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Tuesday, March 1, 2011



Use of Clusters for 
cosmology is well-known

Dark Energy Non-Gaussianity
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...but astrophysics gets 
in the way 

slide from L. Shaw
Poster child : SZ power spectrum 

Possible culprits: turbulent pressure in outskirts, 
feedback in groups
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First Principles Calculations 
Possible in Clusters

IGM ICM 
GalaxiesNo subgrid 

physics 

harder: B-fields, 
more complex physics Hard!!
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Clusters are a great 
testbed for ideas about 

galaxy formation
Closed boxes 
Large scales
Radiate profusely at many 

wavelengths 
We can see what’s going on! 
Lower densities, longer 
timescales than galaxies 
We can simulate it! 
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Some open questions
• How does AGN feedback actually work? 

• What are the nature of diffuse transport 
coefficients (conduction, viscosity)? 

• How do filaments form, what energizes 
them? 

• What is the role of turbulence? 

• Why are is there a bimodal population of 
cool-core and non-cool core clusters?  

• Generation and role of B-fields, cosmic rays
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Some Examples 
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AGN Feedback 
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Observational puzzle: why are 
there two types of clusters? 

Sanderson et al (2006)Cavagnolo, Donahue, Voit,  Sun 2009
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Conduction only model can fit 
observations (solve eigenvalue 

problem)

But have to 
tune 

parameters, 
and it won’t 

evolve 
toward this 

state in 
general...

f=0.4,0.6,0.8

f=0

Guo & Oh 2008

Theoretical Puzzle: How to 
Guarantee Stability and 

Avoid Fine Tuning ? 

Zakamska & Narayan (2002)
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How to understand this? 

‘Pick any two’ 

Semi-analytic model:   Explore parameter space quickly 
            Aids in physical intuition
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First, build  a background equilibrium solution

note short
cooling 
time
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...and perform a global stability 
analysis

Growth rate is an eigenvalue of analysis

WKB

Explore parameter space rapidly!
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Just as in Stellar 
Structure calculations...

Fig from A. Piro

Tuesday, March 1, 2011



unstable
stablestable

T

r

Stability is bimodal! 
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Bimodality ! 

cool core

non cool core

unstable

stablestable

stabilized by AGN + conduction

stabilized by conduction
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Turbulence and 
Conduction in Galaxy 

Clusters
Collaborator: Mateusz Ruszkowski (Michigan) 

Tuesday, March 1, 2011



Thermal Conduction can 
supply heat to cool core

Especially in massive 
clusters, AGN heating is 
energetically insufficient
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Efficiency depends on 
unknown B-field topology

f=1 f=0
f = �cos2θ� = 0.33

Note: this presumes lT � lB � λe
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Buoyancy instabilities realign 
magnetic field

∇T < 0 Magnetothermal Instability (MTI)
(Balbus 2000)

Radial magnetic fields

∇T > 0 Heat buoyancy instability (HBI)
(Quataert 2008)

Tangential magnetic fieldsHBI 
unstable

MTI unstable

Shuts off thermal conduction

Enhances thermal conduction 
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We expect the ICM to 
be turbulent

Evidence from: 
Lack of resonance scattering 

lines (Churazov et al 2004) 

Analysis of pressure maps 
(Schuecker et al 2004) 

Faraday rotation maps (Ensslin & Vogt 
2006) 

X-ray spectroscopy upper bounds 
(Sanders et al 2010) 

Could turbulence randomize field lines and restore 
conduction? 
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Bottom Line: YES

Ruszkowski & Oh (2010), using FLASH 
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Required Amount of 
Turbulence is small

Highly subsonic (~10% of sound speed) motions 
overcome HBI, randomize fields

Strong stirring

Weak stirring

Pure HBI
Pure HBI

Weak stirring

Strong stirringβ = 1− σ2
t

2σ2
risotropic

tangential bias
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No cooling catastrophe! 

t= 0 

t=6 Gyr

t=0

t=6 Gyr
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Why are such weak 
motions effective? 

Stratified by temperature, rather than entropy. 

Buoyancy forces are weaker in conducting plasma

Oscillates with frequency 

Hotter

Colder

Colder and denser than surroundings: sinks

Const temperature
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vz

v
∼

�
ω

ωBV

�2

Compare buoyancy force to inertial term
(Richardson number, Froude number)

ω � ωBV ⇒ Largely tangential motion 

ω � ωBV ⇒ Isotropic motion

Required velocities are small 

See also Sharma et al (2009) 
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Can galaxy motions excite 
volume filling turbulence? 

Trapping of g-modes requires ωturb < ωBV

Isotropic velocities requires 

Large eddies are trapped, smaller eddies isotropize

ωturb > ωBV

But recall 

! 

" ~ #
3

l
~ const

$ ~ #
l
~ l%2/3

Wakes not volume-filling; need to excite g-modes
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Magnetic fields are 
isotropized... 

More massive galaxies
More isotropic

Ruszkowski & Oh (2011) 
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No cooling catastrophe. Note:  no subgrid physics!
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Magnetic fields are amplified

Vorticity growth B-field growth

N.B. Magnetic tension negligible here 
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The Tao of 
Heat Transport

Conduction

Turbulence
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Even if you don’t care 
about clusters...

Ask not...what you can do for clusters, but what 
clusters can do for you
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AGN Fueling   
Allen et al 2006

We don’t believe in Bondi accretion....but why does it 
seem to work??  
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Feedback by Winds

Our Galaxy 

Hydra A

Why aren’t bubbles disrupted by Kelvin-Helmholz 
instabilities? 

How do they heat their surroundings? 
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Thermal Instability in 
Stratified Atmospheres

Simple Field Criterion not 
correct in stratified 

atmospheres---cooling blobs 
subject to overstable oscillations

Will limit efficiency of HVC 
formation in galactic coronae 

Malagoli, Rosner & Fryxell 1990
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Resonant Line Transport in 
Turbulent Medium 

Werner et al (2009) 

We need to include turbulence in our Ly-alpha radiative 
transfer codes! 

Line profiles broadened by 
turbulence---reduce optical 

depth for scattering

Used in clusters to constrain 
turbulence 
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Turbulent Mixing Layers

Possible means of 
powering filament 

emission in clusters

Could also be partially 
responsible for OVI, CIV 

emission in galaxies

Kwan & Shelton 2010
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Cosmic Ray/Wave Heating
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