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TABLE 1
Turbulence parameters of the performed runs

kmin kmax τdecay ε∗ σ
Name (cm−1) (cm−1) (s) (cm2/s−3) (km/s)

weak 2.0 × 10−23 5.1 × 10−23 3.1×1015 8.1 × 10−8
∼50

strong 2.0 × 10−23 5.1 × 10−23 3.1×1015 3.0 × 10−9
∼150

Fig. 2.— Topology of the magnetic field (vectors) with superimposed gas density distribution (color background). The results are shown
in the plane intersecting the cluster center. The images are ∼1 Mpc on a side. Left panel corresponds to the end state of the simulation with
anisotropic conduction and the right panel to the simulation involving both the anisotropic conduction and very weak subsonic turbulence.

the gas on large scales and cascade to smaller scales,
AGN-driven motions or stirring by galaxy motions. For
instance, Nagai et al. (2003) find from cosmological sim-
ulations that even relatively relaxed clusters have inter-
nal velocities ∼ 20% of the internal sound speed; Kim
(2007) finds turbulent velocities ∼ 100 − 200 km s−1 in
numerical simulations of gravitational wakes of galaxies
in clusters. The left panel demonstrates that the gas ve-
locity field becomes preferentially tangential in this case,
while the middle panel shows that the magnetic field is
close to isotropic. This magnetic field topology is consis-
tent with the right panel in Figure 2. The isotropization
of the magnetic field leads to a significant boost in the
level of the effective thermal conduction as shown in the
right panel of Figure 3.

In order to better understand the observed trends in
the velocity, magnetic field and the effective conduction,
we performed MHD runs with stirring but without con-
duction. An example of the result from one of these
runs is shown as a solid purple line in all three panels in
Figure 3. It is evident that the stirring leads to preferen-
tially tangential velocity field. This behavior is very sim-
ilar to the case when both the stirring and HBI operate.
The reason for the preferentially tangential gas motions
in the absence of conduction is that the characteristic

driving frequency is lower then the local Brunt-Väisälä
frequency ωBV . In this case, gas motions excite gravity
waves (g-modes) that become trapped within the radius
where “turbulence frequency”∼ σ/λ ! ωBV , where σ
and λ are the gas velocity dispersion and the character-
istic eddy size, respectively. Consequently, the distribu-
tion of the orientation of magnetic field versors is also
tangential (see middle panel). One subtle point worth
emphasizing is that the magnetic fields have “memory”
of the the fluid displacement history. In other words,
for weak fields, magnetic fields behave as “tracer parti-
cles” and, thus, the middle panel essentially quantifies
the anisotropy in integrated fluid displacements. It is
interesting to note that the magnetic field for weak stir-
ring is close to isotropic in the conductive case, while it
remains preferentially tangential in the absence of con-
duction. We argue that this effect can be qualitatively
understood in terms of the magnitude of the buoyant
restoring force. The magnitude of the restoring force in
the magnetized medium with anisotropic conduction de-
pends on ∇T whereas for the pure MHD the restoring
force depends on ∇S, where S is the gas entropy. The
entropy gradient is steeper than the temperature gra-
dient, so the buoyant restoring force in the conductive
case is weaker then in the pure MHD case. This means
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TABLE 1
Simulations presented in this paper.

Name Aniso. Cond. AGN � lB (kpc) Mcl(1015M�)
C1 y n 100 100 0.85
C2 y n 1 100 0.85
C3 y n 100 10 0.85
CA y y 100 100 0.85
A n y 100 100 0.85

CAMh y y 100 10 1.70
AMh n y 100 100 1.70
AMl n y 100 100 0.425

Fig. 1.— Evolution of the magnetic field orientation for the sim-
ulations including anisotropic conduction but no AGN feedback
(Run C1-C3). Shown in the y-axis is the angle between the mag-

netic field and the radial direction (✓B ⌘ cos�1 |b̂ · r̂|) averaged
within r = 100 kpc. Di↵erent lines represent results for di↵erent
plasma beta (�) and magnetic field coherence length (lB, in units
of kpc). The horizontal lines show the e↵ective Spitzer fraction
fsp = 0.1, 1/3, and 0.5 from top to bottom. This figure demon-
strates that the HBI can be significantly impaired when a realistic
� in clusters is used and if the magnetic field is perturbed on scales
smaller than lcrit (Eq. 12).

Figure 1 shows the angle between the magnetic field
and the radial direction (✓B ⌘ cos�1

|b̂ · r̂|) averaged
within r = 100 kpc. The solid and dashed lines are
results from simulations with lB = 100 kpc but for two
di↵erent values of �. Initially the magnetic field orienta-
tions are random, so h✓Bi ⇠ 55�, which corresponds to an
e↵ective Spitzer fraction fsp ⇡ (b̂ · r̂)2 = cos2 ✓B = 1/3.
As expected, for � = 1, h✓Bi grows from an initial value
of 55� to 70� at t ⇠ 1.5 Gyr because the original tangled
magnetic fields are re-oriented in the azimuthal direc-
tions by the HBI. On the contrary, when a more realistic
plamsa beta � = 100 is used, h✓Bi only grows from 55� to
63� at t ⇠ 1.5 Gyr. The e↵ective Spitzer fraction is about
0.12 and 0.21 at t ⇠ 1.5 Gyr for � = 1 and � = 100,
respectively. The rate of field-line re-orientation is much
slower than the � = 1 case, implying the HBI is sup-
pressed when � is small.
The dependence of HBI saturation properties on the

magnetic field strength was noted by Avara et al. (2013).
They found that for moderate plasma beta values (� ⇠

107), the saturation state of the HBI is qualitatively dif-
ferent from the standard HBI results (� > 109), featur-

ing magnetic field ‘filaments’ that sustain heat fluxes at
⇠ 10% � 25% of the Spitzer value. These filaments are
regions where magnetic tension is enhanced due to com-
pressed field lines during the process of field-line wrap-
ping and is enough for resist further growth of the HBI.
Specifically, magnetic field perturbations are stable to
HBI if the following condition is satisfied (Eq. 18 in
Avara et al. (2013) with recovered physical units, assum-
ing k? ⇡ kk for an average perturbation):
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where g is the amplitude of gravitational acceleration,
kB is the Boltzmann constant, µ is the mean molecu-
lar weight, mp is the mass of a proton, and k is the
wave number of the perturbation. This equation illus-
trates the competition between the e↵ects of a destabi-
lizing temperature gradient and the stabilizing influence
of magnetic tension. It is straightforward to see that,
for a given system where g, T , dT/dr, and � are known,
there exists a critical length lcrit below which perturba-
tions are HBI stable.
For conditions in the Perseus cluster, we find that
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Therefore, magnetic field perturbations with wavelengths
greater than lcrit would be subject to the HBI, while fluc-
tuations on scales smaller than lcrit would be stable to the
HBI because the magnetic tension itself is large enough
to resist the growth of perturbations. The fact that lcrit is
at a comparable scale to the radius of the CC means that
a substantial portion of the HBI modes is suppressed for
realistic ICM parameters. As a result, magnetic field
lines are not completely wrapped as expected for the
standard HBI simulations with high �. Instead, there
are channels of field lines that are not perpendicular to
the temperature gradient and are able to conduct heat.
This is why the conductivity is maintained at a level of
⇠ 22% of the Spitzer value for the � = 100 case. We
note, though, that Eq. 12 is derived from a local linear
perturbation analysis, and thus the value of lcrit quoted
here is only a crude estimate and can vary by a factor of
a few. Regardless, the main point is that HBI should be
much suppressed under a scale of tens of kpc for realistic
� in clusters.
Do we see magnetic field filaments as found in previous

simulations (Kunz et al. 2012; Avara et al. 2013)? Figure
2 shows the field strength overplotted with vectors rep-
resenting the directions of the magnetic field. We find
magnetic ‘streams’ as bands with larger field strengths
and widths of tens of kpc, consistent with the above es-
timate. They do not look like ‘filaments’ because their
widths are much greater than the simulation resolution.
In contrast, these HBI stable regions appear as narrow
filaments in the previous simulations because the higher
� adopted leads to lcrit that is comparable to the size of
their resolution elements.
Equation 12 implies that if the initial magnetic field

is perturbed only on scales below lcrit, the HBI should
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HBI because the magnetic tension itself is large enough
to resist the growth of perturbations. The fact that lcrit is
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a substantial portion of the HBI modes is suppressed for
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This is why the conductivity is maintained at a level of
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Reynolds et al. (2015), which showed that the generation
of volume-filling turbulence by AGN requires that the g-
waves are not trapped only within a small area. If future
observations, e.g., Astro-H, give evidences for volume-
filling turbulence within cluster cores, other mechanisms
may need to be invoked, such as g-mode excitation by
galaxy motions (Ruszkowski & Oh 2011) and decay from
large-scale turbulence generated by cluster mergers (e.g.,
Heinz et al. 2010; Vazza et al. 2013).

3.3. Conductive vs. AGN heating

In the last section we have shown that AGN jet-driven
turbulence can randomize the magnetic field lines and
restore the thermal conductivity to 1/3 of Spitzer. The
next important questions to be addressed are whether
this promotes significant heat transfer from outer radii
to help balance radiative cooling and how much it is com-
pared to the amount of AGN heating. Because thermal
conductivity has a strong dependence on gas tempera-
ture (Eq. 6), we present results for the fiducial Perseus-
like cluster (Run CA and Run A) and a cluster with
double the mass (Run CAMh and Run AMh). To probe
the maximum strength of the e↵ects of conduction, for
the higher mass cases we choose lB = 10 kpc so that the
conductive heat fluxes are not impeded by the HBI.
We quantify conductive heating within a sphere by the

conductive luminosity, which is the conductive heat flux,

Qcond = �fsp�@T/@r, (13)

integrated across the surface of the sphere. We then com-
pute the conductive luminosity within the cooling radius
rc = 100 kpc, defined here as the radius at which the
cooling time is equal to 3 Gyr, and compare it to the X-
ray luminosity within rc and the AGN jet power. These
quantities for Run CA are shown in the top panel of
Figure 5. The results from a typical simulation of AGN
feedback without conduction (Run A) are shown in the
bottom panel for comparison.
For the standard AGN simulation (Run A), the clus-

ter contracts due to radiative cooling until cold gas forms
out of local TI when tc/t↵ . 10 and triggers subsequent
AGN activity after t ⇠ 0.3 Gyr. Afterwards, the AGN
self-regulates and the radiative cooling is balanced by
AGN heating. The averaged jet power is greater than the
X-ray luminosity within rc because the bubbles can reach
beyond rc and thus the e↵ective e�ciency of transform-
ing kinetic energy to thermal energy within rc (referred
to as ‘thermalization e�ciency’ hereafter) is ⇠ 0.3.
For Run CA, the conductive luminosity starts from

⇠ 50% of the X-ray luminosity. As the cooling domi-
nates, the cluster core again contracts and sets o↵ the
AGN. After the cluster reaches a quasi-static state after
t ⇠ 1 Gyr, the conductive heating only contributes to
⇠ 10% of the cooling losses, while the remaining is o↵set
by AGN heating. We also computed the ratios between
the conductive and X-ray luminosities for di↵erent radii
and verified that conductive heating remains subdomi-
nant throughout the cluster core. The averaged jet power
is only ⇠ 2/3 of that in the AGN-only simulation. The
reasons are two-fold. First, the AGN does not need to in-
ject so much energy with the aid of conduction. Second,
because of the weaker jet power, the bubbles travel to
shorter distances and thus the thermalization e�ciency
is higher than the AGN-only simulation.

AGN+Conduction

AGN only 

Fig. 5.— Heating and cooling luminosities for AGN simulations
with (top, Run CA) and without (bottom, Run A) anisotropic
conduction. The X-ray/cooling and conductive luminosities are
calculated within a cooling radius of rc = 100 kpc. The red curves
show the AGN jet power averaged every 0.2 Gyr. For Run CA,
after the cluster reaches a quasi-equilibrium state (i.e., t & 1 Gyr),
conductive heating contributes to ⇠ 10% of the radiative losses.

One might think the decrease in the amount of conduc-
tive heating is caused by the HBI. Indeed, the e↵ective
Spitzer fraction decreases from an initial value of 1/3 to
⇠ 0.22 after t ⇠ 1 Gyr due to the HBI (red solid line in
Figure 3). However, this is not enough for account for
the degree of suppression of the conductive luminosity,
implying some other factor is at play. To this end, we
did an experiment and performed the same run as Run
CA but with lB = 10 kpc, for which HBI should have
no e↵ects (for reason discussed in § 3.1). The conductive
luminosity still drops to ⇠ 2⇥ 1044 erg s�1. What hap-
pens is that as the heat fluxes flow into the core region
and cause the core temperature to rise. The tempera-
ture gradient in the core is reduced and thus subsequent
conductive heat flux is inhibited. That is, conductive
heating is a self-limiting mechanism. Though the rela-
tive importance of conductive to AGN heating obviously
depends on cluster initial conditions and cluster masses
(see below), we find that the it is a general trend for the
conductive heat fluxes to decrease with time due to re-
duced temperature gradients. Moreover, this e↵ect has
more impacts on the long-term evolution of conductive
heating than the temporarily-enhanced Spitzer fraction
due to AGN-driven turbulence (note also that the con-
ductive luminosity does not simply follow the evolution
of h✓Bi because of the varying temperature gradients).
The higher mass cases are presented in Figure 6.

Again, for the run without conduction (bottom panel),
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Summary	
  

1.  In	
  realis;c	
  cluster	
  condi;ons,	
  HBI	
  should	
  be	
  completely	
  or	
  
significantly	
  suppressed	
  by	
  magne8c	
  tension,	
  depending	
  on	
  lB	
  

2.   	
  AGN-­‐jet	
  driven	
  turbulence	
  can	
  randomize	
  field	
  lines	
  and	
  
counteract	
  the	
  HBI,	
  but	
  only	
  in	
  regions	
  directly	
  influenced	
  by	
  
the	
  jets	
  

3.   	
  Conduc8ve	
  hea8ng	
  contributes	
  to	
  10%~50%	
  of	
  radia8ve	
  
losses,	
  depending	
  on	
  the	
  cluster	
  mass.	
  Possible	
  signatures	
  in	
  
hoPest	
  clusters.	
  	
  

	
  


