
ACTIVITIES

The principal goal of this project was to determine the thermal conduc-
tivity in clusters of galaxies. Intracluster plasmas possess chaotic magnetic
fields. Since charged particles are constrained to move primarily along mag-
netic field lines, the topology of intracluster magnetic fields slows particle
diffusion relative to the non-magnetized case, thereby reducing the thermal
conductivity.

Our first approach to this problem was to employ the static-magnetic-field
approximation. In reality, intracluster magnetic field lines are constantly
moving, since they are advected by turbulent intracluster motions. The tur-
bulent velocities, however, are much smaller than the rapid speeds of thermal
electrons, which make the dominant contribution to the thermal conductiv-
ity. In the static-field approximation, one neglects turbulent motions of field
lines, and calculates the diffusion coefficient of thermal electrons in a static
but chaotic magnetic field. We calculated this diffusion coefficient approx-
imately, using a theoretical approach developed Rechester and Rosenbluth
in 1978 and further developed by the PI and Steve Cowley in 1998. In this
approach, the electron diffusion coefficient equals the diffusion coefficient in
the non-magnetized limit multiplied by a reduction factor, which is equal
to the dominant magnetic field length scale lB divided by the “Rechester-
Rosenbluth length” LRR. The Rechester-Rosenbluth length LRR is the dis-
tance that two static field lines, separated by one electron gyroradius at one
location, must be followed before the field lines separate by a distance lB.
We then calculated the ratio lB/LRR in turbulent magnetic fields obtained
from direct numerical simulations of MHD turbulence. We also calculated
the ratio lB/LRR analytically using a Fokker-Planck model based upon a
phenomenological description of strongly turbulent magnetic fields.

Our second approach to this problem was to move beyond the static-field
approximation and estimate the effects of turbulent plasma motions on the
thermal conductivity. We did this by extending the theoretical approach of
Rechester and Rosenbluth to include randomization of magnetic field lines
by an assumed turbulent resistivity.

We also laid the foundation for a future calculation of the ratio lB/LRR

by numerically calculating the trajectories of test particles moving in the
presence of a static but turbulent magnetic field. We have preliminary results

1



from these calculations and plan to submit a paper on our findings later this
year.

We have also built upon our work on thermal conduction in clusters to
address the wider question of plasma heating in clusters, a problem that is
critical to solving the cooling-flow problem and also the more general prob-
lem of cluster formation. The PI has carried out a detailed investigation of
convection driven by cosmic rays produced by a central radio source in a
cluster. We have also developed a model for turbulent heating of intraclus-
ter plasmas that accounts for heating due to turbulent diffusion and viscous
dissipation of turbulent motions.

We have also extended our investigation into other areas. We have ap-
plied our results on the separation of neighboring magnetic field lines in a
turbulent magnetic field to the reacceleration of cosmic rays by compressible
MHD turbulence. We have also studied the acceleration of electrons in solar
flares by MHD turbulence, stochastic shock-surfing acceleration of relativis-
tic particles, the dynamical role of strong magnetic fields perpendicular to
the Galactic plane near the Galactic center, and the effects of turbulence
anisotropy on radio scintillation due to electron-density fluctuations in the
interstellar medium. We also developed a three-dimensional particle-in-cell
(PIC) code. The code is based on a rigorously-charge-conserving algorithm,
and can treat non-periodic boundary conditions. We have been using the
code to study shock acceleration and magnetic reconnection.

In terms of educational activities, I have been supervising a graduate
student, Timothy Dennis, who has been studying turbulent heating of intr-
acluster plasmas.

We have made a number of presentations on our work, including:

1. an invited review talk on “MHD Turbulence” at the April, 2003 Inter-
national Workshop on Magnetic Fields and Star Formation in Madrid,
Spain

2. an invited talk on “The origin and stability of the galactic-center mag-
netic field” in July, 2002 at Imperial College, London

3. an invited talk on “Field-line wandering and thermal conduction in
galaxy-cluster plasmas” in November, 2001 at Meeting of the American
Physical Society Division of Plasma Physics in Long Beach, CA
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The PI also has two upcoming invited talks related to this project.

1. an invited talk on “Cosmic-ray propagation in strongly turbulent mag-
netized plasmas” in November, 2004, at the Meeting of the American
Physical Society Division of Plasma Physics in Savannah, GA

2. an invited talk on the question “Can active galactic nuclei and thermal
conduction solve the cooling-flow problem?” in October, 2004 at the
University of California, Berkeley

Contributions

Our calculation of the thermal conductivity in galaxy clusters in the
static-filed approximation is important for a number of reasons. First, an
accurate knowledge of the conductivity is essential for an accurate treatment
of plasma heating in clusters. Plasma heating in clusters in turn plays a
crucial role in some of the central problems in the study of galaxy clusters,
including:

(1) the cooling-flow problem, which amounts to explaining why very little
plasma cools to below one-third of the average cluster temperature despite
the fact that the cooling time at cluster center can be much less than a
cluster’s age

(2) the over-cooling problem in simulations of cluster formation—numerical
simulations of cluster formation in which supernovae are the only form of
non-gravitational heating typically lead to an overestimate of the fraction of
baryonic matter converted into stars

(3) the entropy-floor problem in simulations of cluster formation—numerical
simulations of clusters also significantly underestimate the central value of
the specific entropy

Our calculation of the thermal conductivity is based on more rigorous
techniques, including direct numerical simulations, than previous estimates.
Our results also show that magnetic fields suppress thermal conduction in
clusters to a sufficient extent that conduction is unable to balance radiative
cooling in the cores of relatively cool clusters. This in turn is a strong in-
dication that some other heating mechanism, such as central active galactic
nuclei, is playing an important role.
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Our results on thermal conduction in the presence of time-varying mag-
netic fields are a significant theoretical advance in this area, and provide a
theoretical framework for further advances in this area.

The PI’s results on convection in intracluster plasmas due to the buoyancy
of cosmic-rays produced by a central radio source are important for several
reasons. They provide the first quantitative theory for connecting the power
of a central radio source to the rms turbulent velocity in the intracluster
medium. This in turn provides a theoretical framework for understanding
how the turbulent velocity could be fine-tuned to the value required for tur-
bulent heating to balance radiative cooling. As far as I am aware, this work
also presents the first two-fluid mixing length theory for describing convec-
tion in a medium consisting of a mixture of thermal plasma and relativistic
cosmic rays.

Our more general results on turbulent heating in the intracluster medium
show that both viscous dissipation of turbulent motions and turbulent mix-
ing of hot plasma into cooler regions must be accounted for in turbulent
heating models. We have also shown that if cosmic-ray pressure is negligi-
ble (as it most likely is outside of the central roughly 30 kpc), the stable
entropy stratification of intracluster plasma leads to a mild suppresion of
the efficiency of turbulent mixing in the intracluster medium. These results
will help guide future studies of the importance of turbulent heating in the
intracluster medium.

Our results on stochastic relativistic shock-surfing acceleration demon-
strate that the shock-surfing acceleration can lead to power-law spectra of
accelerated particles. Our results on the dynamical role of strong magnetic
fields perpendicular to the Galactic plane near the Galactic center show an
instability threshold that may play a role in limiting the maximum value
of poloidal magnetic fields in accreting systems. Our results on cosmic-ray
reacceleration clarify expand the base of knowledge of the interaction be-
tween turbulence and energetic particles, a process that is important for
understanding the origin of observed high-energy radiation.

PRINCIPAL FINDINGS

Within the static-field approximation, we found that the critical ratio
lB/LRR defined in the “activities” section of this progress report is roughly
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0.1-0.2 for galaxy-cluster parameters. This result was obtained using both
direct numerical simulations of turbulent magnetic fields and also the analytic
Fokker-Planck model.

Another of our major findings was a theoretical estimate of the effects
of turbulent resistivity and turbulent magnetic reconnection on thermal con-
ductivity in clusters. Under the assumption that the intracluster magnetic
field is randomized on the time scale τ required for a large-scale turbulent
eddy of size l and rms velocity u to turn over (τ ' l/u), we found that the
thermal conductivity κT in cluster conditions is given by the expression

κT '
√

κSul, (1)

where κS is the Spitzer thermal conductivity of a non-magnetized plasma
(expressed as a diffusion coefficient). This theoretical result is a significant
conceptual contribution to this field.

The PI’s study of convection driven by cosmic-rays produced by a radio
source at cluster center also led to some significant findings. The first was the
development of a two-fluid mixing-length theory of convection in a two-fluid
(thermal-plasma plus cosmic-ray) intracluster medium. The second was the
discovery that although the specific entropy in clusters increases with radius,
a cluster can still be convective if the cosmic-ray pressure drops sufficiently
rapidly with radius. This discovery leads to a natural connection between in-
tracluster turbulence and the active galactic nuclei at cluster centers that are
increasingly invoked as an important heat source for the intracluster medium.
The model developed by the PI can be solved using a shooting method that
leads to solutions for the radial profiles of the plasma density, plasma tem-
perature, turbulent velocity, and cosmic-ray pressure throughout a cluster.
Although the model suggests a likely connection between intracluster tur-
bulence and central AGN, it was not able to reproduce the steep central
density gradients observed in clusters, most likely because it was based on
an assumption that cosmic rays were perfectly mixed into the intracluster
plasma. Future work will relax this assumption.

The paper submitted by T. Dennis and the PI on turbulent heating of
the intracluster medium finds that in general viscous dissipation as well as
turbulent mixing are energetically important, so that neither can be neglected
in a quantitative treatment. Our study also took observed temperature and
density profiles for three clusters and calculated the radial profile of the rms
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turbulent velocity required for turbulent heating to balance cooling. We
took into account the effects of the stable entropy gradient in suppressing
turbulent mixing in the limit that the nonlinear eddy frequency (∼ u/l) falls
below the Brunt-Vaisala frequency of buoyancy oscillations.

Other work supported by this grant also led to

1. an analytic calculation of the (power-law) energy spectra of relativistic
particles accelerated by the stochastic shock-surfing acceleration mech-
anism at perpendicular shocks.

2. an in-depth analysis of instabilities associated with a strong magnetic
field perpendicular to the Galactic plane near the Galactic center

3. calculations of the momentum diffusion coefficients that arise when
cosmic rays are reaccelerated by compressible MHD turbulence

4. calculations of the visibility function for radio scintillation in the pres-
ence of anisotropic interstellar electron-density fluctuations
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