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Oph IRS 48



Oph IRS 48

van der Marel et al. 2013



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)



Other “asymmetries”

Casassus et al. (2013) Perez et al. (2014)





Vortices – an ubiquitous fluid mechanics phenomenon

Von Kármán vortex street
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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)

The Tea-Leaf effect



Carrera et al. (2015)



Clumping

Raettig et al. (2015)

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



Solution

Lyra & Lin (2013)

Solution for 

H/r=0.1  c=4 S=1

a    = vortex semi-minor axis
H = disk scale height (temperature)
c    = vortex aspect ratio
d = diffusion parameter
St   = Stokes number (particle size)
f(c) = model-dependent scale function

S = St/d

Drag-Diffusion Steady State



Analytical vs Numerical

Raettig et al (2015)Lyra & Lin (2013)

S = St/d
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SPHERE-ALMA-VLA overlay of MWC 758

Marino et al. (2015)





Dead zones

0.1 AU ~30 AU





Outer Dead/Active zone transition

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



Vertical Shear 
Instability

Convective 
Overstability

Zombie Vortex 
Instability

Nelson et al. 2013, Lin & Youdin 2015, Umurhan et al. 2016 Klahr 2003, Lesur & Papaloizou 2010, Lyra & Klahr 2011, Lyra 2014
Marcus et al. 2012, 2013, 2015, 2016

Umurhan et al  2016, Lesur & Latter 2016

The MRI is dead
Long live the Thermal Instabilities



Convective Overstability (née “Subcritic Baroclinic Instability”)

Sketch of the
Subcritic Baroclinic Instability

Armitage (2010)Lyra & Klahr (2011)



Zombie Vortex Instability

Marcus et al. (2015, 2016)

Cascade of baroclinic critical layers



Vertical shear instability

Nelson et al. (2013)

dW / dz 0 ; kz
2 < 0  => Rayleigh unstable

Solberg-Hoiland stability criterion
k2+N2 > 0 



Vertical Shear 
Instability
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Overstability

Zombie Vortex 
Instability

Nelson et al. 2013, Lin & Youdin 2015, Umurhan et al. 2016 Klahr 2003, Lesur & Papaloizou 2010, Lyra & Klahr 2011, Lyra 2014
Marcus et al. 2012, 2013, 2015, 2016

Umurhan et al  2016, Lesur & Latter 2016

Thermal Instabilities

Wt << 1
(k < 1 cm2/g )

Wt ~ 1
(k ~ 1-50 cm2/g )

Wt >> 1
(k > 50 cm2/g )

Opacity



Malygin et al.  2017
Umurhan & Lyra 2017 (review)

Synthesis

A “butcher diagram” 
for hydro instabilities.
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Conclusions
• Disk vortices are a prime location for planet formation

• Tea leaf effect: strong clumping
• Works for solar metallicity

• Dust trapped in drag-diffusion equilibrium explains the 
observations

• Possible origin: Thermal instabilities in MRI-dead zone
• Vertical Shear Instability

• Vertical violation of Solberg-Hoiland criterion
• Convective Overstability

• Amplification of epicyclic motion by buoyancy
• Zombie Vortex Instability

• Resonance between epicyclic and buyoancy frequency


