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I

G  are the

largest gravitationally bound

objects in the universe. Clus-

ters contain the most massive

galaxies and the most massive

black holes, and may provide

useful constraints on dark

energy.

Clusters are mostly dark

matter by mass, but the

baryons play a surprisingly important role in their evolution.

Moreover, the baryons are all that we can observe. Under-

standing the evolution of the baryons is thus essential to

improving our understanding of clusters.

Most of the baryons in clusters

(∼ ) comprise a hot, dilute

plasma known as the intraclus-

ter medium. Much about the

thermal evolution of the ICM

remains unclear. For example,

it has only recently been dis-

covered that the ICM is con-
vectively unstable at all radii.
�is instability is known as the

HBI (MTI) when the temperature increases (decreases) with

radius.
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We use the MHD code Athena, modified to implement

anisotropic thermal conduction: Qcond = −κb̂(b̂ ⋅ ∇T).
�e conductivity takes this form because the electron mean

free path in the ICM is much longer than its gyroradius.

�e electrons (which transport most of the energy) are thus

confined to move along magnetic field lines.
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T    are con-

vective instabilities driven by

anisotropic thermal conduc-

tion in plasmas. Electrons

move freely along magnetic

field lines, redistribute energy

and buoyantly destabilize verti-

cally displaced fluid elements.

Perturbations grow with the

local dynamical time tHBI ∼
tdyn ∼

√
H/g.

(color shows the plasma temperature and lines trace the magnetic field.)
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�e HBI saturates quiescently by reorienting the magnetic

field lines. �is insulates the plasma against a conductive

heat flux, and may exascerbate the cooling flow problem.
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�ough the linear behavior of the MTI is similar to that of

the HBI, its nonlinear behavior is entirely different. �e MTI

does not reorient the field lines and in fact drives strong,

∼ sonic turbulence.
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�e MTI may be an important

source of turbulence at large

radii in galaxy clusters. �is

influences both the strength

of the magnetic field and

the mixing of metals in the

ICM. More importantly, MTI

turbulence may introduce a

systematic, – bias into

cluster mass estimates.

Understanding this bias may be crucial for using clus-
ters for precision cosmology.
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�e HBI tends to make the

magnetic field horizontal,

while other sources of tur-

bulence tend to isotropize

it. �ese effects compete

and control the mean ori-

entation of the magnetic

field b̂z ∝ (teddy/tHBI). �e

field angle, in turn, sets the

effective thermal conductivity

of the plasma, thus controlling an important source of

energy to offset cooling in the ICM. Understanding the in-
teraction between turbulence and the HBI, particularly
in a cooling plasma, is crucial for understanding the
thermodynamics of the plasma at small radii in clusters.
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