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Outline!

•  Part I: Primordial disks 
 

•  Turbulence and accretion: “active” and “dead” zones 
 
•  Planet formation 
 
•  Observational constraints 

 
 

•  Part II: Debris disks 
 

•  Photoelectric instability 
 



Protoplanetary Disks!

PP disk fact sheet!
!
!

Density: 1013 – 1015 cm-3!
(Air: 1021 cm-3)!

!
Temperature: 10-1000 K!

!
Scale: 0.1-100AU!

(1 AU = 1.49 x 1013 cm)!
!

Mass: 10-3 – 10-1 Msun!
(1 Msun = 2 x 1033 g)!



A disk life story!

Gas-rich phase (< 10 Myr)!
Primordial Disks !

!
!

Thinning phase (~10 Myr)!
Transitional Disks !

!
!

Gas-poor phase (>10 Myr)!
Debris Disks!



Accretion in disks occurs via turbulent viscosity!

Turbulence in disks is enabled by !
the Magneto-Rotational Instability!
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Lyra et al. (2008a)!
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Accretion in disks occurs via turbulent viscosity!



Particle drift!

Low 



Pressure Trap!

P: Particles 
G: Gas 
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Direction of gas acceleration 

Star 

High pressure ring 

 
Adapted from Whipple (1972) 



Pressure Trap!

High pressure regions 



Turbulence concentrates solids mechanically in pressure maxima!

Lyra et al. (2008a) 



Gravitational collapse into asteroid-mass objects!

Johansen et al. (2007) 



Dead zones are robust features of accretion disks 

Disks are cold and thus poorly ionized !
(Blaes & Balbus 1994)!

!
Therefore, accretion is layered !

(Gammie 1996)!
!

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

Armitage (2010) 

Dead zones are robust features of protoplanetary disks!



Inner Active/Dead zone boundary!

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



Outer Dead/Active zone transition!

Resistive inner disk + magnetized outer disk!
Lyra et al (2015)!



Vortices – an ubiquitous fluid mechanics phenomenon!



Vortices – an ubiquitous fluid mechanics phenomenon!

Von Kármán vortex street!





Active/dead zone boundary!

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

Density! Vorticity! Mag Energy!

Ti
m

e!



Coriolis!
force!

Pressure !
force!

Vortex !
streamline!

Geostrophic balance:!

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

!
Aid to planet formation !

(Barge & Sommeria 1995, Adams & Watkins 1996, Tanga et al. 1996)!
!

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

The Tea-Leaf effect!

Barge & Sommeria (1995) 
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Speed up planet formation enormously !
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!

Raettig et al. (2012, 2015) 

The Tea-Leaf effect!



Vortices and Planet Formation!

Collapse into Mars mass objects!
!

(Lyra et al. 2008b, 2009a,!
see also Lambrechts & Johansen 2012)!



Vortices and Planet Formation!

Collapse into Mars mass objects!
!

(Lyra et al. 2008b, 2009a,!
see also Lambrechts & Johansen 2012)!



Rapid formation of planetary cores!

Lambrechts & Johansen (2012)!



Baroclinic Instability – Excitation and self-sustenance of vortices!

Sketch of the!
Baroclinic Instability !

compression 

stretching 

baroclinicity 

dissipation advection 

Armitage (2010)!

Lesur & Papaloizou (2010)!
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1. Radial entropy gradient!
!

2. Thermal diffusion!
!

Baroclinic Instability – Excitation and self-sustenance of vortices!



Sketch of the!
Baroclinic Instability !
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1. Radial entropy gradient!
!

2. Thermal diffusion!
 

Baroclinic Instability – Excitation and self-sustenance of vortices!



Baroclinic instability and layered accretion!

Hydro! MHD!

Vorticity!

Mag. Energy!

What happens when the vortex is magnetized?!

Lyra & Klahr (2011)!
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Baroclinic instability and layered accretion!

Hydro! MHD!

Vorticity!

Mag. Energy!

What happens when the vortex is magnetized?!

 

Baroclinic vortices !
do not survive magnetization!

!

Lyra & Klahr (2011)!



A possible detection of vortices in disks?!

Observations!
!

Brown et al. (2009)!
!

Models!
Simulated observations!

of Rossby vortices!
!

Regaly et al. (2012)!



Oph IRS 48!

van der Marel et al. 2013!
 !

A possible 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)!



Dust Trapping!

 Turbulent “kicks” lead to steady state!

Lyra et al (2009b)!

!

Ataiee et al. (2013)!
!



Drag force! Diffusion!

Trapped particle!

Drag-Diffusion Equilibrium!



Drag-Diffusion Equilibrium!

Dust continuity equation!

compression 

diffusion advection 

Drag force! Diffusion!

Trapped particle!



Drag-Diffusion Equilibrium!

a    = vortex semi-minor axis 
H   = disk scale height (temperature) 
χ    = vortex aspect ratio 
δ    = diffusion parameter 
St   = Stokes number (particle size) 
f(χ) = 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  χ=4   S=1!
 

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



Gas distribution!
 
 
 
 

H   = disk scale height (temperature) 
χ    = vortex aspect ratio 
δ    = diffusion parameter 

Maximum dust density!
 
 
 
 
 

Gas contrast!
 
 
 
 

Dust contrast!
 
 
 
 
 

Total trapped mass!
 
 
 

Vortex size!

St   = Stokes number (particle size) 
f(χ) = model-dependent scale function 
ε    = 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!
!

δ = 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) 



Conclusions!
!

•  Vortices exist in the dead zone only!

•  Two sustenance modes: Rossby Wave Instability and Convective Overstability!

•  Vortex-assisted and streaming instability are complementary!
!
•  Vortex-trapped dust in drag-diffusion equilibrium explains the observations!

•  Rossby wave instability may be the culprit of these dust traps!

•  We’re in the era of observational testing/confirmation !
     of our model predictions!!!
!
!
!

Hydro MHD 

Vorticity 

Mag. Energy 

Lyra & Klahr (2011) 
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plasma beta!

Future direction!

log density!

Lyra & Turner, in prep!

Dynamical resistivity!
Particles!

!
Particle gravity !



Lyra & Mac Low (2012)!





A new >100,000 proc supercluster - Stampede!



Debris disks – The gas-poor phase!



Narrow sharp eccentric ring! Detection of a source !
quickly heralded as a planet!

 Fomalhaut b!

Sharp and eccentric rings in debris disks: !
Signposts of planets ?!



Debris disks are not completely gas-free!

VLT imaging by !
Nilsson et al.  (2012)!

Dust !
 

Gas!



What is the dynamical !
effect of this gas?!

Debris disks are !
not completely gas-free!





Lyra &  Kuchner (2013, Nature, 499, 184)!



Particles move toward pressure maxima!

P: Particles 
G: Gas 

Stellocentric distance 

Ga
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Direction of particle acceleration 

Direction of gas acceleration 

Star 

High pressure ring 

 
Adapted from Whipple (1972) 



Photoelectric heating!

In optically thin debris disks,!
the dust is the main heating agent for the gas. !

!
 
 

γ	


e- 

 
Dust intercepts starlight directly,!

emits electron, that heats the gas. !
!

Gas is photoelectrically heated by the dust !



Dust heats gas!
Heated gas = high pressure region!
High pressure concentrates dust!

Runaway process: instability!



Dust heats gas!
Heated gas = high pressure region!
High pressure concentrates dust!

Runaway process: instability!





Solutions!

Wavenumber!

D
us

t-t
o-

ga
s!

ra
tio
!

Dispersion relation!

The dispersion relation is a 
5th order polynomium, so!
there are five roots!!



Solutions!

Instability !

Overstability!

Damped !
and free!

Oscillations!

Wavenumber!

D
us

t-t
o-

ga
s!

ra
tio
!

Dispersion relation!



Solutions!

Instability !

Overstability!

Damped !
and free!

Oscillations!

Wavenumber!

D
us

t-t
o-

ga
s!

ra
tio
!

Dispersion relation!

Damped  

Free  

Free  
Over  

Free  

Over  

Damped  

Damped  



Oscillations!

Epicyclic oscillations !
clear at high Reynolds numbers! !

Low Reynolds number! High Reynolds number!



The model in r-φ: Eccentric rings!
!
 

Epicyclic oscillations !
make the ring appear eccentric !!! !

Radius!

Az
im

ut
h!

Time!



star 
 

ring “center” 
 
 

Eccentricity e=0.04!
 

Ring Offset!
 
 



Conclusions!
 
 

There is a robust ring-forming !

photoelectric instability !
in optically thin gas-dust disks!

!
Reproduces gross properties of observed systems !

(rings, sharp edges, eccentricity)!
!

Maximum for gas-to-dust ratio ~ 5 !
(probably more applicable to transitional disks!

and gas-rich debris disks such as 49 Ceti)!
!
!

Future work:!
3D turbulence, Radiation forces, Collisions….!

…. (suggestions?)!



Europa!



Europa: ocean-bearing moon!



Induced magnetic field!



Europa Clipper!

Reconnaissance: 45 flybys, as low as 25km!
Radar to determine ice’s thickness!

High resolution camera!
Identify future landing sites!



Ice Convection: Statement of the Problem!

Dynamical equations! Ice Rheology!

Parameters!

Rayleigh number!

Tidal heating!



State of the art!

Han and Showman (2010)!
!

2D, Resolution 100x100!





Temperature structure and terrain morphology!



To be done:!

•  Consider more realistic equation of state for the ice. 
 
•  Include melting/freezing and different grain size. 
 
•  Code 3D model. 
 
 


