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Microscopic Transport
ROSAT, Churazov+’03

Early models of conductive heating:  

• Global conduction models (e.g., Zakamska+’03) 

• Double heating models (e.g., Ruszkowski+’02, Brüggen 
’03) 

Trouble in conduction land (e.g.): 

• Dolag+’04 

• Voit & Favbian ’04 

A range of instabilities: 

• MTI (Balbus 00,01) 

• HBI (Quataert ’08) 

• Whistler mediated conduction (Roberg-Clark ’16, ’18, 
’18, …), see talk by Pakriti Pal Choudhury 
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VLA, Pedlar+’90
Radio Mini-Halos: 

• Common in cool core clusters (e.g., Pedlar+’90, 
Giovannini+’99) 

• Unrelated to radio halos in NCC 

Difficulty: 

• Cooling time ~ few100 Myrs 

• Requires replenishment 

Possible relation to BCG AGN not fully understood 

• e.g. Richard-Laferriere+’20, Gendron-Marsolais+’20 

Alternatives: 

• Turbulent acceleration (e.g., Gitti+’02,’04) 

• Cosmic Rays (e.g., Pfrommer+’04) 
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Chen+’19, ’22, Heinrich+’21, Ilan+’22

Ideal MHD simulations 

• FLASH 4.6, AMR 

• Single shot injection at 1045 ergs/s for 10 Myrs 

• β=1 

• v=0.1c to 0.2c, Mach 10 to 5, respectively (kinetic) 

• Lagrangian tracer particles (ICM and non-thermal) 

• Implicit solution to transport equation 

• Cylindrical nozzle, smallest cell size 30pc 

• Perseus Cluster adopted from Zhuravleva+’15 

• Dentist drill jitter



Magnetic Topology
Toroidal Poloidal Helical
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Jets: A Cosmic Heat Pump

• Radio 
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Macroscopic Transport
2052 E. T. Million et al.

Figure 4. Entropy map of M87 in units of keV cm2 × ( l
2 Mpc )1/3. Other details are as for Fig. 3.

structures in the maps, but have been masked in these images. At a
radius of 7 arcsec (0.5 kpc) in the counter-jet direction, we observe
a low X-ray surface brightness, hot cavity (‘A’) (see also Young
et al. 2002). Interestingly, there is no obvious corresponding radio
feature. A region of brighter, cooler gas encircles this structure and
the AGN.

Several other low surface brightness cavities are visible in Fig. 8,
in the jet and counter-jet directions (see also Forman et al. 2007).
These correspond to regions of apparent low pressure and high

temperature. Two of these cavities (labelled ‘B’ and ‘C’; both
are at a radius of r ∼ 40 arcsec from the nucleus in the jet and
counter-jet directions) are also filled with radio emitting plasma.
Rings of cooler gas surround these cavities. The eastern-most cav-
ity (‘D’), which also has relatively low pressure, lies at the edge
of the radio cocoon that surrounds the AGN. Cavity E, labelled
‘bud’ by Forman et al. (2005), is located r ∼ 40 arcsec (3 kpc)
to the south of the AGN and is associated with high-temperature,
low-pressure gas and is filled with radio plasma. Surrounding the
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Figure 3. Jet power vs. iron radius. The dashed line is the best fit to the data.

of the radio cavity system and the blue triangles represent the
undisturbed metallicity profile. The dotted vertical line indicates
the maximum radius at which a significant enhancement in
metallicity has been detected. We refer to this as the iron radius
(RFe). This radius is concisely defined as the location of the
radial bin furthest from the cluster center where the 1σ error
bars of the profiles along and orthogonal to the radio axis do not
overlap. Regions interior to the iron radius show a systematic
enhancement in iron abundance over the undisturbed regions.
For regions beyond the iron radius, the abundance profiles are
indistinguishable. From top to bottom, the three panels are
arranged in order of increasing jet power and increasing iron
radius. This shows that higher power AGNs are able to launch
metal-enriched gas to greater distances.

In Figure 3, the iron radius is plotted against jet power derived
using X-ray cavity data taken from Rafferty et al. (2006) for all
10 clusters in the sample. The powers quoted there were derived
from the total energy of the cavities, 4 pV , and their buoyant
rise time. In systems with multiple generations of cavities, the
average power is used. Note that the iron radius was determined
using the radial metallicity profiles only and not using the
metallicity maps. A trend between jet power and iron radius
is evident over three decades in jet power. The low powered
AGN outbursts Pjet ! 1043 erg s−1 drive out material on a scale
of a few tens of kiloparsecs. For exceptionally large outbursts
with jet power exceeding 1046 erg s−1, such as MS0735, metals
from the core are being launched hundreds of kiloparsecs into
the ICM.

To quantify this trend, we fit a linear function to the loga-
rithms of jet power and iron radius. Performing a least-squares
regression, the best fit plotted in Figure 3 takes the form

RFe = 58 × P 0.42
jet (kpc), (1)

where jet power is in units of 1044 erg s−1. The rms scatter about
the fit is approximately 0.5 dex. The correlation is strong and
shows a fairly small scatter, although with only 10 objects the
true scatter about the mean is difficult to evaluate. The scatter
will likely increase with the inclusion of additional clusters,
which will be addressed in a future paper.

A spurious correlation between iron radius and jet power,
which depends on the volume of the cavities, could arise due
to the dependence of distance on both the linear diameter of

the cavity systems and the iron radius. This does not appear to
be the case. All of the clusters we considered here have been
exposed deeply with Chandra. We could have easily detected
cool, metal-rich gas on all spatial scales of interest here, and
at random angles with respect to the cavities and radio sources.
Hydra A, for example, has a complex cavity system that was cre-
ated by at least three separate outbursts or a continuous outburst
that has persisted for several hundred million years (Wise et al.
2007). The cavity systems considered separately have similar
jet powers, but their centers lie at very different radii between
25 kpc and 250 kpc. Nevertheless, Hydra A does not deviate
significantly from the trend in Figure 3, implying that the mea-
sured iron radius is not a simple function of cavity size alone. In
Figure 4, we have plotted the inner cavity position for all clusters
in our sample versus the iron radius. In all cases, the iron radius
lies beyond the inner cavities. This shows that the metallicity
outflows are not simply tracing the current generation of AGN
activity, but are maintained over multiple generations. The iron
radius may provide a reliable indicator of average jet power in
a cluster where cavity power measurements are ambiguous.

There are uncorrected systematic uncertainties in Figure 3.
We have made no attempt to measure the additional power
associated with shock fronts and faint ghost cavity systems,
which would be difficult to do for the entire sample. The total
jet power for objects such as MS0735 and Hydra A, which have
detected shock fronts at high significance, is under reported
here by roughly a factor of two (see McNamara & Nulsen 2007
for a discussion). Including energy from the shocks effects the
slope of the fit by ∼20%. We chose not to boost the power
of these systems to avoid biasing them with respect to other
systems. Thus, only cavity power is given here for consistency.
In addition, the iron radii given here are projected values. Their
true values may be underestimated in extreme cases by roughly
a factor of two, but typically by a few tens of percent. Errors of
this size will not change our basic result. We intend to explore
these issues in a future paper.

3.3. Alignment Between Metal Enhancements
and the Radio Orientation

We find that the high-metallicity gas outflow regions are
spatially aligned with the radio and X-ray cavity systems. Using
the metallicity maps, we have independently measured the
angle on the sky with respect to the center of the cluster of
the high metallicity gas outside of the cluster core. We have
also measured the mean position angle of the cavity system.
The position angle was measured using unsharp masks of each
cluster in order to estimate the locations of the centers of the
cavities. Finally, the angle of the extended radio emission was
determined for those systems with resolved radio imagery. Using
330 MHz images, the radio angle was determined by bisecting
the radio emission on either side of the nucleus of the BCG.
We have plotted metal angle versus cavity center (blue squares)
and radio angle (red diamonds) in Figure 5. Both sets of points
are consistent with the dashed line of equality. In clusters with
calculated radio angles, all three quantities are in excellent
agreement with one another.

3.4. Comparison to Independent Metallicity
Measurements and to Simulations

Independent reports of metal-enriched outflows are consistent
with the trend shown in Figure 3. For example, the radial
abundance effect is seen in a relatively low S/N metallicity
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 Time
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• The heat pump effect can 
substantially increase the 
efficiency of black hole feedback


• This is gentle heating

• If macroscopic mixing is 

efficient, it will complement the 
effect


• Next up: Simulations with proper 
anisotropic conduction, whistler-
mediated conduction

Chen+’19



Radio Mini Halos

Gendron-Marsolais+’17 Pedlar+’90
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Synchrotron Intensity
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Cluster Downdrafts

Ilan+22, tbs



Emission Coefficient

Ilan+22, tbs



Summary
• Jets can uplift substantial amounts of cold gas.


• The close thermal contact between low and high entropy ICM can vastly increase 
conductive heating, acting as a heat pump.


• The conductive heating time can be shorter than the dynamical time even for 
conduction rates as low as 0.01 Spitzer.


• The heating efficiency can exceed 100% and deposit energy gently.


• The reverse process (downdraft) can drag non-thermal plasma that was stored ar 
high altitude and low B-field back into the cluster center, where it re-ignites.


• With sufficiently high jet duty cycle, this downdraft effect may contribute to mini 
halos in clusters like Perseus.


