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Magneto Rotational Instability (MRI)
● weak magnetic fields
● shear
● good ionization 



  



  

Balbus & Hawley 1991,1992



  

Hawley et al. 1995,1996
Brandenburg 1995
…
Davis et al 2010
Local box simulations



  

Blaes & Balbus 1994
Gammie 1996



  

Jin 1996
Sano et al. 2000
…
Simon et al 2011
Local box simulations



  

Armitage 1998
Hawley 2000 (Torus)
…
Beckwith et al. 2011
Flock et al. 2011
Global simulations



  

Dzyurkevich et al. 2010
Non-ideal global simulation



  

Dullemond & Dominik 2005
...
Birnstiel et al. 2011
Okuzumi et al. (prep)



  



  

( from Phil Armitage, http://jila.colorado.edu/~pja/ ) 

Flock et al. 2011 ApJ 

● 3D Full 2  stratified MHD simulation
● Over 1500 inner orbits 
● Godunov code

http://jila.colorado.edu/~pja/


  

( from Phil Armitage, http://jila.colorado.edu/~pja/ ) 

Flock et al. 2011 ApJ 

● 3D Full 2  stratified MHD simulation
● Over 1500 inner orbits 
● Godunov code

Method
PLUTO code
2. order, HLLD
Flock et al 2010
Beckwith et al 2011

http://jila.colorado.edu/~pja/
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8.6 scale heights
Spherical grid
384x192x768
1.8 Million CPU H
BlueGene/P

Resistive
buffer zones 1-2 AU  9-10 AU
Outflow boundary
Toroidal magnetic field
( beta = 25)



  



  

I. Turbulent viscosity profile

Important for disk evolution
● Surface density profile (r)
● Mass accretion rate
● Input for dust coagulation models
Summarized in the 
Shakura-Sunyaev  -value 



  

I.   profile

Maxwell StressReynolds Stress
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Force-free configuration
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Force-free configuration

r -2
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Pressure P
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Pressure P

∂ln P / ∂ln R ~ -2.5  
  

Locally isothermal, 
set by initial conditions

I.   profile
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II. Accretion Flows

● Total radial accretion
● Radial accretion over height 
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● Total radial accretion
● Radial accretion over height 

II. Accretion Flows

Radial viscosity profile
(HD viscous simulations)
reproduce radial 
accretion rate of MHD model !



  

Picture from viscous disk models
  → constant accretion rate

 → meridional flows (2D viscous HD simulations)
     → Kley & Lin 1992
           → transport of solids ( Keller & Gail 2004 , Ciesla 2009)

● Total radial accretion
● Radial accretion over height 

II. Accretion Flows



  

No outward motion at the midplane !
Independently found by Fromang et al. 2011

● Total radial accretion
● Radial accretion over height 

II. Accretion Flows

Red – inward motion
Blue – outward motion



  

III. Outflows



  

III. Outflows

Red line -     = 1.0

Integration 
from observer

Log contour color - Density [g/cm³]

Outflow 
launching 

region



  

Disk Wind ?
 → Escape velocity not reached
 → Evaporation time  ~2000 local orbits

 → Suzuki & Inutsuka (2009,2010)
      → Disk wind in  local box MRI simulations
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III. Outflows



  

IV. Dynamo

● Mean field evolution
● Dynamo coefficients
● MRI amplification



  
Local orbits

IV. Dynamo

● Mean field evolution



  

IV. Dynamo

● Dynamo coefficients 

Positive in the northern hemisphere



  

IV. Dynamo

● Dynamo coefficients 
400



  

Local orbits

IV. Dynamo



  

IV. Dynamo

● MRI amplification



  

Summary
1. We observe a MRI driven outflow.  

Possible disk wind ?

2. We see no outflow at the midplane  in 
3D stratified MHD simulations.   

3. In ionized MRI turbulent disk regions we expect  B ~ 1/R

4. Dynamo can temporal increase the mass accretion rate.
 Amplitude resolution dependent ?  

   ~ r   
  

-2 - ∂ln P / ∂ln R 



  

Thanks for your attention Thanks for your attention 
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