, among other Star Forming Re-
gions (SFRs), for Taurus (Andrews et al. 2013), Lupus (Ans-
dell et al. 2016), Upper Scorpius (Barenfeld et al. 2016),
Chamaeleon I (Pascucci et al. 2016), � Orionis (Ansdell
et al. 2018), and some Class 0/I source in Perseus (Ty-
choniec et al. 2018) (see PPVII Chapter by Manara et al.,
for a more detailed discussion). The cumulative mass dust
distributions, derived from the observed fluxes and assum-
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Total Gas Mass 

• H2: (Almost) No emission 
in protoplanetary disks

• He: similar

Sternberg 1989 19



Total Gas Mass – Tracer / (Tracer / Gas)

• CO and isotopologues (CO / H2 : ∼ 10−4)
• Pro: high abundance; easy access (many lines at mm wavelengths)
• Cons: conversion factor uncertain due to freeze out, 

photodissociation, chemical reaction, and dust processing
• 12CO often optically thick; need optically thin tracers

van der Marel + 15, 16

12CO



Total Gas Mass – Dynamical Mass Constraints 

22

Veronesi et al. (2021)



Total Gas Mass

23Ansdell+16



Disk Size

24TW Hya, Andrews + 20

500 AU

NIR mm CO

Big dust (mm-sized)Small dust (micron-sized) Gas (CO)



Disk size distribution, mm continuum emission

25
Tobin & Sheehan 2024



Radial Distribution of Material: 
Dust

HL Tau  Carrasco-Gonzalez+19

Assuming optical depth 𝜏𝜈 << 1
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Radial Distribution of Material: Dust (HD 163296) 

Carrasco-Gonzalez+19



Radial Distribution of Material: Gas (IM Lup)

29
Zhang+21



Temperature Structure in Protoplanetary Disks

𝜃 (polar angle)

r (AU)   100 10 1 0.1

Disk midplane



Temperature Structure in Protoplanetary Disks

𝜃 (polar angle)

r (AU)   100 10 1 0.1

Optically thin disk

Every dust particle directly 
sees the star

Good approximation for debris disks

30                100               300               1000     T (K)

Disk midplane



Temperature Structure in Protoplanetary Disks

𝜃 (polar angle)

r (AU)   100 10 1 0.1

Optically thick disk

Only dust particles at the 
surface sees the star

(notice the contribution from accretion 
at small radii)

30                100               300               1000     T (K)

Scattered light surface(𝜏 ~ 1 to the star @ 1 um)Disk midplane


