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In the beginning

small temperature anisotropies: ~ 10-5  

small density perturbations seed the gravitational instability that leads  
to the formation of galaxies in an expanding universe
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[Springel et al.]
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Large scale structure

last 2 decades have transformed 
studies of galaxies because of 

automated surveys/classification of 
galaxies: SDSS, galaxy ZOO 0.1 billion stars/galaxies/AGN 

millions of spectra!

the spongy 
distribution of nearby 

galaxies 



Nonlinear evolution

only limited progress  
with linear analysis 

need nonlinear sims. 
to study structure 

formations

[Springel et al. 2005]
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GCs: Crossroads of 
Cosmology & Astrophysics

bullet cluster: pink-Xrays vs. blue-dark matter via lensing
DM is non-interacting so pass through but gas is dissipative & shocks

rules out MOND

cosmology & messy astrophysics



Optical

gravitational lensing of background galaxies  
helps to measure cluster masses
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Figure 2. Mean weak-lensing mass of maxBCG clusters as a function of
richness. The diamonds with error bars correspond to our data, while the solid
line shows the values predicted from our best-fit model (see Section 4 for
details). We note the error bars are correlated, and the model is a good fit to the
data.

Table 2
Mean Mass of MaxBCG Clusters

Richness No. of Clusters ⟨M200b⟩ [1014 M⊙]

12–17 5651 1.298
18–25 2269 1.983
26–40 1021 3.846
41–70 353 5.475
71+ 55 13.03

Notes. Masses listed here are based on those quoted in Johnston et al. (2007),
rescaled by the expected photometric redshift bias described in the text, and
extrapolated to a matter overdensity ∆ = 200 from the ∆ = 180 value quoted
in Johnston et al. (2007). The masses have also been rescaled to the cosmology
that maximizes our likelihood function, (σ8 = 0.80, Ωm = 0.28).

the cluster lens (see Mandelbaum et al. 2008b, for details). A
very similar but independent analysis has also been carried out
by Mandelbaum et al. (2008a), and we use the comparison
between the two independent analyses to set the systematic
error uncertainty of the weak-lensing mass estimates (Rozo
et al. 2009). The final results of the weak-lensing analysis
summarized above are presented here in Table 2.17 Figure 2
shows the mean weak-lensing masses from Table 2. Also shown
are the mean masses computed using the best-fit model detailed
in Section 4. The richness binning of the weak-lensing mass
estimates differs from that of the abundance data because of the
larger number of clusters necessary within each richness bin to
obtain high S/N weak-lensing measurements.

3. ANALYSIS

We employ a Bayesian approach for deriving cosmological
constraints from the maxBCG cluster sample. We use only
minimal priors placed on the parameters governing the richness–
mass relation, relying instead on the cluster abundance and
weak-lensing data to simultaneously constrain cosmology and
the richness–mass relation of the clusters. Details of the model,
parameter priors, and implementation can be found below.

17 The number of clusters in Table 2 is larger than that reported in Johnston
et al. (2007) due to masking in the weak-lensing measurements. This
additional masking does not bias the recovered masses in any way.

3.1. Likelihood Model

The observable vector x for our experiment is comprised of
the following:

1. N1 through N9: the number of clusters in each of the nine
richness bins defined in Table 1.

2. (NM̄)1 through (NM̄)5, the total mass contained in clusters
in each of the five richness bins defined in Table 2, computed
assuming Ωm = 0.27 and h = 0.71.18

We adopt a Gaussian likelihood model, which is fully speci-
fied by the mean and covariance matrix of our observables. Ex-
pressions for these quantities as a function of model parameters
are specified below. We also multiply this Gaussian likelihood
by a term that allows us to properly include the information
contained in clusters with richness N200 > 120. In this richness
range, clusters are very rare and a Gaussian likelihood model
is not justified. Instead, we adopt a likelihood model where the
probability of having a cluster of a particular richness N200 is
binary (i.e., a Bernoulli distribution), with

P (N |N200) =
{

1 − p, if N = 0
p, if N = 1.

(1)

Such a probability distribution is adequate so long as the
probability of having two clusters of a given richness is
infinitesimally small. Note that given this binary probability
distribution, we have that the expectation value of the number
of such clusters is simply ⟨N (N200)⟩ = p, and the likelihood
is fully specified by the expectation value of our observable.
We find that the likelihood of observing the particular richness
distribution found for the maxBCG catalog for clusters of
richness N200 ! 120 is

Ltail =
∏

N(N200)=0

(1 − ⟨N (N200)⟩)
∏

N(N200)=1

⟨N (N200)⟩ . (2)

The first product is over all richness N200 > 120 and no
clusters in them, and the second product is over richness bins
which contain one cluster. The subscript tail reflects the fact that
it is the likelihood of the tail of the abundance function. The final
likelihood L = LGLtail is the product of the Gaussian likelihood
LG described earlier and the likelihood of the abundance
function tail. We note that the log-likelihood of the tail simplifies
to

lnLtail =
∑

N200>120

⟨N (N200)⟩

−
∑

N(N200)=1

⟨N (N200)⟩ + ln ⟨N (N200)⟩ . (3)

An identical result is obtained assuming only Poisson variations
in the number of clusters for N200 > 120.

3.2. Expectation Values

To fully specify our likelihood model, we need to derive
expressions for the mean and variance of our observables. The
model adopted in this work is very similar in spirit to that of
Rozo et al. (2007b), so we present here only a brief overview of

18 While Table 2 reports the masses after corrections, assuming Ωm = 0.28,
the actual input to our statistical analysis are the uncorrected masses from
Johnston et al. (2007), which assume Ωm = 0.27.

[Rozo et  al. 2010]



[Johnstone et al. 2002]

1kpc 200kpcr

tcool << cluster age

tcool~nkT/n2Λ << their age yet no signs of cooling (ff emission)
15 kpc

X-ray



SZ effect
hot cluster plasma upscatters the CMB (mm) 
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the SZE caused by the hot thermal distribution of electrons provided by the ICM
of galaxy clusters. CMB photons passing through the center of a massive cluster
have only a⇡ 1% probability of interacting with an energetic ICM electron. The
resulting inverse Compton scattering preferentially boosts the energy of the CMB
photon by roughly kBTe/mec2, causing a small (.1 mK) distortion in the CMB
spectrum. Figure 1 shows the SZE spectral distortion for a fictional cluster that is
over 1000 times more massive than a typical cluster to illustrate the small effect.
The SZE appears as a decrease in the intensity of the CMB at frequencies below
.218 GHz and as an increase at higher frequencies.
The derivation of the SZE can be found in the original papers of Sunyaev &

Zel’dovich (Sunyaev & Zel’dovich 1970, 1972), in several reviews (Sunyaev &
Zel’dovich 1980a, Rephaeli 1995, Birkinshaw 1999), and in a number of more re-
cent contributions that include relativistic corrections (see below for references).
This review discusses the basic features of the SZE that make it a useful cosmo-
logical tool.

Figure 1 The cosmic microwave background (CMB) spectrum, undistorted (dashed
line) and distorted by the Sunyaev-Zel’dovich effect (SZE) (solid line). Following
Sunyaev & Zel’dovich (1980a) to illustrate the effect, the SZE distortion shown is for
a fictional cluster 1000 times more massive than a typical massive galaxy cluster. The
SZE causes a decrease in the CMB intensity at frequencies .218 GHz and an increase
at higher frequencies.
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The SZE spectral distortion of the CMB expressed as a temperature change
1TSZE at dimensionless frequency x ⌘

h⌫
kBTCMB

is given by

1TSZE
TCMB

= f (x) y = f (x)
Z
ne
kBTe
mec2

�T d`, (1)

where y is the Compton y-parameter, which for an isothermal cluster equals the
optical depth, ⌧ e, times the fractional energy gain per scattering, � T is the Thomson
cross-section, ne is the electron number density, Te is the electron temperature, kB is
the Boltzmann constant, mec2 is the electron rest mass energy, and the integration
is along the line of sight. The frequency dependence of the SZE is

f (x) =

✓
x
ex + 1
ex � 1

� 4
◆
(1+ �SZE(x, Te)), (2)

where �SZE(x, Te) is the relativistic correction to the frequency dependence. Note
that f(x)! �2 in the nonrelativistic and Rayleigh-Jeans (RJ) limits.
It is worth noting that 1TSZE/TCMB is independent of redshift, as shown in

Equation 1. This unique feature of the SZE makes it a potentially powerful tool
for investigating the high-redshift universe.
Expressed in units of specific intensity, common in millimeter SZE observa-

tions, the thermal SZE is

1ISZE = g(x)I0y, (3)

where I0= 2 (kBTCMB)3/(hc)2 and the frequency dependence is given by

g(x) =

x4ex

(ex � 1)2

✓
x
ex + 1
ex � 1

� 4
◆
(1+ �SZE(x, Te)) . (4)

1TSZE and1ISZE are simply related by the derivative of the blackbody with respect
to temperature, |dB⌫/dT|.
The spectral distortion of the CMB spectrum by the thermal SZE is shown in

Figure 2 (solid line) for a realistic massive cluster (y= 10�4) in units of intensity
(left panel) and RJ brightness temperature (right panel). The RJ brightness is
shown because the sensitivity of a radio telescope is calibrated in these units. It is
defined simply by I⌫ = (2kB⌫2/c2)TRJ, where I⌫ is the intensity at frequency ⌫, kB
is Boltzmann’s constant, and c is the speed of light. The CMBblackbody spectrum,
B⌫(TCMB), multiplied by 0.0005 (dotted line) is also shown for comparison. Note
that the spectral signature of the thermal effect is distinguished readily from a
simple temperature fluctuation of the CMB. The kinetic SZE distortion is shown
by the dashed curve (see “Kinetic Sunyaev-Zel’dovich Effect,” below). In the
nonrelativistic regime it is indistinguishable from a CMB temperature fluctuation.
The gas temperatures measured in massive galaxy clusters are around kBTe⇠

10 keV (Mushotzky & Scharf 1997, Allen & Fabian 1998) and are as high as
⇠17 keV in the galaxy cluster 1E 0657-56 (Tucker et al. 1998). The mass is
expected to scale with temperature roughly as Te/M2/3. At these temperatures
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Figure 2 (solid line) for a realistic massive cluster (y= 10�4) in units of intensity
(left panel) and RJ brightness temperature (right panel). The RJ brightness is
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defined simply by I⌫ = (2kB⌫2/c2)TRJ, where I⌫ is the intensity at frequency ⌫, kB
is Boltzmann’s constant, and c is the speed of light. The CMBblackbody spectrum,
B⌫(TCMB), multiplied by 0.0005 (dotted line) is also shown for comparison. Note
that the spectral signature of the thermal effect is distinguished readily from a
simple temperature fluctuation of the CMB. The kinetic SZE distortion is shown
by the dashed curve (see “Kinetic Sunyaev-Zel’dovich Effect,” below). In the
nonrelativistic regime it is indistinguishable from a CMB temperature fluctuation.
The gas temperatures measured in massive galaxy clusters are around kBTe⇠

10 keV (Mushotzky & Scharf 1997, Allen & Fabian 1998) and are as high as
⇠17 keV in the galaxy cluster 1E 0657-56 (Tucker et al. 1998). The mass is
expected to scale with temperature roughly as Te/M2/3. At these temperatures
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defined simply by I⌫ = (2kB⌫2/c2)TRJ, where I⌫ is the intensity at frequency ⌫, kB
is Boltzmann’s constant, and c is the speed of light. The CMBblackbody spectrum,
B⌫(TCMB), multiplied by 0.0005 (dotted line) is also shown for comparison. Note
that the spectral signature of the thermal effect is distinguished readily from a
simple temperature fluctuation of the CMB. The kinetic SZE distortion is shown
by the dashed curve (see “Kinetic Sunyaev-Zel’dovich Effect,” below). In the
nonrelativistic regime it is indistinguishable from a CMB temperature fluctuation.
The gas temperatures measured in massive galaxy clusters are around kBTe⇠

10 keV (Mushotzky & Scharf 1997, Allen & Fabian 1998) and are as high as
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kBT

mec2
�T dl

[Abell 2319 by Planck]

[Carlstrom 2002]



SZ clusters

while X-ray brightness is dimmed, SZ signal is the same because its based on 
scattering/absorption (same principle as quasar absorption line studies)

ground based mm telescopes: ACT, SPT ; space based Planck

can obtain a huge sample of GCs at higher redshifts! => great for precision cosmology

but need to understand systematics in observable (YSZ)-halo mass relation

global Y parameter:Y =

Z
ne

kBT

mec2
�T dV =

Z
ydA /

Z
pdV / pV / M5/3



Dark matter gravity
spherical halo

*/gas disk

virial radius
200 kpc for MW

disk radius
10 kpc for MW

hot plasma~106 K

gas cools and condenses into central galaxy 
leaving behind hot gas with long cooling time

DM halo & hot gas extends much farther out 
compared to the visible disk

How does the distribution of baryons  
depend on the halo mass? 

fraction of mass in stars, hot gas, cold 
gas, ...

structure of hot gas, disk as a function of halo mass



Mass proxies

the figures include points corresponding to three projections of each
cluster. Figure 4 shows that the dispersion in the projected values
of YX for each given cluster is very small, which means that YX is
not very sensitive to asphericity of clusters. Remarkably, the scatter
of theM500-YX relation, which involves direct X-ray observables, is
as small as that in the M500-YSZ relation (see Table 2), which is
computed using three-dimensional density and temperature infor-
mation from the simulations.

The comparison of the mass proxies clearly shows that YX, the
product of gasmass andX-ray spectral temperature, is a more ro-
bust and self-similar mass indicator than either of these X-ray ob-
servables.Why is the product better than its parts? Figure 5 shows
that the answer lies in the anticorrelation of the residuals of tem-
perature and gasmass from their respective relationswith total clus-
ter mass. We plot residuals from the best-fit power laws with the
slope value fixed to the self-similar value (i.e., using normaliza-
tions given by the values of Css in Table 2) to illustrate both ran-
dom scatter and systematic deviations from self-similar behavior.

Figure 5 shows that the clusters with temperatures lower than
the mean temperature for a given total mass tend to have gas mass
higher than the mean and vice versa. Note also that there is some
redshift evolution between z ¼ 0 and 0.6: more clusters have neg-
ative deviations of temperature and positive deviations of measured
gas mass at z ¼ 0:6 compared to z ¼ 0. This redshift evolution is
thus in the opposite direction for the gas mass and temperature
deviations. ThemeasuredMg;500 systematically increases at higher
z for a fixed total mass because high-z clusters are less relaxed on
average. For unrelaxed clusters, the ICM density distribution is
nonuniform, which results in overestimation ofMg;500 fromX-ray
data (Mathiesen et al. 1999). Someof the decrease ofMg;500 at lower
zmay be due to continuing cooling of the ICM, which decreases
the mass of hot X-rayYemitting gas.

The anticorrelation of residuals and opposite evolution with
redshift for gas mass and temperature is the reason why the be-
havior of their product, on average, has smaller scatter and is closer
to the self-similar expectation in both the slope and evolution.
We discuss the origin of this behavior further in x 6.

5. PRACTICAL ALGORITHM FOR ESTIMATING
CLUSTER MASS USING YX

Suppose we have the YX-M500 relation precalibrated by some
external means, M500 ¼ CE(z)!Y"

X , and we would like to use it
to estimate M500. The precalibration can be done using a well-
observed sample of relaxed clusters or simulations. Note that the
definition ofYX includes spectral temperature and gasmasswithin

Fig. 2.—Relation between the X-ray spectral temperature, TX, and total mass,
M500. TX is measured within the radial range (0.15Y1) r500. Separate symbols in-
dicate relaxed and unrelaxed clusters, and also z ¼ 0 and 0.6 samples. The dashed
line shows the power-law relation with the self-similar slope fitted to the entire
sample, and the dotted lines indicate 20% scatter. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 3.—Correlation between gas mass and total mass of the clusters. Both
masses are measured within r500. The meaning of the symbols and lines is the
same as in Fig. 2. The dotted lines indicate 15% scatter. [See the electronic edition
of the Journal for a color version of this figure.]

Fig. 4.—YX-M500 correlation. The meaning of the symbols and lines is the
same as in Fig. 2. The dotted lines indicate 8% scatter. [See the electronic edition
of the Journal for a color version of this figure.]

NEW X-RAY CLUSTER MASS INDICATOR 133No. 1, 2006
[Kravtsov et al. 2006]

4 R. A. Crain et al.

LX-LK plane in a very similar way: the relation between these
two properties has similar slope, normalisation and scatter for both
classes. We conclude that, for fixed stellar mass, the X-ray lumi-
nosity of hot coronae is unrelated to the morphology of the host
galaxy.

Since the X-ray emission has been explicitly corrected for
non-thermal point-source contamination, the correlation in Fig. 1
is not a reflection of the linear correlation between total X-ray
luminosity (i.e. uncorrected for point sources) and optical lumi-
nosity that is known to exist for low optical luminosity ellipticals
(O’Sullivan et al. 2001). Nor is the correlation driven by a contribu-
tion from faint thermal point sources (e.g. accreting white dwarfs
and cataclysmic variable stars) that cannot be removed spectrally,
since only a small number of faint ellipticals in our sample have
coronal luminosities that are comparable to, or less than, the inte-
grated luminosity of thermal point sources inferred from the rela-
tion of Revnivtsev et al. (2008, see dotted line in Fig. 1). Several of
our faint disc galaxies also lie below this relation but, as discussed
in § 2.2, the luminosities from Str04, W05, T06, L07, and R09 are
attributed exclusively to extra-planar emission, and are therefore
unlikely to be contaminated by point sources.

The correlation between the optical and X-ray luminosities of
disc and elliptical galaxies has been explored previously (e.g. Fab-
biano 1989). However, such studies analysed data from the Einstein
and ROSAT telescopes, which i) lacked the sensitivity to detect dif-
fuse X-ray emission in low (optical) luminosity galaxies and ii)
lacked the spatial and spectral resolution to enable the subtraction
of point-source contributions to the X-ray flux. As a result, those
studies were not able to find the similarity in the correlation be-
tween the coronal X-ray luminosity and stellar mass for disc and
elliptical galaxies that we have uncovered here.

3.2 The LX � TX relation of disc and elliptical galaxies

The similarity of the LX � LK relations for disc and elliptical
galaxies revealed in Fig. 1 indicates that the X-ray luminosity of
hot coronal gas does not depend on the morphology of the visible
galaxy for systems of fixed mass, insofar as the K-band luminosity
reflects the stellar mass and the stellar mass reflects the total mass.
It is conceivable, however, that normal disc and elliptical galaxies
could have different stellar mass fractions and that the similarity of
their LX�LK relations could therefore be the result of some ‘con-
spiracy’ or coincidence. For example, ellipticals could be more X-
ray luminous at a fixed total mass, but also have higher stellar mass
fractions. We can rule out any potential conspiracy of this sort by
examining the LX � TX relation. The temperature of the gas is a
measure of the depth of the total (stars+gas+dark matter) poten-
tial well of the galaxy (e.g. Voit et al. 2002), so long as the gas is
relatively close to hydrostatic equilibrium. This is a reasonable as-
sumption, since if the gas were far from hydrostatic equilibrium, it
would quickly collapse or leave the system.

Fig. 2 shows the X-ray luminosity as a function of the hot
gas spectral temperature for those galaxies from the sample pre-
sented in Fig. 1 that have temperature estimates. Note, however,
that we have excluded those galaxies from the samples of D06 and
MJ10 for which the inferred X-ray luminosity lies below the esti-
mated contribution from faint thermal point sources (see discussion
in § 2.1 and 2.2). For reference, we also include measurements of
galaxy groups, taken from the studies of Helsdon & Ponman (2000)
and Mulchaey et al. (2003), galaxy clusters from Horner (2001),
and of the Milky Way (Henley et al. 2010) and M31 (Liu et al.
2010).

Figure 2. The X-ray luminosity-temperature relation in the 0.5-2.0 keV
band. We plot those galaxies from the sample shown in Fig. 1 that i) have a
spectroscopic measurement of the coronal temperature and ii) in the case
of ellipticals, have a total X-ray luminosity above the expected thermal
point source contribution. Also plotted are measurements for the Milky Way
(Henley et al. 2010) and M31 (Liu et al. 2010), shown as green error bars,
the galaxy group samples of Helsdon & Ponman (2000) and Mulchaey et al.
(2003), and the galaxy cluster sample of Horner (2001), both shown as black
error bars. Note the break in the LX � TX relation at ⇠ 1 keV. As was the
case for the LX � LK relation of Fig. 1, disc and elliptical galaxies follow
the same relation.

We find, once again, the remarkable result that disc and el-
liptical galaxies follow the same relation. This provides a strong
argument against the notion that an astrophysical coincidence or
conspiracy is responsible for the similarity of the LX � LK re-
lations for the two morphological types. The relation shown in
Fig. 2 reinforces our previous conclusion that the X-ray properties
of hot coronal gas do not depend on stellar morphology. It is also
interesting to note that the addition of our galaxy samples to the
well-known LX�TX relation obeyed by galaxy groups and galaxy
clusters forms a broken power-law with the break at approximately
1 keV. We discuss this intriguing result further in § 4.

4 INTERPRETATION AND DISCUSSION

The presence of hot, X-ray luminous coronae around present day
L? galaxies is a fundamental prediction of galaxy formation theory
in a cold dark matter cosmology. Indeed, such hot coronae arise in
both analytic and numerical models (e.g. WF91, C10, see also Ben-
son et al. 2000; Toft et al. 2002; Rasmussen et al. 2009). They form
as gas accreting onto growing dark matter halos is shock-heated at
the virial radius and adiabatically compressed. In sufficiently large
halos, the cooling time is longer than the infall time and the gas
forms a quasi-hydrostatic atmosphere around the galaxy3. As it
slowly cools, radiating its energy in the soft X-ray band, the gas,

3 When the cooling time is short, galaxies can accrete gas without it being
shock-heated at the virial radius. However, C10 showed, using the GIMIC
simulations, that these “cold flows,” (e.g. Birnboim & Dekel 2003; Kereš
et al. 2005) provide only a small fraction of the ongoing gas accretion onto
L? galaxies today.

c� 2009 RAS, MNRAS 000, 1–8

[Crain et al. 2010]

self-similarity breaks down at small T. 
How do we explain this?



Baryons in gps./clusters
[Giodini et al. 2009]

WMAP

most mass in clusters: DM 

 fb~ 0.17 in baryons  

most baryons in hot gas (ICM) 

clusters are roughly closed boxes  
because of a deep potential well



Smaller halos?

baryon fraction: a fn. of  
halo mass irresp. of SF/AGN  

activity in central galaxy 

halos become baryon  
poor below ~1013 Msun 

majority of baryons missing!

[Dai et al. 2010]

1012Msun

1013Msun

missing baryons!

most gas is in the hot, difficult to observe, diffuse phase 
cold molecular/atomic gas must be replenished



Cooling flow problem 
[Johnstone et al. 2002]

1kpc 200kpcr

tcool << cluster age

tcool~nkT/n2Λ << their age yet no signs of cooling

coming back to  
clusters, where hot  

gas is best observed



Cooling absent! 
[Peterson et al. 2003]

soft X-ray lines missing!

LX ⇡ NkBT

t
cool

Ṁ =
µmpN

t
cool

LX =
5

2

ṀkBT

µmp

observed Mdot is ~ 10  
or smaller than above



AGN Heating?
cooling ICM can power AGN 

negative feedback loop 
prevents catastrophic cooling 

jet/cavity power ~ X-ray 
luminosity 

& lack of cooling 

=> rough thermal balance

[McNamara & Nulsen 2007]



BH-bulge correlations
bulge >> BH sphere of influence & yet is correlated w. 

BH => BH affects star-formation in bulge

MBH~10-3 Mbulge



[Di Matteo et al. 2005]

a factor ~10-3 goes in BHs relative 
to stars for all halos;

most SF/BH growth occurs at peak

time from 0 to 2.5 Gyr

quasar feedback quenches SF & BH  
growth, producing massive ellipticals 
here growth is triggered by merger

maintenance/radio mode FB: 
 still reqd. to prevent hot gas  
from cooling & preventing SF

BHs affects galaxy formation  
at large scales!



Kinetic FB
[Johnstone et al. 2002]

1kpc 200kpc

prevents cooling of hot gas even if 
tcool << cluster age

jet/cavity power ~ core-luminosity  
=> cooling losses balanced by AGN heating 

& thermal eqbn.

best observed in galaxy clusters, 
home to biggest BHs and galaxies
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Beam sizes

5 kpc

Fig. 5.— Chandra 0.3–2.0 keV image of the core, with 1.36 GHz VLA B array configuration (blue) and 235 MHz GMRT (green) contours
overlaid. The contours start at 3� and are spaced by a factor of two. Low frequency radio emission fills the intermediate cavities near the
edge of the FOV, and emission at both frequencies fills the inner cavities. The central peak of the 1.36 GHz contours is coincident with
the AGN, while the peak of the 235 MHz contours is northwest of the AGN, roughly coincident with the center point of the elliptical edge
defined by the inner shock front. The dashed lines indicate the beam sizes for each radio observation.

roughly 10s of kpc



Jet Power
as bubble/cavity expands it does PdV work on the ICM 

a fraction of it converts to irreversible heating20
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initial bubble energy 
energy stored+pdV work
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energy dissipated=work 
done by buoyancy force

the synchrotron luminosity cannot be used to infer the me-
chanical power of a radio jet in a simple fashion.

An important and poorly understood aspect of radio source
physics is the degree of coupling between the mechanical
(kinetic) luminosity of radio sources and their synchrotron
luminosity. This coupling is theoretically tied to the magnetic
field strength and age of the source (see De Young 1993;
Bicknell et al. 1997), neither of which can be measured reliably
from radio data alone. Radio sources are inefficient radiators.
The ratio of mechanical power to radio power is typically as-
sumed to range between 10 and 100, almost entirely on the
basis of theoretical considerations (De Young 1993; Bicknell
et al. 1997). On the other hand, measurements of the X-ray
cavity sizes and surrounding gas pressures provide unique
estimates of their ages and mechanical luminosities, indepen-
dently of the radio properties themselves. We evaluate the
ratio of mechanical energy to radio power by plotting the
ratio of mechanical power in the bubbles to monochromatic,
1.4 GHz synchrotron luminosity, assuming 1pV of energy
per radio lobe, against the radio luminosity in the right-hand
panel of Figure 1. This ratio ranges from a few to a few
hundred for the powerful sources, which is broadly consistent
with theoretical estimates (see De Young 1993; Bicknell
et al. 1997). On the other hand, A478 has a ratio exceeding
a few thousand. To the extent that X-ray cavities provide a
good measure of the mechanical energy of radio sources, the
large variation in this ratio indicates that radio luminosity is
not necessarily a reliable probe of the available mechanical
energy.

There are several factors that can introduce scatter into our
estimate of the ratio of radio to kinetic power. The most
important is probably intrinsic differences between the radio
sources themselves, a consequence of dramatic changes in
radio luminosity with time. Certainly, if radio outbursts are
to compensate for radiative losses in cooling flows, then the
absence of radio emission from some systems requires large
variations of radio luminosity with time. On the other hand,
the pV energy of the bubbles alone would tend to underes-
timate the mechanical luminosity of radio sources by factors
of several if energy dissipating shocks are generated, or if
the bubbles expand nonadiabatically (they leak), or if the in-
ternal energy of the bubbles is boosted with a relativistic
plasma.

5.2. Heating by Radio-induced Cavities

Churazov et al. (2002) noted the conversion of enthalpy of
the rising bubble into other forms in the cluster atmosphere.
Here it is shown that, for an adiabatic bubble, this energy is
dissipated in its wake. If the mass in the bubble is negligible
compared to the mass of the gas it displaces, then a bubble rises,
because the gas falls in around it to fill the space it occupied.
This process is driven by the potential energy released as the
surrounding gas moves inward. The energy is first converted to
gas kinetic energy, then dissipated in the wake of the rising
bubble. In the notation of x 4.1, the potential energy released
when the bubble rises a small distance, !R, is

!W ¼ "Vg!R ¼ "V
dp

dR
!R; ð7Þ

where " is the gas density, and we have used the equation of
hydrostatic equilibrium to replace "g ¼ "dp=dR, where p is

the gas pressure. This gives a differential equation for the
energy dissipated in the bubble wake,

dW

dR
¼ "V

dp

dR
: ð8Þ

If the bubble is adiabatic, with ratio of specific heats #, then
pV # ¼ constant, and this equation can be integrated to give
the energy dissipated as the bubble rises over a large distance,
from R0 to R1,

!W ¼ #

# " 1
p0V0 " p1V1ð Þ ¼ H0 " H1: ð9Þ

Here subscripts 0 and 1 label quantities at the corresponding
radii, and the enthalpy of the bubble is H ¼ #pV= # " 1ð Þ.
Note that the bubble is assumed to be small compared to R
(otherwise, there can be a significant change in the density of
the gas as it falls in around the bubble). This would rarely be
significant in a cluster, but when it is, then some of the po-
tential energy goes into readjustment of the atmosphere as
the bubble moves.
For a relativistic gas, # ¼ 4=3, so that the enthalpy is 4pV .

The region where this is dissipated by an adiabatic bubble is
determined by the pressure distribution of the atmosphere. For
clusters such as Hydra A and Perseus, roughly half of this en-
ergy would be dissipated inside the cooling radius. It is likely
that the bubbles are not entirely adiabatic. On the basis of our
numbers, radio losses are generally negligible, but pieces may
be broken away from bubbles, and the relativistic particles may
leak. Such effects will generally lead to a greater proportion of
the bubble energy being deposited within the cooling radius.
It is important to note that our estimate of the mechanical

luminosity relies critically on the assumption that the bubbles
are close to local pressure equilibrium. This is at least ap-
proximately true for the Hydra A Cluster (Nulsen et al. 2002).
However, according to the standard view of radio sources,
bubbles may have been significantly overpressured while be-
ing formed (e.g., Heinz et al. 1998). In that case, the ex-
panding bubble drives a shock, and the energy deposited by
the expansion can be substantially larger than pV.
There may be additional heat input from the AGNs associ-

ated with radio outbursts. This could take the form of spherical
shocks (driven by poorly collimated outflows), direct injection
of relativistic particles, inverse Compton heating (Ciotti &
Ostriker 2001), or other processes. Very substantial additional
heat inputs would drive convection, leading to an isentropic
core and mixing out abundance gradients (Brüggen 2002), but
this is not a very strong constraint. If such energy injection
is significantly more than the bubble energy input, then it is
inappropriate to associate it directly with the bubbles, but
the mean heating power may be correlated with bubble me-
chanical power.
Finally, it should be noted that even for adiabatic bubbles,

the free energy of a bubble decreases with time, and bubbles
may even break up quickly, so that they disappear as X-ray
cavities. This means that the instantaneous estimate of bubble
mechanical power that we have used varies with time and may
vary dramatically. A much better controlled sample is needed
to investigate such issues.

5.3. Can Cavity Production Quench Cooling Flows?

We now turn to the question of whether radio sources deposit
enough energy into the ICM to quench cooling. We use LX, the
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P = �W/⌧
timescale given by rise time~dynamical time~sound-crossing time

E0

[Churazov et al. 2002]



Cavity power vs. core 
cooling

total luminosity of the X-ray–emitting gas from within the
cooling radius, as an estimate of the classical, or morphological,
cooling luminosity in the absence of heating and Lspec, the
spectral estimate of the cooling luminosity within the cooling
radius, as the luminosity of the gas cooling to low temperatures.
The cooling luminosity, LX ! Lspec, must be offset by heating
in order to prevent the gas from cooling to low temperatures.
We note that this quantity ignores non–X-ray cooling, such as
ultraviolet and optical emission predicted to result from cooling
by thermal conduction inside magnetic flux loops (Soker 2004)
or a long reconnected magnetic field lines between cold clouds
and the ICM (Soker et al. 2004). Any such emission would
lower the cooling luminosity, which must be balanced by
heating. Figure 2 shows the mechanical luminosity plotted
against LX ! Lspec for our sample. The diagonal lines represent
equality between cooling and heating, assuming energy inputs
of pV , 4pV , and 16pV per cavity. The data are derived from
Tables 2 and 3. For RBS 797, an upper limit is shown. The
cooling luminosity for RBS 797 is poorly constrained by the
spectrum, which consists of only "9000 counts after cleaning.
RBS 797, while very luminous, is the most distant cluster in our
sample and has the shortest exposure time (see x 2).

Figure 2 shows several objects, such as Hydra A, Cygnus
A, and M84, whose cavities can contain enough energy to
balance radiative losses, at least temporarily, with nearly 1pV
of heat input per cavity. The remaining objects, which require
between a few and "20pV per cavity to balance cooling,
would do so with varying degrees of difficulty. As discussed
above, "2pV would be deposited within the cooling radius by
an adiabatic bubble containing relativistic plasma. Up to 4pV
is available if the cavities are relativistic and nonadiabatic, and
there may be further energy input if they are overpressured or
produce a shock when they are formed. Therefore, the objects
that require "4pV or less may reasonably be supplied with
enough energy in the cavities to balance cooling, depending
on the detailed dynamics (the heat also needs to be distributed

inside the cooling radius to match the distribution of radiative
losses). Provided that the true radio cycling timescale ranges
between tcs and tr, the cavities in one-quarter to one-half of the
objects in our sample contain enough energy to offset radiation
losses. This would be true of the cavities in the remaining
objects only if they are significantly nonadiabatic, as outlined
in x 5.2. Bear in mind that our conclusions depend on the
adopted cooling radius (see x 3.2), measurement uncertainties
in the cavity sizes, and the cavity production timescale. Nev-
ertheless, we can safely conclude that cooling can plausibly be
balanced by bubble heating in some, but not all, systems.

It is unnecessary to balance the entire luminosity, LX !
Lspec; by bubble heating alone if there are other forms of
heating present. A possible source of heating is thermal con-
duction, which, as demonstrated by Voigt & Fabian (2004),
could supply a significant amount of heat. Using a sample
similar to our own, Voigt & Fabian found that thermal con-
duction can reduce the cooling luminosity by factors of "2–3
in some objects. Although they are difficult to find in X-ray
images, shocks associated with the expanding cavities can
deposit additional energy into the ICM. Deep Chandra images
of a growing number of objects, including Cygnus A (Wilson
et al. 2003), NGC 4636 (Jones et al. 2002), M87 (Forman
et al. 2004), and Perseus (Fabian et al. 2003a), show surface
brightness discontinuities that may be associated with weak
shocks. In Cygnus A and M87, the shocks imply that the radio
source may provide several times the upper limit of the lu-
minosity seen in the bubbles, under the assumption of 4pV of
energy per bubble (Wilson et al. 2003; Forman et al. 2004). It
may therefore be a combination of heating mechanisms that
leads to quenched cooling, as suggested by several authors
(Brighenti & Mathews 2002, 2003; Kim & Narayan 2003;
Ruszkowski & Begelman 2002).

It is important to note that our sample is biased toward
systems with visible evidence of X-ray cavities and does not
represent clusters as a whole. Many clusters, including some
with large cooling flows, do not contain cavities (e.g., A1068;
Wise et al. 2004; McNamara et al. 2004). These objects may
have very different reheating histories than the objects dis-
cussed here. In this sense, the objects presented here represent
the best-case examples for reheating the ICM by energetic
bubbles. Our analysis does not imply that all cooling flows can
be quenched in this fashion.

5.4. Trends between X-Ray and Mechanical Luminosities

Figure 2 shows a trend between the X-ray luminosity and
bubble mechanical luminosity, with the sense that systems
with larger X-ray luminosities also have larger mechanical
luminosities. This trend extends over a dynamic range of
"1000 in both X-ray and mechanical luminosity. Just such a
trend would be expected were the cooling and heating of the
ICM coupled in some fashion. Several studies (e.g., Rosner &
Tucker 1989; Binney & Tabor 1995; David et al. 2001; Quilis
et al. 2001; Churazov et al. 2002) have proposed that cooling
is balanced by heating in a self-regulated feedback loop. The
feedback loop is driven by episodic radio activity fueled by
cooling and accretion onto a central black hole. The accretion
energy is then returned to the ICM through an AGN outburst,
including the action of the radio cavities, which temporarily
arrests cooling. At later times, the center of the system settles
down and the cooling flow is reestablished. During the cooling
cycle, molecular gas (Edge 2001) accumulates and star for-
mation ensues (McNamara & O’Connell 1989; Johnstone
et al. 1987), albeit at substantially lower levels than expected

Fig. 2.—Mechanical luminosity vs. total luminosity minus the spectro-
scopic estimate of the cooling luminosity. Lines denoting LX ! Lspec ¼ Lmech

are shown for the assumptions of pV , 4pV , and 16pV energy in the bubbles.
Symbols and error bars as in Fig. 1; the arrow denotes an upper limit.

SYSTEMATIC PROPERTIES OF X-RAY CAVITIES 807No. 2, 2004
[Birzan et al. 2004] jets are radiatively inefficient!

we are seeing clusters in an on state only !20% of the time.
Therefore, the average time elapsed between the production of
bubble pairs could be as large as 5 ; 108 yr, at least in some
clusters. Our search did not discriminate between cooling and
noncooling clusters, and it is likely, although it has not been
proved, that bubbles are produced preferentially in cooling
flows. If so, our estimate of !108 yr between outbursts is
probably closer to the truth for most cooling flow clusters.
Then the time averaged mechanical luminosity discussed be-
low has been overestimated in most objects by factors of 2–3.
On the other hand, the 333 MHz radio map of Hydra A (Lane
et al. 2004) shows 20 plumes extending several times farther
from the AGN than the X-ray cavities (and the 4 GHz radio
image). It also shows an outer radio lobe 40 north of the AGN
that coincides with a feature in the X-ray image that hints of a
distant cavity. Interpreted as above, the outer feature would
give a very long interval (!109 yr) between bubbles, but the
plume indicates that such an outer bubble has been followed
(perhaps some time later) by an extended period of continuous
radio activity. In that case, the cavities may just be the latest in
a series, but we are failing to detect most of the remnants. This
would make our estimate of Lmech closer to the truth.

5. DISCUSSION

5.1. Trends with Radio Luminosity

In Figure 1, we present two plots showing the mechanical
luminosity versus the total radio luminosity (left) and the total
radio luminosity versus the ratio of the mechanical luminosity
to the monochromatic, 1.4 GHz radio luminosity (right). In
each plot we distinguish between radio-filled and ghost cavi-
ties, shown with filled and open symbols, respectively. The
‘‘error bars’’ for each point reflect the range of instantaneous
mechanical luminosity implied by the range in possible ages.
The data are taken or are derived from Tables 1 and 3.

The left-hand panel of Figure 1 shows a trend between the
radio luminosity and mechanical luminosity, with the sense
that more luminous radio sources tend toward larger me-
chanical luminosities. This trend seems to be shared by both
the radio-filled cavities and the ghost cavities, in spite of the
use of the current central radio power for both the filled
cavities and the ghosts, to which the current central source
may be unrelated. No segregation by FOM is seen. The re-
lation between the two luminosities appears to be roughly a
power law. To quantify this relation, we used a linear least-
squares fit to the logarithms of the data, with errors in me-
chanical luminosity given by the extreme values for each
system. We show in Figure 1 the best-fit lines for the entire
sample (dashed line), given by

Lmech ¼ 1025#3 Lradioð Þ0:44#0:06; ð5Þ

and for the radio-filled cavities only (dotted line), given by

Lmech ¼ 1018#4 Lradioð Þ0:6#0:1: ð6Þ

In both cases, the mechanical luminosity scales as the radio
luminosity to approximately the one-half power over six
decades of radio power, albeit with large scatter.

The relative contribution of cosmic scatter and observa-
tional uncertainty is hard to judge without precision radio data
at a variety of wavelengths and without a better understanding
of the bubble production timescale. Nevertheless, the exis-
tence of this trend demonstrates quantitatively that the radio
sources are indeed creating the cavities. The radio sources are
not simply filling preexisting voids in the intracluster medium
(ICM) created by other processes. Furthermore, the synchro-
tron luminosity and mechanical luminosity do not scale in
direct proportion to each other. This relationship implies that

Fig. 1.—Left: Mechanical vs. radio luminosity. The symbols and wide error bars denote the values of the mechanical luminosity calculated using the buoyancy
timescale. The short and medium-width error bars denote upper and lower limits of the mechanical luminosity calculated using the sound speed and refill timescales,
respectively. The symbols indicate FOMs of 1 (circles), 2 (triangles), and 3 (squares). Filled symbols denote radio-filled cavities, and open symbols denote ghost
cavities. Each point represents the sum of mechanical luminosities of each bubble type. The best-fit lines are shown for the entire sample (dashed line) and for the
radio-filled cavities only (dotted line). Right: Ratio of mechanical luminosity to !P! at 1400 MHz vs. radio luminosity for the radio-filled cavities only.
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Relativistic Particles?

• Acceleration at shocks - 1st order 
Fermi 

• Magnetic reconnection 

• random magnetic clouds (e.g., MHD 
turbulence) - 2nd order Fermi



Fermi (Diffusive-
Shock) Acceleration

ud

upstream/preshockdownstream/postshock

electrons scattered both upstream 
and downstream of shock

particle gains (loses) 2mvuu (2mvud) in each scattering 
total energy gained after N scatterings: (1+2[uu-ud]/v)N  

particle loss from down-stream => SS power-law spectrum 

f~E-α; where α just depends on Mach #! 
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Fermi Accn.

ln f

ln E

power law distr.
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acceleration and loss
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Magnetic Reconnection
magnetic energy explosively converted into relativistic & thermal plasma energy



Radio Relics, Halos, 
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Fig. 7. Left panel: Radio emission of A2744 (z = 0.308) showing a peripheral
elongated relic, and a central radio halo [66]. Right panel: A3667 (z = 0.055):
contours of the radio emission at 36 cm [104] overlayed onto the grey-scale ROSAT
X-ray image. Two radio relics are located on opposite sides of the cluster along the
axis of the merger, with the individual radio structures elongated perpendicular to
this axis.

tion of low brightness/low power large halos, in order to clarify if halos are
present in all merging clusters or only in the most massive ones.

Since cluster X-ray luminosity and mass are correlated [100], the corre-
lation between radio power (P1.4 GHz) and X-ray luminosity could reflect a
dependence of the radio power on the cluster mass. A correlation of the type
P1.4 GHz ∝ M2.3 has been derived [66], [48], where M is the total gravitational
mass within a radius of 3h−1

50 Mpc. Using the cluster mass within the virial
radius, the correlation is steeper (Cassano et al. in preparation). A correlation
of radio power vs cluster mass could indicate that the cluster mass may be a
crucial parameter in the formation of radio halos, as also suggested by [23].
Since it is likely that massive clusters are the result of several major mergers,
it is concluded that both past mergers and current mergers are the neces-
sary ingredients for the formation and evolution of radio halos. This scenario
may provide a further explanation of the fact that not all clusters showing
recent mergers host radio halos, which is expected from the recent modeling
of Cassano & Brunetti [24].

3.2 Radio relics

Relic sources are diffuse extended sources, similar to the radio halos in their
low surface brightness, large size (>∼ 1 Mpc) and steep spectrum (α >

∼ 1), but
they are generally detected in the cluster peripheral regions. They typically
show an elongated radio structure with the major axis roughly perpendicular
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Fig. 10. Left panel: Radio contour map of the mini-halo in the Perseus cluster
(z = 0.018) at 92 cm [110], Right panel: The mini-halo in A2142 (z = 0.089),
superimposed onto the optical image [59].

4 Radio emitting particles

¿From the diffuse radio emission described in the previous sections, it is de-
termined that highly energetic relativistic electrons (γ ∼ 104) are present in
clusters, either in the central or in the peripheral regions. They are found both
in merging (halos and relics) and relaxed (mini-halos) clusters, thus under dif-
ferent cluster conditions. These radio features are currently not known to be
present in all clusters. They show steep radio spectra, thus the radiating par-
ticles have short lifetimes (∼ 108 yr). Given the large size of the radio emitting
regions, the relativistic particles need to be reaccelerated by some mechanism,
acting with an efficiency comparable to the energy loss processes. Several pos-
sibilities have been suggested for the origin of relativistic electrons and for the
mechanisms transferring energy into the relativistic electron population.

4.1 Connection between halos/relics and cluster merger processes

Evidence favour the hypothesis that clusters with halos and relics are char-
acterized by strong dynamical activity, related to merging processes. These
clusters indeed show: (i) substructures and distortions in the X-ray bright-
ness distribution [109]; (ii) temperature gradients [86] and gas shocks [90];
(iii) absence of a strong cooling flow [109]; (iv) values of the spectroscopic β
parameter which are on average larger than 1 [46]; (v) core radii significantly
larger than those of clusters classified as single/primary [46]; (vi) larger dis-
tance from the nearest neighbours, compared to clusters with similar X-ray
luminosity [108]. The fact that they appear more isolated supports the idea
that recent merger events lead to a depletion of the nearest neighbours.

Buote [23] derived a correlation between the radio power of halos and
relics and the dipole power ratio of the cluster two-dimensional gravitational
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Fig. 13. Examples of tailed radio galaxies: the NAT 0053-016 in the cluster A119
(left panel) and the WAT 3C465 in the cluster A2634 (right panel). The location
of the optical galaxy is indicated.

The standard interpretation of the tailed radio morphology is that the jets
are curved by ram pressure from the high-velocity host galaxy moving through
the dense ICM, whereas the low brightness tails are material left behind by
the galaxy motion. The ram-pressure model was first developed by Begelman
et al. [7]. Following dynamical arguments, the bending is described by the
Euler equation:

R ∼ h

(

ρj

ρe

) (

vj

vg

)2

, (27)

where R is the radius of curvature, ρ is density, v is velocity (the subscript j
refers to the jet, e to the external medium, g to the galaxy) and h is the scale
height over which the ram pressure is transmitted to the jets. Thus, from the
jet bending, important constraints on both the jet dynamics and the ICM
can be placed. In some cases there is evidence that the radio jets travel first
through the galactic atmosphere and then are sharply bent at the transition
between the galactic atmosphere and the ICM. Bends can occur very close to
the nucleus, as in NGC 4869 in the Coma cluster [40], indicating that the bulk
of interstellar medium has been stripped by the galaxy during its motion.

In general, the ram-pressure model can explain the radio jet deflection
when the galaxy velocity with respect to the ICM is of the order of ∼ 1000
km s−1. Therefore, it can successfully explain the structure of NAT sources,
which are indeed identified with cluster galaxies located at any distance from
the cluster centre and thus characterized by significant motion. However, Bli-
ton et al. [13] derived that NATs are preferentially found in clusters with X-ray
substructure. Additionally, NAT galaxies tend to have, on average, velocities

exclude the possibility that the source is
tracing (compressed) fossil radio plasma from a
radio source whose jets are now off (19, 20). The
integrated radio spectra of such fossil sources are
very steep (a < −1.5) and curved, because the
radio-emitting plasma is old and has undergone
synchrotron and inverse Compton losses. In addi-
tion, the shell-like (and not lobe-like) morphol-
ogy does not support the above scenario.

Instead, all the observed properties of the relic
perfectly match those of electrons accelerated at
large-scale shocks via diffusive shock accelera-
tion. The characteristics of the bright relic pro-
vide evidence that (at least some) relics are direct
tracers of shock waves; moreover, the narrow
width of the relic provides a way to determine
the magnetic field strength at the location of the
shock, using arguments similar to those that
have been used for supernova remnants (21).

The configuration of the relic arises naturally
for a head-on binary cluster merger of roughly
equal masses, without much substructure, in
the plane of the sky with the shock waves seen
edge-on. The polarization fraction of 50% or
larger can only be explained by an angle of less
than 30° between the line of sight and the shock
surface (10). Moreover, because there is evidence
for spectral aging across the relic, only part of the
width can be caused by projection effects.

The amount of spectral aging by synchrotron
and inverse Compton losses is determined by the
magnetic field strength B, the equivalent magnetic
field strength of the cosmic microwave back-
ground BCMB, and the observed frequency. The
result is a downward spectral curvature result-
ing in a steeper spectral index in the post-shock
region (i.e., lower a). For a relic seen edge-on, the
downstream luminosity and spectral index profiles
thus directly reflect the aging of the relativistic
electrons (22). To first approximation, the width of
the relic (lrelic) is determined by a characteristic
time scale (tsync) due to spectral aging, and by the
downstream velocity (vd): lrelic ≈ tsync × vd, where
tsync º [B1/2/(B2 + BCMB

2)] × [n(1 + z)]−1/2.
Conversely, from the width of the relic and its
downstream velocity, a direct measurement of the
magnetic field at the location of the shock can be
obtained. Using standard shock jump conditions,
it is possible to determine the downstream veloc-
ity from the Mach number and the downstream
plasma temperature.

The spectral index at the front of the relic is
−0.6 T 0.05, which gives a Mach number of
4:6þ1:3

−0:9 for the shock (14) in the linear regime.
Using the Lx − T scaling relation for clusters (23),
we estimate the average temperature of the ICM
to be ~9 keV. Behind the shock front, the tem-
perature is likely to be higher. Temperatures in
the range of 1.5 to 2.5 times the average value
have previously been observed (24). The derived
Mach number and the advocated temperature
range imply downstream velocities between 900
and 1200 km s−1 (we used an adiabatic expo-
nent of 5/3). For the remainder we adopt a value
of 1000 km s−1. Using the redshift, downstream

velocity, spectral index, and characteristic syn-
chrotron time scale, the width of the relic (in
kpc) can be derived as

lrelic, 610 MHz ≈ 1:2" 103
B1=2

B2 þ B2
CMB

ð1Þ

where B and BCMB are in units of mG. Because
BCMB is known, the measurement of lrelic from
the radio maps directly constrains the magnetic
field. From the 610-MHz image (the image with
the best signal-to-noise ratio and highest angular
resolution), the relic has a deconvolved width (full
width at half maximum) of 55 kpc (Fig. 4). Be-
cause Eq. 1 has two solutions, the strength of the

magnetic field is 5 or 1.2 mG. However, projection
effects can increase the observed width of the relic
and affect the derived magnetic field strength.
Therefore, the true intrinsic width of the relic
could be smaller, which implies that B ≥ 5 mG or
≤ 1.2 mG (Eq. 1). We investigated the effects of
projection using a curvature radius of 1.5 Mpc,
the projected distance from the cluster center.
Instead of using Eq. 1, we computed full radio
profiles (25) for different angles subtended by a
spherical shock front into the plane of the sky
(Y; the total angle subtended is 2Y for a shell-
like relic). The profile for Y = 10° and B = 5 mG
agrees best with the observations (Fig. 4). For
Y = 15°, B is 7 mG or 0.6 mG. Values ofY larger

Fig. 2. GMRT 610-MHz
radio image. The im-
age has a RMS noise of
23 mJy beam−1 and a res-
olution of 4.8 arc sec ×
3.9 arc sec. Colors repre-
sent intensity of radio
emission.

200 kpc

Fig. 3. Radio spectral
index and polarization
maps. (A) The spectral
index was determined
using matched observa-
tions at 2.3, 1.7, 1.4, 1.2,
and 0.61 GHz, fitting a
power-law radio spectrum
to the flux density mea-
surements. The map has
a resolution of 16.7 arc
sec × 12.7 arc sec. Con-
tours are from the WSRT
1.4-GHz image and are
drawn at levels of 1, 4,
16, … × 36 mJy per
beam. (B) The polariza-
tion electric field vector
map was obtained with
the VLA at a frequency of
4.9 GHz and has a res-
olution of 5.2 arc sec ×
5.1 arc sec. The contours
are from Fig. 2 and are
drawn at levels of 1, 4,
16, … × 70 mJy per
beam. The length of the
vectors is proportional
the polarization fraction,
which is the ratio be-
tween the total intensity
and total polarized inten-
sity. A reference vector for 100% polarization is shown in the upper left corner. The vectors were
corrected for the effects of Faraday rotation using a Faraday depth of −140 rad m−2 determined from
WSRT observations at 1.2 to 1.8 GHz.
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[van Weeren et al. 2010]
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periphery (by definition), and are strongly polarized [up to 50% in the case of
the relic 0917+ 75 (Harris et al. 1993)]. As the name implies, one of the first
explanations put forth to explain these objects was that these are the remnants of
a radio jet associated with an active galactic nucleus (AGN) that has since turned
off and moved on. A problem with this model is that, once the energy source is
removed, the radio source is expected to fade on a timescale ⌧108 years due
to adiabatic expansion, inverse Compton, and synchrotron losses (see “Electron
Lifetimes” below). This short timescale precludes significant motion of the host
galaxy from the vicinity of the radio source.
Amore compelling explanation is that the relics are the result of first order Fermi

acceleration (Fermi I) of relativistic particles in shocks produced during cluster
mergers (Ensslin et al. 1998), or are fossil radio sources revived by compression
associated with cluster mergers (Ensslin & Gopal-Krishna 2001, Röttgering et al.
1994). Equipartition field strengths for relics range from 0.4–3.0µG (Ensslin et al.
1998). If the relics are produced by shocks or compression during a cluster merger,
then Ensslin et al. (1998) calculate a pre-shock cluster magnetic field strength in
the range 0.2–0.5 µG.

FARADAY ROTATION

Cluster Center Sources

The presence of a magnetic field in an ionized plasma sets a preferential direction
for the gyration of electrons, leading to a difference in the index of refraction for
left versus right circularly polarized radiation. Linearly polarized light propagating
through a magnetized plasma experiences a phase shift of the left versus right
circularly polarized components of the wavefront, leading to a rotation of the
plane of polarization,1� = RM �2, where1� is the change in the position angle
of polarization, � is the wavelength of the radiation, and RM is the Faraday rotation
measure. The RM is related to the thermal electron density, ne, and the magnetic
field, B, as:

RM = 812
LZ

0

neB · dl radiansm�2, (1)

whereB is measured inµGauss, ne in cm�3 and dl in kpc, and the boldface symbols
represent the vector product between the magnetic field and the direction of prop-
agation. This phenomenon can also be understood qualitatively by considering the
forces on the electrons.
Synchrotron radiation from cosmic radio sources is well known to be linearly

polarized, with fractional polarizations up to 70% in some cases (Pacholczyk
1970). Rotation measures (RM) can be derived from multifrequency polarimetric
observations of these sources by measuring the position angle of the polarized
radiation as a function of frequency. The RM values can then be combined with
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for the gyration of electrons, leading to a difference in the index of refraction for
left versus right circularly polarized radiation. Linearly polarized light propagating
through a magnetized plasma experiences a phase shift of the left versus right
circularly polarized components of the wavefront, leading to a rotation of the
plane of polarization,1� = RM �2, where1� is the change in the position angle
of polarization, � is the wavelength of the radiation, and RM is the Faraday rotation
measure. The RM is related to the thermal electron density, ne, and the magnetic
field, B, as:

RM = 812
LZ

0

neB · dl radiansm�2, (1)

whereB is measured inµGauss, ne in cm�3 and dl in kpc, and the boldface symbols
represent the vector product between the magnetic field and the direction of prop-
agation. This phenomenon can also be understood qualitatively by considering the
forces on the electrons.
Synchrotron radiation from cosmic radio sources is well known to be linearly

polarized, with fractional polarizations up to 70% in some cases (Pacholczyk
1970). Rotation measures (RM) can be derived from multifrequency polarimetric
observations of these sources by measuring the position angle of the polarized
radiation as a function of frequency. The RM values can then be combined with
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Figure 3 The maximum absolute RM plotted as a function of the estimated cooling flow
rate, Ẋ , for a sample of X-ray luminous clusters withmeasured RMs fromTaylor et al. (2002).
Both RM and Ẋ are expected to depend on density to a positive power, so in that sense, the
correlation is expected.

where n0 is the central density, rc is the core radius, and � is a free parameter
in the fit. Typical values for these parameters are rc⇠ 200 kpc, � ⇠

2
3 , and no ⇠

0.01 cm�3.
For this density profile and cells of constant magnetic strength but random

orientation, Felten (1996) and Feretti et al. (1995) derived the following relation
for the RM dispersion:

�RM =

KB n0 r1/2c l1/2
�
1+ r2

�
r2c

�(6��1)/4

s
0(3� � 0.5)

0(3�)
, (3)
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Figure 6 The integrated RM plotted as a function of source impact parameter in kiloparsecs
for the sample of 16 Abell clusters described in Clarke et al. (2001). The open symbols
represent sources viewed through the cluster, whereas the closed symbols represent the control
sample of field sources.

High Redshift Sources

Radio galaxies and radio loud quasars have been detected to z = 5.2 (van Breugel
2000). The extended polarized emission from these sources provides an ideal
probe of their environments through Faraday rotation observations. Extensive ra-
dio imaging surveys of z> 2 radio galaxies and quasars have shown large rotation
measures, and Faraday depolarization, in at least 30% of the sources, indicating
that the sources are situated behind dense Faraday screens of magnetized, ion-
ized plasma (Chambers et al. 1990; Garrington et al. 1988; Carilli et al. 1994,
1997; Pentericci et al. 2000; Lonsdale et al. 1993; Athreya et al. 1998), with a
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Table 2. Inverse Compton parametrization

α δ a(δ) b(δ) h(α)

0.0 1 0.283 3.20 1.32 × 10−16

0.1 1.2 0.209 3.42 2.13 × 10−16

0.2 1.4 0.164 3.73 3.31 × 10−16

0.3 1.6 0.136 4.12 5.06 × 10−16

0.4 1.8 0.117 4.62 7.71 × 10−16

0.5 2.0 0.103 5.25 1.19 × 10−15

0.6 2.2 0.093 6.03 1.89 × 10−15

0.7 2.4 0.086 7.00 3.17 × 10−15

0.8 2.6 0.081 8.20 5.95 × 10−15

0.9 2.8 0.077 9.69 1.48 × 10−14

1.0 3.0 0.074 11.54 see Eq. 34
1.1 3.2 0.072 13.85 −2.24 × 10−14

1.2 3.4 0.071 16.74 −1.37 × 10−14

1.3 3.6 0.071 20.35 −1.12 × 10−14

1.4 3.8 0.072 24.89 −1.02 × 10−14

1.5 4.0 0.073 30.62 −9.88 × 10−15

1.6 4.2 0.075 37.87 −9.96 × 10−15

1.7 4.4 0.076 47.07 −1.03 × 10−14

1.8 4.6 0.079 58.78 −1.09 × 10−14

1.9 4.8 0.083 73.74 −1.16 × 10−14

2.0 5.0 0.087 92.90 −1.25 × 10−14

between the non-thermal and the thermal X-ray emission. When the IC X-ray emis-
sion is not detected from a radio emitting region, only lower limits to the magnetic
fields can be derived.

3.5. Faraday Rotation effect

The Faraday rotation effect appears during the propagation of electromagnetic
waves in a magnetized plasma. A linearly polarized wave can be decomposed
into opposite-handed circularly polarized components. The right-handed and left-
handed circularly polarized waves propagate with different phase velocities within
the magneto-ionic material. This effectively rotates the plane of polarization of the
electromagnetic wave.

According to the dispersion relation, for a wave of angular frequency ω (ω =
2πν), the refractive index of a magnetized dielectric medium can take two possible
values:

nL,R =

(

1 −
ω2

p

ω2 ± ωΩe

)1/2

, (35)

where ωp = (4πnee2

me
)1/2 is the plasma frequency, and Ωe = eB

mec is the cyclotron
frequency.

In the context of the study of cluster magnetic fields we are interested in the
Faraday rotation of radio sources in the background of the cluster or in the cluster

progressively cooler



Radio halos
steep spectrum radio sources associated with strong cool-cores

S⌫ / ⌫�1 or steeper

L⌫ / ⌫(1�p)/2B(1+p)/2 => p � 3 for dn/d� / ��p

~100 kpc low SB diffuse radio emission associated with massive CC clusters 
~Mpc scale giant radio halos 

AGN/sloshing driven turbulence reaccelerated e-s? secondaries from pp? 
a large D required for CR transport => in-situ acceleration

⌦c = eB/mec ⇡ 170(B/10µG) s�1

� ⇡ 3⇥ 103(B/10µG)�1/2(⌫/1.4 GHz)1/2

tsync ⇡ 0.1 Gyr(B/10µG)�3/2(⌫/1.4 GHz)�1/2

tdi↵ ⇡ 0.1 Gyr(r/100 kpc)2(D/3⇥ 1031 cm2s�1)�1

BCMB ⇡ 3(1 + z)2 µG
⌫ = �2⌫0 / �2B
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Fig. 15. Images of radio mini-halos (contours) and the X-ray emission from the hosting clusters (colors). Cred-
its:212 for RXCJ1532, A2204, A478, Giacintucci in prep. for RXCJ1720, and213 for Perseus.

regions of galaxy clusters (Sect. 2.1). In principle these AGNs could represent the primary
source of the CRs in mini halos, however they are not sufficient by themselves, at least
without some dynamical assistance, to explain the diffuse radio emission. In particular, a
slow diffusion problem once again exists for mini halos; that is, the energy loss time scale
of the radio emitting CRe is still much shorter than the time needed by these particles to
diffuse efficiently across the emitting volume.

Similarly to giant halos, two physical mechanisms have been identified as possibly
responsible for the radio emission in mini halos: i) re-acceleration of CRe (leptonic models
or re-acceleration models) and ii) generation of secondary CRe (hadronic or secondary
models).
According to leptonic models mini halos originate due to the re-acceleration of pre-existing,
relativistic CRe in the ICM by turbulence in the core region, e.g.279 So, this model is similar
in character to the turbulence model for giant halos, except that the responsible turbulence
is concentrated in the cluster core region. In this case obvious sources of the seed CRe are,
for example, the buoyant bubbles that are inflated by the central AGN and disrupted by
gas motions in the core.121, 122, 277 A key question in this model is the origin of the turbu-
lence responsible for re-accelerating the electrons. Unlike giant halos, merger shocks and
Mpc-scale motions/flows would not be candidates. Gitti et al.(2002)279 originally proposed

[Brunetti & Jones 2014]

confined within cold fronts (contact discontinuities) observed in X-rays 
associated with cool cores 



MH & BCG radio correlated
The Astrophysical Journal, 781:9 (20pp), 2014 January 20 Giacintucci et al.

Figure 10. PMH, 1.4 GHz −PBCG, 1.4 GHz Diagram for the clusters with previously
known minihalos (empty black circle), new minihalo detections (magenta
circles), minihalo candidates (cyan circles), and central extended sources whose
classifications as minihalos are uncertain (blue triangles). Only error bars
corresponding to an uncertainty of >10% on the radio power are plotted.
(A color version of this figure is available in the online journal.)

These sources will be discussed in more detail in
Section 6.5.

The new minihalos and candidates and the previously known
minihalos reported in Table 5 are all well detected. Even
for the least significant detection—the candidate minihalo
in MACS J0329.6–0214—the brightest part of the minihalo
outside of the central point source is imaged at ∼7σ with respect
to the image noise (per beam), and the best cases are imaged at
more than 50σ .

6.1. Radio Properties of the BCG in Minihalo Clusters

By comparing the radio power of the BCGs and the radio
luminosity of the surrounding minihalos in six clusters, Govoni
et al. (2009) noticed that stronger minihalos tend to occur in
clusters with more powerful central radio galaxies, suggesting
that the minihalo emission could be partially related to the
activity of the central AGN. For our larger sample of minihalos
and candidates, we find a possible weak trend, although with a
very large scatter (Figure 10). A similar trend is also visible in
the flux-flux plane, indicating that the possible relation between
minihalo and BCG luminosities may be intrinsic. We find a
Spearman rank correlation coefficient of rs ∼ 0.5 in both planes
with a probability of no correlation of a few percent.

This result suggests that the central AGN activity is not
directly powering the minihalo emission, although it is one
of the plausible sources of the seed relativistic electrons for
the reacceleration models (Cassano et al. 2008). As argued by
Govoni et al. (2009), a tight correlation between the minihalo
and BCG radio properties is not expected, as the radio galaxy
likely undergoes multiple cycles of activity within the lifetime of
the minihalo, which is supported by the evidence for recurrent
radio outbursts for a number of cluster and group dominant
galaxies (e.g., Clarke et al. 2009; David et al. 2009; Giacintucci
et al. 2011b; Randall et al. 2011; Giacintucci et al. 2012, Venturi
et al. 2013).

6.2. Comparison between Radio Minihalos and Global
Properties of the Cluster Hosts

Cassano et al. (2008) found that clusters with higher X-ray
luminosity tend to possess more powerful minihalos. However,
this result was based on the only six minihalos that were known
at the time of their study. A more recent investigation was
carried out by Kale et al. (2013) for a larger number of minihalo
clusters (11, 5 of which were from the GRHS cluster sample).
Despite the large scatter, they found indication of a possible
radio/X-ray luminosity correlation, suggesting that an intrinsic
relation between the thermal and nonthermal cluster properties
may exist.

We can explore this possibility further using our larger sample
of 21 minihalo clusters. In Figure 11(a), we plot the minihalo
radio power at 1.4 GHz versus the cool core-excised cluster
temperature (Table 5), which can be used as a proxy for the
cluster total mass and is strongly correlated with the X-ray
luminosity. Our comparison does not indicate a clear scaling
between radio power and cluster temperature, regardless of
whether we include candidates or exclude them. We indeed
find rs ∼ 0.3 and Pno corr ∼ 20% (rs ∼ 0.1 and Pno corr ∼ 70%
if we consider only clear minihalo detections).

However, the plot provides us an important piece of infor-
mation on the kind of clusters that possess a minihalo at their
center: they all tend to have high global temperatures, with the
majority of minihalos found in T > 5 keV systems. While
proper statistical analysis should include nondetections (S.
Giacintucci et al., in preparation), this suggests that the hosts of
our detected minihalos are massive clusters.

An alternative way to estimate cluster masses is offered by
the SZ effect (e.g., Carlstrom et al. 2002). Of the 21 minihalo
clusters considered here, 14 are in the all-sky cluster catalog
of validated clusters from the first 15.5 months of Planck
observations (Planck Collaboration et al. 2013). In Table 5,
we report their total masses within R500, inferred from the
Planck observations. Figure 11(b) shows the distribution of
our subsample of minihalo clusters that have Planck data
in the PMH, 1.4 GHz − M500 plane. No obvious correlation is
visible between the radio luminosity and cluster mass—in
this case we find rs ∼ 0.3 and Pno corr ∼ 10%—which is in
agreement with the lack of a clear correlation with the global
temperature in panel (a). We note that this is in contrast with
the giant radio halos found in cluster mergers, whose radio
luminosity correlates with the cluster mass (Cassano et al.
2013 and references therein). Again, we find evidence that
minihalos are hosted by massive clusters, as all minihalos are
in M500 ! 5 × 1014 M⊙, except for the slightly less massive
system 2A 0335+096 (M500 = 2 × 1014 M⊙).

In a subsequent article, we will investigate possible corre-
lations with the thermodynamical properties of the cool cores
rather than the global cluster properties (S. Giacintucci et al., in
preparation).

6.3. Spectral Properties of Minihalos

Until now, our knowledge of the radio spectra of minihalos has
been limited to only two sources, Perseus and Ophiuchus, whose
integrated spectra are based on flux density measurements at
three frequencies. Figure 12 shows these spectra from Sijbring
(1993) and Murgia et al. (2010). In black, we show the spectrum
of a new minihalo detected in RX J1532.9+3021, based on flux
densities at four frequencies; this is reported in Section 4.2
(note that the spectrum has been multiplied by 100 for display
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Figure 11. PMH, 1.4 GHz −kT (a) and PMH, 1.4 GHz −M500 (b); Diagrams for the clusters with previously known minihalos (empty black circle), new minihalo detections
(magenta circles), minihalo candidates (cyan circles), and central extended sources whose classifications as minihalos are uncertain (blue triangles). Only error bars
corresponding to an uncertainty of >10% on the radio power are plotted.
(A color version of this figure is available in the online journal.)

Figure 12. Integrated radio spectra of the minihalos in RX J1532.9+3021
(black), Perseus (red, from Sijbring 1993), and Ophiuchus (magenta, from
Murgia et al. 2010). The total spectral index is α = 1.20 ± 0.03 for
RX J1532.9+3021, α = 1.21 ± 0.05 for Perseus, and α = 1.56 ± 0.04 for
Ophiuchus. Note that the spectrum of RX J1532.9+3021 has been multiplied by
100.
(A color version of this figure is available in the online journal.)

purposes). The three spectra appear very similar in shape, at
least in the range of frequencies currently explored. They all
seem to be well described by a power law with a steep spectral
index α = 1.21 ± 0.05 and α = 1.20 ± 0.07 for Perseus and
RX J1532.9+3021, and a slightly steeper slope for Ophiuchus,
α = 1.56 ± 0.04. For Ophiuchus, a steepening at the high
frequency may be present, although the spectral indices below
and above the data point at 610 MHz are consistent within the
errors (Murgia et al. 2010). A steepening may be also present
in the spectrum of RX J1532.9+3021, where the spectral index
changes from α = 1.02 ± 0.10 between 325 MHz and 1.4 GHz
to α = 1.41 ± 0.13 above 1.4 GHz.

The existing spectral information is not sufficient to discrimi-
nate between the competing models for the minihalo formation,
i.e., a power-law spectrum over the entire radio frequency range
expected in pure secondary models vs. a high-frequency break
predicted by turbulent reacceleration models. More data points
and a frequency range wider than that shown in Figure 12 are
necessary to accurately determine the shape of the minihalo
spectra and to confirm the high-frequency steepening in Ophi-
uchus and RX J1532.9+3021.

6.4. Is Particle Acceleration Needed in Small-size Minihalos?

As for the megaparsec-sized, giant radio halos found in many
massive, merging clusters, the few hundred kiloparsec scale
of large minihalos (such as Perseus and Ophiuchus) requires
that the relativistic electrons are continuously injected and/
or reaccelerated in situ throughout the large emitting volume.
Indeed, in the strong magnetic fields expected in the cool cores,
the radio-emitting electrons cannot diffuse from the central radio
galaxy out to the minihalo radius within their radiative lifetime,
which is almost two orders of magnitude shorter than their
diffusion timescale (e.g., Jaffe 1977).

The question we pose here is whether diffusion can still
account for smaller minihalos, such as the RMH ∼ 50 kpc
emission in A 2204. The typical diffusion velocity of relativistic
electrons in clusters is expected to be approximately the Alfvén
velocity (Jaffe 1977) vA = B/(4πρ)(1/2), where B is the cluster
magnetic field and ρ is the density of the ICM. Although
our knowledge of the magnetic field in clusters is still poor,
studies of the rotation measure of radio galaxies in or behind
clusters indicate that the magnetic field intensity in cool cores
can be as high as 5–10 µG or even stronger (e.g., Taylor et al.
2002; Clarke 2004). In these strongly magnetized, high-density
(ne ∼ 10−2 cm−3) cluster regions, vA ∼ 100 km s−1. At this
speed, the time required for the electrons to reach a radius of
∼50 kpc from the center is ∼5 × 108 yr, which needs to be
compared to their synchrotron radiative cooling time of ∼107 yr.

Thus, even the small minihalos like the one in A 2204 cannot
be produced by electrons leaking from the central radio galaxy
and diffusing within the cluster core volume. However, other

17

[Giacintucci et al. 2014]

BCG radio jets powered by cold gas condensing in cores 
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Fig. 11. Radio images of giant radio halos (contours) overlaid on the thermal X-ray emission of the hosting
clusters. Images are reported with the same physical scale (credits : Giacintucci in prep. for A2163,210 for A520
and A665,211 for A2744).

4.2. Giant Radio Halos

Returning to CRs, we note that two principal mechanism proposals are presently advo-
cated to explain the origin of CRe emitting in giant radio halos: i) (re)-acceleration of
relativistic particles by MHD turbulence in the ICM14, 15, 44, 45, 138, 162, 163, 173, 174, 236, 237 and,
ii) continuous production of secondary electron-positron pairs by inelastic hadronic colli-
sions between accumulated CRp and thermal protons in the ICM,19, 23, 24, 46, 238, 239 and their
combination.172, 177

The hadronic scenario is based on the physics described in Sect. 2.3 and allows one to re-
solve the slow diffusion problemp, because CRe are continuously injected in situ throughout
the ICM. Also the morphological connection between radio and X-ray emission in galaxy
clusters can be explained by this scenario because the X-rays trace the thermal matter that
provides the targets for the hadronic collisions. An unavoidable consequence of this sce-
nario is the emission of g-rays due to the decay of p0 that are produced by the same decay
chain that is responsible for the injection of secondary CRe (Sect. 2.3).

pAs mentioned before, slow CR diffusion in the ICM is incompatible with unavoidably rapid electron energy
loss rates unless observed electrons are injected or accelerated throughout radio halo volumes.

[Brunetti & Jones 2014]
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two populations (radio halos and limits) also in a radio–SZ diagram (although this bimodal
behaviour appears weaker than that in X-ray diagrams), and that the two populations corre-
late with the cluster dynamics246 as in previous X-ray based studies. However the fraction
of clusters hosting radio halos using SZ selected samples appears larger than that measured
using X-ray clusters samples.253 That may be due to the combination of a distinct time
evolution of the SZ ad X-ray signals from the ICM during cluster mergers and a bias to-
ward cool-core systems in X-ray selected samples,253 and opens to complementary ways
to study the connection of thermal and non-thermal components in galaxy clusters.

Fig. 12. Left panel: distribution of galaxy clusters of the GMRT sample”244 in the radio power – X-ray luminos-
ity diagram, showing that clusters branch into two : giant radio halos (the merging systems in the left panel of the
figure) and off state”, undetected, systems (the relaxed systems in the left panel of the figure) (adapted from248).
Right panel: distribution of galaxy clusters in the centroid-shift variance w vs power ratio P3/P0 diagram. Mergers
are expected in the top-right panel, relaxed systems in the bottom-left panel. Clusters hosting giant radio halos are
reported in red (adapted from68).

The existence of a connection between thermal and non-thermal ICM components is also
highlighted by point-to-point correlations discovered between the synchrotron brightness
of giant radio halos and the X-ray brightness of the hosting clusters38, 254 and, in the case
of the Coma cluster, between the Compton y-parameter and the radio brightness.255 These
correlations have been used to claim that the spatial distribution of CRs in galaxy clusters is
generally broader than that of the thermal ICM, with implications on the physics discussed

[Brunetti & Jones 2014]
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The SE radio source (Fig. 1 right) is located in the subcluster BCG
and coincides with a hard X-ray point source, which suggests that it
is likely to be an AGN. Although there are no visible substructures
or cavities in the Chandra observations indicating current AGN
activity, the subcluster hosts a strong cool core where the gas tem-
perature drops down to ∼1 keV. Earlier episodes of AGN feedback
could have produced radio bubbles to regulate this cooling. X-ray
spectral fitting also shows that the ICM has been significantly metal
enriched by supernova activity (Russell et al. 2010). Abell 2146
appears to contain sufficient sources for producing a pre-existing
electron population.

4.2 No radio halo

Large radio haloes are found exclusively in disturbed and potentially
merging clusters (e.g. Feretti & Giovannini 2008). Strong correla-
tions exist between the radio power of haloes and the X-ray luminos-
ity and temperature of their host clusters (e.g. Colafrancesco 1999;
Liang et al. 2000; Kempner & Sarazin 2001; Enßlin & Röttgering
2002; Cassano, Brunetti & Setti 2006; Giovannini et al. 2009).
Recent surveys with the GMRT have found a bi-modal behaviour
where radio-halo clusters and clusters without radio haloes are sep-
arated in the Pradio–LX plane (Fig. 2; Brunetti et al. 2007). Brunetti
et al. (2009) argue that this bi-modal distribution suggests an evolu-
tionary cycle where clusters that are undergoing mergers host radio
haloes for a period of time. Later, the clusters become dynami-
cally relaxed and the relativistic particles become cool, producing
the observed upper limits. Fig. 2 shows the 3σ upper limit on ex-
tended radio emission for Abell 2146 overplotted on the P1.4 GHz–LX

correlation. This upper limit on Abell 2146 is significantly below
the expected radio power predicted by the observed correlation for
merging systems.

The absence of a radio halo in Abell 2146 could be related to
the low cluster mass relative to the majority of the clusters in the

Figure 2. The 1.4-GHz radio halo power plotted against the cluster X-ray
luminosity in the energy band 0.1–2.4 keV. The data points and best-fitting
dashed line are from Brunetti et al. (2009). The calculated 3σ upper limit for
Abell 2146 from this work is overplotted. Other clusters with X-ray-detected
shock fronts are labelled.

GMRT radio halo sample (Venturi et al. 2007; Brunetti et al. 2009).
Observations have found that radio haloes are more common in
clusters with higher X-ray luminosity and temperature, which both
trace the mass (e.g. Giovannini et al. 1999; Buote 2001; Cassano
et al. 2006, 2008). The energy available to accelerate relativistic
particles during a merger is a fraction of the gravitational potential
energy that is released. Collisions between more massive galaxy
clusters are therefore more likely to produce radio haloes. The X-
ray luminosity and temperature, both relating to the cluster mass,
will also vary over the merger time-scale. Simulations of cluster
mergers show that the shocks and compression produced during
core passage can temporarily boost the X-ray luminosity by a factor
of a few (e.g. Ricker & Sarazin 2001; Poole et al. 2007). This bias
will affect all the merging systems in Fig. 2 to some extent but has
the greatest impact on systems that are closest to core passage, such
as Abell 2146. For a head-on collision between two subclusters with
a mass ratio 3:1 observed only ∼0.1–0.2 Gyr after core passage, the
boosts to the temperature and bolometric X-ray luminosity could
produce an increase of a factor of ∼2–3 in the observed LX (Poole
et al. 2007). If we ‘correct’ for this factor, the upper limit for Abell
2146 in Fig. 2 is then approximately consistent with the observed
Pradio–LX correlation. However, after the maximum around core
passage, this boost to the X-ray luminosity decays rapidly. For Abell
2146, the time since the core passage has likely been underestimated
(Section 2) and therefore the estimated factor of ∼2–3 is an upper
limit. More accurate measurements of the mass of Abell 2146 will
be provided by weak-lensing results using Subaru Suprime-Cam
observations (King et al., in preparation).

Using the GMRT radio halo survey (Venturi et al. 2007), Cassano
et al. (2010b) confirmed that radio haloes are located preferentially
in dynamically disturbed clusters and identified several clusters with
a disturbed X-ray morphology but no radio halo. These ‘outliers’
have a relatively low X-ray luminosity LX ≤ 8 × 1044 erg s−1,
similar to Abell 2146, or are at a relatively higher redshift, which
implies stronger inverse-Compton losses. The turbulent reaccel-
eration model for radio halo formation predicts the existence of
very steep spectrum haloes with a spectral cut-off frequency that is
dependent on the fraction of the turbulent energy channelled into
electron reacceleration and therefore the cluster mass (e.g. Cassano
et al. 2006; Brunetti et al. 2008). Lower frequency observations,
with Low Frequency Array (LOFAR), for example, could detect
radio haloes generated in lower mass mergers, such as these ‘out-
lier’ clusters or Abell 2146 (e.g. Cassano et al. 2010a; Venturi et al.
2011).

5 C O N C L U S I O N S

The deep 400 ks Chandra observation of Abell 2146 reveals a ma-
jor merging event with two shock fronts detected in the X-ray. The
bow shock, located ahead of the subcluster core, can now be traced
to over ∼500 kpc in length and has a Mach number M = 2.1 ±
0.2. This cluster also contains the first known example of an up-
stream cluster merger shock front, which we determine has a Mach
number M = 1.6 ± 0.1. Using a new GMRT radio observation
at 325 MHz, we found no evidence for extended radio emission
such as a radio relic associated with either shock or a large radio
halo in the merging cluster Abell 2146. The absence of radio relics
coincident with the shock fronts is a surprising result. All other
clusters with unambiguous X-ray-detected shock fronts, including
the Bullet cluster, Abell 520, Abell 754 and Abell 2744, and clusters
with likely shock front candidates have radio relics or radio halo
edges. We have considered several possible factors which could

C⃝ 2011 The Authors, MNRAS 417, L1–L5
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Fig. 16. Images of giant radio relics (contours) overlaid on the X-ray emission from the hosting systems (colors).
The three radio relics are reported with the same physical scale. Upper-left and upper-right panels highlight
the high-resolution radio images of the northern relics in CIZA2242 and A3667, respectively (credits:214, 215 for
CIZA2242,216 for A3667,217 for A3376).

Presumably the observed CRe are accelerated or re-accelerated at these shocks. Those
CRe are then advected into the downstream region at the velocity of the downstream flow,
Vd as they cool from ICS and synchrotron losses. This process sets the thickness of radio
relics as seen at different frequencies; the emitting CRe can travel a maximum distance
from the shock = Vdt , where t is the radiative life-time of CRe emitting at the observed
frequency no, t µ n�1/2

o . Typically the life-time of CRe radiating in the radio band is of
the order of 100 Myr implying a transverse size of radio relics ⇠ 100 kpc for a reference
downstream velocity Vd = 1000 km s�1 and ICS dominated losses (with z ⇠ 0�0.3). This
is consistent with observations, once projection effects are properly taken into account. In
this case radio synchrotron spectral steepening with distance from the shock front is ex-
pected in radio relics with spatially resolved cross sections as a consequence of the fact
that the oldest population of CRe is also the most distant from the shock. This expecta-
tion is in agreement with several observations that provide evidence for steepening in radio
relics along their transverse direction, from their front to the back.214, 302, 303 Furthermore,
recent analyses have shown evidences for synchrotron spectral curvatures along the trans-
verse dimension of a few particularly favorable relics and also that the curvature increases

[Brunetti & Jones 2014]

exclude the possibility that the source is
tracing (compressed) fossil radio plasma from a
radio source whose jets are now off (19, 20). The
integrated radio spectra of such fossil sources are
very steep (a < −1.5) and curved, because the
radio-emitting plasma is old and has undergone
synchrotron and inverse Compton losses. In addi-
tion, the shell-like (and not lobe-like) morphol-
ogy does not support the above scenario.

Instead, all the observed properties of the relic
perfectly match those of electrons accelerated at
large-scale shocks via diffusive shock accelera-
tion. The characteristics of the bright relic pro-
vide evidence that (at least some) relics are direct
tracers of shock waves; moreover, the narrow
width of the relic provides a way to determine
the magnetic field strength at the location of the
shock, using arguments similar to those that
have been used for supernova remnants (21).

The configuration of the relic arises naturally
for a head-on binary cluster merger of roughly
equal masses, without much substructure, in
the plane of the sky with the shock waves seen
edge-on. The polarization fraction of 50% or
larger can only be explained by an angle of less
than 30° between the line of sight and the shock
surface (10). Moreover, because there is evidence
for spectral aging across the relic, only part of the
width can be caused by projection effects.

The amount of spectral aging by synchrotron
and inverse Compton losses is determined by the
magnetic field strength B, the equivalent magnetic
field strength of the cosmic microwave back-
ground BCMB, and the observed frequency. The
result is a downward spectral curvature result-
ing in a steeper spectral index in the post-shock
region (i.e., lower a). For a relic seen edge-on, the
downstream luminosity and spectral index profiles
thus directly reflect the aging of the relativistic
electrons (22). To first approximation, the width of
the relic (lrelic) is determined by a characteristic
time scale (tsync) due to spectral aging, and by the
downstream velocity (vd): lrelic ≈ tsync × vd, where
tsync º [B1/2/(B2 + BCMB

2)] × [n(1 + z)]−1/2.
Conversely, from the width of the relic and its
downstream velocity, a direct measurement of the
magnetic field at the location of the shock can be
obtained. Using standard shock jump conditions,
it is possible to determine the downstream veloc-
ity from the Mach number and the downstream
plasma temperature.

The spectral index at the front of the relic is
−0.6 T 0.05, which gives a Mach number of
4:6þ1:3

−0:9 for the shock (14) in the linear regime.
Using the Lx − T scaling relation for clusters (23),
we estimate the average temperature of the ICM
to be ~9 keV. Behind the shock front, the tem-
perature is likely to be higher. Temperatures in
the range of 1.5 to 2.5 times the average value
have previously been observed (24). The derived
Mach number and the advocated temperature
range imply downstream velocities between 900
and 1200 km s−1 (we used an adiabatic expo-
nent of 5/3). For the remainder we adopt a value
of 1000 km s−1. Using the redshift, downstream

velocity, spectral index, and characteristic syn-
chrotron time scale, the width of the relic (in
kpc) can be derived as

lrelic, 610 MHz ≈ 1:2" 103
B1=2

B2 þ B2
CMB

ð1Þ

where B and BCMB are in units of mG. Because
BCMB is known, the measurement of lrelic from
the radio maps directly constrains the magnetic
field. From the 610-MHz image (the image with
the best signal-to-noise ratio and highest angular
resolution), the relic has a deconvolved width (full
width at half maximum) of 55 kpc (Fig. 4). Be-
cause Eq. 1 has two solutions, the strength of the

magnetic field is 5 or 1.2 mG. However, projection
effects can increase the observed width of the relic
and affect the derived magnetic field strength.
Therefore, the true intrinsic width of the relic
could be smaller, which implies that B ≥ 5 mG or
≤ 1.2 mG (Eq. 1). We investigated the effects of
projection using a curvature radius of 1.5 Mpc,
the projected distance from the cluster center.
Instead of using Eq. 1, we computed full radio
profiles (25) for different angles subtended by a
spherical shock front into the plane of the sky
(Y; the total angle subtended is 2Y for a shell-
like relic). The profile for Y = 10° and B = 5 mG
agrees best with the observations (Fig. 4). For
Y = 15°, B is 7 mG or 0.6 mG. Values ofY larger

Fig. 2. GMRT 610-MHz
radio image. The im-
age has a RMS noise of
23 mJy beam−1 and a res-
olution of 4.8 arc sec ×
3.9 arc sec. Colors repre-
sent intensity of radio
emission.

200 kpc

Fig. 3. Radio spectral
index and polarization
maps. (A) The spectral
index was determined
using matched observa-
tions at 2.3, 1.7, 1.4, 1.2,
and 0.61 GHz, fitting a
power-law radio spectrum
to the flux density mea-
surements. The map has
a resolution of 16.7 arc
sec × 12.7 arc sec. Con-
tours are from the WSRT
1.4-GHz image and are
drawn at levels of 1, 4,
16, … × 36 mJy per
beam. (B) The polariza-
tion electric field vector
map was obtained with
the VLA at a frequency of
4.9 GHz and has a res-
olution of 5.2 arc sec ×
5.1 arc sec. The contours
are from Fig. 2 and are
drawn at levels of 1, 4,
16, … × 70 mJy per
beam. The length of the
vectors is proportional
the polarization fraction,
which is the ratio be-
tween the total intensity
and total polarized inten-
sity. A reference vector for 100% polarization is shown in the upper left corner. The vectors were
corrected for the effects of Faraday rotation using a Faraday depth of −140 rad m−2 determined from
WSRT observations at 1.2 to 1.8 GHz.
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Model for primary e-s 
dn(E)

dt
= �n(E)r · v +r·[D(E)rn(E)] +

@

@E
[Ėn(E)] + q(E)

diffusion-loss eq. for primary e-s

n(E)dE number density of e-s with energy [E,E+dE]; d/dt Lagrangian derivative 

@N(E)

@t
=

@

@E
[ĖN(E)] +Q(E)

volume integrated 1-zone model;   
assuming confinement of e-s
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We will detail the assumptions that go into the computation of
the reacceleration coefficient in our simulations in Section 4.2,
in particular, the evaluation of ⟨k⟩, Rc, and vt .

The rate of energy losses due to synchrotron and IC scattering
off of cosmic microwave background (CMB) photons for
individual electrons is (in cgs units)

(
dp

dt

)

rad
= − 4.8 × 10−4p2

[(
BµG

BCMB

)2 sin2 θ

2/3
+ (1 + z)4

]

= − βp2

mec
. (20)

Since our relativistic particles are not individual electrons
but samples of the electron distribution function (and hence
represent many electrons), we assume for simplicity that each
relativistic particle represents an isotropic distribution of pitch
angles, with ⟨sin2 θ⟩ = 2/3. BCMB = 3.2(1 + z)2 µG is the
equivalent magnetic field strength for the CMB at present, where
z is the cosmological redshift.

In our simulation the core passage of the disturbing subcluster
occurs at t ∼ 1.8 Gyr from the beginning of the simulation, and
our particle trajectories begin at t = 2.55 Gyr (after the onset of
turbulence due to sloshing, see Section 5.1), and we assign the
redshift z = 0 to the epoch t = 5 Gyr of the simulation, in order
to reproduce some of the observed nearby clusters exhibiting
cold fronts in their cores. Under these conditions, the redshift
at each epoch is computed from the simulation time assuming a
h = 0.7, ΩM = 0.3, and ΩΛ = 0.7 ΛCDM cosmology.

The Coulomb losses are given by (in cgs units)
(

dp

dt

)

coll
= −3.3 × 10−29nth

[
1 +

ln (γ /nth)
75

]
, (21)

where nth is the number density of thermal particles.

3.4. Solving for the Evolution of the Relativistic Particles

If spatial diffusion is not important, formally the time evolu-
tion of the relativistic electron momentum distribution N(p,t) is
a solution to the Fokker–Planck equation (Brunetti & Lazarian
2007):

∂N (p, t)
∂t

= ∂

∂p

[
N (p, t)

(∣∣∣∣
dp

dt

∣∣∣∣
rad

+
∣∣∣∣
dp

dt

∣∣∣∣
coll

− 4Dpp

p

)]

+
∂2

∂p2
[DppN (p, t)] (22)

Solving this equation numerically can be expensive, particu-
larly for the case of many individual tracer particle trajectories
as in our simulation. However, as previously described, we have
chosen to evolve relativistic “sample” particles instead of N(p,t)
explicitly, which can be thought of as the probability density for
the random variable Pt, which corresponds to the momenta of
the sample particles. For a given Fokker–Planck equation and
distribution function N(p,t) there is a corresponding stochas-
tic differential equation (SDE) for the evolution of Pt for an
ensemble of sample particles. By following the momentum tra-
jectories of many sample particles, we may reliably approxi-
mate the behavior of N(p,t) and the observable quantities that
depend on it, such as the resultant synchrotron and IC emis-
sion. SDEs have been used extensively in other astrophysical
contexts, in particular, for the integration of cosmic-ray trajec-
tories in the heliospheric and galactic magnetic fields (Zhang

1999; Florinski & Pogorelov 2009; Pei et al. 2010; Strauss
et al. 2011; Kopp et al. 2012). The main differences between
our approach and many of these works is that (1) we are only
integrating the momentum of each particle as the relativistic
particles are assumed to follow the tracer particle trajectories in
space and (2) we are integrating the equations forward in time
instead of backward to the original source of particles.

The SDE that corresponds to the above Fokker–Planck
equation is given (in the Itō formulation) by

dPt = a(p, t)dt + b(p, t)dWt, (23)

where the “drift” term is

a(p, t) =
∣∣∣∣
dp

dt

∣∣∣∣
rad

+
∣∣∣∣
dp

dt

∣∣∣∣
coll

−4Dpp

p
(24)

and the “stochastic” term is

b(p, t)dWt =
√

2DppdWt ∼
√

2DppdtN (0, 1), (25)

where dWt is a standard Wiener (or “Brownian motion”) process
and N (0, 1) is a normal distribution with zero mean and unit
variance (the “∼” symbol here indicates “is distributed as”).
The effects of each of these terms on the relativistic electron
spectrum will be shown in the Appendix.

We have integrated the drift term of this equation using a
fourth-order Runge–Kutta method. To integrate the stochastic
term, we use the Milstein method (Kloeden & Platen 2011).
This results in the following discretization for Equation (25):

b(p, t)dWt ≈ b(p, t)∆Wn +
1
2
b(p, t)

∂b(p, t)
∂p

[(∆Wn)2 − ∆t],

(26)
where

∆Wn ∼
√

∆tN (0, 1). (27)

This equation is integrated for each relativistic particle along
each tracer particle trajectory with a variable time step for each
tracer particle ∆tj = min{0.1(pi,j /ṗi,j ), 0.1(p2

i,j /Dpp,i,j)} to
ensure stability. To determine the fluid quantities (ρ, T , δv, B) at
any point on the trajectory, they are linearly interpolated between
the saved instances of each particle along that trajectory, which
have a time resolution of 10 Myr. In the Appendix we provide
tests of our method when compared to analytical solutions
and the results of a Fokker–Planck calculation. A detailed
description of the method and the code will be the subject of a
future paper (J. A. ZuHone et al., in preparation).

4. RESULTS: TURBULENCE

4.1. Characteristics of Turbulence Generated
in the Sloshing Region

In the sloshing/reacceleration hypothesis for radio mini-halos
that we are testing in this work, the radio emission coincident
with the envelope of the cold fronts as seen in X-rays is due
to the turbulence that is associated with the sloshing motions.
Figure 3 shows the spiral shape in temperature that results from
the sloshing motions for a few different epochs of the simulation.
We now determine the location and spectrum of turbulence
that results from the encounter with the subcluster. We note
at the outset that a very recent work (Vazza et al. 2012), using
an improved filtering technique, produced turbulent velocity
maps and power spectra for gas sloshing in the core of a galaxy

6
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We will detail the assumptions that go into the computation of
the reacceleration coefficient in our simulations in Section 4.2,
in particular, the evaluation of ⟨k⟩, Rc, and vt .

The rate of energy losses due to synchrotron and IC scattering
off of cosmic microwave background (CMB) photons for
individual electrons is (in cgs units)

(
dp

dt

)

rad
= − 4.8 × 10−4p2

[(
BµG

BCMB

)2 sin2 θ

2/3
+ (1 + z)4

]

= − βp2

mec
. (20)

Since our relativistic particles are not individual electrons
but samples of the electron distribution function (and hence
represent many electrons), we assume for simplicity that each
relativistic particle represents an isotropic distribution of pitch
angles, with ⟨sin2 θ⟩ = 2/3. BCMB = 3.2(1 + z)2 µG is the
equivalent magnetic field strength for the CMB at present, where
z is the cosmological redshift.

In our simulation the core passage of the disturbing subcluster
occurs at t ∼ 1.8 Gyr from the beginning of the simulation, and
our particle trajectories begin at t = 2.55 Gyr (after the onset of
turbulence due to sloshing, see Section 5.1), and we assign the
redshift z = 0 to the epoch t = 5 Gyr of the simulation, in order
to reproduce some of the observed nearby clusters exhibiting
cold fronts in their cores. Under these conditions, the redshift
at each epoch is computed from the simulation time assuming a
h = 0.7, ΩM = 0.3, and ΩΛ = 0.7 ΛCDM cosmology.

The Coulomb losses are given by (in cgs units)
(

dp

dt

)

coll
= −3.3 × 10−29nth

[
1 +

ln (γ /nth)
75

]
, (21)

where nth is the number density of thermal particles.

3.4. Solving for the Evolution of the Relativistic Particles

If spatial diffusion is not important, formally the time evolu-
tion of the relativistic electron momentum distribution N(p,t) is
a solution to the Fokker–Planck equation (Brunetti & Lazarian
2007):

∂N (p, t)
∂t

= ∂

∂p

[
N (p, t)

(∣∣∣∣
dp

dt

∣∣∣∣
rad

+
∣∣∣∣
dp

dt

∣∣∣∣
coll

− 4Dpp

p

)]

+
∂2

∂p2
[DppN (p, t)] (22)

Solving this equation numerically can be expensive, particu-
larly for the case of many individual tracer particle trajectories
as in our simulation. However, as previously described, we have
chosen to evolve relativistic “sample” particles instead of N(p,t)
explicitly, which can be thought of as the probability density for
the random variable Pt, which corresponds to the momenta of
the sample particles. For a given Fokker–Planck equation and
distribution function N(p,t) there is a corresponding stochas-
tic differential equation (SDE) for the evolution of Pt for an
ensemble of sample particles. By following the momentum tra-
jectories of many sample particles, we may reliably approxi-
mate the behavior of N(p,t) and the observable quantities that
depend on it, such as the resultant synchrotron and IC emis-
sion. SDEs have been used extensively in other astrophysical
contexts, in particular, for the integration of cosmic-ray trajec-
tories in the heliospheric and galactic magnetic fields (Zhang

1999; Florinski & Pogorelov 2009; Pei et al. 2010; Strauss
et al. 2011; Kopp et al. 2012). The main differences between
our approach and many of these works is that (1) we are only
integrating the momentum of each particle as the relativistic
particles are assumed to follow the tracer particle trajectories in
space and (2) we are integrating the equations forward in time
instead of backward to the original source of particles.

The SDE that corresponds to the above Fokker–Planck
equation is given (in the Itō formulation) by

dPt = a(p, t)dt + b(p, t)dWt, (23)

where the “drift” term is

a(p, t) =
∣∣∣∣
dp

dt

∣∣∣∣
rad

+
∣∣∣∣
dp

dt

∣∣∣∣
coll

−4Dpp

p
(24)

and the “stochastic” term is

b(p, t)dWt =
√

2DppdWt ∼
√

2DppdtN (0, 1), (25)

where dWt is a standard Wiener (or “Brownian motion”) process
and N (0, 1) is a normal distribution with zero mean and unit
variance (the “∼” symbol here indicates “is distributed as”).
The effects of each of these terms on the relativistic electron
spectrum will be shown in the Appendix.

We have integrated the drift term of this equation using a
fourth-order Runge–Kutta method. To integrate the stochastic
term, we use the Milstein method (Kloeden & Platen 2011).
This results in the following discretization for Equation (25):

b(p, t)dWt ≈ b(p, t)∆Wn +
1
2
b(p, t)

∂b(p, t)
∂p

[(∆Wn)2 − ∆t],

(26)
where

∆Wn ∼
√

∆tN (0, 1). (27)

This equation is integrated for each relativistic particle along
each tracer particle trajectory with a variable time step for each
tracer particle ∆tj = min{0.1(pi,j /ṗi,j ), 0.1(p2

i,j /Dpp,i,j)} to
ensure stability. To determine the fluid quantities (ρ, T , δv, B) at
any point on the trajectory, they are linearly interpolated between
the saved instances of each particle along that trajectory, which
have a time resolution of 10 Myr. In the Appendix we provide
tests of our method when compared to analytical solutions
and the results of a Fokker–Planck calculation. A detailed
description of the method and the code will be the subject of a
future paper (J. A. ZuHone et al., in preparation).

4. RESULTS: TURBULENCE

4.1. Characteristics of Turbulence Generated
in the Sloshing Region

In the sloshing/reacceleration hypothesis for radio mini-halos
that we are testing in this work, the radio emission coincident
with the envelope of the cold fronts as seen in X-rays is due
to the turbulence that is associated with the sloshing motions.
Figure 3 shows the spiral shape in temperature that results from
the sloshing motions for a few different epochs of the simulation.
We now determine the location and spectrum of turbulence
that results from the encounter with the subcluster. We note
at the outset that a very recent work (Vazza et al. 2012), using
an improved filtering technique, produced turbulent velocity
maps and power spectra for gas sloshing in the core of a galaxy
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Summary
• clusters very important for cosmology, 

galaxy formation, SMBH, feedback, 
lensing, dark matter 

• multi-wavelength observations from radio 
to gamma rays 

• have cosmic baryon fraction with most of 
them in diffuse plasma 

• thermal & non-thermal physics of plasmas 
& radiation 

Thank you for your attention!


