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Abstract
We examine AGN heating in a carefully selected sample of distant 
X-ray clusters by cross correlating clusters selected from the 400 
Square Degree X-ray Cluster survey with radio sources in the 
NRAO VLA Sky Survey.  The jet power for each radio source was 
determined using scaling relations between radio power and 
cavity power determined for nearby clusters, groups, and galaxies 
with atmospheres containing X-ray cavities. We find no significant 
correlation between radio power, and therefore jet power, and 
the X-ray luminosities of clusters lying between redshifts 0.1 and 
0.6. The incidence of radio AGN does not strongly correlate with 
the X-ray luminosity. The detection frequency of radio AGN in 
400SD clusters in inconsistent with the presence of strong 
cooling flows. The average jet power of central radio AGN is 
approximately 2x1044 erg s-1, while the average jet power may 
reach ~1045 erg s-1 when all (net) radio sources within 1Mpc of 
the clusters are included. The heating energy per particle is 
approximately 0.1-0.2 keV/particle from AGN within a 250 kpc 
radius, and 0.4-0.8 keV/particle within a 1Mpc radius.  Assuming 
the current AGN heating rate is constant out to redshifts z=2, 
these figures are expected to increase by a factor of two. 
Therefore our results suggest that the integrated heating energy 
from radio AGN outbursts in clusters is significant, compared to 
the excess entropy found in the hot atmospheres of clusters that 
is needed to explain the breaking of self-similarity in cluster 
scaling relations. While it is unclear whether the AGN in 400SD 
clusters are maintained by a self-regulated feedback loop, they 
may play a significant role in preventing the development of 
strong cooling flows at early epochs.  

Introduction
•The amount of released by AGN, on the order of 1062 MBH/[109 Msun] 
erg s-1, is more than enough to be the major heating source 
responsible for the two phenomena in clusters: cooling flow 
problem, and the deviation of Lx-T relation in the low mass end. 
Nevertheless, how and where the energy is distributed into the ICM 
remains an issue. 

•A close correspondence between X-ray cavities and radio lobes 
argues that cavities are created when powerful jets from 
supermassive black holes in AGN inflate radio lobes, driving the hot 
ICM aside. The minimum energy required to create a cavity is its 
enthalpy, which has been used to estimate the energies injected by 

AGN into the ICM. 

•A s c a l i n g r e l a t i o n 
between the power 
injected by the AGN and 
the i r 1 . 4GHz r ad io 
luminosity are found in 
e.g. Cavagnolo et al. 
2 0 1 0 . T h e r e l a t i o n 
provides a practical way 
to es t imate the je t 
powers without deep X-
ray exposures. 

•Using the scaling relation 
and the NRAO VLA Sky 
Survey data, we attempt 

to estimate the average AGN heating energy in “normal” clusters. 

X-RAY CAVITIES IN CLUSTERS

WITH POWERFUL RADIO

GALAXIES

Measurements of X-ray “cavities” in the hot
intracluster medium have confirmed the signif-
icant role of extragalactic radio sources in the
energetics of the intracluster medium (ICM; re-
viewed by McNamara & Nulsen 2007). X-ray
cavities are commonly found in the dense cores
of galaxy clusters, associated with radio-loud ac-
tive galactic nuclei (AGN). The close correspon-
dence between cavities and radio lobes argues
that cavities are created when powerful jets from
supermasssive black holes in AGN inflate radio
lobes, driving the hot ICM aside. An inflating
lobe does work on the ICM and, as it ages, the
buoyant lobe rises, interacting with the ICM and
supplying energy to it in various forms. Ulti-
mately, most of the free energy of radio lobes is
incorporated into the ICM, although details of
this process have yet to be settled.

High resolution X-ray data have provided a
means to quantify the energy and power de-
posited by the radio outbursts in clusters and
they are found to be large. In particular, the
average power is close to that required for two
significant phenomena in galaxy clusters. First,
cool, dense cores found in the X-ray atmospheres
of clusters are expected to cool e!ciently to low
temperatures (Fabian 1994). However, the lev-
els of cold gas and star formation lie well below
the values expected from pure radiative cooling
(reviewed by Peterson & Fabian 2006). The gen-
erally accepted solution is that the cooling is be-
ing compensated by one or more heating mech-
anisms, including AGN heating. Second, galaxy
groups and poor clusters are less luminous than
expected based on the LX-T relation derived for
massive clusters (e.g. Markevitch et al. 1998).
This is interpreted as a break of the self-similar
scaling relation between X-ray luminosity and
gas temperature expected in structure formation
models that include only gravitational heating
(Kaiser 1986). The lower than expected X-ray
luminosity for a given temperature is thought
to reflect extra entropy (heat) in the gas that
was injected by star formation and AGN at early

times (e.g. Kaiser 1991).
A critical question is how much energy re-

leased by AGN is distributed into the ICM. The
minimum energy required to create a cavity is its
enthalpy. A number of authors have used this to
estimate the energies injected by AGN into the
ICM (jet power; B̂ırzan et al. 2004, B̂ırzan et al.
2008 (B08 hereafter), and Cavagnolo et al. 2010
(C10 hereafter)). For example, in a sample of
33 clusters studied by Ra"erty et al. (2006), for
more than half of the clusters, the AGN is pro-
viding enough power to compensate for cooling.
AGN outbursts are not found in every cool core
cluster, suggesting that the outbursts are inter-
mittent. If so, we need to compare the time aver-
aged AGN power input to the ICM to the power
radiated by the ICM. This can be done by com-
paring the sample averages for a well-defined,
statistically complete, and unbiased sample.
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Figure 1: Cavity power vs. radio power (C10). Or-

ange triangles represent galaxy clusters from B08.

Other filled symbols represent galaxies added by C10.

The open circles represents the two clusters in our

proposed sample with archived ACIS-S data. The

dashed and dotted lines show the scaling relations

derived, respectively, from all data and data of B08.

Such samples are available at other wave-
lengths, but the analysis then requires some
means to determine the power injected into the
ICM by the AGN. To provide an alternative
to deep X-ray data, B08 and C10 have deter-
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Data
• We matched the coordinate of 196 clusters in 400 Square Degree    
survey with z>0.1 and covered by the NVSS survey with that of the 

NVSS sources. 

•782 radio sources 
above a flux limit of 
3mJy are located within 
2Mpc of 166 clusters. 
Of these sources, 61 
are located within a 
250kpc radius of 56 
clusters. 

•Thus, roughly 30% of 
the 400SD clusters 

show radio emission within the central 250kpc that is presumably 
associated with the BCGs. 

Results
•We found no correlation 
between radio power and  
X-ray luminosity of the 
400SD clusters. 

•We found no correlation 
between fraction of clusters 
with NVSS radio sources 
and X-ray luminosity of the 
400SD clusters, either. Since 
the X-ray luminosity of a cluster correlates with its richness, 
this implies that richer clusters have fewer radio AGN per 
galaxy. 

•We found only modest 
correlation between radio 
power and incidence of 
radio detection in 400SD 
clusters with redshi ft . 
Although it is difficult to 
completely rule out the bias 
in a flux-limited sample, our 
results are qualitatively 
consistent with redshift evolution of the radio AGN 
detection rate in clusters by e.g. Galametz et al. 2009.

•We have estimated the average jet power and the rate of 
AGN heating in clusters using the scaling relation. The 
average jet power is about 2x1044 erg s-1 for radio AGNs 
within 250 kpc radius of the 400SD clusters and about 1045 
erg s-1 for sources within 1Mpc radius. We found that the 
average jet power and AGN heating rate do not correlate 
with total X-ray luminosity of the 400SD clusters. Therefore, 
the heating rate per particle will be larger in less massive 
systems. 

•The AGN heating within the core of clusters can reach 
0.2keV/particle for poor cluster with typical X-ray 
luminosities of 5x1043 erg s-1. The AGN heating rate will 

3

0.0 0.2 0.4 0.6 0.8 1.0
z

0.01

0.10

1.00

10.00

L X
,b

ol
  1

044
 e

rg
/s

FIG. 1.— X-ray bolometric luminosity distribution with redshift. Red dots
mark the clusters with matched radio sources within 2Mpc radius. Those
clusters with radio sources at the center (r< 250 kpc) are plotted with blue
circles. For the clusters located at the region of NVSS survey and no radio
sources detected are marked with black spheres. The other 400SD clusters
with z < 0.1 are marked with dots. The Y-axis is Bolometric luminosity
derived using PSPC flux in 0.5!2.0 keV assuming LX-T relation (see §2.1).
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FIG. 2.— Offsets between cluster centers measured using ACIS and PSPC
data. The offsets are estimated from a subset (52) of clusters with ACIS im-
ages. The upper histogram shows angular separation and the lower histogram
shows projected distance at the cluster redshift. The mean offset is marked
by a red vertical line.

We examined the uncertainty in the luminosities derived
from the PSPC fluxes using more accurate Chandra fluxes
(from Table 1 of Vikhlinin et al. 2009). In Fig. 3, the frac-
tional difference between the PSPC and Chandra luminosities
is described by a Gaussian distribution with a mean of 0.2%
and a standard deviation of 15%. Outliers are likely caused by
contamination from X-ray point sources. This level of uncer-
tainty is consistent with the estimate (19± 0.6%) of Burenin
et al. (2007).

2.2. NVSS sources
In order to match the coordinates of 400SD clusters with

1.4 Ghz sources in the NVSS (Condon et al. 1998), we ex-
tracted a subsample consisting of the 400SD clusters in the
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FIG. 3.— Fractional error in PSPC luminosity. The error is calculated by
comparing the PSPC luminosity with the luminosity derived from the Chan-
dra ACIS flux. The histogram is well fitted by a Gaussian with a mean of
0.002 and a ! of 0.15, with a few outliers. In the inset, we see that the outliers
are low luminosity clusters, the fluxes of which can be boosted significantly
by contaminating point sources.
region covered by the NVSS survey. This procedure yields
196 clusters at z > 0.1. We find, in total, 782 radio sources
above a flux limit of 3 mJy 5, located within a projected dis-
tance of 2 Mpc of 166 clusters at z > 0.1. Of these sources, 61
are located within a 250 kpc radius of 56 clusters at z > 0.1.
Considering the uncertainty in the centroids for the 400SD
clusters (§2.1) and the resolution of NVSS images, all sources
within 250 kpc are consistent with being associated with the
central galaxies of the clusters. We note that a small fraction
of these matched radio sources are background sources seen
in projection and are not physically associated with the clus-
ters. We discuss the background correction in §2.3.
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FIG. 4.— Radio luminosity of NVSS sources around clusters. The luminos-
ity density of matched NVSS sources are plotted with respect to the redshift
of their associated cluster. The red spheres mark the sources within 250 kpc
radius of cluster core, and the smaller black dots mark those within 2 Mpc
radius.

We calculated the radio power density, P1.4 (Fig. 4), for
each matched NVSS source, using the cluster redshift and a

5 The completeness reaches 90% at 3 mJy (Condon et al. 1998). We also
tried a lower flux limit, 2 mJy, and found that the results are qualitatively
insensitive to the limit (see §3.4).
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marginally at higher redshift. This may reflect higher AGN
fractions in the past, as suggested by some, e.g.,by Martini
et al. (2007, 2009) for X-ray AGN and by Galametz et al.
(2009) for AGN selected by radio, infrared and X-ray. How-
ever, Gralla et al. (2010) analyzed radio AGN in the 618
clusters of the Red Sequence Clusters Survey at redshifts
0.35 < z < 0.95, finding that the average number of AGN
is independent of redshift. Although they are less signifi-
cant, our results agree better with the trend found for radio
AGN by Galametz et al. (2009), of an increase in incidence
by about a factor of 2 (! 2! significance) from z < 0.5 to
0.5 < z < 1.0.
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FIG. 8.— F1.4 versus FX for the 400SD clusters with NVSS sources within
250 kpc. The expected background fluxes (§2.3) have been subtracted, al-
though the correction is insignificant for this small region.
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FIG. 9.— Ratio of radio power within 250 kpc to X-ray luminosity for
400SD clusters. Dots mark clusters with detected radio sources and upper
limits are for non-detections, assuming one 3mJy radio source in each cluster.
The red curve shows the X-ray flux limit of the survey, for the median radio
flux.

3.2. Radial Distribution of radio AGN in clusters
In Fig. 11, we plot the average number of radio AGNwithin

radius r versus r for the 400SD clusters. The number of radio
sources increases from an average of! 0.3 in the cluster cores
to ! 1 within 2Mpc. However, the number of radio sources
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FIG. 10.— Fraction of radio AGN in cluster cores versus X-ray lumi-
nosity. The ratio of the number of clusters with radio loud AGN within
250 kpc) to the total number of clusters in each X-ray luminosity bin is plotted
against the X-ray luminosity. To reveal the effect of the redshift-dependent
luminosity cut, the clusters are separated into two subsamples by redshift,
0.3 < z < 0.5 (blue) and 0.1 < z < 0.3. The mean redshift of each bin
is marked on the plot. Only radio sources with P1.4 > 3 1024WHz!1 are
counted, corresponding to the radio power limit at z ! 0.5. Uncertainties are
calculated assuming Poisson statistics.
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FIG. 11.— Distribution of radio sources around 400SD clusters. The ra-
dio sources are grouped into two subsamples by redshift of the host cluster:
0.1 < z < 0.3 for the solid line and 0.3 < z < 0.5 for the red dashed line.
The grey solid line shows the distribution for lower redshift sources, for clus-
ters with LX,bol > 1044 erg s!1 for the host clusters. The numbers have
been corrected for background sources (§2.3). Error bars show the standard
deviations for each point, while those for the gray solid line are omitted for
clarity.

increases much more slowly than the area (i.e., " r2), con-
sistent with the observation that the surface density of radio
sources peaks at cluster centers (Ledlow & Owen 1995; Best
et al. 2007; Lin & Mohr 2007; Croft et al. 2007).
Since most 400SD clusters have no more than one radio

source within 250 kpc, the average number of radio sources
shown as the leftmost point in Fig. 11 is equivalent to the ra-
dio source fractions in Fig. 10. The average number of radio
sources we find in the cores of 400SD clusters is significantly
lower than the fraction of radio-loud BCGs in nearby cooling
core clusters, which lies between 75% to 100% (Burns 1990;
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FIG. 11.— Distribution of radio sources around 400SD clusters. The ra-
dio sources are grouped into two subsamples by redshift of the host cluster:
0.1 < z < 0.3 for the solid line and 0.3 < z < 0.5 for the red dashed line.
The grey solid line shows the distribution for lower redshift sources, for clus-
ters with LX,bol > 1044 erg s!1 for the host clusters. The numbers have
been corrected for background sources (§2.3). Error bars show the standard
deviations for each point, while those for the gray solid line are omitted for
clarity.

increases much more slowly than the area (i.e., " r2), con-
sistent with the observation that the surface density of radio
sources peaks at cluster centers (Ledlow & Owen 1995; Best
et al. 2007; Lin & Mohr 2007; Croft et al. 2007).
Since most 400SD clusters have no more than one radio

source within 250 kpc, the average number of radio sources
shown as the leftmost point in Fig. 11 is equivalent to the ra-
dio source fractions in Fig. 10. The average number of radio
sources we find in the cores of 400SD clusters is significantly
lower than the fraction of radio-loud BCGs in nearby cooling
core clusters, which lies between 75% to 100% (Burns 1990;

increase to 0.8keV/particle, if all radio sources within 1Mpc 
radius are considered. These numbers are calculated within 
the redshift range of our sample, i.e. 0.1<z<0.6. If we 
extrapolate the result to redshift z=2 ignoring the AGN 
evolution, the integrated AGN heating per particle will 
increase by a factor of 2. 
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FIG. 15.— Ratio of jet power to X-ray luminosity for versus X-ray lumi-
nosity. Similar to Fig.14, but here the sample is grouped by X-ray luminosity.

Radio power has been shown to correlate with “cavity
power,” an estimate of the mean power of radio jets based
on enthalpies and ages of X-ray cavities (Bı̂rzan et al. 2004,
2008; Cavagnolo et al. 2010). Given their close correspon-
dence to radio lobes, cavities are assumed to be formed by
AGN outbursts. As a cavity rises buoyantly and expands, its
enthalpy is expected to be released into the hot atmosphere
that hosts it (reviewed in McNamara & Nulsen 2007). This is
one of several mechanisms by which radio outbursts may heat
the gas. Other mechanisms include shock waves or sound
waves created by the expansion of cavities (Forman et al.
2005; McNamara et al. 2005; Fabian et al. 2005b; Nulsen
et al. 2005a,b; Forman et al. 2007) and thermalization of cos-
mic rays leaked from a radio source (Böhringer & Morfill
1988; Mathews 2009; Guo & Mathews 2011). Here, we esti-
mate jet powers, Pjet, using the P1.4 – Pjet scaling relation of
Cavagnolo et al. (2010),

log Pjet = 0.75 (±0.14) log P1.4 + 1.91 (±0.18), (3)

which is expected to provide, on average, a minimum esti-
mate for the total power injected into a cluster by a radio
AGN. Here, Pjet is in units of 1042 erg s!1, and P1.4 in unit of
1040 erg s!1. The scatter in the correlation between jet power
and radio luminosity is !1.4 = 0.78 dex. It is dominated by
the intrinsic scatter (Bı̂rzan et al. 2008), due to a number of ef-
fects, including aging, and differences in particle content and
magnetic field. The relationship (Eqn. 3) is determined over
6 decades in P1.4 (1037-1043 erg s!1), including data for nu-
clear radio sources for BCGs in cooling core clusters, withLX

up to 1045 erg s!1, and low power sources in giant ellipticals
with LX around 1043 erg s!1. The large scatter in this scaling
relation implies that the jet power estimate it provides for any
individual object has an uncertainty approaching a factor of
10.
We estimate the jet power for of the cluster radio sources

using Eqn. 3, albeit with a large intrinsic uncertainty. Assum-
ing the errors are random, we expect the uncertainty in the
ensemble average to be reduced to an acceptable level. More
importantly, the average jet power calculated for an unbiased
sample should provide an estimate of the contribution to the
energy budget of AGN power integrated across the sample. A
more precise measurement of jet power may be obtained for

an individual object by analyzing its X-ray cavities. Despite
being more precise, the measurement is only an instantaneous
snap shot of its current jet power, and does not necessarily
reflect the historical average AGN power. The ages of FR
1 radio AGN outbursts in clusters lie typically between 107

to 108 yrs, and the lives of powerful FRII sources are even
shorter (O’Dea et al. 2009). These time scales are much less
than cluster ages, which greatly exceed 109 years. Therefore,
an estimate of the time average jet power is required to cal-
culate the total AGN energy input to the clusters over cosmic
time. This quantity may be estimated by averaging jet power
over a sufficiently large and unbiased sample of clusters, as
we have done here.
In Fig. 13, we show our estimate of the average jet power

(P̄jet), using a Monte-Carlo method that allows for the uncer-
tainty in the radio flux and the parameters in Eqn. 3, the distri-
bution of radio spectral indices8, and the large intrinsic scatter
(!1.4) in the relation (Eqn. 3) to estimate confidence ranges.
Overall, the confidence ranges shown in Fig. 13 are dominated
by !1.4. Note that we use the arithmetic mean value of Pjet,
excluding the brightest source (see §3.2). While this gives a
mean power that is substantially greater than the “mean” of
the log-normal distribution of jet powers, assumed implicitly
in the correlation (Eqn. 3), our purpose is to determine the av-
erage energy deposited by AGN, not its distribution, so that
the arithmetic mean is the appropriate estimator.
We find that the average jet power in the cores of the 400SD

clusters is 2!1044 erg s!1and does not show a significant red-
shift evolution. The slight increase in the jet power at higher
redshift reflects the increased AGN fraction shown in Fig. 10
and Fig. 11. The typical total X-ray luminosity of the 400SD
clusters (Fig. 1, 0.2 < z < 0.6) is " 3! 1044 erg s!1, so that
the average jet power in these clusters is about 50% of their
X-ray luminosity (Fig. 14). Comparing the two plots (Fig. 13
and Fig. 14), we find that the higher ratio of jet power to X-
ray luminosity for the lowest redshift bin shown in Fig. 14
is caused primarily by selection effects. Using an X-ray flux
limit reduces the average X-ray luminosity at lower redshifts,
while lower luminosity clusters at higher redshifts fall below
the detection threshold. Excluding low luminosity clusters
(LX < 1044 erg s!1) for the low redshift bin 0.1 < z < 0.2
gives an average jet power (star symbols in Fig. 13) that is
comparable to the values at higher redshifts, consistent with
the average radio power being largely independent of the red-
shift, as argued in §3.2 (see Fig. 12). It suggests that the av-
erage jet power does not depend on the X-ray luminosity of a
cluster. If so, the impact of AGN on the gas will be greater in
lower luminosity, hence less massive, systems. Fig. 15 shows
that the minimum jet power may exceed the power radiated
by the ICM in group-scale objects with Lx < 1044 erg s!1. If
the jet power is mostly retained by the hot atmospheres and
not radiated away, AGN can cause a net increase of entropy
in low mass systems.
We note that the jet power of the extreme radio source

3C288 was omitted from the calculations here (§3.2). Its jet
power of 9.8! 1045 erg s!1estimated from the radio power is
"15 times larger than the value estimated by Lal et al. (2010)
(6.1! 1044 erg s!1). The radio power may be overestimated
due to contributions of bright spots in the complex radio struc-
ture shown in the top left panel of Fig. 7. In principle, the jet
power should be determined from the diffuse power emitted

8 A Gaussian distribution with a mean of 0.75 and a ! of 0.10 (Condon
1992) is assumed for the spectral indices.

Conclusion
If the heated gas is unable to cool quickly enough, the 
entropy of their hot atmospheres will rise above the 
values expected from gravitational heating alone. In 
fact, we found that the amount of AGN heating of the 
hot atmospheres is a significant fraction of the heating 
required to ``preheat'' clusters (e.g. Wu et al. 2000).  
This so-called preheating phase is thought to occur 
during the epoch of galaxy formation at redshifts of 3 
and beyond (Kaiser et al. 1991). Our results are 
consistent then with significant AGN heating of cluster 
atmospheres long after the epochs of galaxy and cluster 
formation, and throughout the formation history of 
clusters. Thus, the heating that apparently broke the 
self-similarity of cluster scaling relations appears to have 
occurred continuously, and not necessarily at a single 
epoch. 

References:
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MNRAS, 318, 889;  
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Edwards et al. 2007; Dunn et al. 2006; Mittal et al. 2009).
This fraction is expected to correlate with the central cooling
time. Our detection fraction is close to the fraction of radio
sources found in nearby, non-cooling core clusters (45%) as
defined by Mittal et al. (2009), and is identical to the fraction
found in optically selected clusters (30%) determined by Best
et al. (2007). While a more quantitative comparison between
the numbers is difficult, a low radio source fraction for the
400SD clusters is consistent with our claim that most of them
lack strong cooling cores. At the same time, our detection
fraction is significantly higher than the radio loud fraction of
isolated ellipticals, which is ! 15% Best et al. (2007). So
it is possible that our host galaxies lie at the centers of weak
cooling flows. This issue will need to be addressed using deep
X-ray imaging.
In Fig. 11, the clusters are divided into two redshift ranges,

0.1 < z < 0.3 (solid line) and 0.3 < z < 0.5 (red dashed
line). We find that the average number of radio sources in-
creases with redshift, consistent with the discussion of Fig. 10
in §3.1. In order to show that the redshift dependence is not
a consequence of the X-ray flux limit (i.e., luminosity limit)
for the higher redshift clusters, we also plot the distribution
of radio sources for lower redshift clusters with LX,bol >
1044 erg s!1 (grey solid line). This comparison shows that
the spatial distribution of radio sources around these clusters
is not significantly different from that for all lower redshift
clusters in the 400SD sample.
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FIG. 12.— Distribution of radio power around 400SD clusters. The sym-
bols are the same as for Fig. 11, but here the average power of NVSS radio
sources within r is plotted against r. Note that the brightest source (3C288,
with P1.4 ! 700 " 1024WHz!1, see Fig. 4) at z ! 0.25 is omitted (see
§3.2). If its radio power were included, the average powers for the lower red-
shift sources would be increased by 5 " 1024WHz!1. The uncertainty in
the average power is calculated assuming a Gaussian distribution.

Similar to Fig. 11, Fig. 12 shows the distribution of the av-
erage radio power around 400SD clusters. The radio power
also show a modest increase with redshift, but here the impact
of the X-ray flux limit (see the grey solid line) is moremarked.
Note that the average power for the low redshift sample does
not include the brightest radio source (3C288, z = 0.246),
which is roughly an order of magnitude brighter than the sec-
ond brightest source within 250 kpc (Fig. 4). If the contri-
bution of this source was included, the average power of the
low redshift sample would exceed that for the high redshift
sample. We omit this source because the jet power derived

from its radio power exceeds the jet power determined from
its cavities by more than an order of magnitude (see §3.3, Lal
et al. 2010). This discrepancy may simply reflect the large in-
trinsic scatter in the relationship of Eqn. 3, but we are unable
to pursue this issue here, since our sample lacks a statistically
significant population of such extremely luminous, short-lived
sources.
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FIG. 13.— Average jet power (P̄jet) of radio galaxies in the 400SD clusters.
We estimate the jet power of radio sources from the 1.4GHz flux in the NVSS
catalogue, using the calibration of Cavagnolo et al. (2010). The averages are
calculated in 5 redshift bins covering 0.1 < z < 0.6, for the matched NVSS
sources within 250 kpc (black circles) and 1Mpc (red circles) of each cluster
center. For the lowest redshift bin, results are also shown for subsamples
with LX > 1044 erg s!1, plotted as stars. The numbers of clusters hosting
NVSS sources and the total numbers of clusters in each redshift bin are noted
at the bottom/top of the plot. The error bars, estimated using a Monte-Carlo
method, are dominated by the scatter (!1.4) in the correlation between jet
power and radio luminosity.
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FIG. 14.— Ratio of jet power to X-ray luminosity for 400SD clusters versus
redshift. The plot shows the average jet powers from Fig. 13 divided by
the average total X-ray luminosity of the clusters in each redshift bin. The
symbols are as in Fig. 13.

3.3. Jet power estimated from radio power
Scaling relation between jet 
power and radio power from 
Cavagnolo et al. 2010

Lx,bol distribution with redshift 
of 400SD clusters. Blue circles 
mark clusters with radio 
sources at the center.

Correlation between F1.4 and Fx of 
clusters?

Blue: clusters with 
0.3<z<0.5, Red: 
clusters with z<0.3

Black: sources within 250kpc 
radius. Red: sources within 
1Mpc radius.


