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Recap

Goldreich-Ward Scenario Kelvin-Helmholtz instability





Streaming Instability





Dust concentration



How can we verify the 
streaming instability hypothesis?



Yang & Johansen (2014); Schäfer, Yang, & Johansen (2017)

Planetesimal Formation

W. Lyra

Initial mass function consistent with mass 
distribution of asteroid belt. Slope 1.6



Asteroid belt
“Asteroids were born big”



Nesvorny+’19, model by Rixin Li

Planetesimal Formation in the Kuiper belt



In the lookout for binaries

W. Lyra Nesvorny+’19; model by Rixin Li



Preference for Prograde



Excess angular momentum

The clumps spin faster than break-up. 
Will form binaries.

Li+’19



14

Observational evidence: Preference for Prograde (~80%)

Nesvorny+19

SI Model (solid)
KBOs (dashed)



Grain size (m)

Maximum size built by 
coagulation

Carrera et al. (2015)

Streaming instability is still a field of active research
much still to be learned



Dust Drift

D: Dust

Direction of dust acceleration

D

The gas has some pressure support.

The grains have none.



Radial Drift



GRAINS MOVE TOWARD 
PRESSURE MAXIMA



How to stop the drift: Pressure bumps



D: Dust

D
D

Direction of dust acceleration





Direction of dust acceleration

Turbulence



Turbulence leads to localized short-lived pressure traps



Vortex Trapping

Density Vorticity Dust to Gas ratio





Vortex trapping

Barge & Sommeria 95



Coriolis
force

Pressure 
force

Vortex 
streamline

Geostrophic equilibrium:

Grains do not feel the pressure gradient. 
They sink towards the center, where they accumulate.

Aid to planet formation 
(Barge & Sommeria 1995, Tanga et al. 1996, Barranco & Marcus 2005)

Speeds up planet formation enormously
(Lyra et al. 2008b, 2009ab, Raettig et al. 2012)

Vortex Trapping

Barge & Sommeria (1995)



Coriolis
force

Pressure 
force

Vortex 
streamline

Geostrophic balance:

Grains do not feel the pressure gradient. 
They sink towards the center, where they accumulate.

Aid to planet formation 
(Barge & Sommeria 1995, Tanga et al. 1996, Barranco & Marcus 2005)

Speed up planet formation enormously 
(Lyra et al. 2008b, 2009ab, Raettig et al. 2012)

Raettig, Lyra, & Klahr (2013)

Vortex Trapping



Clumping

Raettig et al. (2015)

Easily reaches dust-to-gas ratio > 1 
even for solar (and sub-solar) metallicities.

Gas 
vorticity

grains-to-gas
ratio



Dead zones

0.1 AU ~30 AU

There should be a magnetized, active zone
and a non-magnetic, dead zone









Active/dead zone boundary

Magnetized inner disk + resistive outer disk
Lyra & Mac Low (2012)

Density Vorticity Mag Energy

Ti
m

e



Outer Dead/Active zone transition KHI 

Resistive inner disk + magnetized outer disk
Lyra, Turner, & McNally (2015)



Vertical Shear 
Instability

Convective 
Overstability

Nelson et al. 2013, Lin & Youdin 2015, Umurhan et al. 2016 Klahr 2003, Lesur & Papaloizou 2010, Lyra & Klahr 2011, Lyra 2014

Hydrodynamical Instabilities



Lyra & Klahr (2011)
Lyra (2014)

Convective Overstability



Lesur & Papaloizou (2010)

Convective Overstability





Vertical shear instability

Nelson et al. (2013)



How can we verify
the vortex hypothesis?



Vortices

Dong+ ‘18

van der Marel et al. (2013)



Oph IRS 48

van der Marel+ ‘13

A huge vortex observed with ALMA



The Oph IRS 48 “dust trap”

asymmetric
mm dust
at 63 AU

Gas detection:
Keplerian rotation

Micron-sized
dust follows gas

van der Marel et al. (2013)



Oph IRS 48

Density of mm grains
(Lyra & Lin 2013)

Observed intensity
(van der Marel et al. 2013)

Model intensity
(Birnstiel et al. 2013)



MWC 758

Dong+ ‘18



Vortex trapping vs grain radius



SPHERE (µm)

ALMA ( ~ mm)

VLA (cm-m)

Disk Tomography
SPHERE-ALMA-VLA overlay of MWC 758

Marino+ ’15



Pebble trapping

ALMA
(mm)

VLA
(cm-m)

Overlay

Casassus+ ’19



Model vs Observation

Raettig+Lyra ‘15

Casassus+Lyra ‘19

10 cm

1 m

1 cm









Two routes for planet formation

Johansen+ 07 Lyra+08, Raettig+Lyra 12

Streaming Instability Vortex Trapping 








