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Picking up where we left off...

• We derived a system of equations that describe meso- and macroscale 
plasma physics in weakly collisional systems (including rotation, shear, 
gravity, thermal stratification).

• We discussed the physical interpretation of the kinetic-MHD closure.

• We applied these equations to elucidate the linear stability of weakly 
collisional accretion discs.
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Galaxy Clusters

• We will learn the plasma parameters characterising these systems.

• We will investigate conduction, convection, and viscous dissipation in these 
systems.

• We will investigate the outstanding problems related to cluster plasma 
physics.

• We will look to the future and see what can be solved with current tools.
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Optical~1% galaxies

X-ray~13% plasma

M ~ 1014-15 M⊙    100s of galaxies in ~1 Mpc

75 kpc

50,000 lyr
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Abell 2029

X-rayoptical
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~1 Mpc~200 kpc

~6 keV

~2.5 keV
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Cavagnolo et al 2009
http://www.pa.msu.edu/astro/MC2/accept/
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ICM Dynamics: 
A 3-scale problem

thermal-pressure scale height

mean free path

ion Larmor radius

1 npc ~ 20,000 miles 
                ~ 1 trip around the Earth Coma

Bonafede et al (2010)
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ICM Dynamics: 
A 3-scale problem

thermal-pressure scale height

mean free path

ion Larmor radius

1 npc ~ 20,000 miles 
                ~ 1 trip around the Earth Coma

Bonafede et al (2010)

A1835
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Braginskii-MHD equations
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Cooling

Bremsstrahlungline cooling
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Physical timescales
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Physical timescales
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Physical timescales
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Cooling flows
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Cooling flows

Sanderson et al 2009

...but not observedexpect lots of cold gas...
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Cooling flows     “Cooling-flow problem”

Sanderson et al 2009

...but not observedexpect lots of cold gas...

Allen et al 2001
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There is some cold gas...

...mostly in filaments

Crawford et al 2005

H-alpha
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God’s thermostat?

• Feedback from A(ctive) G(alactic) N(uclei)...

...but how does it know how much heat is needed?

Fabian et al 2003
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God’s thermostat?

• Feedback from A(ctive) G(alactic) N(uclei)...

...but how does it know how much heat is needed?

...and how is it thermalized and distributed? 
   turbulence? sound waves? weak shocks? bubbles? cosmic rays? Fabian et al 2003
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God’s thermostat?

• Feedback from A(ctive) G(alactic) N(uclei)...

...but how does it know how much heat is needed?

...and how is it thermalized and distributed? 
   turbulence? sound waves? weak shocks? bubbles? cosmic rays? 

• Conduction inwards from bulk of cluster...

...but can it (stably) offset cooling? (e.g. Fabian et al 2002)

...and what is its efficiency? 
   (e.g. Chandran & Cowley 1998; Narayan & Medvedev 2001)

Fabian et al 2003
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Conduction and convection— stability

but it’s a bit more subtle than this...

conduction

cooling

log T

lo
g 
ra
te

Cavagnolo et al 2009
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Heat conduction

magnetic 
field line 

hot cold 

vs. 

Saturday, March 2, 13



Heat conduction

€ 

ˆ b 

€ 

δQ

create a local temperature gradient along B,
create heat flux along B
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Heat conduction

€ 

∇T

€ 

ˆ b 

€ 

δQ

€ 

ˆ b +δ ˆ b 

align B with the background temperature gradient,
create heat flux along B
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Heat conduction

perturb B on which a heat flux is being channeled,
increase/decrease that heat flux

€ 

−χ ˆ b +δ ˆ b ( ) ˆ b  ⋅ ∇T

€ 

−χ ˆ b  ˆ b  ⋅ ∇T
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When conduction is rapid...

i.e. compressions/rarefactions in         -oriented field lines lead to heating/cooling

heated cooled isothermal 

hot 

cold 

hot 

cold 
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When conduction is rapid...

i.e. compressions/rarefactions in         -oriented field lines lead to heating/cooling

hot 

cold 

heated 

cooled 

isothermal 

hot 

cold 
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hot 

cold 

hot 

cold 

+

Magneto-Thermal 
Instability

(Balbus 2000; 2001)

=

Heat-flux-driven
Buoyancy
Instability
(Quataert 2008)
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MTIHBI

think by analogy:

Balbus (2001)
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z 

x 

g 

put a weakly collisional plasma in a
gravitating, thermally stratified atmosphere
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Dispersion relation (Kunz 2011)
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Dispersion relation (Kunz 2011)

entropy mode

Alfvén wave slow mode

buoyant response
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Dispersion relation (Kunz 2011)

entropy mode

Alfvén wave
slow mode altered 

buoyant response

MTI

HBI
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Dispersion relation (Kunz 2011)

Alfvén wave
slow mode altered 

buoyant response
anisotropic 

viscous damping
viscous

coupling of
slow & Alfvén

modes
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field-line compressions cause 
changes in temperature

but motions that cause
field-line compressions
are viscously damped
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Dispersion relation (Kunz 2011)

(Alfvénic MTI)
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Piffaretti et al. 2005 

HBI MTI 

can provide ~10%  
turbulent pressure support 
and radially biased B field 

(McCourt+ 2011; Parrish+ 2012) 

can shut off 
conduction 

and thermally 
insulate core 
(Parrish+ 2009; 

Bogdanovic+ 2009) 
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This is all linear theory,
which means a lot...

...but only for ~100 Myr.

Saturday, March 2, 13



ICM is turbulent
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Pressure anisotropy
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modifies magnetic tension

When                          , Alfvén waves are FIREHOSE unstable. p⊥ − p|| < −
B2

4π growth time ~1 hr, wavelength ~10–100 npc 

p⊥ − p|| >
B2

8π growth time ~100 hr, wavelength ~102–103 npc 
When                         , slow modes are MIRROR unstable. 

TRY CHANGING FIELD STRENGTH 
AND EVERYTHING EXPLODES 
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Typical structure of magnetic fields 
generated by turbulence from 

MHD simulations with  
(isotropic) Pm >> 1 
Schekochihin+ (2004) 

if weakly collisional with Pm >> 1: 

firehose 

mirror 

mirror 

firehose 

Where do they occur? 
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Do microinstabilities occur in ICM? 

~102–104 (?) 

~2–5 (?) 

~10–100 (?) 

Mon. Not. R. Astron. Soc. 000, 1–9 (2011) Printed 1 March 2012 (MN LaTEX style file v2.2)
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In this paper we investigate how convective instabilities influence heat conduction in the intra-
cluster medium (ICM) of cool-core galaxy clusters. The ICM is a high-beta, weakly collisional
plasma in which the transport of momentum and heat is aligned with the magnetic field. The
anisotropy of heat conduction, in particular, gives rise to instabilities that can access energy
stored in a temperature gradient of either sign. We focus on the heat-flux buoyancy-driven
instability (HBI), which feeds on the outwardly increasing temperature profile of cluster cool
cores. Our aim is to elucidate how the global structure of a cluster impacts on the growth
and morphology of the linear HBI modes when in the presence of Braginskii viscosity, and
ultimately on the ability of the HBI to thermally insulate cores. We employ an idealised quasi-
global model, the plane-parallel atmosphere, which captures the essential physics – e.g. the
global radial profile of the cluster – while letting the problem remain analytically tractable.
Our main result is that the dominant HBI modes are localised to the the innermost ("20%)
regions of cool cores. It is then probable that, in the nonlinear regime, appreciable field-line
insulation will be similarly localised. Thus, while radio-mode feedback appears necessary
in the central few tens of kpc, heat conduction may be capable of offsetting radiative losses
throughout most of a cool core over a significant fraction of the Hubble time. Finally, our
linear solutions provide a convenient numerical test for the nonlinear codes that tackle the
saturation of such convective instabilities in the presence of anisotropic transport.

Key words: conduction – instabilities – magnetic fields – MHD – plasmas – galaxies: clus-
ters: intracluster medium.

1 INTRODUCTION

Whereas their copious X-ray emission suggests a central cooling
time much less than the Hubble time, galaxy cluster cores do not
exhibit cooling flows commensurate with their radiative losses. Ab-
sent are the mass deposition rates (Ṁ ∼ 102–103 M! yr−1) and
copious iron line emission that would accompany such flows. In-
stead, the central temperatures of cool core clusters are typically
only ∼1/3 of the bulk cluster temperatures, while spectroscopi-
cally determined mass deposition rates are "0.1Ṁ (for a review,
see Peterson & Fabian 2006). Understanding how these conditions
are maintained in the face of rapid radiative cooling poses a chal-
lenge for theorists, who have consequently invoked a plethora of di-
verse physics to resolve the problem. These include: active galactic
nucleus feedback, conductive heat transport, and convective turbu-

! E-mail: hl278@cam.ac.uk
† E-mail: kunz@astro.princeton.edu; Einstein Postdoctoral Fellow

lence, whether it be driven by cosmic rays, mergers, or magnetohy-
drodynamic (MHD) instabilities.

This paper concerns the contribution of conductive heat trans-
port to the solution of the cooling flow problem. However, we do
not take the usual energetics standpoint (i.e. does conduction pro-
vide an ample source of heat to offset radiative losses?) but rather
focus on how conduction generates, and is subsequently modi-
fied by, plasma instabilities and the MHD turbulence they insti-
gate. Because the intracluster medium (ICM) is magnetized and
weakly collisional it exhibits surprising stability properties (Balbus
2000, 2001; Schekochihin et al. 2005, 2010). In particular, the out-
wardly increasing temperature profile of a cluster core gives rise to
a heat-flux buoyancy-driven instability (HBI; Quataert 2008) that
can drive disordered flows. Numerical simulations show that these
flows lead to near-complete field-line insulation of the core, and
heat conduction is greatly impeded (Parrish & Quataert 2008; Bog-
danović et al. 2009; Parrish, Quataert & Sharma 2009). HBI mo-
tions not only seem incapable of maintaining the observed tempera-
ture profile (as suggested by Balbus & Reynolds 2008), but actually

c© 2011 RAS

MTI, HBI,  
AGN, mergers 

firehose,  
            mirror 

slow 

Alfvén 

? 
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[Bale et al., PRL 2009] 

MIRROR 

FIRE 
HOSE 

What do these microinstabilities do? 

Solar Wind: 

perfect opportunity for synergy between space and astrophysics 
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How do they go marginal? 
Option #1: 

        firehose 
 

      
        mirror 
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How do they go marginal? 
Option #1: 

rate-of-strain is limited 
(in a sense, more viscosity) 
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How do they go marginal? 
Option #1: 

rate-of-strain is limited 
(in a sense, more viscosity) 

Option #2: 

break mu  
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How do they go marginal? 
Option #1: 

rate-of-strain is limited 
(in a sense, more viscosity) 

effective collisionality is enhanced 
(in a sense, less viscosity) 

Option #2: 
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Viscous heating

(done on board — see Kunz et al 2011)
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