
Wlad Lyra 
Sagan Fellow 
Caltech-JPL 

 

Marc Kuchner 
NASA Goddard Space Flight Center 

 
 

Gas in debris disks: 
A new way to produce patterns? 

Nagoya University  – March 2014 



Collapse of gas cloud 

Formation of proto-star 

Dust settling 

Planetesimal formation 

Gas dispersal 



Debris disks – The gas-poor phase 



Rings! 
Narrow: 10AU wide, at 100 AU 

Sharp: inner edge falls off abruptly  
Eccentric: star and ring center do not coincide 

Detection of a source  
quickly heralded as a planet 

 Fomalhaut b 

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





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



Fom b 

Moves like a planet, reflects light. 
 

but… 
 
it’s  

TOO BIG  
to be a planet  

(several Jupiter radii) 



 
Janson et al. 2012 

 
Variability by 0.7-0.8 mag in F606W 

band 
 

Astrometric orbit not apsidally 
aligned with the ring 

 
No infrared emission 

 

 
Currie et al. 2012 

 
No variability found within 0.15 mag 

in the same band 
 

Consistent with apsidal alignment 
 

Thermal emission from 0.5 MJ 
would not be detectable. 

 



Kalas et al. 2013 … or … 
“The Fom b guessing game” 



 
Janson et al. 2012 

 
Variability by 0.7-0.8 mag in F606W 

band 
 

Astrometric orbit not apsidally 
aligned with the ring 

 
No infrared emission 

 

 
Currie et al. 2012 

 
No variability found within 0.15 mag 

in the same band 
 

Consistent with apsidal alignment 
 

Thermal emission from 0.5 MJ 
would not be detectable. 

 

Observed optical emission requires  
reflection by something of  

 

several Jupiter radii 



Are there 
alternative explanations?  

 



Debris disks are not completely gas-free 

VLT imaging by  
Nilsson et al.  (2012) 

Dust  
 

Gas 



β Pictoris 
51 Ophiuchi 
σ Herculis 
HD 32297 
HD 135344 
49 Ceti 
AU Mic 
HD172555 
 
 

many species 
many species 
C II, N II 
Na I, CII 
H2, CO 
H2, CO 
H2 
SiO 

Lagrange et al. (1998), … 
Roberge et al. (2002) 
Chen & Jura (2003) 
Redfield (2007), Donaldson et al. (2012) 
Thi et al. (2001), Pontoppidan et al. (2008) 
Dent et al. (2005), Roberge et al. (2012) 
France et al. (2007) 
Lisse et al. (2009) 

Gas in debris disks 

 
 

 
Infalling comets 

Grain sublimation 
Grain-Grain collisions 

Photo-stimulated desorption 
Planet-Planet collisions 

Primordial? 
 

Detections 

 
 

 
Beust & Valiron (2007) 
e.g. Rafikov (2012) 
Czechowski & Mann (2007) 
Chen et al. (2007) 
Van den Ancker (2001), Lisse (2008) 
 
 

Source of gas: Outgassing processes 



Dust and gas together leads to instability... 

Klahr & Lin (2005) 
 

Suggested that an instability  
causes dust in debris disks  

to clump together.  

Radius 

D
us

t 
de

ns
it

y 

initial condition 

Amplitude  
grows in time 



Particle drift 

Low 

 
Adapted from Whipple (1972) 



Pressure Trap 

P: Particles 
G: Gas 

Stellocentric distance 
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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 



Linear Analysis 
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Photoelectric Instability 
Dust heats gas 

Heated gas = high pressure region 
High pressure concentrates dust 

Radius 
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Narrow hot dust rings 
Cold gas collects between rings 





Photoelectric instability - 3D stratified local box 



Photoelectric Instability 
Dust heats gas 

Heated gas = high pressure region 
High pressure concentrates dust 

3D Stratified 



Thermal coupling time 

Oscillations 

Oscillations appear  
with decreasing thermal time. 



Oscillations 

Epicyclic oscillations  
clear at high Reynolds numbers!  

Low Reynolds number High Reynolds number 



Solutions 
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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-
to

-g
as 

ra
ti

o 

Dispersion relation 



Solutions 

Instability  

Overstability 

Damped  
and free 

Oscillations 
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Damped  

Free  

Free  
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Free  

Over  

Damped  
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Instability  

Overstability 

Oscillations 

Solutions 

Max growth rate: Omega/2. 
Million-fold amplification in five orbits! 

  
A very powerful instability. 



The model in r-φ: Eccentric rings 
 
 

Epicyclic oscillations  
make the ring appear eccentric !!!  

Growth of axisymmetric modes  
+  

Damping of nonaxissymetric modes. 
= Rings !!! 

Radius 

A
zi

m
ut

h 

Time 



Lyra &  Kuchner (2013, Nature, 499, 148) 



star 
 

ring “center” 
 
 

Eccentricity e=0.04 
 

Ring eccentricity 
 
 



Conclusion 
 
 

There is a robust ring-forming  

photoelectric instability  
in debris disks 

(in general, optically thin gas-dust disks) 
 
 

Careful  
before you shout  

planet! 



Linear and nonlinear growth 

Linear growth only exists for ε < 1 
But there is  

nonlinear growth  
beyond ! 
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Ring Spacing  

 
 Ring spacing is determined  

by the wavelength of maximum growth.  
 
 

Which in turn is determined by viscosity 
 

Ring spacing ~ 10 Kolmogorov lengths 
 



Photoelectric vs Streaming Instability 
Dust heats gas 

Heated gas = high pressure region 
High pressure concentrates dust 








