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Success	  of	  AGN	  simula<ons	  
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v  HBI	  is	  suppressed	  using	  realis<c	  
beta	  

v  AGN-‐driven	  turbulence	  
randomizes	  field	  lines	  such	  that	  
fsp~1/3	  

	  
v  Conduc<ve	  hea<ng	  contributes	  

to	  10%~50%	  of	  radia<ve	  losses	  	  

B	  field	  

Yang	  &	  Reynolds	  (2016)	  
*Assuming	  Spitzer	  conduc<vity	  along	  B	  

Role	  of	  conduc<on?	  
v Anisotropic	  conduc<on	  -‐>	  HBI	  (Quataert	  2007)	  -‐>	  B	  field	  wrapping	  
	  

Specifically, magnetic field perturbations are stable to HBI if
the following condition is satisfied (Equation (18) in Avara
et al. [2013] with recovered physical units, assuming x? &k k
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 molecular weight, mp is the
mass of a proton, and k is the wavenumber of the perturbation.
This equation illustrates the competition between the effects of
a destabilizing temperature gradient and the stabilizing
influence of magnetic tension. For a given system where g,
T, dT/dr, and β are known, there exists a critical length lcrit
below which perturbations are HBI stable.

For conditions in the Perseus cluster, we find that

C

q

�

� �

�

� ⎜ ⎟ ⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

l
g

T dT dr

84 kpc
200 10 cm s

4 keV 4 keV 100 kpc
. 12

crit

1 2

8 1

1 2

1 2

( )

Therefore, magnetic field perturbations with wavelengths
greater than lcrit would be subject to the HBI, while fluctuations
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 β. 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 β=100 case. We note, though, that Equation (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 order unity. Regardless, the main point is that
HBI should be much suppressed under a scale of tens of
kiloparsecs for realistic β 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 representing
the directions of the magnetic field. We find magnetic
“streams” as bands with larger field strengths and widths of
tens of kiloparsecs, consistent with the above estimate. 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 β 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 not develop
at all. We tested this hypothesis using a simulation thatstarts
from an initial field of lB=10 kpc and β=100 (Run
C3;dotted line in Figure 1). The figure shows that indeed,
unlike the lB=100 kpc case, the HBI has no effect and R� §B
does not grow with time. The value of R� §B even decreases
because the cooling catastrophe near the cluster center pulls the

magnetic field into the radial direction after t!0.3 Gyr, similar
to the inner !20 kpc shown in Figure 2 for Run C1. We have
also verified this result using clusters with longer cooling times
in order to isolate the effect of lB from the radial bias induced
by the cooling catastrophe (see the Appendix).
Rotation measure observations through AGN radio lobes

have shown cluster magnetic fields tangled on kiloparsec scales
(Carilli & Taylor 2002). However, whether there is a turnover
in the magnetic field power spectrum is difficult to determine
from current data and is uncertain (e.g., Vogt & Enßlin 2003;
Kuchar & Enßlin 2011). If future observations find that a small
magnetic field coherence length (compared to lcrit) is typical,
then the HBI should be unimportant and no field-line wrapping
is expected. Even if observations suggest a large lB, the effects
of the HBI should still be significantly attenuated because of
the suppressed small-scale modes by magnetic tension.

3.2. HBI with AGN

In the following, we compare the simulations with β=100,
lB=100 kpc with and without AGN feedback, i.e., Runs CA
and C1, respectively. We investigate whether AGN jet-driven
turbulence is volumefilling and how much it can change the
magnetic field topology and compete with the field-line
wrapping effect of the HBI.
Figure 3 (top panel) shows the evolution of R� §B for runs with

(red lines) and without AGN feedback (black lines). The solid
curves are for θB averaged within a sphere with radius of
100 kpc, and the dotted lines show the averaged θB only for
regions 30° away from the jet axes (i.e., within two cones). The
jet power versus time for Run CA is plotted in the bottom
panel. In contrast to the case without AGNs, the evolution of
R� §B exhibits dips that are temporally correlated with large
AGN outbursts, implying that the HBI is counteracted by the
field-line stirring effect of the AGN. However, the influence of

Figure 2. Magnetic field strengths and orientations (shown in vectors) for Run
C1 (β = 100, lB = 100 kpc) at t=1 Gyr. Despite the overall field-line
wrapping effect of the HBI, regions that are stable to the HBI appear as
magnetic field “streams” with enhanced strengths and widths of tens of
kiloparsecs, consistent with the expectation from Equation (12). These streams
can resume conduction to a level of !22% of the Spitzer value (solid line in
Figure 1).
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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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the larger-scale cavities are being blown around by atmospheric pressure gradients (Brüggen
et al. 2005; Heinz et al. 2006; Morsony et al. 2010).

Fig. 10.— Examples of systems showing multiple cavities and shocks. Upper left: Unsharp
mask 0.3 – 2 keV image of the NGC 5044 group showing multiple cavities (David et al.
2009). Upper right: Region around M87 in the Virgo cluster, showing deviations from the
azimuthally averaged surface brightness in the energy band 0.5 – 2.5 keV (Forman et al.
2007). Lower left: 0.3 – 2 keV image of the NGC 5813 group, showing multiple shock
fronts and cavities (Randall et al. 2011). Lower right: Unsharp mask image of 2A0335+096
showing multiple cavities and sound waves(Sanders et al. 2009).

Even in cases where jet heating is highly anisotropic, following an outburst the lowest

M87	  (Forman+	  2007)	  
	  
	  

Perseus	  
	  
	  

Sound	  waves	  
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Statement	  1:	  Shock	  hea=ng	  is	  
enough	  to	  balance	  radia=ve	  
cooling	  (Randall+	  2015)	  

N5813 FROM CHANDRA 15

10 kpc

Cavity
NE Outer

Channel
Northern

Cavity
SW Outer

Outer Edge

Outer Edge

Fig. 2.— Left: Exposure corrected, background subtracted, 0.3–3 keV Chandra image, with point sources removed and smoothed with
a � = 1.500 Gaussian. The image shows bright rims surrounding an inner pair of cavities, a prominent elliptical edge surrounding a pair of
cavities at intermediate radii (with the more obvious cavity to the SW and the NE cavity apparently broken into two connected cavities),
and a subtle outer edge associated with a faint pair of outer cavities (with the more obvious cavity to the NE). Right: X-ray image divided
by a 2D fitted beta model and smoothed with a � = 600 Gaussian, shown on the same scale. The outer cavities and edges are more clearly
seen in this residual image, while the inner cavities are not visible due to the larger smoothing scale and saturation of the color scale. The
image also reveals a faint “channel” of decreased surface brightness extending to the north, apparently connected to the NE outer cavity.

10 kpc 10 kpc

Fig. 3.— Left: Background and exposure corrected 0.4–7.2 keV XMM-Newton image of N5813. Right: Smoothed Chandra image shown
on the same scale, with the intensity scale chosen to better show the faint, outer emission.

NGC	  5813	  

OR	  

Statement	  2:	  Bubble	  mixing	  is	  
more	  efficient	  than	  shock	  hea=ng	  
(Hillel+	  2016)	  

– 13 –

Fig. 5.— The energy history of di!erent traced regions of the simulation studied here. In the left panel we
present the evolution with time of three energy components of the ICM gas that starts before the jets become
active at t = 0 inside an eighth of ball with r = 15 kpc centered at the origin. It is an eighth of a ball as we
simulate one eighth of the space. The green (upper) line represents the internal energy, the blue (middle)
line represents the kinetic energy, and the red (lower) line represents the gravitational energy of this traced
gas. The middle panel shows the energy histories of the torus shown in Fig. 3, and the right panel shows
the energy histories of the torus shown in Fig. 4. All energies are shown relative to their values at t = 0.
The initial internal energies Ein(0) of the traced regions, from the left panel to the right, are 3.1! 1058 erg,
5.5! 1057 erg and 1.1! 1058 erg, respectively. The left and middle panels are cut o! at the time when the
traced material starts leaving the grid.
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Turbulence	  dissipa<on	  -‐>	  Not	  likely	  

v  Turbulent	  energy	  ~few	  percent	  of	  thermal	  energy	  (Hitomi	  2016)	  
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v Hea=ng	  done	  by	  bubble	  mixing	  and	  shocks	  
v Mixing	  more	  efficient,	  but	  shocks	  more	  frequent	  
v Net	  cooling	  in	  amb.	  region;	  net	  hea=ng	  in	  jet	  cones	  

Passive	  tracers	  –	  	  
the	  Lagrangian	  view	  

Ambient	  Jet	  



Sta<c	  tracers	  –	  
the	  Eulerian	  view	  

v Hydro	  variables	  are	  remarkably	  constant!	  



Within	  jet	  cones:	  
v Net	  hea=ng	  by	  bubble	  
mixing	  and	  shocks	  

v But	  T	  does	  not	  increase!?	  

Within	  ambient	  region:	  
v Net	  cooling	  
v But	  T	  does	  not	  decrease!?	  
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Fig. 11.— Time-averaged (between 1 and 3 Gyr) radial profiles of heating and cooling emissivities in units of erg s�1 cm�3 for the jet
cones (left column) and the ambient region (right column). Data marked with open squares represent processes that are cooling for a
certain radial bin. The top panels shows the contributions from radiative cooling, shock heating, and transport plus adiabatic processes.
The last term is further broken down into advection, convection, and adiabatic compression/expansion in the bottom panels. The amount
of mixing heating shown in the top left panel is inferred from the fact that there is rough balance between heating and cooling (see Figure
10).

By estimating the amount of advective energy transfer
through the surfaces of each sector, we find that the en-
ergy primarily flows from the interface between the jet
cones and the ambient region, as opposed to radial inflow
from larger radii. In other words, the ambient region,
though having net cooling, is pumped by flows of energy
from already-heated gas. The gas further gains energy
by adiabatic compression as it flows inward radially as
a part of gentle circulation. Note that for the first two
radial bins in the upper right panel of Figure 11, there
appears to be some net energy losses. This loss of in-
ternal energy could be compensated by mixing with the
non-negligible amount of jet materials within the inner
20 kpc in the ambient region (see the right columns of
Figure 2).
In terms of the overall contributions by di↵erent pro-

cesses within the whole cluster core (i.e., the averaged
heating and cooling luminosities integrated within 100
kpc), we find that within the jet cones, Lc : Lmix :
(Ladv+Lconv+Lad) : Lsh = (�1.52⇥1044) : 9.14⇥1044 :
(�1.37 ⇥ 1045) : 4.08 ⇥ 1044 ' (�0.11) : 0.67 : (�1.0) :
0.30. That is, cooling is dominated by adiabatic expan-
sion instead of radiative cooling; heating from bubble
mixing contributes about twice the amount of heating
from shocks within the cooling radius. For the ambient

region, Lc : (Ladv +Lconv +Lad) : Lsh = (�1.20⇥ 1045) :
9.95 ⇥ 1044 : 2.05 ⇥ 1044 ' (�1.0) : 0.83 : 0.17. In
other words, shock heating slows down radiative cooling
by ⇠ 17%, while the rest of gas internal energy comes
from advection and adiabatic compression. The over-
all energetics suggest that in our simulation, most in-
jected energy from the AGN is stored within the bub-
bles, whereas the energy associated with shocks contain
a minor portion. This is consistent with the energy par-
titions inferred by recent analysis of the Perseus cluster
(Zhuravleva et al. 2016).

4. DISCUSSION

4.1. Turbulent heating

In Section 3.2, we showed that the kinetic energy as-
sociated with the tracer particles is always only at the
percent level compared to the internal energy (Figure 6
and 7). The kinetic energy contains contributions not
only from turbulence but also from shocks and waves.
To better understand the energetics, we decompose the
velocity fields into the compressible (which traces shocks
and waves) and incompressible (which measures turbu-
lence and g-modes) components (Yang & Reynolds 2015;
Reynolds et al. 2015). The total kinetic energies within
100 kpc for regions containing the bubbles (fjet � 0.01)

H/C	  processes	  –	  Jet	  cones	  
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lence and g-modes) components (Yang & Reynolds 2015;
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v  Possible	  hea<ng	  mechanisms:	  
–  Cavity	  hea<ng	  (Churazov+	  2001)	  
–  Weak	  shocks	  (Fabian+	  2003)	  
–  Sound	  waves	  (Fabian+	  2005)	  
–  Turbulence	  dissipa<on	  (Zhuravleva+	  2014)	  
–  Mixing	  with	  hot	  bubble	  gas	  (Hillel+	  2016)	  
–  Cosmic-‐ray	  hea<ng	  (Guo+	  2008)	  	  

How	  to	  distribute	  heat	  radially	  and	  isotropically?	  

Which	  mechanisms	  are	  dominant?	  

How	  AGN	  jets	  heat	  the	  ICM?	  

Sound	  waves	  

Statement	  1:	  Shock	  hea=ng	  is	  
enough	  to	  balance	  radia=ve	  
cooling	  (Randall+	  2015)	  
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Fig. 2.— Left: Exposure corrected, background subtracted, 0.3–3 keV Chandra image, with point sources removed and smoothed with
a � = 1.500 Gaussian. The image shows bright rims surrounding an inner pair of cavities, a prominent elliptical edge surrounding a pair of
cavities at intermediate radii (with the more obvious cavity to the SW and the NE cavity apparently broken into two connected cavities),
and a subtle outer edge associated with a faint pair of outer cavities (with the more obvious cavity to the NE). Right: X-ray image divided
by a 2D fitted beta model and smoothed with a � = 600 Gaussian, shown on the same scale. The outer cavities and edges are more clearly
seen in this residual image, while the inner cavities are not visible due to the larger smoothing scale and saturation of the color scale. The
image also reveals a faint “channel” of decreased surface brightness extending to the north, apparently connected to the NE outer cavity.

10 kpc 10 kpc

Fig. 3.— Left: Background and exposure corrected 0.4–7.2 keV XMM-Newton image of N5813. Right: Smoothed Chandra image shown
on the same scale, with the intensity scale chosen to better show the faint, outer emission.

NGC	  5813	  

OR	  

Statement	  2:	  Bubble	  mixing	  is	  
more	  efficient	  than	  shock	  hea=ng	  
(Hillel+	  2016)	  
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Fig. 5.— The energy history of di!erent traced regions of the simulation studied here. In the left panel we
present the evolution with time of three energy components of the ICM gas that starts before the jets become
active at t = 0 inside an eighth of ball with r = 15 kpc centered at the origin. It is an eighth of a ball as we
simulate one eighth of the space. The green (upper) line represents the internal energy, the blue (middle)
line represents the kinetic energy, and the red (lower) line represents the gravitational energy of this traced
gas. The middle panel shows the energy histories of the torus shown in Fig. 3, and the right panel shows
the energy histories of the torus shown in Fig. 4. All energies are shown relative to their values at t = 0.
The initial internal energies Ein(0) of the traced regions, from the left panel to the right, are 3.1! 1058 erg,
5.5! 1057 erg and 1.1! 1058 erg, respectively. The left and middle panels are cut o! at the time when the
traced material starts leaving the grid.
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Fig. 11.— Time-averaged (between 1 and 3 Gyr) radial profiles of heating and cooling emissivities in units of erg s�1 cm�3 for the jet
cones (left column) and the ambient region (right column). Data marked with open squares represent processes that are cooling for a
certain radial bin. The top panels shows the contributions from radiative cooling, shock heating, and transport plus adiabatic processes.
The last term is further broken down into advection, convection, and adiabatic compression/expansion in the bottom panels. The amount
of mixing heating shown in the top left panel is inferred from the fact that there is rough balance between heating and cooling (see Figure
10).

By estimating the amount of advective energy transfer
through the surfaces of each sector, we find that the en-
ergy primarily flows from the interface between the jet
cones and the ambient region, as opposed to radial inflow
from larger radii. In other words, the ambient region,
though having net cooling, is pumped by flows of energy
from already-heated gas. The gas further gains energy
by adiabatic compression as it flows inward radially as
a part of gentle circulation. Note that for the first two
radial bins in the upper right panel of Figure 11, there
appears to be some net energy losses. This loss of in-
ternal energy could be compensated by mixing with the
non-negligible amount of jet materials within the inner
20 kpc in the ambient region (see the right columns of
Figure 2).
In terms of the overall contributions by di↵erent pro-

cesses within the whole cluster core (i.e., the averaged
heating and cooling luminosities integrated within 100
kpc), we find that within the jet cones, Lc : Lmix :
(Ladv+Lconv+Lad) : Lsh = (�1.52⇥1044) : 9.14⇥1044 :
(�1.37 ⇥ 1045) : 4.08 ⇥ 1044 ' (�0.11) : 0.67 : (�1.0) :
0.30. That is, cooling is dominated by adiabatic expan-
sion instead of radiative cooling; heating from bubble
mixing contributes about twice the amount of heating
from shocks within the cooling radius. For the ambient

region, Lc : (Ladv +Lconv +Lad) : Lsh = (�1.20⇥ 1045) :
9.95 ⇥ 1044 : 2.05 ⇥ 1044 ' (�1.0) : 0.83 : 0.17. In
other words, shock heating slows down radiative cooling
by ⇠ 17%, while the rest of gas internal energy comes
from advection and adiabatic compression. The over-
all energetics suggest that in our simulation, most in-
jected energy from the AGN is stored within the bub-
bles, whereas the energy associated with shocks contain
a minor portion. This is consistent with the energy par-
titions inferred by recent analysis of the Perseus cluster
(Zhuravleva et al. 2016).

4. DISCUSSION

4.1. Turbulent heating

In Section 3.2, we showed that the kinetic energy as-
sociated with the tracer particles is always only at the
percent level compared to the internal energy (Figure 6
and 7). The kinetic energy contains contributions not
only from turbulence but also from shocks and waves.
To better understand the energetics, we decompose the
velocity fields into the compressible (which traces shocks
and waves) and incompressible (which measures turbu-
lence and g-modes) components (Yang & Reynolds 2015;
Reynolds et al. 2015). The total kinetic energies within
100 kpc for regions containing the bubbles (fjet � 0.01)
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Within	  jet	  cones:	  
v Net	  hea=ng	  by	  bubble	  
mixing	  and	  shocks	  

v But	  T	  does	  not	  increase	  
	  	  	  	  due	  to	  adiaba=c	  expansion	  

Within	  ambient	  region:	  
v Net	  cooling	  
v But	  T	  does	  not	  decrease	  
due	  to	  advec=on	  &	  adiaba=c	  
compression	  

A	  model	  of	  ``gentle	  circula<on”	  



A	  model	  of	  ``gentle	  circula<on”	  



Open	  ques<ons	  	  

v No	  B	  fields,	  conduc<on,	  or	  viscosity:	  
-‐>	  Cavity	  hea<ng,	  sound-‐wave	  hea<ng	  
	  
v Kine<c	  feedback	  assumes	  hot	  gas	  within	  bubbles	  
-‐>	  Bubble	  composi<on	  s<ll	  unknown	  
	  
-‐>	  If	  CR-‐dominated,	  bubble	  mixing	  would	  be	  inefficient	  
and	  has	  to	  rely	  on	  CR	  hea<ng	  (see	  talks	  by	  Pfrommer	  
and	  Ruszkowski)	  

Ptot = Pth +PB +Pcr



Summary	  -‐-‐	  How	  AGN	  Jets	  heat	  the	  ICM?	  

v  What	  mechanisms	  are	  dominant?	  
	  	  	  	  	  	  	  -‐-‐	  Hea<ng	  done	  by	  bubble	  mixing	  and	  weak	  shocks	  
	  	  	  	  	  	  	  -‐-‐	  Turbulent	  hea<ng	  is	  not	  dominant	  

	  
v  How	  to	  distribute	  heat	  radially	  and	  isotropically?	  

–  Hea<ng	  and	  cooling	  profiles	  do	  not	  need	  to	  balance	  
–  AGN	  jets	  do	  not	  need	  to	  heat	  isotropically	  
–  ICM	  undergoes	  ``gentle	  circula<on”	  that	  transports	  and	  compensates	  

AGN	  hea<ng	  

v  Future	  work	  	  
–  Include	  B	  field,	  conduc<on,	  viscosity,	  and	  CRs	  


