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From Dust To Planets

OUTLINE

Observing Protoplanetary Dust

New Paradigms



1. FROM DUST TO PLANETS



Plan
etesimal Accretion

DUST :  CRUCIAL  INGREDIENT

Streaming Instability 

(accumulation + large grains needed)

Collisional Growth
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−$ km ∼ −$$→ km ≲ −$$$ km+μm ∼ cm

 see also talk by Jürgen Blum; Reviews: Dust – Birnstiel 2024 (ARA&A), Planet Formation – Drazkowska et al. 2023 (PPVI)→

https://ui.adsabs.harvard.edu/abs/2024ARA&A..62..157B/abstract
https://ui.adsabs.harvard.edu/abs/2023ASPC..534..717D/abstract


FROM  DUST  TO  PLANETESIMAL

starting with Youdin & Goodman 2005, Johansen et al. 2007. Here:  Nesvorny et al. 2019, Rixin Li
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http://dx.doi.org/10.1086/426895
http://dx.doi.org/10.1038/nature06086
https://www.nature.com/articles/s41550-019-0806-z.epdf?author_access_token=x8xN-u-EoJNG7fBIxyOUTNRgN0jAjWel9jnR3ZoTv0P0yJ7LjCkYYDLljFyR2nBIwOFlbUtM5vb_Szq1tddDdfm4yVTliCiL_q9jRGmXML_LXajnWqnysHVOgLkpOUpTEuT6-aah8-b9V1RYCjA33A==
https://lavinia.as.arizona.edu/~rixin/videos/
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Problems: 

๏ needs large particles 

๏ needs dust accumulation

http://dx.doi.org/10.1086/426895
http://dx.doi.org/10.1038/nature06086
https://www.nature.com/articles/s41550-019-0806-z.epdf?author_access_token=x8xN-u-EoJNG7fBIxyOUTNRgN0jAjWel9jnR3ZoTv0P0yJ7LjCkYYDLljFyR2nBIwOFlbUtM5vb_Szq1tddDdfm4yVTliCiL_q9jRGmXML_LXajnWqnysHVOgLkpOUpTEuT6-aah8-b9V1RYCjA33A==
https://lavinia.as.arizona.edu/~rixin/videos/


Plan
etesimal Accretion

DUST :  CRUCIAL  INGREDIENT

Streaming Instability 

(accumulation + large grains needed)

Collisional Growth
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collisional evolution

dynamical evolution



 Sticking←

INGREDIENT  #1:  COLLIS IONS

© Blum group (e.g. Blum et al. 2014)  talk by J. Blum→

Macroscopic sizes reached! 

Sticking  Bouncing/Fragmentation→

Mass Transfer  →

 Fragmentation←

Bouncing →



INGREDIENT  #2:  DYNAMICS

Small particles: well mixed

Large particles: 

sediment down & drift inward

Pressure bump: 

traps large particles

* [+,]

−$∼−

−$$

−$−

 Small particles:  well coupled to gas 

 Large* particles: drift to higher pressure 

 * (St> )α

Birnstiel 2024, ARA&A



Pebble Accretion

Plan
etesimal Accretion

DUST :  CRUCIAL  INGREDIENT

Streaming Instability 

(accumulation + large grains needed)

Collisional Growth
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−$ km ∼ −$$→ km ≲ −$$$ km+μm ∼ cm

Dust required as base material, during all stages, and as tracer
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2. OBSERVING PROTOPLANETARY DUST

 talk by Ryo Tazaki→



OBSERVING  PROTOPLANETARY  DUST

→-+../0/1 2345. (678)
(SPHERE)

9+→ ∼ :"3→→3;<



OBSERVING  PROTOPLANETARY  DUST

.5/0"+2 /"3→→3;< (0+13;)
(ALMA)

9+→ ∼ :"3→→3;<



OBSERVING  PROTOPLANETARY  DUST

9+→ ∼ :"3→→3;<

(JWST) → talk Melissa McClure
.5/0"+2 + =/+.,0/→ (>78)



H IGH  RESOLUTION  RADIO  INTERFEROMETRY

Slide: S. Andrews; Kwon et al. 2011; Andrews et al. 2012

Radio (1.3 mm) 

20 AU 20 AU

CARMA, SMA



; ALMA Partnership et al. 2015; Andrews et al. 2016

H IGH  RESOLUTION  RADIO  INTERFEROMETRY

Slide: S. Andrews; Kwon et al. 2011; Andrews et al. 2012

Radio (1.3 mm) 

20 AU 20 AU

ALMA



schematic: Birnstiel 2024, data: Avenhaus et al. 2018, Andrews et al. 2018

OBSERVING  PROTOPLANETARY  DUST



3. NEW PARADIGMS



DSHARP collaboration (Andrews ... TB et al. 2018)

OBL IGATORY  DSHARP GAL LERY



DSHARP collaboration (Andrews ... TB et al. 2018)

Substructure in every resolved disk!

OBL IGATORY  DSHARP GAL LERY



Dullemond, TB, & DSHARP collaboration (2018)
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WHAT  HAVE  WE  LEARNED?

Stammler et al. 2019: 

condition to form 

planetesimals 

= 
optical depth  1≲

https://doi.org/10.3847/2041-8213/aaf742


Dullemond, TB, & DSHARP collaboration (2018)
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WHAT  HAVE  WE  LEARNED?

Stammler et al. 2019: 

condition to form 

planetesimals 

= 
optical depth  1≲

Rings appear to meet criteria for 

planetesimal formation

https://doi.org/10.3847/2041-8213/aaf742


ALMA (mm): dust ring + CPD

, Benisty et al. 2021

THE  BENCHMARK  D I SK  OF  PDS70

?$
+,@?

+,

µm

SPHERE (NIR): direct imaging

  Keppler et al. 2018

mm

MUSE (optical): accretion

Haffert et al. 2019, 

*JWST (MIR): water + variability

, Perotti et al. 2024, Jang et al. 2024 *enstatite poor, forsterite rich, low Fe content

⋆

λ

https://doi.org/10.3847/2041-8213/ac0f83
https://doi.org/10.1051/0004-6361/201832957
http://www.apple.com/de/
https://doi.org/10.1038/s41586-023-06317-9
https://doi.org/10.1051/0004-6361/202451589


ALMA (mm): dust ring + CPD

, Benisty et al. 2021

THE  BENCHMARK  D I SK  OF  PDS70
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SPHERE (NIR): direct imaging

  Keppler et al. 2018

mm

MUSE (optical): accretion

Haffert et al. 2019, 

*JWST (MIR): water + variability

, Perotti et al. 2024, Jang et al. 2024 *enstatite poor, forsterite rich, low Fe content

⋆

λ

Planets form faster than we thought!

https://doi.org/10.3847/2041-8213/ac0f83
https://doi.org/10.1051/0004-6361/201832957
http://www.apple.com/de/
https://doi.org/10.1038/s41586-023-06317-9
https://doi.org/10.1051/0004-6361/202451589
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THE  BENCHMARK  D I SK  OF  PDS70

e.g. Stammler et al. 2023, Pinilla et al. 2016, 2024

https://doi.org/10.1051/0004-6361/202245512
http://dx.doi.org/10.1051/0004-6361/201527131
http://dx.doi.org/10.1051/0004-6361/202348707
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RAPID  FORMATION  OF  PLANETARY  CORES

Lau et al. 2022

Pressure bump @ 15 au Pressure bump @ 100 au



RAPID  FORMATION  OF  PLANETARY  CORES

Lau et al. 2022

Pressure bump @ 15 au Pressure bump @ 100 au

Planetary cores can form quickly in 

pressure bumps 

(10  in ~0.7 Myr)>⊕



VERTICAL  STRUCTURE  & TURBULENCE

Pinte et al. 2015



grains settle & get trapped 

turbulence is low (except at disk surface)

VERTICAL  STRUCTURE  & TURBULENCE

Dullemond et al. 2018: dust is radially trapped ( ) 

Doi & Kataoka 2021:   

Franceschi et al. 2023:   

Villenave et al. 2025:  low turbulence ( ) 

Tong et al. 2025:     

…

F. ≳ α.

F. ≳ − ... −$$ ⋅ α.

α. ≃ ? × −$∼?

α
t
< 10∼3

−$∼K < α. < −$∼?

Flaherty et al. 2015, 18:  

Flaherty et al. 2020, 24:  

α. ≃ =/L × −$∼?

α. ≃ =/L × −$∼−
λ

https://doi.org/10.3847/2041-8213/aaf742
https://ui.adsabs.harvard.edu/abs/2021ApJ...912..164D/abstract
https://doi.org/10.1051/0004-6361/202244869
https://doi.org/10.48550/arXiv.2503.05872
https://ui.adsabs.harvard.edu/abs/2025arXiv250924818T/abstract
https://doi.org/10.1088/0004-637X/813/2/99
https://doi.org/10.3847/1538-4357/aab615
http://dx.doi.org/10.3847/1538-4357/ab8cc5
https://doi.org/10.1093/mnras/stae1480


DUST  S I ZES  & POROSITY  I :  SCAT T ERED  L IGHT

Surface of IM Lup: 2 µm fractal grains

Tazaki et al. 2023, Ginski et al. 2023

Many other disks: non-fractal grains

https://doi.org/10.3847/2041-8213/acb824
https://doi.org/10.3847/1538-4357/acdc97


DUST  S I ZES  & POROSITY  I I :  RADIO -SED

Spectral index in radio- : measures  (  if optically thin)λ β κ+M→ ∝ νβ

OP [Q]

Radially constant grain size ( mm) — or limited resolution?≲

Zagaria et al. 2025, see also Viscardi et al. 2025  Poster! Other works: include Marcias et al. 2021, Lin et al. 2020, Ueda et al. 2025→

https://ui.adsabs.harvard.edu/abs/2025A&A...702A..56Z/abstract
https://ui.adsabs.harvard.edu/abs/2025A&A...695A.147V/abstract
https://www.aanda.org/articles/aa/full_html/2021/04/aa39812-20/aa39812-20.html
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496..169L/abstract
https://arxiv.org/abs/2507.14443
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Zagaria et al. 2025, see also Viscardi et al. 2025  Poster! Other works: include Marcias et al. 2021, Lin et al. 2020, Ueda et al. 2025→
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DUST  S I ZES  & POROSITY  I I I :  POLARIZATION

image: Stephens et al. 2017; see also Kataoka et al. 2015; Zhang et al. 2023

:

Grains smaller (~100 µm) and porous  higher dust masses 

(complications: high- -rings, stratification, different mechanisms mixing and porosity)

→

τ

https://doi.org/10.3847/1538-4357/aa998b
https://arxiv.org/abs/1504.04812?utm_source=chatgpt.com
http://dx.doi.org/10.3847/1538-4357/acdb4e


OTHER  TOPICS

:

Carbon depletion in the Solar System

Inner Disk Mineralogy with JWST

Disk Demographics & Population Synthesis

Towards Kuiper Belts and Debris Disks



SUMMARY

Dust is a crucial ingredient and tracer of all stages of planet formation

Amazing observational capabilities open new questions 
(variability of spectra, accretion mechanism, porosity)

Measurements of dust properties still mostly disagree in details 

but grain of 0.1 – 1 mm likely 

porosity still mysterious

Planet forming disks concentrate dust in pressure maxima 

those solve several issues of planet formation at once



THANKS  FOR  YO U R  ATTENTION !


