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Simulation with  
anisotropic conduction 

Heating of cool cores by  
Turbulent mixing & anisotropic Conduction 
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   cool core cluster        non-cool core cluster 

50-70% of clusters have cool cores  
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Black holes 

Most common heating mechanisms 

Scannapieco & Bruggen 2009, Ruszkowski et al. 2004a,b, 2007, Dubois & Teyssier 

Balbus (MTI), Quataert (HBI) 
Jubelgas et al.  
Parrish et al 2010 
Bogdanovic et al 2009 
ruszkowski & Oh 2010, 2011 
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B-field perpendicular to the radial direction 

Conduction shuts down 



Ruszkowski & Oh 2010a  

See Also:   Bogdanovic et al. 2009,  
                    Parrish et al. 2010 



What conditions must be met  
for the HBI to operate ? 

? 



Lack of perfect hydrostatic equilibrium 
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Lack of perfect hydrostatic equilibrium 

Markevitch et al. 2004 
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From the review article by  
Markevitch & Vikhlinin 2007 

Markevitch et al. 2000 
Viklinin et al. 2001 



Terascale Turbulence Computation at LLNL  

Fisher et al. 2008           flash code 



Fisher et al. 2008           flash code 

Terascale Turbulence Computation at LLNL  



Ruszkowski & Oh 2010a  



Ruszkowski & Oh 2010a 
See also Parrish et al. 2010  



Weak stirring 

Strong stirring 
150 km/s 
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Pure hbi 
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Conductive Turbulent 

Ruszkowski & oh, 2010b 



How can we drive the   
turbulence  
more realistically  ? 







Rebusco, Churazov, Sunyaev, Bohringer, Forman 2008 
Lufkin, balbus, hawley 1995 
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Galaxy masses 
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3D MHD simulations with the PENCIL code  

Note:  
plasma 

€ 

β >>1

Ruszkowski, Ensslin, Bruggen, Heinz, Pfrommer 2007 
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Dark matter, gas, radiative cooling,  
magnetic fields, anisotropic thermal conduction  

Ruszkowski, Lee, Bruggen, Parrish, Oh 2011 
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See Pfrommer 
& Dursi 2010 
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Anisotropic  
conduction 

cooling 

Cooling +  
Anisotropic  
conduction 

Magnetic pressure 



Bruggen, Ruszkowski, Simionescu, hoeft, dalla vecchia 2005 
Dubois & Teyssier 2008 
Dolag & stasyszyn 2009 
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 Conclusions 

hbi instability changes B-field topology  
And shuts down conduction 

ICM motions can restore conduction  

overcooling can be prevented by  
conduction and turbulent mixing (e.g., due to galaxies) 

BH feedback can boost the level of thermal conduction  
In the ICM 

Radial bias in magnetic field 

Neutral buoyancy makes MTI suppression easier and may    boost B-field 


