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Heating of cool cores by
Turbulent mixing & anisotropic Conduction

Simulation with

SANTA BARBARA anisotropic conduction
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Comaea

cool core cluster non-cool core cluster

50-70% of clusters have cool cores




Most common heating mechanisms

Balbus (MTI), Quataert (HBI)
conduction Jubelgas et al.

Parrish et al 2010

Bogdanovic et al 2009

ruszkowski & Oh 2010, 2011
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Black holes
Scannapieco & Bruggen 2009, Ruszkowski et al. 2004a,b, 2007, Dubois & Teyssier
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TEMPERATURE

Quataert (2008)




TEMPERATURE

Quataert (2008)

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

Markevitch et al. 2004
Clowe et al. 2004




Lack of perfect hydrostatic equilibrium

Markevitch et al. 2004
Clowe et al. 2004




Lack of perfect hydrostatic equilibrium

Markevitch et al. 2004 ;
Clowe et al. 2004 Mahdavi et al 2007




Lack of perfect hydrostatic equilibrium

Markevitch et al. 2004 ;
Clowe et al. 2004 Mahdavi et al 2007




Markevitch et al. 2000
Viklinin et al. 2001

Fig. 16. The origin of cold fronts in the dense cluster cores.

From the review article by
Markevitch & Vikhlinin 2007




Terascale Turbulence Computation at LLNL

Fisher et al. 2008 flash code




Terascale Turbulence Computation at LLNL

Z-Velocity
-0800 -0375 00500 0475 0.900

Time: 6.404e+00 seconds

Fisher et al. 2008 flash code
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Stron stirring

Weak stirring
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Conductive Turbulent

Early times

radius [kpc] radius [kpc]

Ruszkowski & oh, 2010b




How can we drive the
turbulence

more realistically ?










1
X /arcmin

Rebusco, Churazov, Sunyaev, Bohringer, Forman 2008
Lufkin, balbus, hawley 1995







Kim W.-T. (2007) Fabian et al. (2005)







Jeans equation

Positions,
velocities

Galaxy masses

Transition

Periphery
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Ruszkowski & Oh 2011

1.5x10"

~ 150 km/s

Conduction
restored

~ 50 km/s

Conduction
supressed




Galaxy mass
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Galaxy mass

Galaxy Mass

100 150
Number of Galaxies

Number of galaxies

Ruszkowski & oh, 2010b




Galaxy mass
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Ruszkowski & oh, 2010b




McNamara & Nulsen 2007

Forman et al.
Jones et al.
Finoguenov et al.

Fabian et al.

Peterson et al.
Blanton et al.

Croston et al.




3D MHD simulations with the PENCIL code

Note: B>>1
plasma

Ruszkowski, Ensslin, Bruggen, Heinz, Pfrommer 2007
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ABSTRACT

We have simulated the formation of an X-ray cluster in a cold dark matter universe using 12 different
codes The oodes span the range of numencal techniques and mplementauons currently in use, including




TEMPERATURE

I buoyancy

V/\ anisotropic

energy flow
along B-field

Balbus (2000)
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I buoyancy

A anisotropic

energy flow
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Magnetic pressure

v,

adiabatic cooling

Cooling +
Anisotropic
conduction

Anisotropic
conduction
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ADIABATIC

| PRI |
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y [Mpc h™'] y [Mpc h7']

Bruggen, Ruszkowski, Simionescu, hoeft, dalla vecchia 2005
Dubois & Teyssier 2008

Dolag & stasyszyn 2009

Li et al. (Los Alamos group)

Collins et al. 2009




Conclusions

hbi instability changes B-field topology
And

ICM motions can

overcooling can be prevented by

(e.g., due to galaxies)

can boost the level of thermal conduction
In the ICM

Neutral buoyancy makes MTI suppression easier and may




