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Dead zones

0.1 AU ~30 AU



Observational Evidence
Oph IRS 48



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









Active/dead zone boundary

Magnetized inner disk + resistive outer disk
Lyra & Mac Low (2012)
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Outer Dead/Active zone transition: 3D MHD

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



Outer Dead/Active zone transition KHI 

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



Coriolis
force

Pressure 
force

Vortex 
streamline

Geostrophic balance:

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

Dust Trapping: The Tea-Leaf Effect

Barge & Sommeria (1995)



Drag-Diffusion Equilibrium

Dust continuity equation

compression

diffusionadvection

Drag force Diffusion

Trapped particle



Drag-Diffusion Equilibrium

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

Lyra & Lin (2013)

S = St
δ

Drag force Diffusion

Trapped particle

Steady-state solution



Solution

Lyra & Lin (2013)

S = St
δ

Analytical solution for dust trapping

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



Analytical vs Numerical

S = St
δ

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



Gas distribution

H = disk scale height (temperature)
c    = vortex aspect ratio
d = diffusion parameter

Maximum dust density

Gas contrast Dust contrast

Total trapped mass Vortex size

St   = Stokes number (particle size)
f(c) = model-dependent scale function
e    = dust-to-gas ratio

Derived quantities

Lyra & Lin (2013)



Applying the model to Oph IRS 48

Observed parameters

Aspect ratio: 3.1

Dust contrast: 130

Temperature: 60K

Trapped mass: 9 MEarth

asymmetric
mm dust
at 63 AU

Gas detection:
Keplerian rotation

Micron-sized
dust follows gas

Derived parameters

S=4.8

Stokes number, St=0.008

d = 0.005, vrms = 4% cs

Trapped mass: 11 MEarth

Lyra & Lin (2013)



Turbulence in vortex cores

Turbulence in vortex cores:

max at ~10% of sound speed
rms at ~3% of sound speed

Lesur & Papaloizou (2010) Lyra & Klahr (2011)



Lyra & Klahr (2011)

Vortices in the bulk of the dead zone



Convective Overstability
Klahr & Hubbard (2014), Lyra (2014), Latter (2015)

Lyra (2014)



Convective Overstability

Latter (2015)



Convection

Sketch of Convection

Armitage (2010)

Lesur & Papaloizou (2010)



Zombie Vortex Instability

Marcus et al. (2015, 2016)

Like playing guitar. If the same note exists in two different strings, if you pluck one of the 
strings, the other one moves too, in resonance.

The same may happen. In (a), an initial perturbation has an epicyclic frequency 
associated with it. This frequency will find resonance with the buoyancy frequency 

elsewhere in the disk (b). The process repeats.

Difficult to maintain the 1st perturbation. The process may not exist in real disks.



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

Thermal Instabilities

a ~ 10-4 – 10-3

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

a ~ 10-4 – 10-3

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

a <~ 10-3

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

Opacity

Buoyancy stabilizes.
Needs to keep disk isothermal.

Moderate heat exchange required.
Needs finite cooling time 

Resonance with buoyancy
frequency. Needs to keep

disk adiabatic. 



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

Synthesis

A “butcher diagram” 
for hydro instabilities.

Zombie
Vortex

Convective

Vertical shear

Convective

Zombie 
Vortex



Non-ideal MHD: Ohmic, Hall, Ambipolar terms



Ambipolar diffusion

Ohmic

Ohmic + 
Ambipolar

Bai & Stone 2013

Magnetic field

Gas parcel



Global Ambipolar + Ohmic




