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Why consider dust & VSI?

• observations 
• planetesimals

• Large vertical gas motions 

• Zonal flows/vortices

dust layer dispersal

dust concentrations

Dynamical role:

Thermal role:

•Rapid cooling & radial temperature 
gradient dust distribution

Yuya and Thomas’ talks



Dust settling

well-mixed dust in young disk dust sediments to the midplane

planet(esimal) formation



But the VSI involves strong vertical flows

αz ∼ 10−2 ∼ 100 × αrad

(Stoll & Kley, 2016; 2017)



Vertical mixing and corrugated dust layers

Coherent vertical motion moves the entire dust layer, but it can remain thin

(Flock et al. 2017)



Observing VSI through dust layers

corrugated

well-settled

Puffed up

VSI

Laminar

Turb. mix

(Dullemond et al. 2022)



Overcoming VSI stirring by dust feedback

(Lin 2019: single-fluid approx. — See Marius’ talk)

Mdust = 0.01Mgas

Mdust = 0.1Mgas



Dust-induced buoyancy

(Lin & Youdin, 2017; Lin 2019)

FVSI

dust “weighs down” gas

N2
z,dust ∼ −

∂
∂z ( ρd

ρg ) × Ω2

(Dullemond et al. 2022)

N2
z,dust < 0 (top-heavy: unstable!)FB ∝ N2

z

dust gradients entropy gradients 



More dust leads to thinner layers

(Lin 2019)

dusty buoyancy > vert. shear (weak)=
Hg
R



Dust concentrations by the VSI

(Stoll & Kley, 2016)



Appearance of VSI rings

(Blanco et al. 2021)

Synthetic ALMA image @ 1.3mm

How is this different from 
planetary gaps?



VSI also produces vortices

(Richard et al. 2016) (Manger & Klahr, 2018; 2020)

Due to: small-scale, secondary Kelvin-Helmholtz instabilits, large-scale Rossby wave instability of VSI vorticity rings, 
RWI of density edges from variable accretion



Dust trapping by large VSI/Rossby vortex

(Flock et al. 2020)



What about dust feedback & vortices?

(Lehmann & Lin, 2022)

Thinner dust layer in vortex core

See next talk by Marius Lehmann



Planetesimal formation: VSI and the streaming instability

(Schafer et al. 2020)

Streaming instability VSI

+Urs’ talk, Pinghui’s poster



VSI-mediated SI

(Schafer & Johansen 2022)

VSI lowers the metallicity threshold for 
planetesimal formation via the SI 

SI inside VSI dust concentrations



Vertical shear of the dust layer itself

∂Ω
∂z

≠ 0

Lehmann & Lin (2022)

VKep
< VKep



Kelvin-Helmholtz instability

Fig. 5. from Vertical Shearing Instabilities in Radially Shearing Disks: The Dustiest Layers of the Protoplanetary Nebula
Chiang 2008 ApJ 675 1549 doi:10.1086/527354
http://dx.doi.org/10.1086/527354
© 2008. The American Astronomical Society. All rights reserved. Printed in U.S.A.

Johansen et al. (2006) Chiang (2008) Barranco (2009)

azimuth, ϕ

Conventional KHI works for perfectly coupled grains but 
is non-axisymmetric (no linear stability criteria available)



Δρd

ρd

“Vertically shearing SI” in stratified disks

• Axisymmetric 
• Partial dust coupling 
•  

• Scale 
Sgrow ∼ Ω

∼ 10−3Hg

Lin (2021) 
Sengupta & Umurhan (2022): “symmetric instability” - See Debanjan’s poster



Vertically shearing SIs grow fast but…

 (Ishitsu et al, 2009)

dust layer 
dispersed ☹



But planets do form: interaction with dusty VSI

 Picogna et al. 2018

100μm 10m1m

VSI

-diskα

Similar dust morphology and pebble accretion rates, but no feedback

+ Michael Hammer’s poster



Summary

• VSI is sensitive to dust feedback 

• VSI motions can produce corrugated dust layers  

• VSI rings and vortices can trap dust 

• Dusty flavors of the VSI: KHI and VSSIs



Open questions

• Effect of a particle size distribution with feedback? 

• Effect of finite dust-gas coupling?  
cf. perfectly coupled, dusty buoyancy  

• Interaction with other dusty instabilities 
e.g. “dust settling instability” (Squire & Hopkins, 2018; Krapp et al. 2020) 

• Vertical shear by dust: Role of KHI and VSSI 
needs > 1000 cells/Hg 

• Self-consistent thermal and dynamical inclusion of dust

Thank you 
@linminkai



Obligatory plug

Deadline: Nov. 15, 2022

@ASIAA: Michael Hammer, Marius Lehmann, Jeremy Smallwood


