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Motivation
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• Clusters of Galaxies:  great laboratories to examine numerous 
effects on the host members and their supermassive black 
holes

• Mergers, 

• Mass Segregation, 

• Tidal Effects, 

• Gas dynamics, 

• Shocks,

• Strangulation,

• Gas stripping,

• Cooling Flows



Radio Cluster Sample

Einstein Symposium3

2

0.0 0.2 0.4 0.6 0.8 1.0

Redshift

13.50

13.75

14.00

14.25

14.50

14.75

15.00

15.25

15.50

lo
g(

M
)

Fig. 1.— Cluster Mass versus redshift distribution of our radio
AGN sample.

redshift evolution, they do find evidence that the radio
AGN number density inversely correlates with cluster
mass. They find that dividing their sample of 577 clusters
into two mass bins above and below log M200 = 14.2M�,
the lower mass bin has a factor 2.0±0.7 higher normaliza-
tion than the higher mass bin. Interestingly, Ehlert et al.
(2015) find a similar trend in the X-ray AGN. They find
that the X-ray AGN number density inversely correlates
with cluster mass as /⇠ M

�1. Based on simulations from
Mamon (1992), an inverse mass relation suggests the X-
ray AGN, i.e. radiative AGN, are consistent with being
triggered by mergers. This inverse mass dependences
derives from the e↵ective cross-section for a galaxy de-
creasing with increasing velocity dispersion of the cluster.
Again this indicates the importance of mergers in cluster
environments for triggering high-accretion rate AGN.

In this paper, we aim to build upon previous radio
AGN studies in order to assess both the evolution and
cluster mass dependences of the number density. Like
previous studies, we use a di↵erential technique to sta-
tistically assess which radio sources are associated with
the cluster. We analyze a sample of 183 X-ray selected
clusters, with well defined centers and masses from high
resolution Chandra X-ray observations (?). Though this
sample is much smaller than previous studies that used
hundreds to tens of thousands of clusters (Lin & Mohr
2007; Sommer et al. 2011; Song et al. 2017), we imple-
ment a model that allows us to not bin the data in either
redshift, mass, or radial space. We therefore utilize all
of the spatial information of our radio AGN and are able
to quantify the redshift and mass dependencies with ex-
ceptional precision.

We discuss the sample selection and radio data in Sec-
tion 2. Next we discuss our model and analysis tech-
niques using a Monte-Carlo Markov-Chain in Section 3.
Finally we discuss the results and implications in Sec-
tions 4 & 5. All errors are 1 � � confidence levels, unless
otherwise specified.

2. DATA

2.1. Cluster Selection

2.2. Radio Data

Our radio AGN source catalog is derived from the
FIRST survey (Becker et al. 1995). This is a radio sur-
vey conducted at 20cm in the B configuration of the Very
Large Array (VLA) beginning in 1995 and ending in 2015
(Helfand et al. 2015). The survey covers 10,575 square
degrees down to a 5� source detection limit of 1mJy with
resolution of 5.4” (FWHM). Elliptical Gaussians were fit
to each source, with peak intensity, major and minor
axes, and position angles all as fit parameters. The in-
tegrated flux density of each Guassian component has
been “Clean-biased” corrected, and given a probability
of being a “real’ source, i.e., not a spurious detection or
a side-lobe (Helfand et al. 2015). This spurious source
probability was developed using an oblique decision tree
comparing FIRST data to deep image of the Galactic
plane (see White 2008, for more details).

Using this extensive initial catalog, we first limit our
sample to areas within 10R500 around each cluster center.
Then we restrict the sample to be sources with a prob-
ability p  0.2 of being a side-lobe or spurious source.
This requirement generally e↵ects the lowest flux den-
sity sources, where detections are near the signal-to-noise
threshold, or sources that are artifacts of the CLEAN
routine. Following this, we combine multiple compo-
nents of extended sources into one source, using the flux-
weighted position as the center. Many radio sources are
extended into head-tail, double-lobe or tripple-lobed ge-
ometries, so it is important not to count these multiple
components as individual sources. Appendix A describes
our decision tree, and we find that 23.6% of our final
catalog are made up of multiple components. This is be-
tween the ⇠30% found by Cress et al. (1996), and the
10% found by Magliocchetti et al. (1998) and ?. The
later two studies likely di↵er from our results because
of a stricter probability threshold and flux density limit.
In addition, as described in Appendix A, our results are
weakly dependent on the exact matching algorithm we
employ.

We require each source to have a peak flux density at
least 5 times that of the region’s maximum root-mean-
square (rms). The rms of each source depends on the ob-
servation depth as well as the CLEAN routine (Helfand
et al. 2015). It therefore varies across the survey foot-
print. We raise the rms value of each source to the maxi-
mum value in that cluster field to ensure that each cluster
field has a uniform detection threshold. Though the limit
is constant across any one cluster field of view, it varies
between cluster fields.

In addition, because sources can be extended, the total
integrated flux density, SI , can be much higher than the
peak flux density, Sp. This leads to an incomplete sam-
ple for a given limit based solely on peak flux density. To
account for this, we use an empirical relation that raises
the integrated flux density limit to SI � (Sp/0.55)1.25.
This empirical relation is derived from our sample in Fig-
ure 2, and ensures that our data is at least 95% complete
given an integrated flux density limit. We also ensure all
of the survey has an integrated flux density above 2.8
mJy, which is where the FIRST survey begins to become
incomplete and spurious sources more prevalent (?).

Finally, we place a lower luminosity cut of
log L1.4GHz � 23 to limit the contribution of star forma-
tion in our analysis. This is the level at which the num-
ber density of field star-forming galaxies is roughly equal

• 183 Clusters in 
FIRST footprint 
from our 400+     
X-ray CATS 
sample 

• tripled our 
sample from 
last year!!! 

• Precise cluster 
masses and 
center of masses 
from high 
resolution Chandra  
X-ray observations



FIRST Survey
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•FIRST survey  - 1.4 GHz VLA  

• S >3 mJy  

• Complete 

• L >1023 W/Hz  

• avoid star formation 
contamination 

• We developed an algorithm to 
combine multiple components 
into one source 

• Point Sources 

• Bipolar Outflows 

• Head-Tails 

• Extended emission & Relics
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Radio AGN Model
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• Differential Analysis to statistically remove the background radio 
sources 

• Inhomogeneous Poisson Spatial Point Process                        
(e.g. Baddeley et al. 2006) 

• We don’t bin the data into radius, cluster mass or redshift bins! 

• Probability of the data given particular model parameters 

• Probability of the model given the data and model priors 

• Use an MCMC to explore this likelihood space
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study of cluster radio AGN (Reddy & Yun 2004; ?; Lin &
Mohr 2007; Sommer et al. 2011; Hart et al. 2011; B̂ırzan
et al. 2017) or cluster members in general (Ehlert et al.
2015). However, our methods improve upon previous
studies by not having to bin our data in either redshift,
cluster mass, or radial bins. This allows us to use a
smaller, but well defined sample, because we are able
to utilize the spatial information of every source and not
lose any information by having to bin the data. To do so,
we analyze the data assuming an inhomogeneous Poisson
Spatial point process, where both the position and num-
ber of sources is distributed as a Poisson distribution
(e.g. Baddeley et al. 2006).

In our model, the probability of a given position in such
a distribution is a function of cluster radius, r (R500) :

ln P (D|µ) / �
Z R

max

0

�(r|µ)2⇡rdr +
NX

i=0

�(ri|µ) (1)

where D is the observed data, µ is the model parameters,
Rmax is the maximum extent of the cluster field, �(r) is
the intensity function, and N is the number of detected
source.

As we aim to determine the model parameters given
our distribution of radio AGN, we implement Bayes rule
to compute the probability of the model parameters given
our observed data:

ln P (µ|D) / �
Z

�(r)2⇡rdr +
NX

i=0

�(ri) + ln P (µ) (2)

Here, P (µ) allows us to incorporate priors on the model
parameters. In order to maximize this probability func-
tion and find the expected values of µ, we employ a
Markov-Chain Monte-Carlo to explore our high dimen-
sional parameter space. See Section 3.2 for more details.

3.1. The Cluster AGN Model

Our model, �(r), is comprised of three components: a
central Gaussian, a � model profile, and a constant back-
ground component. The Gaussian term likely arises from
the distribution of the brightest cluster galaxies (BCG)
around the X-ray center. The second component, the �

model profile (Cavaliere & Fusco-Femiano 1978), is fre-
quently used in fitting distributions of galaxies (Girardi
et al. 1995, e.g.), and AGN (Reddy & Yun 2004; Massardi
& De Zotti 2004; Sommer et al. 2011; ?) in clusters. This
component primarily models the behavior of the rest of
the cluster galaxies. The third component, i.e. the back-
ground, allows us to make a di↵erential measurement
between the background and all of the cluster AGN.

Our model is:

�(r) = (AG�RLF
1

2⇡(�2 + ✏

2)
e

� r

2

2(�2+✏

2)

+AK�RLF

✓
1 +

r

2

r

2
c

◆�3/2�+1/2

)⇥D

2
Ar500(1+z)3+C(> S)

(3)

where r is in units of R500, z is the cluster redshift, AG &
AK are the relative normalizations for the Gaussian and
� model profile components to the field radio luminos-
ity function (RLF), �RLF (Mpc

�3), rc is the core radius

TABLE 1

Background

C0 SB �1 �2

2.16±0.32 140±17 0.72± 0.02 1.94±0.09

Note. — This is the best fit to the background
(3R500 < r < 10R500) flux density given in Figure
5.

where the � model profile turns over (R500), � is the �

model profile power-law index, � and ✏ are used to model
the width of the Gaussian, DA(z) is the angular diameter
distance in terms of R500, r500 is in units comoving Mpc,
the (1+z)3 term corrects for the comoving distance, and
C(> S) is the background, which is dependent on the
flux density limit, S.

The parameter � quantifies the intrinsic spread around
the X-ray center, while ✏ is the estimated radio position
uncertainty. In our analysis, we take the flux weighted
position to be the location of an extend radio AGN
source. In the simplest of cases, the brightest region
may coincide with the core, or it may coincide with a
hotspot at the termination shock of the jet lobes. How-
ever, due to the complex and varying nature of the radio
AGN, there can be a relatively large uncertainty of the
actual AGN position. In order to account for this posi-
tional uncertainty, we estimate ✏ to be half the distance
between the flux weighted center and the nearest com-
ponent. To first order, we assume this distribution to
be Gaussian and convolve it with the Gaussian distribu-
tion of sources around the X-ray center, �, accounting
for 2-Dimensional e↵ects. Because this term is on order
of a few arcseconds, it primarily e↵ects only the central
Gaussian.

3.1.1. Radio Background

We assume the background rate is spatially constant
but varies as a function of the flux density limit, S. We
model this component with a double power-law,

C(> S) =
C0

(S/SB)�1 + (S/SB)�2
(4)

where C0 is a normalization, �1 and �2 are the power-
law indices, and SB is the break flux density. Shown in
Figure 5, is the best fit model to the number of back-
ground sources above a given flux density, i.e., regions
> 3R500. Also shown in Figure 5 is the number density
from the COSMOS field, which we use for comparison
and is in good agreement with our background region.
In addition, we show the number density within < 2R500

of the cluster fields. This cluster distribution is signifi-
cantly higher than the background, especially at higher
flux densities. This behavior is likely the result of the
cluster members being closer than the overall background
distribution, and perhaps an increase in luminosity. The
best fit parameters for C, �1, �2, &SB are given in Ta-
ble 1. After fitting the background component in N-S
space, we use these measurements as priors on C(> S)
in Equation 3.

3.1.2. Field RLF
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f200 = 6.8 +/- 1.7, 
suggesting the number 
density is increasing 
toward the center

20 +/- 7
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12 Michael. B. Pracy et al.

Figure 9. The radio luminosity function of AGN in our 0.005 < z < 0.3 redshift bin separated into LERGs (red diamonds and solid line)
and HERGs (blue triangles and solid line). Left panel: integrated over i < 20.5 and right panel: galaxies with Mi < �23 only. Over-plotted
are double power law fits to the data (solid lines).

Figure 10. The radio luminosity function for LERGs (left column) and HERGs (right column) separated into three redshift bins:
0.005 < z < 0.30 (blue); 0.30 < z < 0.50 (green); 0.5 < z < 0.75 (red). The top row shows the fit to the data (solid lines) assuming pure
density evolution and the bottom row show the fit to the data assuming pure luminosity evolution.

MNRAS 000, 1–18 (2015)

Field RLF from Pracy et al. 2014

LERG HERG

Redshift Evolution

Cluster number density is consistent with the field radio 
luminosity function redshift evolution
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scales as ⇠ (1+z)0.46±0.23 (Pracy et al. 2016). This may
explain why the authors did not measure any redshift
evolution.

A more recent analysis by Sommer et al. (2011) does
find a luminosity dependent evolution when extending
to higher redshift bins. In their maxBCG cluster sam-
ple with 11812 clusters and three redshift bins between
0.1 < z < 0.3, they find a redshift dependence of
(1 + z)3.99±1.24. Although we can not make a direct
comparison to our work because of the di↵erent functions
used to characterize the luminosity function, we can com-
pare the expected integrated number density. We find
consistent number densities in their three redshift bin be-
tween a luminosity range of 24 < log L < 29. However,
Sommer et al. (2011) extend their analysis by using a
smaller X-ray derived sample of 273 clusters, and find
an even steeper luminosity dependence of (1+z)8.19±2.66

using 0.1  z < 0.2, 0.2  z < 0.45, and 0.45  z < 1.26
redshift bins. We find their relation over predicts our ex-
pected number density in the last bin by about a factor
of 3.

Other studies by Hill & Lilly (1991), Hart et al. (2011),
Ma et al. (2013), and B̂ırzan et al. (2017) also find qual-
itative evidence for evolution at the high redshifts, par-
ticularly at high luminosities, log L1.4GHz > 25. Hill &
Lilly (1991) find that when examining 3C sources, higher
luminosity radio sources are more likely to be found in
clusters at redshifts at z ⇠ 0.5 than in clusters at low
redshifts, while low luminosity radio sources show no ev-
idence for evolution. Hart et al. (2011) show that in their
22 cluster sample of Coma “progenitors”, the fraction of
radio galaxies at 0.4 < x < 1.2 is significantly elevated
as compared to Coma cluster. Ma et al. (2013) preform
similar work to Hart et al. (2011) when examining 685
clusters between a redshift of 0.1 < z < 0.6. The authors
again find the radio fraction increases with redshift in
their four redshift bins. B̂ırzan et al. (2017) show that
in their sample of 99 SZ selected clusters at 843 MHz
between 0.3 < z < 1.2, the evolution is consistent with
the field as measured by Pracy et al. (2016). Although
at a lower frequency, this appears to be consistent with
our findings.

4.5. Cluster Mass Dependencies

In addition to examining any extra redshift evolu-
tion, we also explore whether the cluster radio AGN
number density is correlated with cluster mass. We
initially preform two separate parameter searches, al-
lowing ↵M,G and ↵M,K to vary freely. We find that
↵M,K = �0.38+0.14

�0.13 is “strongly” preferred over our fidu-

cial model with a �DIC = 7.5, and ↵M,G = �0.95+0.20
�0.19

is even more preferred as it “decisively” rules out the
fiducial model with �DIC = 20. See Table 2 and Figure
7.

We next set the two mass indices equal to each other
and allow this mass index to vary in another MCMC run.
We find a better fit with ↵M,G = ↵M,K = �0.52± and
a �DIC = 24.9 from the fiducial model. This index
value is part way between the initial values for ↵M,G and
↵M,K . Finally, we allow both parameters to vary freely,
giving the best fit with a �DIC = 28.4 from the fidu-
cial model. In this final model, ↵M,G = �0.94+0.20

�0.19 and
↵M,K = �0.36± 0.13 which are both consistent with the

�1.
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�0.
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�0.
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0.
0
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�0.
4
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�0.
8

�0.
4

0.
0

↵M,G

Fig. 8.— something here

initial values in Models XX and XX. The joint poste-
rior distribution is given in Figure 8 for this final model.
The values of the two parameters, ↵M,G and ↵M,K are
also inconsistent with our null hypothesis of zero with
p-values of p = 3.7 ⇥ 10�6 and p = 5.3 ⇥ 10�3, respec-
tively. In addition, the two values have a probability of
p = 5.8 ⇥ 10�3 of being consistent with each other.

4.5.1. How Robust are ↵M,G & ↵M,K?

We test the robustness of these two mass indices in sev-
eral di↵erent ways. First, we examine wether the central
regions are solely driving ↵M,K , in addition to ↵M,G. We
exclude the region within R < 0.03R500 and fit for ↵M,K .
This isolates the outskirt members and makes sure that
any ↵M,K measurement is not dominated or influenced
by the central BCG behavior. We find a very consistent
value of ↵M,K = 0.34+0.15

�0.14 with the final model, indicat-
ing the radio AGN in the outer regions of the cluster do
have a strong preference for a negative dependence on
↵M,K .

We next try to isolate any selection bias from our clus-
ter sample that might lead to a negative mass index. One
could imagine that because the majority of our low mass
clusters are at low redshifts, there might be a bias to-
ward a larger number density in these low mass clusters,
simply because of the lower luminosity limit. We pre-
form an MCMC run with an increased luminosity limit
of log L > 24.5W to ensure the same luminosity limit
at each cluster out to a redshift of z 0.6 and alleviate
the possibility of this bias. We find that within 1� con-
fidence levels, ↵M,G and ↵M,K are both consistent with
the final model values. This suggests that it is not the
underlying distribution of clusters in mass-redshift space
that is biasing these best fit parameters. Interestingly,
the � model slope in this last fit is 27% larger, indicat-
ing that the brighter sources are more centrally concen-
trated. This is similar to what Lin & Mohr (2007) and
XX, who have also found brighter radio sources are more
centrally concentrated.

Inverse Mass Dependence
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Figure 1. Left: cooling time (at 1 kpc) versus the monochromatic 1.4 GHz radio luminosity for all 75 systems from both B55 and HIFLUGCS. The radio
luminosity is taken from Mittal et al. (2009) where available, otherwise was computed using fluxes from the literature (see Table 3 for details and references).
The filled symbols denote the 31 systems with bubbles (see Section 2.2). The red symbols denote the systems that appear to be undergoing some merger
activity such as major mergers, minor mergers or sloshing. This information is taken from the literature (see Table 4 for references). Overplotted are the lines at
5 × 108, 1 × 109, 3 × 109 yr and 2.5 × 1030 erg s−1 Hz−1 (see the text for details). Right: thermal stability parameter (see Section 3.2) versus the monochromatic
1.4 GHz radio luminosity. The symbols are the same as on the left-hand panel.

two systems, as mentioned in the discussion of Fig. 1 (left), are
corona systems with shallow Chandra observations and we were
not able to get closer to the minicore. On the other hand, A1689 has
a central cooling time of ∼5 × 108 yr, but ηmin much larger than 5.

4.3 Cooling time and X-ray peak/optical core separation

Fig. 2 shows a strong relationship between central cooling time and
the separation between X-ray centroid and the optical centre (see
Table 3). No object with central cooling time less than ∼109 yr has
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Figure 2. Central cooling time (at 1 kpc) versus the separation between the
X-ray peak and the BCG centre. Filled symbols denote the systems with
bubbles and red colours denote the merging systems. Also plotted are the
lines at 5 × 108 yr and 12 kpc.

a separation above 12 kpc, and almost no objects with a separation
above 12 kpc (exceptions A401, A119) have a cooling time below
∼109 yr. Systems with large separation between the optical centre
and the X-ray centroid indicate that they are not dynamically settled
as they are still going through significant merger activity. This trend
is similar to the one in Fig. 1 (left), but much tighter. The only system
with a cooling time below ∼109 yr that has a separation higher than
12 kpc is A4038. This system might have experienced major merger
activity, which might have been created by the radio relic present on
the outskirts of the cluster (Slee & Roy 1998). Furthermore, Rafferty
et al. (2008) show that the systems with larger separation do not
have star formation. This is another indicator that these systems do
not need heating.

5 TH E AG N H E AT I N G D U T Y C Y C L E

5.1 Subsample of clusters that require heating

Our goal is to understand the biases and selection effects in the
detection of X-ray bubbles, and to place limits on the fraction of
systems that can have enough bubble power to balance cooling
(these are the CFs). However, in systems in which no cooling is
expected to occur (i.e. NCFs), one also expects no heating. There-
fore, these systems should not be considered in our analysis. As a
result, a subsample in which feedback is expected to operate must
be defined from these complete samples.

In Fig. 1 (left-hand panel), we found a clear separation between
CF and NCF systems. Furthermore, we found that the criteria us-
ing the thermal stability parameter and cooling time to separate
CF and NCF systems give similar results. Based on these results,
we now define a subsample requiring heating based on the thermal
stability parameter (ηmin less than 5), since this criterium is more
physically motivated. Additionally, based on the clear separation
between clusters seen in Fig. 2 with a cut-off value of inner cooling
time (at 1 kpc) of 1 × 109 yr, and a cut-off value of 12 kpc for the

C⃝ 2012 The Authors, MNRAS 427, 3468–3488
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RASDownloaded from https://academic.oup.com/mnras/article-abstract/427/4/3468/974452/The-duty-cycle-of-radio-mode-feedback-in-complete

by Stanford Medical Center user
on 06 October 2017

• Birzan et al. 2012



Cooling Flows

10

scales as ⇠ (1+z)0.46±0.23 (Pracy et al. 2016). This may
explain why the authors did not measure any redshift
evolution.

A more recent analysis by Sommer et al. (2011) does
find a luminosity dependent evolution when extending
to higher redshift bins. In their maxBCG cluster sam-
ple with 11812 clusters and three redshift bins between
0.1 < z < 0.3, they find a redshift dependence of
(1 + z)3.99±1.24. Although we can not make a direct
comparison to our work because of the di↵erent functions
used to characterize the luminosity function, we can com-
pare the expected integrated number density. We find
consistent number densities in their three redshift bin be-
tween a luminosity range of 24 < log L < 29. However,
Sommer et al. (2011) extend their analysis by using a
smaller X-ray derived sample of 273 clusters, and find
an even steeper luminosity dependence of (1+z)8.19±2.66

using 0.1  z < 0.2, 0.2  z < 0.45, and 0.45  z < 1.26
redshift bins. We find their relation over predicts our ex-
pected number density in the last bin by about a factor
of 3.

Other studies by Hill & Lilly (1991), Hart et al. (2011),
Ma et al. (2013), and B̂ırzan et al. (2017) also find qual-
itative evidence for evolution at the high redshifts, par-
ticularly at high luminosities, log L1.4GHz > 25. Hill &
Lilly (1991) find that when examining 3C sources, higher
luminosity radio sources are more likely to be found in
clusters at redshifts at z ⇠ 0.5 than in clusters at low
redshifts, while low luminosity radio sources show no ev-
idence for evolution. Hart et al. (2011) show that in their
22 cluster sample of Coma “progenitors”, the fraction of
radio galaxies at 0.4 < x < 1.2 is significantly elevated
as compared to Coma cluster. Ma et al. (2013) preform
similar work to Hart et al. (2011) when examining 685
clusters between a redshift of 0.1 < z < 0.6. The authors
again find the radio fraction increases with redshift in
their four redshift bins. B̂ırzan et al. (2017) show that
in their sample of 99 SZ selected clusters at 843 MHz
between 0.3 < z < 1.2, the evolution is consistent with
the field as measured by Pracy et al. (2016). Although
at a lower frequency, this appears to be consistent with
our findings.

4.5. Cluster Mass Dependencies

In addition to examining any extra redshift evolu-
tion, we also explore whether the cluster radio AGN
number density is correlated with cluster mass. We
initially preform two separate parameter searches, al-
lowing ↵M,G and ↵M,K to vary freely. We find that
↵M,K = �0.38+0.14

�0.13 is “strongly” preferred over our fidu-

cial model with a �DIC = 7.5, and ↵M,G = �0.95+0.20
�0.19

is even more preferred as it “decisively” rules out the
fiducial model with �DIC = 20. See Table 2 and Figure
7.

We next set the two mass indices equal to each other
and allow this mass index to vary in another MCMC run.
We find a better fit with ↵M,G = ↵M,K = �0.52± and
a �DIC = 24.9 from the fiducial model. This index
value is part way between the initial values for ↵M,G and
↵M,K . Finally, we allow both parameters to vary freely,
giving the best fit with a �DIC = 28.4 from the fidu-
cial model. In this final model, ↵M,G = �0.94+0.20

�0.19 and
↵M,K = �0.36± 0.13 which are both consistent with the
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initial values in Models XX and XX. The joint poste-
rior distribution is given in Figure 8 for this final model.
The values of the two parameters, ↵M,G and ↵M,K are
also inconsistent with our null hypothesis of zero with
p-values of p = 3.7 ⇥ 10�6 and p = 5.3 ⇥ 10�3, respec-
tively. In addition, the two values have a probability of
p = 5.8 ⇥ 10�3 of being consistent with each other.

4.5.1. How Robust are ↵M,G & ↵M,K?

We test the robustness of these two mass indices in sev-
eral di↵erent ways. First, we examine wether the central
regions are solely driving ↵M,K , in addition to ↵M,G. We
exclude the region within R < 0.03R500 and fit for ↵M,K .
This isolates the outskirt members and makes sure that
any ↵M,K measurement is not dominated or influenced
by the central BCG behavior. We find a very consistent
value of ↵M,K = 0.34+0.15

�0.14 with the final model, indicat-
ing the radio AGN in the outer regions of the cluster do
have a strong preference for a negative dependence on
↵M,K .

We next try to isolate any selection bias from our clus-
ter sample that might lead to a negative mass index. One
could imagine that because the majority of our low mass
clusters are at low redshifts, there might be a bias to-
ward a larger number density in these low mass clusters,
simply because of the lower luminosity limit. We pre-
form an MCMC run with an increased luminosity limit
of log L > 24.5W to ensure the same luminosity limit
at each cluster out to a redshift of z 0.6 and alleviate
the possibility of this bias. We find that within 1� con-
fidence levels, ↵M,G and ↵M,K are both consistent with
the final model values. This suggests that it is not the
underlying distribution of clusters in mass-redshift space
that is biasing these best fit parameters. Interestingly,
the � model slope in this last fit is 27% larger, indicat-
ing that the brighter sources are more centrally concen-
trated. This is similar to what Lin & Mohr (2007) and
XX, who have also found brighter radio sources are more
centrally concentrated.
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scales as ⇠ (1+z)0.46±0.23 (Pracy et al. 2016). This may
explain why the authors did not measure any redshift
evolution.

A more recent analysis by Sommer et al. (2011) does
find a luminosity dependent evolution when extending
to higher redshift bins. In their maxBCG cluster sam-
ple with 11812 clusters and three redshift bins between
0.1 < z < 0.3, they find a redshift dependence of
(1 + z)3.99±1.24. Although we can not make a direct
comparison to our work because of the di↵erent functions
used to characterize the luminosity function, we can com-
pare the expected integrated number density. We find
consistent number densities in their three redshift bin be-
tween a luminosity range of 24 < log L < 29. However,
Sommer et al. (2011) extend their analysis by using a
smaller X-ray derived sample of 273 clusters, and find
an even steeper luminosity dependence of (1+z)8.19±2.66

using 0.1  z < 0.2, 0.2  z < 0.45, and 0.45  z < 1.26
redshift bins. We find their relation over predicts our ex-
pected number density in the last bin by about a factor
of 3.

Other studies by Hill & Lilly (1991), Hart et al. (2011),
Ma et al. (2013), and B̂ırzan et al. (2017) also find qual-
itative evidence for evolution at the high redshifts, par-
ticularly at high luminosities, log L1.4GHz > 25. Hill &
Lilly (1991) find that when examining 3C sources, higher
luminosity radio sources are more likely to be found in
clusters at redshifts at z ⇠ 0.5 than in clusters at low
redshifts, while low luminosity radio sources show no ev-
idence for evolution. Hart et al. (2011) show that in their
22 cluster sample of Coma “progenitors”, the fraction of
radio galaxies at 0.4 < x < 1.2 is significantly elevated
as compared to Coma cluster. Ma et al. (2013) preform
similar work to Hart et al. (2011) when examining 685
clusters between a redshift of 0.1 < z < 0.6. The authors
again find the radio fraction increases with redshift in
their four redshift bins. B̂ırzan et al. (2017) show that
in their sample of 99 SZ selected clusters at 843 MHz
between 0.3 < z < 1.2, the evolution is consistent with
the field as measured by Pracy et al. (2016). Although
at a lower frequency, this appears to be consistent with
our findings.

4.5. Cluster Mass Dependencies

In addition to examining any extra redshift evolu-
tion, we also explore whether the cluster radio AGN
number density is correlated with cluster mass. We
initially preform two separate parameter searches, al-
lowing ↵M,G and ↵M,K to vary freely. We find that
↵M,K = �0.38+0.14

�0.13 is “strongly” preferred over our fidu-

cial model with a �DIC = 7.5, and ↵M,G = �0.95+0.20
�0.19

is even more preferred as it “decisively” rules out the
fiducial model with �DIC = 20. See Table 2 and Figure
7.

We next set the two mass indices equal to each other
and allow this mass index to vary in another MCMC run.
We find a better fit with ↵M,G = ↵M,K = �0.52± and
a �DIC = 24.9 from the fiducial model. This index
value is part way between the initial values for ↵M,G and
↵M,K . Finally, we allow both parameters to vary freely,
giving the best fit with a �DIC = 28.4 from the fidu-
cial model. In this final model, ↵M,G = �0.94+0.20

�0.19 and
↵M,K = �0.36± 0.13 which are both consistent with the
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initial values in Models XX and XX. The joint poste-
rior distribution is given in Figure 8 for this final model.
The values of the two parameters, ↵M,G and ↵M,K are
also inconsistent with our null hypothesis of zero with
p-values of p = 3.7 ⇥ 10�6 and p = 5.3 ⇥ 10�3, respec-
tively. In addition, the two values have a probability of
p = 5.8 ⇥ 10�3 of being consistent with each other.

4.5.1. How Robust are ↵M,G & ↵M,K?

We test the robustness of these two mass indices in sev-
eral di↵erent ways. First, we examine wether the central
regions are solely driving ↵M,K , in addition to ↵M,G. We
exclude the region within R < 0.03R500 and fit for ↵M,K .
This isolates the outskirt members and makes sure that
any ↵M,K measurement is not dominated or influenced
by the central BCG behavior. We find a very consistent
value of ↵M,K = 0.34+0.15

�0.14 with the final model, indicat-
ing the radio AGN in the outer regions of the cluster do
have a strong preference for a negative dependence on
↵M,K .

We next try to isolate any selection bias from our clus-
ter sample that might lead to a negative mass index. One
could imagine that because the majority of our low mass
clusters are at low redshifts, there might be a bias to-
ward a larger number density in these low mass clusters,
simply because of the lower luminosity limit. We pre-
form an MCMC run with an increased luminosity limit
of log L > 24.5W to ensure the same luminosity limit
at each cluster out to a redshift of z 0.6 and alleviate
the possibility of this bias. We find that within 1� con-
fidence levels, ↵M,G and ↵M,K are both consistent with
the final model values. This suggests that it is not the
underlying distribution of clusters in mass-redshift space
that is biasing these best fit parameters. Interestingly,
the � model slope in this last fit is 27% larger, indicat-
ing that the brighter sources are more centrally concen-
trated. This is similar to what Lin & Mohr (2007) and
XX, who have also found brighter radio sources are more
centrally concentrated.
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scales as ⇠ (1+z)0.46±0.23 (Pracy et al. 2016). This may
explain why the authors did not measure any redshift
evolution.

A more recent analysis by Sommer et al. (2011) does
find a luminosity dependent evolution when extending
to higher redshift bins. In their maxBCG cluster sam-
ple with 11812 clusters and three redshift bins between
0.1 < z < 0.3, they find a redshift dependence of
(1 + z)3.99±1.24. Although we can not make a direct
comparison to our work because of the di↵erent functions
used to characterize the luminosity function, we can com-
pare the expected integrated number density. We find
consistent number densities in their three redshift bin be-
tween a luminosity range of 24 < log L < 29. However,
Sommer et al. (2011) extend their analysis by using a
smaller X-ray derived sample of 273 clusters, and find
an even steeper luminosity dependence of (1+z)8.19±2.66

using 0.1  z < 0.2, 0.2  z < 0.45, and 0.45  z < 1.26
redshift bins. We find their relation over predicts our ex-
pected number density in the last bin by about a factor
of 3.

Other studies by Hill & Lilly (1991), Hart et al. (2011),
Ma et al. (2013), and B̂ırzan et al. (2017) also find qual-
itative evidence for evolution at the high redshifts, par-
ticularly at high luminosities, log L1.4GHz > 25. Hill &
Lilly (1991) find that when examining 3C sources, higher
luminosity radio sources are more likely to be found in
clusters at redshifts at z ⇠ 0.5 than in clusters at low
redshifts, while low luminosity radio sources show no ev-
idence for evolution. Hart et al. (2011) show that in their
22 cluster sample of Coma “progenitors”, the fraction of
radio galaxies at 0.4 < x < 1.2 is significantly elevated
as compared to Coma cluster. Ma et al. (2013) preform
similar work to Hart et al. (2011) when examining 685
clusters between a redshift of 0.1 < z < 0.6. The authors
again find the radio fraction increases with redshift in
their four redshift bins. B̂ırzan et al. (2017) show that
in their sample of 99 SZ selected clusters at 843 MHz
between 0.3 < z < 1.2, the evolution is consistent with
the field as measured by Pracy et al. (2016). Although
at a lower frequency, this appears to be consistent with
our findings.

4.5. Cluster Mass Dependencies

In addition to examining any extra redshift evolu-
tion, we also explore whether the cluster radio AGN
number density is correlated with cluster mass. We
initially preform two separate parameter searches, al-
lowing ↵M,G and ↵M,K to vary freely. We find that
↵M,K = �0.38+0.14

�0.13 is “strongly” preferred over our fidu-

cial model with a �DIC = 7.5, and ↵M,G = �0.95+0.20
�0.19

is even more preferred as it “decisively” rules out the
fiducial model with �DIC = 20. See Table 2 and Figure
7.

We next set the two mass indices equal to each other
and allow this mass index to vary in another MCMC run.
We find a better fit with ↵M,G = ↵M,K = �0.52± and
a �DIC = 24.9 from the fiducial model. This index
value is part way between the initial values for ↵M,G and
↵M,K . Finally, we allow both parameters to vary freely,
giving the best fit with a �DIC = 28.4 from the fidu-
cial model. In this final model, ↵M,G = �0.94+0.20

�0.19 and
↵M,K = �0.36± 0.13 which are both consistent with the
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initial values in Models XX and XX. The joint poste-
rior distribution is given in Figure 8 for this final model.
The values of the two parameters, ↵M,G and ↵M,K are
also inconsistent with our null hypothesis of zero with
p-values of p = 3.7 ⇥ 10�6 and p = 5.3 ⇥ 10�3, respec-
tively. In addition, the two values have a probability of
p = 5.8 ⇥ 10�3 of being consistent with each other.

4.5.1. How Robust are ↵M,G & ↵M,K?

We test the robustness of these two mass indices in sev-
eral di↵erent ways. First, we examine wether the central
regions are solely driving ↵M,K , in addition to ↵M,G. We
exclude the region within R < 0.03R500 and fit for ↵M,K .
This isolates the outskirt members and makes sure that
any ↵M,K measurement is not dominated or influenced
by the central BCG behavior. We find a very consistent
value of ↵M,K = 0.34+0.15

�0.14 with the final model, indicat-
ing the radio AGN in the outer regions of the cluster do
have a strong preference for a negative dependence on
↵M,K .

We next try to isolate any selection bias from our clus-
ter sample that might lead to a negative mass index. One
could imagine that because the majority of our low mass
clusters are at low redshifts, there might be a bias to-
ward a larger number density in these low mass clusters,
simply because of the lower luminosity limit. We pre-
form an MCMC run with an increased luminosity limit
of log L > 24.5W to ensure the same luminosity limit
at each cluster out to a redshift of z 0.6 and alleviate
the possibility of this bias. We find that within 1� con-
fidence levels, ↵M,G and ↵M,K are both consistent with
the final model values. This suggests that it is not the
underlying distribution of clusters in mass-redshift space
that is biasing these best fit parameters. Interestingly,
the � model slope in this last fit is 27% larger, indicat-
ing that the brighter sources are more centrally concen-
trated. This is similar to what Lin & Mohr (2007) and
XX, who have also found brighter radio sources are more
centrally concentrated.

Mergers and Tidal Interactions
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scales as ⇠ (1+z)0.46±0.23 (Pracy et al. 2016). This may
explain why the authors did not measure any redshift
evolution.

A more recent analysis by Sommer et al. (2011) does
find a luminosity dependent evolution when extending
to higher redshift bins. In their maxBCG cluster sam-
ple with 11812 clusters and three redshift bins between
0.1 < z < 0.3, they find a redshift dependence of
(1 + z)3.99±1.24. Although we can not make a direct
comparison to our work because of the di↵erent functions
used to characterize the luminosity function, we can com-
pare the expected integrated number density. We find
consistent number densities in their three redshift bin be-
tween a luminosity range of 24 < log L < 29. However,
Sommer et al. (2011) extend their analysis by using a
smaller X-ray derived sample of 273 clusters, and find
an even steeper luminosity dependence of (1+z)8.19±2.66

using 0.1  z < 0.2, 0.2  z < 0.45, and 0.45  z < 1.26
redshift bins. We find their relation over predicts our ex-
pected number density in the last bin by about a factor
of 3.

Other studies by Hill & Lilly (1991), Hart et al. (2011),
Ma et al. (2013), and B̂ırzan et al. (2017) also find qual-
itative evidence for evolution at the high redshifts, par-
ticularly at high luminosities, log L1.4GHz > 25. Hill &
Lilly (1991) find that when examining 3C sources, higher
luminosity radio sources are more likely to be found in
clusters at redshifts at z ⇠ 0.5 than in clusters at low
redshifts, while low luminosity radio sources show no ev-
idence for evolution. Hart et al. (2011) show that in their
22 cluster sample of Coma “progenitors”, the fraction of
radio galaxies at 0.4 < x < 1.2 is significantly elevated
as compared to Coma cluster. Ma et al. (2013) preform
similar work to Hart et al. (2011) when examining 685
clusters between a redshift of 0.1 < z < 0.6. The authors
again find the radio fraction increases with redshift in
their four redshift bins. B̂ırzan et al. (2017) show that
in their sample of 99 SZ selected clusters at 843 MHz
between 0.3 < z < 1.2, the evolution is consistent with
the field as measured by Pracy et al. (2016). Although
at a lower frequency, this appears to be consistent with
our findings.

4.5. Cluster Mass Dependencies

In addition to examining any extra redshift evolu-
tion, we also explore whether the cluster radio AGN
number density is correlated with cluster mass. We
initially preform two separate parameter searches, al-
lowing ↵M,G and ↵M,K to vary freely. We find that
↵M,K = �0.38+0.14

�0.13 is “strongly” preferred over our fidu-

cial model with a �DIC = 7.5, and ↵M,G = �0.95+0.20
�0.19

is even more preferred as it “decisively” rules out the
fiducial model with �DIC = 20. See Table 2 and Figure
7.

We next set the two mass indices equal to each other
and allow this mass index to vary in another MCMC run.
We find a better fit with ↵M,G = ↵M,K = �0.52± and
a �DIC = 24.9 from the fiducial model. This index
value is part way between the initial values for ↵M,G and
↵M,K . Finally, we allow both parameters to vary freely,
giving the best fit with a �DIC = 28.4 from the fidu-
cial model. In this final model, ↵M,G = �0.94+0.20

�0.19 and
↵M,K = �0.36± 0.13 which are both consistent with the
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initial values in Models XX and XX. The joint poste-
rior distribution is given in Figure 8 for this final model.
The values of the two parameters, ↵M,G and ↵M,K are
also inconsistent with our null hypothesis of zero with
p-values of p = 3.7 ⇥ 10�6 and p = 5.3 ⇥ 10�3, respec-
tively. In addition, the two values have a probability of
p = 5.8 ⇥ 10�3 of being consistent with each other.

4.5.1. How Robust are ↵M,G & ↵M,K?

We test the robustness of these two mass indices in sev-
eral di↵erent ways. First, we examine wether the central
regions are solely driving ↵M,K , in addition to ↵M,G. We
exclude the region within R < 0.03R500 and fit for ↵M,K .
This isolates the outskirt members and makes sure that
any ↵M,K measurement is not dominated or influenced
by the central BCG behavior. We find a very consistent
value of ↵M,K = 0.34+0.15

�0.14 with the final model, indicat-
ing the radio AGN in the outer regions of the cluster do
have a strong preference for a negative dependence on
↵M,K .

We next try to isolate any selection bias from our clus-
ter sample that might lead to a negative mass index. One
could imagine that because the majority of our low mass
clusters are at low redshifts, there might be a bias to-
ward a larger number density in these low mass clusters,
simply because of the lower luminosity limit. We pre-
form an MCMC run with an increased luminosity limit
of log L > 24.5W to ensure the same luminosity limit
at each cluster out to a redshift of z 0.6 and alleviate
the possibility of this bias. We find that within 1� con-
fidence levels, ↵M,G and ↵M,K are both consistent with
the final model values. This suggests that it is not the
underlying distribution of clusters in mass-redshift space
that is biasing these best fit parameters. Interestingly,
the � model slope in this last fit is 27% larger, indicat-
ing that the brighter sources are more centrally concen-
trated. This is similar to what Lin & Mohr (2007) and
XX, who have also found brighter radio sources are more
centrally concentrated.
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scales as ⇠ (1+z)0.46±0.23 (Pracy et al. 2016). This may
explain why the authors did not measure any redshift
evolution.

A more recent analysis by Sommer et al. (2011) does
find a luminosity dependent evolution when extending
to higher redshift bins. In their maxBCG cluster sam-
ple with 11812 clusters and three redshift bins between
0.1 < z < 0.3, they find a redshift dependence of
(1 + z)3.99±1.24. Although we can not make a direct
comparison to our work because of the di↵erent functions
used to characterize the luminosity function, we can com-
pare the expected integrated number density. We find
consistent number densities in their three redshift bin be-
tween a luminosity range of 24 < log L < 29. However,
Sommer et al. (2011) extend their analysis by using a
smaller X-ray derived sample of 273 clusters, and find
an even steeper luminosity dependence of (1+z)8.19±2.66

using 0.1  z < 0.2, 0.2  z < 0.45, and 0.45  z < 1.26
redshift bins. We find their relation over predicts our ex-
pected number density in the last bin by about a factor
of 3.

Other studies by Hill & Lilly (1991), Hart et al. (2011),
Ma et al. (2013), and B̂ırzan et al. (2017) also find qual-
itative evidence for evolution at the high redshifts, par-
ticularly at high luminosities, log L1.4GHz > 25. Hill &
Lilly (1991) find that when examining 3C sources, higher
luminosity radio sources are more likely to be found in
clusters at redshifts at z ⇠ 0.5 than in clusters at low
redshifts, while low luminosity radio sources show no ev-
idence for evolution. Hart et al. (2011) show that in their
22 cluster sample of Coma “progenitors”, the fraction of
radio galaxies at 0.4 < x < 1.2 is significantly elevated
as compared to Coma cluster. Ma et al. (2013) preform
similar work to Hart et al. (2011) when examining 685
clusters between a redshift of 0.1 < z < 0.6. The authors
again find the radio fraction increases with redshift in
their four redshift bins. B̂ırzan et al. (2017) show that
in their sample of 99 SZ selected clusters at 843 MHz
between 0.3 < z < 1.2, the evolution is consistent with
the field as measured by Pracy et al. (2016). Although
at a lower frequency, this appears to be consistent with
our findings.

4.5. Cluster Mass Dependencies

In addition to examining any extra redshift evolu-
tion, we also explore whether the cluster radio AGN
number density is correlated with cluster mass. We
initially preform two separate parameter searches, al-
lowing ↵M,G and ↵M,K to vary freely. We find that
↵M,K = �0.38+0.14

�0.13 is “strongly” preferred over our fidu-

cial model with a �DIC = 7.5, and ↵M,G = �0.95+0.20
�0.19

is even more preferred as it “decisively” rules out the
fiducial model with �DIC = 20. See Table 2 and Figure
7.

We next set the two mass indices equal to each other
and allow this mass index to vary in another MCMC run.
We find a better fit with ↵M,G = ↵M,K = �0.52± and
a �DIC = 24.9 from the fiducial model. This index
value is part way between the initial values for ↵M,G and
↵M,K . Finally, we allow both parameters to vary freely,
giving the best fit with a �DIC = 28.4 from the fidu-
cial model. In this final model, ↵M,G = �0.94+0.20

�0.19 and
↵M,K = �0.36± 0.13 which are both consistent with the
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initial values in Models XX and XX. The joint poste-
rior distribution is given in Figure 8 for this final model.
The values of the two parameters, ↵M,G and ↵M,K are
also inconsistent with our null hypothesis of zero with
p-values of p = 3.7 ⇥ 10�6 and p = 5.3 ⇥ 10�3, respec-
tively. In addition, the two values have a probability of
p = 5.8 ⇥ 10�3 of being consistent with each other.

4.5.1. How Robust are ↵M,G & ↵M,K?

We test the robustness of these two mass indices in sev-
eral di↵erent ways. First, we examine wether the central
regions are solely driving ↵M,K , in addition to ↵M,G. We
exclude the region within R < 0.03R500 and fit for ↵M,K .
This isolates the outskirt members and makes sure that
any ↵M,K measurement is not dominated or influenced
by the central BCG behavior. We find a very consistent
value of ↵M,K = 0.34+0.15

�0.14 with the final model, indicat-
ing the radio AGN in the outer regions of the cluster do
have a strong preference for a negative dependence on
↵M,K .

We next try to isolate any selection bias from our clus-
ter sample that might lead to a negative mass index. One
could imagine that because the majority of our low mass
clusters are at low redshifts, there might be a bias to-
ward a larger number density in these low mass clusters,
simply because of the lower luminosity limit. We pre-
form an MCMC run with an increased luminosity limit
of log L > 24.5W to ensure the same luminosity limit
at each cluster out to a redshift of z 0.6 and alleviate
the possibility of this bias. We find that within 1� con-
fidence levels, ↵M,G and ↵M,K are both consistent with
the final model values. This suggests that it is not the
underlying distribution of clusters in mass-redshift space
that is biasing these best fit parameters. Interestingly,
the � model slope in this last fit is 27% larger, indicat-
ing that the brighter sources are more centrally concen-
trated. This is similar to what Lin & Mohr (2007) and
XX, who have also found brighter radio sources are more
centrally concentrated.
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Figure 5. Number of strong (γ = 1/3) tidal encounters a given galaxy
undergoes (eq. [19]), extrapolated to one Hubble time, versus clusto-
centric radius in an NFW cluster with vcl = 1000 km s−1 (solid curve)
and a group with vcl = 300 km s−1 (dashed curve). The galaxy mass
function has α = 1.3 with field m∗ = 5 × 1012 h−1 M⊙.

and groups that are currently undergoing tidal interactions is roughly one-tenth
of what is displayed in Figure 5.

5. Discussion

The strong radial dependence of galaxy masses, predicted by the tidal theory
(eq. 8), is clear in the cosmological simulations of Ghigna et al. (1998). Should
we then witness inverse luminosity segregation in clusters where, outside of the
core, galaxies become more luminous towards the cluster periphery? Indeed,
Adami, Biviano, & Mazure (1998) found a weak trend of mean galaxy magnitude
versus radius for an ensemble of clusters, although they worry that this trend is
caused by observational bias. It may be that incompleteness of the observational
samples is washing out the trend rather than creating it.

The lack of mergers in present-day rich clusters has been noted in cosmo-
logical simulations of clusters (Ghigna et al., 1998). Figure 4 shows that in rich
clusters, mergers are at best marginally probable for high mass galaxies lying in
the cluster body. Given that high mass galaxies are rare, such merging will be
difficult (but not impossible) to detect observationally or in simulations.

From their Hα prism surveys of galaxies in clusters, Moss and co-workers
(Moss & Whittle, 1993; Moss, Whittle, & Pesce, 1998; Bennett & Moss, 1998)
note ≃ 30% of spiral galaxies in rich clusters exhibit a compact Hα morphology
and roughly half of these tend to be morphologically disturbed and have nearby
neighbors. Another half of these compact Hα emission galaxies are in the cluster

Mergers and Tidal Interactions
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Galaxy dynamics in clusters 8

galaxies in the same way. Therefore, one really expects n(R) ∼ ρ(R) ∼ R−β and
nk ∼ R3−3β/2 yielding a slope d ln(nk)/d ln R = −3/8 for β = 9/4 and a null
slope for β = 2, both in disagreement with the logarithmic gradient of elliptical
fraction found by Whitmore et al..

One can use the more realistic NFW density profiles to estimate the ra-
dial dependence of the merger rates. An essential parameter is ⟨Rp/R⟩, which
measures the effectiveness of the tides from the cluster potential. Because the
dynamical friction time scales as M/m times the orbital time (Mamon, 1995),
orbit circularization, which to first order operates on a dynamical friction time
scale, should be very slow for galaxies falling onto clusters, but fairly effective
for galaxies falling into small groups.

Figure 4 shows the predicted number of major mergers in rich clusters and
small groups, extrapolated over a Hubble time, using the non-self-similarity of
the NFW profiles, an exact scaling of the typical galaxy mass m∗ with radius
(see eq. [8]), and partial orbit circularization in groups.

Figure 4. Number of major mergers a given galaxy undergoes with
lower mass galaxies (eq. [16], with eqs. [13] and [14]), extrapolated to
one Hubble time, versus clustocentric radius in (left) an NFW cluster
with vcl = 1000 km s−1 and (right) a group with vcl = 300 km s−1, where
the galaxy mass function has α = 1.3. The solid thick and dashed thick
curves represent the expected number of major mergers for galaxies of
mass m = mfield

∗ = Ω0ρc/[nfield
∗ Γ(2−α, xm)] = 5×1012h−1M⊙ and m =

0.1mfield
∗ = 5 × 1011h−1M⊙, respectively. The solid thin and dashed

thin curves refer to galaxy masses m = m∗(R) and m = 0.1m∗(R),
respectively.

• Mergers  
• Centrally concentrated 
• Depends on galaxy mass

• Tidal Interactions
• Radially increasing 
• galaxy mass independent

Mamon 2000
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• Increase sample size with ATCA observations of SPT 
clusters, especially to higher redshifts 

• Does the number density correlate with:  

• Entropy Profiles 

• Density Profiles 

• Central Cooling times 

• Metallicity
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• Inhomogeneous poisson spatial point process allows us to not bin the data! 

• We find two components best describe the cluster radio AGN number density 
(Gaussian + Beta Model) 

• Beta model is much steeper than normal galaxy distribution, but consistent with other radio AGN 
studies (e.g., Girardi et al. 1995, Reddy & Yun 2004, Sommer et al. 2011, Best et al. 12) 

• Redshift evolution is consistent with the field evolution 

• Sommer et al. 2011 also find a strong redshift evolution that is roughly consistent with the field 

• Inverse cluster mass dependence

• Lin & Mohr 2007 find their lower mass bin has a factor of 2 higher number density than their higher 
mass bin (log M200 > 14.2 ) 

• Gaussian component number density inversely scales with cluster M-1 

• Consistent with both Cooling Flows and Mergers (Mamon 1992) 

• Beta Model component number density inversely scales with cluster M-1/3 

• Consistent with the expected tidal interaction rate (Mamon 2000)
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Field RLF from Pracy et al. 2014

LERG HERG

High EddingtonLow Eddington

Redshift Evolution

Cluster number density is consistent with the field radio 
luminosity function redshift evolution
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Fig. 7.— Error bars are 1�.

We take the field radio luminosity function from ? who
examined both Low-Excitation Radio Galaxies (LERG)
and High-Excitation Radio Galaxies (HERG) in the
FIRST survey. The authors use the LARGESS sample
developed by ?, who use SDSS, WiggleZ, and GAMA to
find the redshift and categorize the radio source as a star-
forming galaxy, LERG, or HERG. ? measure the local
luminosity function and its evolution out to z = 0.75.

This paper lists some redshift evolution
of the RLF for all AGN and RL vs RQ.
http://adsabs.harvard.edu/abs/2013MNRAS.436.1084M
Most authors that study the RLF as a whole find a fairly
shallow evolution (p1 ⇠ 1) for pure density evolution
(??). Those that study the two populations separately
find that the RQ (HERG) evolve fast between p1 = 3�4
(???) . ? suggest that the evolution is steeper z < 1
and becomes more shallow from 1.3 < z < 3.7 (XXX Is
this PLE or PDE?)

LERG model is taken from the absolute magnitude
sample analysis of the pure density dependent evolution
in ?, with their 1� error bars included as Gaussian pri-
ors on the model. The HERG model was included from
?’s absolute magnitude, pure density sample analysis as
well, but we increase the errors by a factor of 2. This
is because there could be a larger systematic uncertainty
in these parameters, particularly the slope, �1,H and the
redshift dependence, p1,H . We note the large discrepancy
between the �1,H slopes between the ? sample limited by
the apparent optical magnitude selection and the sample
limited by the absolute magnitude selection. The appar-
ent magnitude limited sample has a much steeper slope,
and we note using the absolute magnitude limited sam-
ple tends to underestimate the number density. However,
the redshift dependence can only realistically be solved
for in the absolute magnitude sample. Increasing the er-
rors by a factor of 2, as shown in red in Figure ??, we are
consistent with both slopes and normalizations from the
apparent and absolute optical magnitude limited sam-
ples.

In addition, as the sample from ? only extends to
z = 0.75, and our sample extends past z > 1, there is
a large uncertainty in extrapolating the HERG redshift
dependence to higher redshifts. ? examine the redshift
evolution of the highest radio luminosity sources, anal-

ogous to the HERG sample, finding a density evolution
consistent with (1 + z)3 out to redshifts of z ⇠ 2. How-
ever, the authors do not precisely quantify this depen-
dence in a statistical sense. ? completed a similar radio
luminosity function analysis to ? with an additional red-
shift bin of 0.7 < z < 1.0, and find that the HERG
sample increase by a factor of 7 between redshift z = 0
and z = 0.75 corresponding to / (1 + z)3.5 in pure den-
sity evolution. This comparable but higher than what
?, suggesting the evolution dependence is appropriate to
extrapolate to z 1.

5. DISCUSSION

5.1. Notes on Field Luminosity Functions

1. ? examine the luminosity function for the Cos-
mos fields out to a redshift of z = 1.3. This was
undertaken at 1.4 GHz, and primarily focuses on
22 < log L < 25. They find that the sample only
slowly evolves with a PDE of � / (1 + z)1.1±0.1 or
PLE of L⇤ / (1 + z)0.8±0.1. The authors point out
the strong contrast between their study and higher
luminosity studies (over wider fields of view) that
have strong evolution (See ?, for study of 3CRR,
6CE, and 7CRS catalogs).

2. ? claim that most low luminosity log L1.4GHz < 25
are consistent with low rates of accretion in inef-
ficient (low-Eddington) regimes that can balance
larger scale cooling flows in clusters (??). LERG
they claim are consistent with late stage galaxy
evolution, where the galaxy and SMBH are already
built up.

3. ? claim that as the “weak” radio AGN number
density is roughly constant at low redshifts, they
contribute to heating their surroundings. They cal-
culate heating rates based on scaling relations and
radio luminosity to show that within large uncer-
tainties there is enough mechanical power to match
that required in cosmological simulations (?).

4. ? examine the evolution of the field 1.4 GHz lumi-
nosity function in the Video-XMM3 field (

Redshiftlog L (W/Hz)
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• Mittal et al. 2009
8 Rupal Mittal et al.: AGN heating in the HIFLUGCS sample of Galaxy Clusters
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Fig. 6. The fraction of strong cool-core (SCC) clusters, weak
cool-core (WCC) clusters and non-cool-core (NCC) clusters in the
HIFLUGCS sample. Also shown are the fraction of clusters containing
central radio sources for each category (shaded).

than the cooling time at that radius [also see Figure 6(G) of
Hudson et al. 2008]. The behavior of LR versus Ṁclassical is
investigated in Section 3.2. The fourth outlier, MKW4, is an
interesting cluster under intensive study at radio wavelengths
(see Section 3.3.1). Assuming the anti-correlation interpreta-
tion is correct, the best fit powerlaw excluding the four outliers
derived using the bisector linear regression routine, BCES from
Akritas & Bershady (1996) is

LR
1042 h−271 ergs s−1

= (0.041 ± 0.016) ×
!

tcool
Gyr

"−3.16±0.38

. (5)

This routine, like FITEXY, includes uncertainties in both the
quantities but also additionally performs the minimization in
both the dimensions. The Spearman rank correlation coefficient
is −0.63 and the probability for the null-hypothesis is 8× 10−6.

For comparison with other works, we also determined the
fraction of CCRSs in CC clusters, the fraction being 87%. This
is consistent with the result of Dunn & Fabian (2006), who an-
alyzed a low-redshift sample of clusters (B55) selected from
pre-ROSAT data. Even though they find a slightly higher frac-
tion (95%) of CC clusters with CCRSs, they used a lower cut
in tcool to determine CC clusters and, additionally, selected only
those clusters which showed a central temperature drop > 2.
Using these criteria reduces the fraction of CC clusters in our
sample to 25% but increases the fraction of CCRSs in CC clus-
ters to 100%. Similarly, Burns (1990) finds a somewhat lower
fraction of 70% but the classification into CC and NCC clusters
therein is based on the Hubble time. Using the Hubble time as
the cut in tcool increases the fraction of CC clusters in our sam-
ple to 89% and reduces the fraction of CCRSs in CC clusters
to 78%. We also bear in mind that the result by Burns (1990)
is based on an incomplete sample and old X-ray Einstein data.
Furthermore, the radio data used by Burns (1990) are based on
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Fig. 7. The central cooling-time versus the integrated radio luminos-
ity for the CCRSs in CC clusters (SCC +WCC). The black solid line
represents the anti-correlation trend which breaks down for clusters
with tcool < 1 Gyr. The labeled clusters are outliers with peculiar prop-
erties (see text for more).

monochromatic 5 GHz VLA observations sensitive to largest
structures of only about an arcminute, which in some cases
might lead to over-resolved structures and, hence, an under-
estimation of the radio luminosity.

3.2. Cooling and AGN activity
We looked for correlations between the radio luminosity of the
CCRSs and the X-ray-derived quantities to allow us to identify
the underlying mechanisms that link the AGN activity and the
cooling properties in clusters.

Shown in the left panel of Figure 8 is the bolometric X-ray
cluster luminosity in the energy range 0.01−40 keV as inferred
from ROSAT and ASCA measurements (Reiprich & Böhringer
2002), LX, versus the integrated radio luminosity (see
Section 2.1.2) for the 48 clusters with CCRSs. For the SCC
clusters, shown as filled (blue) circles, there is a clear positive
trend visible, although with a considerable spread. Since the
X-ray luminosity is related through scaling relations to other
global parameters of a cluster, such as the Tvir and cluster mass,
similar correlations may be obtained between the radio power
of a CCRS and these quantities. This is the first time that the
radio power of a centrally located AGN, the prime candidate
for counteracting the cooling of the X-ray radiating ICM gas,
has been shown to be correlated with the large-scale cluster
properties. This result implies that there is a link between two
regions, vastly differing in scales; the region over which AGN
accretion takes place, which is no more than a few hundredth of
a parsec, and the ICM, which extends out to 1−2 megaparsecs.

3480 L. Bı̂rzan et al.
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Figure 1. Left: cooling time (at 1 kpc) versus the monochromatic 1.4 GHz radio luminosity for all 75 systems from both B55 and HIFLUGCS. The radio
luminosity is taken from Mittal et al. (2009) where available, otherwise was computed using fluxes from the literature (see Table 3 for details and references).
The filled symbols denote the 31 systems with bubbles (see Section 2.2). The red symbols denote the systems that appear to be undergoing some merger
activity such as major mergers, minor mergers or sloshing. This information is taken from the literature (see Table 4 for references). Overplotted are the lines at
5 × 108, 1 × 109, 3 × 109 yr and 2.5 × 1030 erg s−1 Hz−1 (see the text for details). Right: thermal stability parameter (see Section 3.2) versus the monochromatic
1.4 GHz radio luminosity. The symbols are the same as on the left-hand panel.

two systems, as mentioned in the discussion of Fig. 1 (left), are
corona systems with shallow Chandra observations and we were
not able to get closer to the minicore. On the other hand, A1689 has
a central cooling time of ∼5 × 108 yr, but ηmin much larger than 5.

4.3 Cooling time and X-ray peak/optical core separation

Fig. 2 shows a strong relationship between central cooling time and
the separation between X-ray centroid and the optical centre (see
Table 3). No object with central cooling time less than ∼109 yr has
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Figure 2. Central cooling time (at 1 kpc) versus the separation between the
X-ray peak and the BCG centre. Filled symbols denote the systems with
bubbles and red colours denote the merging systems. Also plotted are the
lines at 5 × 108 yr and 12 kpc.

a separation above 12 kpc, and almost no objects with a separation
above 12 kpc (exceptions A401, A119) have a cooling time below
∼109 yr. Systems with large separation between the optical centre
and the X-ray centroid indicate that they are not dynamically settled
as they are still going through significant merger activity. This trend
is similar to the one in Fig. 1 (left), but much tighter. The only system
with a cooling time below ∼109 yr that has a separation higher than
12 kpc is A4038. This system might have experienced major merger
activity, which might have been created by the radio relic present on
the outskirts of the cluster (Slee & Roy 1998). Furthermore, Rafferty
et al. (2008) show that the systems with larger separation do not
have star formation. This is another indicator that these systems do
not need heating.

5 TH E AG N H E AT I N G D U T Y C Y C L E

5.1 Subsample of clusters that require heating

Our goal is to understand the biases and selection effects in the
detection of X-ray bubbles, and to place limits on the fraction of
systems that can have enough bubble power to balance cooling
(these are the CFs). However, in systems in which no cooling is
expected to occur (i.e. NCFs), one also expects no heating. There-
fore, these systems should not be considered in our analysis. As a
result, a subsample in which feedback is expected to operate must
be defined from these complete samples.

In Fig. 1 (left-hand panel), we found a clear separation between
CF and NCF systems. Furthermore, we found that the criteria us-
ing the thermal stability parameter and cooling time to separate
CF and NCF systems give similar results. Based on these results,
we now define a subsample requiring heating based on the thermal
stability parameter (ηmin less than 5), since this criterium is more
physically motivated. Additionally, based on the clear separation
between clusters seen in Fig. 2 with a cut-off value of inner cooling
time (at 1 kpc) of 1 × 109 yr, and a cut-off value of 12 kpc for the

C⃝ 2012 The Authors, MNRAS 427, 3468–3488
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RASDownloaded from https://academic.oup.com/mnras/article-abstract/427/4/3468/974452/The-duty-cycle-of-radio-mode-feedback-in-complete
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Fig. 5.— This figure plots the number of sources per square de-
gree above a given flux density. There is a clear excess in the cluster
number density when examining the cluster fields (< 2R500, red)
compared to both the field (> 3R500, dark blue). The COSMOS
Fields are shown in light blue, and the best fit to the background
is show as the dashed line with 1� errors in the y-direction in the
shaded region. Error bars are 1� Poisson error bars on the data
points..

The integrated field radio luminosity function, �RLF ,
comes from Pracy et al. (2016) and is described by a pair
of double power-law components,

�RLF =�LERG + fj�HERG (5)

�i =

Z 1

L
limit

Ci

(L⇤
i ei(z)/L)�1,i + (L⇤
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where Ci is the normalization, Llimit is the luminosity
limit at the cluster redshift set by the flux density limit,
L

⇤
i is the break luminosity, �1,i and �2,i are the power-law

indices, i is refers to either Low-Excitation Radio Galax-
ies (LERG) or High-Excitation Radio Galaxies (HERG),
and fj is the relative importance of the HERG to LERG
for either the Gaussian or � model profile.

The LERGs and HERGs are classified by their op-
tical excitation line strengths (Best & Heckman 2012;
Best et al. 2014; Pracy et al. 2016). Physically, the
LERGs are thought to correspond to low mass accre-
tion rates (< 10�3

LEdd) producing jets in the “radio-
mode”(Best & Heckman 2012), while the HERGs cor-
responds to high mass accretion rates (⇠ LEdd)(Best &
Heckman 2012; Best et al. 2014; Pracy et al. 2016) and
are in the “Quasar-mode” of feedback (Best & Heckman
2012). FR I radio galaxies are often linked to LERG’s,
while FR II’s are often linked to HERG’s.

We do not a priori know whether or not each radio
AGN is an LERG or HERG, so we begin the analysis in-
cluding both LERG and HERG RLF’s for the Gaussian
and � model profile components in Equation 3. We ini-
tially fix the ratio between the LERG and HERG com-
ponents to the field value, but later allow the relative
normalizations to vary using fj .

We also assume a pure luminosity evolution of the field

RLF (Pracy et al. 2016), and ez quantifies this as:

ei(z) {
(1 + z)p1,i : z  zc,i

(1 + zc,i)
p1,i

✓
1 + z

1 + zc,i

◆p2,i

: z > zc,i.

The power-law index p1,LERG = 0.46+0.22
�0.24 is slightly

increasing and turns over at roughly zc,LERG ⇠ 0.8
(Pracy et al. 2016). After which, we assume the com-
ponent evolves with a pure density evolution of p2,L = 0

and CLERG /
⇣

1+z
1+z

c,LERG

⌘�6

(Best et al. 2014). The

model is not very sensitive to this assumption as only
XX clusters are above z > 0.8 in our data set, and the
HERG component begins to dominate at z ⇠ 0.6. The
HERG begins to dominate because it evolves quickly as
p1,HERG = 7.41+0.79

�1.33 with zc,HERG > 2 (Pracy et al.
2016).

3.1.3. Cluster RLF Mass and Redshift Dependencies

The normalization terms in Equation 3, AG and AK ,
quantify the average enhancements or suppressions of the
cluster radio AGN compared to the field. However, we
go beyond this simple quantity and also characterize how
the cluster radio AGN depend on both cluster mass and
redshift in an aim to better understand how changes in
cluster environment trigger AGN. We quantify the corre-
lation between cluster mass, M , and radio AGN number
density using the following power-law form:

Aj =Aj,0

✓
M500

1015
M�

◆↵
M,j

(8)

where j is either the Gaussian or � model profile com-
ponent, Aj,0 is the normalization at z = 0 and M =
1015

M�, M500 is the cluster mass within R500 in solar
masses, and ↵j,M is the power-law index.

To examine correlations with redshift, we include an
additional term, ↵z,j , in the pure luminosity evolution
term, ej,i(z):

ej,i(z) {
(1 + z)p1,i+↵

z,j : z  zc,i

(1 + zc,i)
p1,i+↵

z,j
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Measuring a significant di↵erence from the null hy-
pothesis, ↵M,j = 0 or ↵z,j = 0, will indicate a correlation
with either cluster mass or redshift, and shed light on
the triggering of radio AGN.

3.2. MCMC

After defining our model and the proper likelihood
function, we employ an MCMC to e�ciently explore
the high dimensional parameter space and find the best
fit parameters. We use the python based code, emcee,
which uses an a�ne-invariant step method to compute
its MCMC chains(Foreman-Mackey et al. 2013).

We use Gaussian priors for the field RLF from Pracy
et al. (2016), as well as our own best fit measurements
to the background distribution. See Table 1. We place
a flat prior on AG, AK , �, rc, �, log fG, log fK , ↵M,G,
↵z,G, ↵M,K , and ↵z,K .
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gree above a given flux density. There is a clear excess in the cluster
number density when examining the cluster fields (< 2R500, red)
compared to both the field (> 3R500, dark blue). The COSMOS
Fields are shown in light blue, and the best fit to the background
is show as the dashed line with 1� errors in the y-direction in the
shaded region. Error bars are 1� Poisson error bars on the data
points..

The integrated field radio luminosity function, �RLF ,
comes from Pracy et al. (2016) and is described by a pair
of double power-law components,
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where Ci is the normalization, Llimit is the luminosity
limit at the cluster redshift set by the flux density limit,
L

⇤
i is the break luminosity, �1,i and �2,i are the power-law

indices, i is refers to either Low-Excitation Radio Galax-
ies (LERG) or High-Excitation Radio Galaxies (HERG),
and fj is the relative importance of the HERG to LERG
for either the Gaussian or � model profile.

The LERGs and HERGs are classified by their op-
tical excitation line strengths (Best & Heckman 2012;
Best et al. 2014; Pracy et al. 2016). Physically, the
LERGs are thought to correspond to low mass accre-
tion rates (< 10�3

LEdd) producing jets in the “radio-
mode”(Best & Heckman 2012), while the HERGs cor-
responds to high mass accretion rates (⇠ LEdd)(Best &
Heckman 2012; Best et al. 2014; Pracy et al. 2016) and
are in the “Quasar-mode” of feedback (Best & Heckman
2012). FR I radio galaxies are often linked to LERG’s,
while FR II’s are often linked to HERG’s.

We do not a priori know whether or not each radio
AGN is an LERG or HERG, so we begin the analysis in-
cluding both LERG and HERG RLF’s for the Gaussian
and � model profile components in Equation 3. We ini-
tially fix the ratio between the LERG and HERG com-
ponents to the field value, but later allow the relative
normalizations to vary using fj .

We also assume a pure luminosity evolution of the field

RLF (Pracy et al. 2016), and ez quantifies this as:

ei(z) {
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The power-law index p1,LERG = 0.46+0.22
�0.24 is slightly

increasing and turns over at roughly zc,LERG ⇠ 0.8
(Pracy et al. 2016). After which, we assume the com-
ponent evolves with a pure density evolution of p2,L = 0

and CLERG /
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(Best et al. 2014). The

model is not very sensitive to this assumption as only
XX clusters are above z > 0.8 in our data set, and the
HERG component begins to dominate at z ⇠ 0.6. The
HERG begins to dominate because it evolves quickly as
p1,HERG = 7.41+0.79

�1.33 with zc,HERG > 2 (Pracy et al.
2016).

3.1.3. Cluster RLF Mass and Redshift Dependencies

The normalization terms in Equation 3, AG and AK ,
quantify the average enhancements or suppressions of the
cluster radio AGN compared to the field. However, we
go beyond this simple quantity and also characterize how
the cluster radio AGN depend on both cluster mass and
redshift in an aim to better understand how changes in
cluster environment trigger AGN. We quantify the corre-
lation between cluster mass, M , and radio AGN number
density using the following power-law form:

Aj =Aj,0
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where j is either the Gaussian or � model profile com-
ponent, Aj,0 is the normalization at z = 0 and M =
1015

M�, M500 is the cluster mass within R500 in solar
masses, and ↵j,M is the power-law index.

To examine correlations with redshift, we include an
additional term, ↵z,j , in the pure luminosity evolution
term, ej,i(z):
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Measuring a significant di↵erence from the null hy-
pothesis, ↵M,j = 0 or ↵z,j = 0, will indicate a correlation
with either cluster mass or redshift, and shed light on
the triggering of radio AGN.

3.2. MCMC

After defining our model and the proper likelihood
function, we employ an MCMC to e�ciently explore
the high dimensional parameter space and find the best
fit parameters. We use the python based code, emcee,
which uses an a�ne-invariant step method to compute
its MCMC chains(Foreman-Mackey et al. 2013).

We use Gaussian priors for the field RLF from Pracy
et al. (2016), as well as our own best fit measurements
to the background distribution. See Table 1. We place
a flat prior on AG, AK , �, rc, �, log fG, log fK , ↵M,G,
↵z,G, ↵M,K , and ↵z,K .
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Figure 7. Posterior confidence intervals for model parameters. Top: The 1-dimensional posterior probability distribution for ζ in Model 2, where ζ is the

only model parameter that is not fixed to its null value of 0. The null hypothesis of ζ = 0 (denoted by the dashed vertical line) can be rejected at > 99.9%

confidence. Bottom Left: The two-dimensional confidence contours (68.3% & 95.4%) for Model 2, where ζ and βm are both free parameters. The null

hypotheses of βm, ζ = 0 are denoted by the dashed lines. This model provides a consistent value for ζ as Model 2 and demonstrates that the mass dependence

of Model 2 is inconsistent with arising from a mass-dependence in the spatial distribution of the cluster AGN. Bottom Right: The two-dimensional confidence

contours (68.3% & 95.4%) for Model 3, where ζ and η are free parameters. The null hypotheses of η, ζ = 0 are denoted by the dashed lines. This model

provides a consistent value for ζ as Models 1 and 2 and demonstrates that the mass dependent scaling factor we observe is inconsistent with a model with a

redshift dependence beyond the expected field evolution.

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 5.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

Table 4. Input priors on the MCMC runs of our four models. Nearly all of these priors are determined by the measurements of the XLF after converting

published results to our energy band. All of the priors with error bars shown are assumed to be normally distributed, while those without error bars are fixed.

Our priors have error bars a factor of 2 larger than the published values in order to account for any potential systematics that may arise in the energy band

conversion. The only additional prior included in our analysis is for C, the projected density of X-ray AGN in the field as determined by COSMOS, assumed

to be normally distrubuted with a variance of 10%, which is sufficiently large to account for both the statistical fluctuations and cosmic variance in this

measurement.

XLF Priors

Parameter Prior

A0 ( Mpc−3 dex−1) (2.91 ± 0.14) × 10−6

γ1 0.96 ± 0.08

γ2 2.71 ± 0.18

log L⋆ 43.97 ± 0.12

p∗
1

4.78 ± 0.16

p2 −1.5

p3 −6.2

z∗c1
1.86 ± 0.14

z∗c2
3.0

β1 0.84 ± 0.36

log La1
44.61 ± 0.14

log La2
44.00

α1 0.29 ± 0.04

α2 −0.1

C (deg−2) 330 ± 33

free parameter. The posterior probability distributions are typically

non-Gaussian in shape, and often have long asymmetric tails ex-

tending beyond their modes. Our sample provides little to no con-

straint regarding the redshift dependence of the scaling factor (η).

The data are also consistent with a redshift and mass-independent

radial profile for the cluster X-ray AGN. Our most constraining

model for a mass dependent scaling factor constrains the value of

that power-law slope to ζ ∈ [−3.71,−0.60] for its 99% confidence

interval.

While our results provide strong evidence for a ∼ M−1 scaling

relation in the evolution of cluster AGN, that determination in and

of itself does not provide a physical explanation for the observed

data nor offer any context with previous results. One interpretation

of the measured dependence is that it is driven by galaxy mergers.

Using virial arguments, we expect that the galaxy velocity disper-

sion, σ, in clusters will scale with cluster mass as ∼ M1/3. Ad-

ditionally, theoretical calculations suggest that the rate of mergers

between cluster galaxies should scale as ∼ σ−3 (Mamon 1992), or

equivalently ∼ M−1, consistent with the M∼−1.5±0.7 scaling observed

in these data (Model 2).

7 PRELIMINARY SPECTRAL IDENTIFICATION AND

VISUAL CLASSIFICATION OF CLUSTER MEMBER

AGN

We have carried out a preliminary attempt to confirm cluster mem-

ber AGN spectroscopically by searching the NASA/IPAC Extra-

galactic Database (NED) for optical spectroscopic counterparts for

our X-ray point source positions. The search circle around each

X-ray source is 2′′, sufficiently large to account for the expected

positional uncertainties on our X-ray sources. Control tests that

added random offsets to the X-ray source positions suggest that

our expected number of “false positives” (i.e. finding a spectro-

scopic counterpart at the cluster redshift by chance coincidence) is

negligible. Where we find a spectroscopic counterpart to the X-ray

source with a redshift zcp satisfying c|zcluster − zcp| < 5000 km s−1,

we identify that X-ray source to be a spectroscopically confirmed

cluster member. In total, we find that 88 of our X-ray AGN have

spectroscopic counterparts within 2′′ of the source position.

We then searched the Hubble archive for images at each of

these source positions made with either the ACS or WFC3 cam-

eras. The Hubble images were registered to the Chandra images

and cleaned of cosmic rays using the Laplacian edge detection al-

gorithm of van Dokkum (2001). After these steps, 23 of the X-ray

AGN had Hubble images deemed suitable for a preliminary visual

classification of their morphologies.

Source catalogs for each Hubble field were produced using

SEXTRACTOR (Bertin & Arnouts 1996) in a single filter. For each

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 6.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

of the X-ray point source could not be determined. All of the co-

authors except authors SE, RC, and AvdL did the morphology clas-

sification on all 92 galaxies. None of the participating co-authors

knew which of the galaxies were the hosts of the X-ray AGN and

which were control galaxies in advance. We then determined the

fraction of galaxies within each of these morphological classes for

both the normal galaxies and X-ray AGN.

Mass dependence of scale factor

Table 2. Continued

Cluster Name Nsoft/Nhard/Nfull/Nany Flux Limit

MACS J1427.2+4407 72/61/93/95 1.00/3.98/2.82

MACS J1311.0-0310 135/113/168/177 1.00/3.98/2.82

CL J1002+6858 41/39/57/62 1.58/6.31/4.47

RX J003033.2+261819 47/32/57/60 1.78/7.08/5.01

MACS J2214.9-1359 79/58/99/104 1.12/4.47/3.16

MACS J0911.2+1746 71/49/81/88 1.00/3.98/2.82

MACS J0257.1-2325 78/56/95/106 1.26/5.01/3.55

V1525+0958 71/52/87/94 1.00/3.16/2.51

CL J1357+6232 70/61/93/97 0.89/3.55/2.51

MACS J0454.1-0300a 66/45/75/85 2.24/7.94/6.31

MACS J1423.8+2404a 103/83/121/127 1.41/7.08/4.47

MACS J1149.5+2223 80/65/99/107 2.24/7.94/6.31

MACS J0717.5+3745 127/92/141/156 1.00/3.98/2.82

MS0015.9+1609 90/78/109/116 0.63/2.51/1.78

V1121+2327 108/90/131/135 0.63/2.51/1.78

CL J0216-1747 98/74/114/123 0.89/5.01/3.55

MACS J0025.4-1222 142/111/168/182 0.89/4.47/2.82

CL J0956+4107 90/65/112/118 1.00/3.98/2.82

MACS J2129.4-0741 85/67/101/106 1.12/4.47/3.16

CL0328-2140 71/66/95/100 0.89/3.55/2.51

MACS J0647.7+7015 68/50/89/91 1.12/4.47/3.16

CL J1120+4318 56/38/70/74 1.58/6.31/4.47

CL J1334+5031 49/45/70/70 2.00/7.08/5.01

CL J0542.8-4100 113/72/127/136 0.89/3.16/2.24

CL J1202+5751 77/72/102/108 0.79/3.16/2.24

CL J0405-4100 82/68/101/112 1.26/5.62/3.98

MACS J0744.8+3927 104/95/130/139 0.71/3.16/2.24

V1221+4918 103/95/139/149 0.63/2.51/1.78

CL J0152.7-1357 95/65/116/121 1.12/3.98/2.82

CL J1226.9+3332a 109/84/128/131 1.00/4.47/3.55

Using this same luminosity limit, we also determined the co-

moving number density of cluster member X-ray AGN within 2r500

in each of our 135 galaxy clusters in Figure 6 after statistical field

subtraction. Similar to what we find with our MCMC analysis, this

figure suggests that lower mass clusters tend to host, on average,

higher number densities of AGN than higher mass clusters.

5 TESTING MASS AND REDSHIFT DEPENDENT

MODELS

Such a large and well-characterized sample allows us to measure

the specific evolution of cluster AGN versus that in the field. To

this end, we utilize a Markov Chain Monte Carlo (MCMC) anal-

ysis procedure to determine posterior probability distributions for

parameters in a redshift, luminosity, and cluster mass dependent

model for the projected point source density profile. We confront

our model with the data from each of the 135 galaxy clusters,

marginalizing over uncertainties in the expected evolution of X-ray

AGN in the field and the density of background sources expected

in our survey.6 More specifically, our model assumes that the pro-

jected number density of cluster sources (in units of deg−2) above a

given flux limit f , at a redshift z and projected distance r from the

center of a cluster of mass M500, is proportional to the co-moving

6 By background sources, we mean X-ray point sources coincident with

the cluster along the line of sight that are not at the cluster redshift. These

sources have been shown to have a roughly constant density across survey

areas as large as ∼ 1 deg2 (Xue et al. 2011; Elvis et al. 2009).
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Figure 6. The comoving number density of X-ray AGN more luminous

than 3 × 1043 erg s−1 within 2r500 for our cluster sample, as a function of

cluster mass M500. These number densities were determined by statistically

subtracting the expected number of field sources in each cluster aperture

using the field AGN density as determined by COSMOS from the number

of sources we detect; hence negative AGN densities are possible. While

only a few of the clusters have excesses that are individually larger than

zero with high statistical significance, there is nevertheless evidence that

lower mass clusters host larger AGN densities within 2r500 as compared to

more massive clusters.

number density of X-ray AGN in the field at the cluster redshift

(known as the X-ray Luminosity Function or XLF) with a power-

law spatial dependence:

Nobs(> f , r, z) = N × DA(z)2 × r500 × Φ(> Lcut, z) ×
!

r

r500

"β

+C (3)

where Φ(> Lcut, z) is the expected co-moving number density (in

units of Mpc−3) of X-ray AGN at that redshift in the luminos-

ity range of Lcut < L < 1046 erg s−1 as determined by the XLF

model of Ueda et al. (2014). The lower limit of the luminosity

function Lcut is the intrinsic luminosity of an AGN at the cluster

redshift corresponding to the survey flux cut-off f in the survey

of 10−14 erg cm−2 s−1 . This flux cut-off corresponds to a luminosity

range of ∼ 1042−43 erg s−1 for the cluster member AGN. We assume

that the cluster AGN contribution arises within a cylinder, centered

on the cluster, whose line-of-sight depth scales with r500. DA(z) is

the angular diameter distance specific to each cluster. The param-

eter N includes the necessary unit conversions and describes the

factor by which the number density of AGN in clusters exceeds the

field value specified by the XLF (hereafter the scaling factor). C is

the (constant) density of field AGN at our flux limit f . We allow

the scaling factor to vary as a power law in mass and redshift

N → N0(1 + z)η
!

M500

1015 M⊙

"ζ

(4)

and also allow the radial distribution to depend linearly on the clus-

ter mass and redshift as

β→ β0 + βz(1 + z) + βm

!

M500

1015 M⊙

"

(5)

Table 4. Input priors on the MCMC runs of our four models. Nearly all of these priors are determined by the measurements of the XLF after converting

published results to our energy band. All of the priors with error bars shown are assumed to be normally distributed, while those without error bars are fixed.

Our priors have error bars a factor of 2 larger than the published values in order to account for any potential systematics that may arise in the energy band

conversion. The only additional prior included in our analysis is for C, the projected density of X-ray AGN in the field as determined by COSMOS, assumed

to be normally distrubuted with a variance of 10%, which is sufficiently large to account for both the statistical fluctuations and cosmic variance in this

measurement.

XLF Priors

Parameter Prior

A0 ( Mpc−3 dex−1) (2.91 ± 0.14) × 10−6

γ1 0.96 ± 0.08

γ2 2.71 ± 0.18

log L⋆ 43.97 ± 0.12

p∗
1

4.78 ± 0.16

p2 −1.5

p3 −6.2

z∗c1
1.86 ± 0.14

z∗c2
3.0

β1 0.84 ± 0.36

log La1
44.61 ± 0.14

log La2
44.00

α1 0.29 ± 0.04

α2 −0.1

C (deg−2) 330 ± 33

free parameter. The posterior probability distributions are typically

non-Gaussian in shape, and often have long asymmetric tails ex-

tending beyond their modes. Our sample provides little to no con-

straint regarding the redshift dependence of the scaling factor (η).

The data are also consistent with a redshift and mass-independent

radial profile for the cluster X-ray AGN. Our most constraining

model for a mass dependent scaling factor constrains the value of

that power-law slope to ζ ∈ [−3.71,−0.60] for its 99% confidence

interval.

While our results provide strong evidence for a ∼ M−1 scaling

relation in the evolution of cluster AGN, that determination in and

of itself does not provide a physical explanation for the observed

data nor offer any context with previous results. One interpretation

of the measured dependence is that it is driven by galaxy mergers.

Using virial arguments, we expect that the galaxy velocity disper-

sion, σ, in clusters will scale with cluster mass as ∼ M1/3. Ad-

ditionally, theoretical calculations suggest that the rate of mergers

between cluster galaxies should scale as ∼ σ−3 (Mamon 1992), or

equivalently ∼ M−1, consistent with the M∼−1.5±0.7 scaling observed

in these data (Model 2).

7 PRELIMINARY SPECTRAL IDENTIFICATION AND

VISUAL CLASSIFICATION OF CLUSTER MEMBER

AGN

We have carried out a preliminary attempt to confirm cluster mem-

ber AGN spectroscopically by searching the NASA/IPAC Extra-

galactic Database (NED) for optical spectroscopic counterparts for

our X-ray point source positions. The search circle around each

X-ray source is 2′′, sufficiently large to account for the expected

positional uncertainties on our X-ray sources. Control tests that

added random offsets to the X-ray source positions suggest that

our expected number of “false positives” (i.e. finding a spectro-

scopic counterpart at the cluster redshift by chance coincidence) is

negligible. Where we find a spectroscopic counterpart to the X-ray

source with a redshift zcp satisfying c|zcluster − zcp| < 5000 km s−1,

we identify that X-ray source to be a spectroscopically confirmed

cluster member. In total, we find that 88 of our X-ray AGN have

spectroscopic counterparts within 2′′ of the source position.

We then searched the Hubble archive for images at each of

these source positions made with either the ACS or WFC3 cam-

eras. The Hubble images were registered to the Chandra images

and cleaned of cosmic rays using the Laplacian edge detection al-

gorithm of van Dokkum (2001). After these steps, 23 of the X-ray

AGN had Hubble images deemed suitable for a preliminary visual

classification of their morphologies.

Source catalogs for each Hubble field were produced using

SEXTRACTOR (Bertin & Arnouts 1996) in a single filter. For each

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 6.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

of the X-ray point source could not be determined. All of the co-

authors except authors SE, RC, and AvdL did the morphology clas-

sification on all 92 galaxies. None of the participating co-authors

knew which of the galaxies were the hosts of the X-ray AGN and

which were control galaxies in advance. We then determined the

fraction of galaxies within each of these morphological classes for

both the normal galaxies and X-ray AGN.

Ehlert et al. 2015
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3

Fig. 2.— This plot shows the integrated flux density versus peak
flux density for our sample. For a given integrated flux density,
the contours show at what peak flux density the sample is 68.3%,
95.45%, and 99.73% complete, i.e. includes . We chose the empir-
ical relation, Sp = 0.55S0.8

I to make sure our data is at least 95%
complete at the given flux density limit.
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Fig. 3.— This plot shows both the integrated flux density limit
for each cluster (blue) and the corresponding luminosity limit given
the cluster redshift (red).

to that of the AGN number density (e.g. Condon et al.
2002). However, in local clusters, star-forming galaxies
are suppressed by a factor of 2 in galaxies with a mass
of 1010

M� and more than a factor of 10 in galaxies with
a mass of > 1011

M� (Wetzel et al. 2012). Therefore,
we do not expect much star formation contamination of
our AGN study. We do note that, Song et al. (2017)
show that star-formation increases in clusters at redshift
z ⇠ 0.8. However, the luminosity from the brightest
star-forming galaxies will be log L1.4GHz  23.8, which
is outside our flux limit at this redshift. Figure 3 shows
the distribution of the flux density limits and the corre-
sponding luminosity for our sample.

The field of view of each cluster nominally extends to
10 R500. However, due to the foot print of the survey,
several clusters have truncated radii. In addition, sev-
eral cluster fields overlap with another cluster field and
we truncate the two fields half-way to the overlapping

Fig. 4.— This figure plots the number of sources per square
degree versus cluster radius. We only include clusters that have
a flux limit of 2.8 mJy in this plot to avoid di↵ering background
levels. The cluster is in black, the 1� confidence region for the
average number density in the COSMOS field is in blue, and the
1� confidence region for the background in our cluster sample taken
from 6–10R500 is in red. Error bars are 1� Poisson errors.

cluster.
The final catalog has 10961 sources, of which 3804 are

point sources, and 7157 are extended sources. Of the ex-
tended sources, 2589 have multiple components, 23.6% of
the total number of sources. The radial distribution of
the average cluster number density is given in Figure 4.
For visual clarity, the plot excludes those clusters that
have flux density limits above Slimit > 2.8 mJy to en-
able a like comparison with clusters that have the same
background level. We also include the number density
from the COSMOS field in blue. The COSMOS field
(Taniguchi et al. 2007; Capak et al. 2007) in our study
is centered on (150.11917�, 2.20583�) and has a radius
of 3000 arcsec. We find a total of 67 sources, 42 are ex-
tended, and 19 of those have multiple components. We
note that this number density is consistent with our mea-
sured background number density given in red in Figure
4, which has much smaller uncertainties due to the order
of magnitude improvement in area utilizing 6–10 R500

from our cluster field sample.
A strong radial dependence is observed in the center of

the cluster fields, indicating an increased number of radio
sources above the background in the clusters. The distri-
bution is highly peaked and extends out past R500. This
has been observed in other cluster surveys at 1.4 GHz
(e.g., Ledlow & Owen 1995; Massardi & De Zotti 2004;
Lin & Mohr 2007; Sommer et al. 2011; B̂ırzan et al. 2017).
In the following sections, we quantify this distribution as
well as its evolution with redshift and its correlation with
cluster mass.

3. ANALYSIS

The FIRST survey provides us both the position and
flux density of the radio sources on the sky, but not the
redshifts. Therefore, we do not know which radio sources
are associated with each cluster. To circumvent this,
we can statistically identify cluster members by making
a di↵erential measurement of the total number of radio
sources in a cluster field to the expected background.

This di↵erential technique is by no means new in the
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Fig. 5.— FR I (lower luminosity) vs FR II (highest luminosity) divides at roughly 1025 W Hz−1 (νLν = 1041.1 ergs s−1)

• Both high and low luminosity sources increase in number density 
at the center 

• Log L= 41 is roughly the divide between FR I and FR II sources
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• Extended sources preferentially increase inside clusters 

• Gas pressure increases in clusters, which could confine extended 
sources but we observe the opposite.

7

0 1 2 3 4
Radius (r/r500)

1

10

100

1000

10000

N
 d

eg
-2

total
S > 15 mJy
S < 15 mJy

(a)

0 1 2 3 4
Radius (r/r500)

1

10

100

1000

10000

N
 d

eg
-2

total
log(L)> 41
log(L)< 41

(b)

0 1 2 3 4
Radius (r/r500)

1

10

100

1000

10000

N
 d

eg
-2

total
R>2" 
R<2" 

(c)

0 1 2 3 4
Radius (r/r500)

1

10

100

1000

10000

N
 d

eg
-2

total
R>20 kpc
R<20 kpc

(d)

Fig. 5.— FR I (lower luminosity) vs FR II (highest luminosity) divides at roughly 1025 W Hz−1 (νLν = 1041.1 ergs s−1)
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• Jet power 
measured from pdV 
work need to inflate 
cavities scales with 
1.4 GHz radio 
luminosities 

• giant Ellipticals 

• Cavagnolo et al. 
2010

AGN Pjet-Pradio Relation 7
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FIG. 1.— Cavity power vs. radio power. Orange triangles represent the galaxy clusters and groups sample from B08. Filled circles represent our sample of
gEs with colors representing the cavity system figure of merit (see Section §3.1): green = ‘A,’ blue = ‘B,’ and red = ‘C.’ The dotted red lines represent the best-fit
power-law relations presented in B08 using only the orange triangles. The dashed black lines represent our BCES best-fit power-law relations. Left: Cavity
power vs. 1.4 GHz radio power. Right: Cavity power vs. 200-400 MHz radio power.
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FIG. 2.— Comparison of scaling relations between jet power and radio lumi-
nosity. The solid red line represents the Willott et al. (1999, W99) model with
k = 1. The dashed black line is our best-fit Pjet-P1.4 relation (Equation 1). The
dotted black lines denote the upper and lower limits of our best-fit relation af-
ter including intrinsic scatter of ϵint = 1.3 dex. The unfilled black circles denote
the poorly confined sources discussed in Section 4.3, and the downfacing black
triangles are FR-I sources taken from the sample in Croston et al. (2008, C08).
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Fig. 8. Radio and X-ray correlation plots. Left: Total radio luminosity vs. ROSAT bolometric X-ray luminosity for SCC (filled blue circles),
WCC (open green circles) and NCC (open red squares) clusters. Right: Total radio luminosity vs. the classical mass deposition rate for SCC
clusters (filled blue circles) and WCC clusters (open green circles). The black triangles are four WCC clusters with Ṁclassical > 1 and no central
radio source. Hence, these are only upper limits. The filled red square on top left is A2634, also a WCC cluster. The solid black line is the best
fit through CC clusters (SCC and WCC clusters combined) excluding A2634.

Using the two-dimensional bisector linear regression routine
BCES, the trend between the LR and LX for SCC clusters may
be quantified as below:

LR
1042 h−271 ergs s−1

= a ×
⎛

⎜

⎜

⎜

⎜

⎝

LX
1044 h−271 ergs s−1

⎞

⎟

⎟

⎟

⎟

⎠

b

, (6)

where a = 0.03±0.01 and b = 1.38±0.16. The Spearman rank
correlation coefficient of the fit is 0.64 and the probability of
their being no correlation is 2.7×10−4. The Pearson correlation
coefficient for the fit is larger and is equal to ∼ 0.76.

Note that luminosity-luminosity plots should be considered
with caution due to the common redshift-dependence in both
the quantities (Kembhavi et al. 1986; Akritas & Siebert 1996;
Merloni et al. 2006). Even though there are no censored data
points (upper limits) for the category of SCC clusters, in that
every SCC has radio source at the center, spurious correlation
may still be introduced due to the common dependence on the
distance. In order to check for such an occurrence, we simu-
lated randomized radio and X-ray luminosities confined to the
observed ranges following the distributions, n(LX)dLX ∝ L−0.7X
(Böhringer et al. 2002) and n(LR)dLR ∝ L−0.78R (Nagar et al.
2005), where n is the source number density. We assigned ran-
domly distributed redshifts to the randomized luminosity data
sets, according to the law n ∼ D3l . These luminosities were re-
observed after applying the X-ray flux limit, fx (0.1−2.4) keV≥
2 × 10−11 erg s−1 cm−2, the same as that for the HIFLUGCS
sample, and the radio flux limit, 1.5 mJy the average point-
source detection limit for NVSS. The resulting Pearson cor-
relation coefficients, ρP, were compared to the observed one.

Based on these simulations, we compute the probability of hav-
ing ρP > 0.76 and the correlation slope equal to or greater than
that observed for a completely randomized set of X-ray and
radio luminosities as less than 1% (a spuriously induced cor-
relation should produce a slope of around unity). This fraction
increases to ∼ 2.5% if instead the Spearman correlation coef-
ficient is used and, if in addition, the observed probability of
null hypothesis is used as a further constraint, i.e., the proba-
bility of null hypothesis for the simulated data sets should be
lower than 2.8 × 10−4, then this fraction decreases to ∼ 1.5%.
Thus, we conclude that the probability of the observed correla-
tion between the cluster X-ray luminosity and the radio lumi-
nosity of a CCRS to be spurious is very unlikely. However, that
such an induced correlation is possible at a level of ∼ 3% in
the worst case scenario, is worth keeping in mind for past and
future studies on similar topics.

Shown in the right panel of Figure 8 is the radio luminosity
versus Ṁclassical. This plot shows an even stronger trend than
that seen with LX. This further strengthens the likelihood of a
coupling between gas cooling and the magnitude of the AGN
activity. The NCC clusters do not appear on this plot since these
by definition have no cooling radius, that is the central cooling
time for these clusters is greater than 7.7 Gyr, implying zero
mass deposition rates.

There are two interesting subsets of clusters pertaining
to the right panel of Figure 8, which deserve attention. The
first subset comprises clusters which lack a CCRS but have
Ṁclassical > 1 M⊙ yr−1, and the second subset, not shown
in Figure 8, comprises clusters which have a CCRS but for

8 Rupal Mittal et al.: AGN heating in the HIFLUGCS sample of Galaxy Clusters
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than the cooling time at that radius [also see Figure 6(G) of
Hudson et al. 2008]. The behavior of LR versus Ṁclassical is
investigated in Section 3.2. The fourth outlier, MKW4, is an
interesting cluster under intensive study at radio wavelengths
(see Section 3.3.1). Assuming the anti-correlation interpreta-
tion is correct, the best fit powerlaw excluding the four outliers
derived using the bisector linear regression routine, BCES from
Akritas & Bershady (1996) is

LR
1042 h−271 ergs s−1

= (0.041 ± 0.016) ×
!

tcool
Gyr

"−3.16±0.38

. (5)

This routine, like FITEXY, includes uncertainties in both the
quantities but also additionally performs the minimization in
both the dimensions. The Spearman rank correlation coefficient
is −0.63 and the probability for the null-hypothesis is 8× 10−6.

For comparison with other works, we also determined the
fraction of CCRSs in CC clusters, the fraction being 87%. This
is consistent with the result of Dunn & Fabian (2006), who an-
alyzed a low-redshift sample of clusters (B55) selected from
pre-ROSAT data. Even though they find a slightly higher frac-
tion (95%) of CC clusters with CCRSs, they used a lower cut
in tcool to determine CC clusters and, additionally, selected only
those clusters which showed a central temperature drop > 2.
Using these criteria reduces the fraction of CC clusters in our
sample to 25% but increases the fraction of CCRSs in CC clus-
ters to 100%. Similarly, Burns (1990) finds a somewhat lower
fraction of 70% but the classification into CC and NCC clusters
therein is based on the Hubble time. Using the Hubble time as
the cut in tcool increases the fraction of CC clusters in our sam-
ple to 89% and reduces the fraction of CCRSs in CC clusters
to 78%. We also bear in mind that the result by Burns (1990)
is based on an incomplete sample and old X-ray Einstein data.
Furthermore, the radio data used by Burns (1990) are based on
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Fig. 7. The central cooling-time versus the integrated radio luminos-
ity for the CCRSs in CC clusters (SCC +WCC). The black solid line
represents the anti-correlation trend which breaks down for clusters
with tcool < 1 Gyr. The labeled clusters are outliers with peculiar prop-
erties (see text for more).

monochromatic 5 GHz VLA observations sensitive to largest
structures of only about an arcminute, which in some cases
might lead to over-resolved structures and, hence, an under-
estimation of the radio luminosity.

3.2. Cooling and AGN activity
We looked for correlations between the radio luminosity of the
CCRSs and the X-ray-derived quantities to allow us to identify
the underlying mechanisms that link the AGN activity and the
cooling properties in clusters.

Shown in the left panel of Figure 8 is the bolometric X-ray
cluster luminosity in the energy range 0.01−40 keV as inferred
from ROSAT and ASCA measurements (Reiprich & Böhringer
2002), LX, versus the integrated radio luminosity (see
Section 2.1.2) for the 48 clusters with CCRSs. For the SCC
clusters, shown as filled (blue) circles, there is a clear positive
trend visible, although with a considerable spread. Since the
X-ray luminosity is related through scaling relations to other
global parameters of a cluster, such as the Tvir and cluster mass,
similar correlations may be obtained between the radio power
of a CCRS and these quantities. This is the first time that the
radio power of a centrally located AGN, the prime candidate
for counteracting the cooling of the X-ray radiating ICM gas,
has been shown to be correlated with the large-scale cluster
properties. This result implies that there is a link between two
regions, vastly differing in scales; the region over which AGN
accretion takes place, which is no more than a few hundredth of
a parsec, and the ICM, which extends out to 1−2 megaparsecs.
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Figure 7. Posterior confidence intervals for model parameters. Top: The 1-dimensional posterior probability distribution for ζ in Model 2, where ζ is the

only model parameter that is not fixed to its null value of 0. The null hypothesis of ζ = 0 (denoted by the dashed vertical line) can be rejected at > 99.9%

confidence. Bottom Left: The two-dimensional confidence contours (68.3% & 95.4%) for Model 2, where ζ and βm are both free parameters. The null

hypotheses of βm, ζ = 0 are denoted by the dashed lines. This model provides a consistent value for ζ as Model 2 and demonstrates that the mass dependence

of Model 2 is inconsistent with arising from a mass-dependence in the spatial distribution of the cluster AGN. Bottom Right: The two-dimensional confidence

contours (68.3% & 95.4%) for Model 3, where ζ and η are free parameters. The null hypotheses of η, ζ = 0 are denoted by the dashed lines. This model

provides a consistent value for ζ as Models 1 and 2 and demonstrates that the mass dependent scaling factor we observe is inconsistent with a model with a

redshift dependence beyond the expected field evolution.

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 5.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

Table 4. Input priors on the MCMC runs of our four models. Nearly all of these priors are determined by the measurements of the XLF after converting

published results to our energy band. All of the priors with error bars shown are assumed to be normally distributed, while those without error bars are fixed.

Our priors have error bars a factor of 2 larger than the published values in order to account for any potential systematics that may arise in the energy band

conversion. The only additional prior included in our analysis is for C, the projected density of X-ray AGN in the field as determined by COSMOS, assumed

to be normally distrubuted with a variance of 10%, which is sufficiently large to account for both the statistical fluctuations and cosmic variance in this

measurement.

XLF Priors

Parameter Prior

A0 ( Mpc−3 dex−1) (2.91 ± 0.14) × 10−6

γ1 0.96 ± 0.08

γ2 2.71 ± 0.18

log L⋆ 43.97 ± 0.12

p∗
1

4.78 ± 0.16

p2 −1.5

p3 −6.2

z∗c1
1.86 ± 0.14

z∗c2
3.0

β1 0.84 ± 0.36

log La1
44.61 ± 0.14

log La2
44.00

α1 0.29 ± 0.04

α2 −0.1

C (deg−2) 330 ± 33

free parameter. The posterior probability distributions are typically

non-Gaussian in shape, and often have long asymmetric tails ex-

tending beyond their modes. Our sample provides little to no con-

straint regarding the redshift dependence of the scaling factor (η).

The data are also consistent with a redshift and mass-independent

radial profile for the cluster X-ray AGN. Our most constraining

model for a mass dependent scaling factor constrains the value of

that power-law slope to ζ ∈ [−3.71,−0.60] for its 99% confidence

interval.

While our results provide strong evidence for a ∼ M−1 scaling

relation in the evolution of cluster AGN, that determination in and

of itself does not provide a physical explanation for the observed

data nor offer any context with previous results. One interpretation

of the measured dependence is that it is driven by galaxy mergers.

Using virial arguments, we expect that the galaxy velocity disper-

sion, σ, in clusters will scale with cluster mass as ∼ M1/3. Ad-

ditionally, theoretical calculations suggest that the rate of mergers

between cluster galaxies should scale as ∼ σ−3 (Mamon 1992), or

equivalently ∼ M−1, consistent with the M∼−1.5±0.7 scaling observed

in these data (Model 2).

7 PRELIMINARY SPECTRAL IDENTIFICATION AND

VISUAL CLASSIFICATION OF CLUSTER MEMBER

AGN

We have carried out a preliminary attempt to confirm cluster mem-

ber AGN spectroscopically by searching the NASA/IPAC Extra-

galactic Database (NED) for optical spectroscopic counterparts for

our X-ray point source positions. The search circle around each

X-ray source is 2′′, sufficiently large to account for the expected

positional uncertainties on our X-ray sources. Control tests that

added random offsets to the X-ray source positions suggest that

our expected number of “false positives” (i.e. finding a spectro-

scopic counterpart at the cluster redshift by chance coincidence) is

negligible. Where we find a spectroscopic counterpart to the X-ray

source with a redshift zcp satisfying c|zcluster − zcp| < 5000 km s−1,

we identify that X-ray source to be a spectroscopically confirmed

cluster member. In total, we find that 88 of our X-ray AGN have

spectroscopic counterparts within 2′′ of the source position.

We then searched the Hubble archive for images at each of

these source positions made with either the ACS or WFC3 cam-

eras. The Hubble images were registered to the Chandra images

and cleaned of cosmic rays using the Laplacian edge detection al-

gorithm of van Dokkum (2001). After these steps, 23 of the X-ray

AGN had Hubble images deemed suitable for a preliminary visual

classification of their morphologies.

Source catalogs for each Hubble field were produced using

SEXTRACTOR (Bertin & Arnouts 1996) in a single filter. For each

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 6.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

of the X-ray point source could not be determined. All of the co-

authors except authors SE, RC, and AvdL did the morphology clas-

sification on all 92 galaxies. None of the participating co-authors

knew which of the galaxies were the hosts of the X-ray AGN and

which were control galaxies in advance. We then determined the

fraction of galaxies within each of these morphological classes for

both the normal galaxies and X-ray AGN.

Mass dependence of scale factor

Table 2. Continued

Cluster Name Nsoft/Nhard/Nfull/Nany Flux Limit

MACS J1427.2+4407 72/61/93/95 1.00/3.98/2.82

MACS J1311.0-0310 135/113/168/177 1.00/3.98/2.82

CL J1002+6858 41/39/57/62 1.58/6.31/4.47

RX J003033.2+261819 47/32/57/60 1.78/7.08/5.01

MACS J2214.9-1359 79/58/99/104 1.12/4.47/3.16

MACS J0911.2+1746 71/49/81/88 1.00/3.98/2.82

MACS J0257.1-2325 78/56/95/106 1.26/5.01/3.55

V1525+0958 71/52/87/94 1.00/3.16/2.51

CL J1357+6232 70/61/93/97 0.89/3.55/2.51

MACS J0454.1-0300a 66/45/75/85 2.24/7.94/6.31

MACS J1423.8+2404a 103/83/121/127 1.41/7.08/4.47

MACS J1149.5+2223 80/65/99/107 2.24/7.94/6.31

MACS J0717.5+3745 127/92/141/156 1.00/3.98/2.82

MS0015.9+1609 90/78/109/116 0.63/2.51/1.78

V1121+2327 108/90/131/135 0.63/2.51/1.78

CL J0216-1747 98/74/114/123 0.89/5.01/3.55

MACS J0025.4-1222 142/111/168/182 0.89/4.47/2.82

CL J0956+4107 90/65/112/118 1.00/3.98/2.82

MACS J2129.4-0741 85/67/101/106 1.12/4.47/3.16

CL0328-2140 71/66/95/100 0.89/3.55/2.51

MACS J0647.7+7015 68/50/89/91 1.12/4.47/3.16

CL J1120+4318 56/38/70/74 1.58/6.31/4.47

CL J1334+5031 49/45/70/70 2.00/7.08/5.01

CL J0542.8-4100 113/72/127/136 0.89/3.16/2.24

CL J1202+5751 77/72/102/108 0.79/3.16/2.24

CL J0405-4100 82/68/101/112 1.26/5.62/3.98

MACS J0744.8+3927 104/95/130/139 0.71/3.16/2.24

V1221+4918 103/95/139/149 0.63/2.51/1.78

CL J0152.7-1357 95/65/116/121 1.12/3.98/2.82

CL J1226.9+3332a 109/84/128/131 1.00/4.47/3.55

Using this same luminosity limit, we also determined the co-

moving number density of cluster member X-ray AGN within 2r500

in each of our 135 galaxy clusters in Figure 6 after statistical field

subtraction. Similar to what we find with our MCMC analysis, this

figure suggests that lower mass clusters tend to host, on average,

higher number densities of AGN than higher mass clusters.

5 TESTING MASS AND REDSHIFT DEPENDENT

MODELS

Such a large and well-characterized sample allows us to measure

the specific evolution of cluster AGN versus that in the field. To

this end, we utilize a Markov Chain Monte Carlo (MCMC) anal-

ysis procedure to determine posterior probability distributions for

parameters in a redshift, luminosity, and cluster mass dependent

model for the projected point source density profile. We confront

our model with the data from each of the 135 galaxy clusters,

marginalizing over uncertainties in the expected evolution of X-ray

AGN in the field and the density of background sources expected

in our survey.6 More specifically, our model assumes that the pro-

jected number density of cluster sources (in units of deg−2) above a

given flux limit f , at a redshift z and projected distance r from the

center of a cluster of mass M500, is proportional to the co-moving

6 By background sources, we mean X-ray point sources coincident with

the cluster along the line of sight that are not at the cluster redshift. These

sources have been shown to have a roughly constant density across survey

areas as large as ∼ 1 deg2 (Xue et al. 2011; Elvis et al. 2009).
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Figure 6. The comoving number density of X-ray AGN more luminous

than 3 × 1043 erg s−1 within 2r500 for our cluster sample, as a function of

cluster mass M500. These number densities were determined by statistically

subtracting the expected number of field sources in each cluster aperture

using the field AGN density as determined by COSMOS from the number

of sources we detect; hence negative AGN densities are possible. While

only a few of the clusters have excesses that are individually larger than

zero with high statistical significance, there is nevertheless evidence that

lower mass clusters host larger AGN densities within 2r500 as compared to

more massive clusters.

number density of X-ray AGN in the field at the cluster redshift

(known as the X-ray Luminosity Function or XLF) with a power-

law spatial dependence:

Nobs(> f , r, z) = N × DA(z)2 × r500 × Φ(> Lcut, z) ×
!

r

r500

"β

+C (3)

where Φ(> Lcut, z) is the expected co-moving number density (in

units of Mpc−3) of X-ray AGN at that redshift in the luminos-

ity range of Lcut < L < 1046 erg s−1 as determined by the XLF

model of Ueda et al. (2014). The lower limit of the luminosity

function Lcut is the intrinsic luminosity of an AGN at the cluster

redshift corresponding to the survey flux cut-off f in the survey

of 10−14 erg cm−2 s−1 . This flux cut-off corresponds to a luminosity

range of ∼ 1042−43 erg s−1 for the cluster member AGN. We assume

that the cluster AGN contribution arises within a cylinder, centered

on the cluster, whose line-of-sight depth scales with r500. DA(z) is

the angular diameter distance specific to each cluster. The param-

eter N includes the necessary unit conversions and describes the

factor by which the number density of AGN in clusters exceeds the

field value specified by the XLF (hereafter the scaling factor). C is

the (constant) density of field AGN at our flux limit f . We allow

the scaling factor to vary as a power law in mass and redshift

N → N0(1 + z)η
!

M500

1015 M⊙

"ζ

(4)

and also allow the radial distribution to depend linearly on the clus-

ter mass and redshift as

β→ β0 + βz(1 + z) + βm

!

M500

1015 M⊙

"

(5)

Table 4. Input priors on the MCMC runs of our four models. Nearly all of these priors are determined by the measurements of the XLF after converting

published results to our energy band. All of the priors with error bars shown are assumed to be normally distributed, while those without error bars are fixed.

Our priors have error bars a factor of 2 larger than the published values in order to account for any potential systematics that may arise in the energy band

conversion. The only additional prior included in our analysis is for C, the projected density of X-ray AGN in the field as determined by COSMOS, assumed

to be normally distrubuted with a variance of 10%, which is sufficiently large to account for both the statistical fluctuations and cosmic variance in this

measurement.

XLF Priors

Parameter Prior

A0 ( Mpc−3 dex−1) (2.91 ± 0.14) × 10−6

γ1 0.96 ± 0.08

γ2 2.71 ± 0.18

log L⋆ 43.97 ± 0.12

p∗
1

4.78 ± 0.16

p2 −1.5

p3 −6.2

z∗c1
1.86 ± 0.14

z∗c2
3.0

β1 0.84 ± 0.36

log La1
44.61 ± 0.14

log La2
44.00

α1 0.29 ± 0.04

α2 −0.1

C (deg−2) 330 ± 33

free parameter. The posterior probability distributions are typically

non-Gaussian in shape, and often have long asymmetric tails ex-

tending beyond their modes. Our sample provides little to no con-

straint regarding the redshift dependence of the scaling factor (η).

The data are also consistent with a redshift and mass-independent

radial profile for the cluster X-ray AGN. Our most constraining

model for a mass dependent scaling factor constrains the value of

that power-law slope to ζ ∈ [−3.71,−0.60] for its 99% confidence

interval.

While our results provide strong evidence for a ∼ M−1 scaling

relation in the evolution of cluster AGN, that determination in and

of itself does not provide a physical explanation for the observed

data nor offer any context with previous results. One interpretation

of the measured dependence is that it is driven by galaxy mergers.

Using virial arguments, we expect that the galaxy velocity disper-

sion, σ, in clusters will scale with cluster mass as ∼ M1/3. Ad-

ditionally, theoretical calculations suggest that the rate of mergers

between cluster galaxies should scale as ∼ σ−3 (Mamon 1992), or

equivalently ∼ M−1, consistent with the M∼−1.5±0.7 scaling observed

in these data (Model 2).

7 PRELIMINARY SPECTRAL IDENTIFICATION AND

VISUAL CLASSIFICATION OF CLUSTER MEMBER

AGN

We have carried out a preliminary attempt to confirm cluster mem-

ber AGN spectroscopically by searching the NASA/IPAC Extra-

galactic Database (NED) for optical spectroscopic counterparts for

our X-ray point source positions. The search circle around each

X-ray source is 2′′, sufficiently large to account for the expected

positional uncertainties on our X-ray sources. Control tests that

added random offsets to the X-ray source positions suggest that

our expected number of “false positives” (i.e. finding a spectro-

scopic counterpart at the cluster redshift by chance coincidence) is

negligible. Where we find a spectroscopic counterpart to the X-ray

source with a redshift zcp satisfying c|zcluster − zcp| < 5000 km s−1,

we identify that X-ray source to be a spectroscopically confirmed

cluster member. In total, we find that 88 of our X-ray AGN have

spectroscopic counterparts within 2′′ of the source position.

We then searched the Hubble archive for images at each of

these source positions made with either the ACS or WFC3 cam-

eras. The Hubble images were registered to the Chandra images

and cleaned of cosmic rays using the Laplacian edge detection al-

gorithm of van Dokkum (2001). After these steps, 23 of the X-ray

AGN had Hubble images deemed suitable for a preliminary visual

classification of their morphologies.

Source catalogs for each Hubble field were produced using

SEXTRACTOR (Bertin & Arnouts 1996) in a single filter. For each

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 6.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

of the X-ray point source could not be determined. All of the co-

authors except authors SE, RC, and AvdL did the morphology clas-

sification on all 92 galaxies. None of the participating co-authors

knew which of the galaxies were the hosts of the X-ray AGN and

which were control galaxies in advance. We then determined the

fraction of galaxies within each of these morphological classes for

both the normal galaxies and X-ray AGN.

Consistent with Merger  
 Triggering
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3

Fig. 2.— This plot shows the integrated flux density versus peak
flux density for our sample. For a given integrated flux density,
the contours show at what peak flux density the sample is 68.3%,
95.45%, and 99.73% complete, i.e. includes . We chose the empir-
ical relation, Sp = 0.55S0.8

I to make sure our data is at least 95%
complete at the given flux density limit.

(a)

Fig. 3.— This plot shows both the integrated flux density limit
for each cluster (blue) and the corresponding luminosity limit given
the cluster redshift (red).

to that of the AGN number density (e.g. Condon et al.
2002). However, in local clusters, star-forming galaxies
are suppressed by a factor of 2 in galaxies with a mass
of 1010

M� and more than a factor of 10 in galaxies with
a mass of > 1011

M� (Wetzel et al. 2012). Therefore,
we do not expect much star formation contamination of
our AGN study. We do note that, Song et al. (2017)
show that star-formation increases in clusters at redshift
z ⇠ 0.8. However, the luminosity from the brightest
star-forming galaxies will be log L1.4GHz  23.8, which
is outside our flux limit at this redshift. Figure 3 shows
the distribution of the flux density limits and the corre-
sponding luminosity for our sample.

The field of view of each cluster nominally extends to
10 R500. However, due to the foot print of the survey,
several clusters have truncated radii. In addition, sev-
eral cluster fields overlap with another cluster field and
we truncate the two fields half-way to the overlapping
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R500

102

103
N

(>
2.

8m
J
y)
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2

Average Bkg

Cosmos

Cluster Sample

Fig. 4.— This figure plots the number of sources per square
degree versus cluster radius. We only include clusters that have
a flux limit of 2.8 mJy in this plot to avoid di↵ering background
levels. The cluster is in black, the 1� confidence region for the
average number density in the COSMOS field is in blue, and the
1� confidence region for the background in our cluster sample taken
from 6–10R500 is in red. Error bars are 1� Poisson errors.

cluster.
The final catalog has 10961 sources, of which 3804 are

point sources, and 7157 are extended sources. Of the ex-
tended sources, 2589 have multiple components, 23.6% of
the total number of sources. The radial distribution of
the average cluster number density is given in Figure 4.
For visual clarity, the plot excludes those clusters that
have flux density limits above Slimit > 2.8 mJy to en-
able a like comparison with clusters that have the same
background level. We also include the number density
from the COSMOS field in blue. The COSMOS field
(Taniguchi et al. 2007; Capak et al. 2007) in our study
is centered on (150.11917�, 2.20583�) and has a radius
of 3000 arcsec. We find a total of 67 sources, 42 are ex-
tended, and 19 of those have multiple components. We
note that this number density is consistent with our mea-
sured background number density given in red in Figure
4, which has much smaller uncertainties due to the order
of magnitude improvement in area utilizing 6–10 R500

from our cluster field sample.
A strong radial dependence is observed in the center of

the cluster fields, indicating an increased number of radio
sources above the background in the clusters. The distri-
bution is highly peaked and extends out past R500. This
has been observed in other cluster surveys at 1.4 GHz
(e.g., Ledlow & Owen 1995; Massardi & De Zotti 2004;
Lin & Mohr 2007; Sommer et al. 2011; B̂ırzan et al. 2017).
In the following sections, we quantify this distribution as
well as its evolution with redshift and its correlation with
cluster mass.

3. ANALYSIS

The FIRST survey provides us both the position and
flux density of the radio sources on the sky, but not the
redshifts. Therefore, we do not know which radio sources
are associated with each cluster. To circumvent this,
we can statistically identify cluster members by making
a di↵erential measurement of the total number of radio
sources in a cluster field to the expected background.

This di↵erential technique is by no means new in the
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Figure 4. The projected density of X-ray bright point sources in all three bands, in units of deg�2. In all three lines, the solid black line corresponds to
the best-fit constant background density in the range 3-5 r500, and in all three cases this background density is consistent with the expected field source
density derived from CDFS and COSMOS. In all three energy bands, this constant background field density is consistent with the expected field density
determined from the CDFS and COSMOS data. (a): The surface density of X-ray bright full band sources (FX(0.5 � 8.0 keV) > 1 ⇥ 10�14 erg cm�2 s�1 ) as a
function of radius, in units of r500. A total of 2675 sources were included in the calculation of this profile. (b): The surface density of X-ray bright soft band
(FX(0.5 � 2.0 keV) > 3 ⇥ 10�15 erg cm�2 s�1 ) sources as a function of radius, in units of r500. A total of 3055 sources were included in the calculation of this
profile. (c): The surface density of X-ray bright hard band sources (FX(2.0� 8.0 keV) > 10�14 erg cm�2 s�1 ) as a function of radius, in units of r500. A total of
2933 sources were included in the calculation of this profile.

5.0.2 The XLF Model

Before presenting the results from our MCMC runs, it is impor-
tant to discuss the choice of XLF for this study in more detail. For
this study, we assume the Luminosity-Dependent Density Evolu-
tion (LDDE) XLF model of Ueda et al. (2014). The XLF of Ueda

et al. (2014) was determined in the rest frame 2�10 keV band, while
we are using the 0.5�8.0 keV band in order to maximize the statis-
tics of our measurement. In order to account for this energy band
conversion, we convert the relevant parameters of the Ueda et al.
(2014) model (L?, La1 & La2 ) to the full band assuming a power-law

Cosmos

Elhert et al. 2014
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Figure 3. The fraction of cluster+field galaxies (RBCG − 0.5 < R < 23, not
including BCG’s) hosting X-ray bright (FX > 10−14 erg cm−2 s−1 ) AGN, as
a function of radius in units of r500. The dashed lines denote the field AGN
fraction inferred from COSMOS at the same limits for the X-ray flux and
optical flux, using the median BCG magnitude of RBCG,med − 0.5 = 18.83.
A trend that rises with clustercentric radius is observed, which converges to
expected field value at distances of ∼ 2r500.

X-ray bright AGN, for an overall fraction of 2.9%. Over the full
sample of 43 galaxy clusters, an additional cluster (MACS J1931.8-
2634) also hosts an X-ray AGN (4.6%). Both of these fractions are
consistent with the value measured for the most massive galaxies
(M⋆ ∼ 1012M⊙) hosting X-ray AGN with LX > 1042 erg s−1 in
the field (Haggard et al. 2010), although with at most two detec-
tions this AGN fraction is not well constrained. We emphasize that
our selection procedure is highly conservative in identifying point
sources in BCG’s and only includes the most obvious sources (see
E13 for more details). It is therefore possible that our measurement
underestimates the true fraction of BCG’s hosting X-ray AGN.

5 DISCUSSION

Our results provide the best measurements to date of how the frac-
tion of galaxies hosting X-ray AGN varies throughout the cluster
environment. Our data shows that the fraction of galaxies hosting
X-ray AGN in clusters is consistently lower than the field: the sup-
pression is mild near the edges of the clusters but increases by a
factor of ∼ 3 within ∼ r500. We now discuss the extent to which
these data constrain the physical processes at work in the cluster
environment.

First and foremost, these results show no evidence for AGN
being triggered in clusters at higher rates than the field. Pro-
cesses and models that predict higher rates of starbursts and sub-
sequent AGN activity in galaxy clusters with respect to the field
(e.g. Moore et al. 1996, 1999) are therefore disfavored by our data.
This places our results in tension with studies that have claimed
higher rates of AGN near the viral radii of clusters than the field
(e.g. Ruderman & Ebeling 2005). Central starbursts have been ob-
served in a few instances in the outskirts of galaxy clusters (e.g.
Moran et al. 2005), and by implication it may be suggested that
galaxies near the cluster outskirts may also host higher rates of
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Figure 4. The fraction of cluster galaxies (RBCG − 0.5 < R < 23, not in-
cluding BCG’s) hosting X-ray bright (FX > 10−14 erg cm−2 s−1 ) AGN, as a
function of radius in units of r500. The field population of galaxies and AGN
has been subtracted statistically, by fitting the projected source density pro-
files from Figures 1 and 2 with constant models, subtracting that constant
from both profiles, and dividing them. This shows that the cluster-specific
AGN fraction is a factor of ∼ 3 lower than the field for these same flux
limits within ∼ r500.

AGN. For the ∼ 100% complete and pure sample of AGN and
galaxies included in this study, however, suppression of AGN ap-
pears to already be the dominant process.

Our results as to how the AGN fraction varies with cluster-
centric distance are generally consistent with measurements as to
how both star formation and optically selected AGN are trans-
formed by the cluster environment. Both star formation and opti-
cal AGN are measured to be suppressed to a similar extent as the
X-ray AGN results presented here, roughly a factor of ∼ 3 between
the cluster centers and outskirts (e.g. von der Linden et al. 2010;
Pimbblet et al. 2013). The fact that X-ray AGN in cluster galax-
ies are suppressed to a similar degree as star formation and optical
AGN activity provides further evidence for a connection between
the three processes. Our sample size is not large enough to robustly
constrain the time scale over which X-ray AGN activity in clus-
ter galaxies is shut off. Similar studies investigating star formation
in cluster galaxies (e.g. von der Linden et al. 2010; Wetzel et al.
2012) and optical AGN in clusters (e.g. von der Linden et al. 2010;
Pimbblet et al. 2013), however, disfavor scenarios where more effi-
cient versions of ram pressure stripping are operating, and suggest
a time scale of ∼ 1 Gyr. The data presented here are also consistent
with such a time scale, and agree with the behavior one expects if
AGN activity generally follows central star formation.

A complete model as to how galaxies interact with one an-
other and the ICM that accounts for all of the cluster galaxy ob-
servations is still being developed. While our results support the
scenario that star formation and AGN in cluster galaxies are be-
ing slowly suppressed by the cluster environment, other lines of
evidence show that galaxy evolution in clusters is a multi-faceted
process. The exact mechanism by which each galaxy is quenched
may depend on a number of factors, such as the galaxy’s mass
and morphology, orbit through the cluster and inclination angle
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• Radio emission is sensitive to: 

• low Eddington Accretion  

• may be more efficient 
at creating jets -> 
ADAF/Thick Disks 

• Hot Mode Accretion  

• Cold Gas is stripped 
from the galaxies 

• could also result in an 
extended disk 

• Massive Black Holes



Table 2. Continued

Cluster Name Nsoft/Nhard/Nfull/Nany Flux Limit

MACS J1427.2+4407 72/61/93/95 1.00/3.98/2.82

MACS J1311.0-0310 135/113/168/177 1.00/3.98/2.82

CL J1002+6858 41/39/57/62 1.58/6.31/4.47

RX J003033.2+261819 47/32/57/60 1.78/7.08/5.01

MACS J2214.9-1359 79/58/99/104 1.12/4.47/3.16

MACS J0911.2+1746 71/49/81/88 1.00/3.98/2.82

MACS J0257.1-2325 78/56/95/106 1.26/5.01/3.55

V1525+0958 71/52/87/94 1.00/3.16/2.51

CL J1357+6232 70/61/93/97 0.89/3.55/2.51

MACS J0454.1-0300a 66/45/75/85 2.24/7.94/6.31

MACS J1423.8+2404a 103/83/121/127 1.41/7.08/4.47

MACS J1149.5+2223 80/65/99/107 2.24/7.94/6.31

MACS J0717.5+3745 127/92/141/156 1.00/3.98/2.82

MS0015.9+1609 90/78/109/116 0.63/2.51/1.78

V1121+2327 108/90/131/135 0.63/2.51/1.78

CL J0216-1747 98/74/114/123 0.89/5.01/3.55

MACS J0025.4-1222 142/111/168/182 0.89/4.47/2.82

CL J0956+4107 90/65/112/118 1.00/3.98/2.82

MACS J2129.4-0741 85/67/101/106 1.12/4.47/3.16

CL0328-2140 71/66/95/100 0.89/3.55/2.51

MACS J0647.7+7015 68/50/89/91 1.12/4.47/3.16

CL J1120+4318 56/38/70/74 1.58/6.31/4.47

CL J1334+5031 49/45/70/70 2.00/7.08/5.01

CL J0542.8-4100 113/72/127/136 0.89/3.16/2.24

CL J1202+5751 77/72/102/108 0.79/3.16/2.24

CL J0405-4100 82/68/101/112 1.26/5.62/3.98

MACS J0744.8+3927 104/95/130/139 0.71/3.16/2.24

V1221+4918 103/95/139/149 0.63/2.51/1.78

CL J0152.7-1357 95/65/116/121 1.12/3.98/2.82

CL J1226.9+3332a 109/84/128/131 1.00/4.47/3.55

Using this same luminosity limit, we also determined the co-

moving number density of cluster member X-ray AGN within 2r500

in each of our 135 galaxy clusters in Figure 6 after statistical field

subtraction. Similar to what we find with our MCMC analysis, this

figure suggests that lower mass clusters tend to host, on average,

higher number densities of AGN than higher mass clusters.

5 TESTING MASS AND REDSHIFT DEPENDENT

MODELS

Such a large and well-characterized sample allows us to measure

the specific evolution of cluster AGN versus that in the field. To

this end, we utilize a Markov Chain Monte Carlo (MCMC) anal-

ysis procedure to determine posterior probability distributions for

parameters in a redshift, luminosity, and cluster mass dependent

model for the projected point source density profile. We confront

our model with the data from each of the 135 galaxy clusters,

marginalizing over uncertainties in the expected evolution of X-ray

AGN in the field and the density of background sources expected

in our survey.6 More specifically, our model assumes that the pro-

jected number density of cluster sources (in units of deg−2) above a

given flux limit f , at a redshift z and projected distance r from the

center of a cluster of mass M500, is proportional to the co-moving

6 By background sources, we mean X-ray point sources coincident with

the cluster along the line of sight that are not at the cluster redshift. These

sources have been shown to have a roughly constant density across survey

areas as large as ∼ 1 deg2 (Xue et al. 2011; Elvis et al. 2009).
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Figure 6. The comoving number density of X-ray AGN more luminous

than 3 × 1043 erg s−1 within 2r500 for our cluster sample, as a function of

cluster mass M500. These number densities were determined by statistically

subtracting the expected number of field sources in each cluster aperture

using the field AGN density as determined by COSMOS from the number

of sources we detect; hence negative AGN densities are possible. While

only a few of the clusters have excesses that are individually larger than

zero with high statistical significance, there is nevertheless evidence that

lower mass clusters host larger AGN densities within 2r500 as compared to

more massive clusters.

number density of X-ray AGN in the field at the cluster redshift

(known as the X-ray Luminosity Function or XLF) with a power-

law spatial dependence:

Nobs(> f , r, z) = N × DA(z)2 × r500 × Φ(> Lcut, z) ×
!

r

r500

"β

+C (3)

where Φ(> Lcut, z) is the expected co-moving number density (in

units of Mpc−3) of X-ray AGN at that redshift in the luminos-

ity range of Lcut < L < 1046 erg s−1 as determined by the XLF

model of Ueda et al. (2014). The lower limit of the luminosity

function Lcut is the intrinsic luminosity of an AGN at the cluster

redshift corresponding to the survey flux cut-off f in the survey

of 10−14 erg cm−2 s−1 . This flux cut-off corresponds to a luminosity

range of ∼ 1042−43 erg s−1 for the cluster member AGN. We assume

that the cluster AGN contribution arises within a cylinder, centered

on the cluster, whose line-of-sight depth scales with r500. DA(z) is

the angular diameter distance specific to each cluster. The param-

eter N includes the necessary unit conversions and describes the

factor by which the number density of AGN in clusters exceeds the

field value specified by the XLF (hereafter the scaling factor). C is

the (constant) density of field AGN at our flux limit f . We allow

the scaling factor to vary as a power law in mass and redshift

N → N0(1 + z)η
!

M500

1015 M⊙

"ζ

(4)

and also allow the radial distribution to depend linearly on the clus-

ter mass and redshift as

β→ β0 + βz(1 + z) + βm

!

M500

1015 M⊙

"

(5)
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Table 2. Continued

Cluster Name Nsoft/Nhard/Nfull/Nany Flux Limit

MACS J1427.2+4407 72/61/93/95 1.00/3.98/2.82

MACS J1311.0-0310 135/113/168/177 1.00/3.98/2.82

CL J1002+6858 41/39/57/62 1.58/6.31/4.47

RX J003033.2+261819 47/32/57/60 1.78/7.08/5.01

MACS J2214.9-1359 79/58/99/104 1.12/4.47/3.16

MACS J0911.2+1746 71/49/81/88 1.00/3.98/2.82

MACS J0257.1-2325 78/56/95/106 1.26/5.01/3.55

V1525+0958 71/52/87/94 1.00/3.16/2.51

CL J1357+6232 70/61/93/97 0.89/3.55/2.51

MACS J0454.1-0300a 66/45/75/85 2.24/7.94/6.31

MACS J1423.8+2404a 103/83/121/127 1.41/7.08/4.47

MACS J1149.5+2223 80/65/99/107 2.24/7.94/6.31

MACS J0717.5+3745 127/92/141/156 1.00/3.98/2.82

MS0015.9+1609 90/78/109/116 0.63/2.51/1.78

V1121+2327 108/90/131/135 0.63/2.51/1.78

CL J0216-1747 98/74/114/123 0.89/5.01/3.55

MACS J0025.4-1222 142/111/168/182 0.89/4.47/2.82

CL J0956+4107 90/65/112/118 1.00/3.98/2.82

MACS J2129.4-0741 85/67/101/106 1.12/4.47/3.16

CL0328-2140 71/66/95/100 0.89/3.55/2.51

MACS J0647.7+7015 68/50/89/91 1.12/4.47/3.16

CL J1120+4318 56/38/70/74 1.58/6.31/4.47

CL J1334+5031 49/45/70/70 2.00/7.08/5.01

CL J0542.8-4100 113/72/127/136 0.89/3.16/2.24

CL J1202+5751 77/72/102/108 0.79/3.16/2.24

CL J0405-4100 82/68/101/112 1.26/5.62/3.98

MACS J0744.8+3927 104/95/130/139 0.71/3.16/2.24

V1221+4918 103/95/139/149 0.63/2.51/1.78

CL J0152.7-1357 95/65/116/121 1.12/3.98/2.82

CL J1226.9+3332a 109/84/128/131 1.00/4.47/3.55

Using this same luminosity limit, we also determined the co-

moving number density of cluster member X-ray AGN within 2r500

in each of our 135 galaxy clusters in Figure 6 after statistical field

subtraction. Similar to what we find with our MCMC analysis, this

figure suggests that lower mass clusters tend to host, on average,

higher number densities of AGN than higher mass clusters.

5 TESTING MASS AND REDSHIFT DEPENDENT

MODELS

Such a large and well-characterized sample allows us to measure

the specific evolution of cluster AGN versus that in the field. To

this end, we utilize a Markov Chain Monte Carlo (MCMC) anal-

ysis procedure to determine posterior probability distributions for

parameters in a redshift, luminosity, and cluster mass dependent

model for the projected point source density profile. We confront

our model with the data from each of the 135 galaxy clusters,

marginalizing over uncertainties in the expected evolution of X-ray

AGN in the field and the density of background sources expected

in our survey.6 More specifically, our model assumes that the pro-

jected number density of cluster sources (in units of deg−2) above a

given flux limit f , at a redshift z and projected distance r from the

center of a cluster of mass M500, is proportional to the co-moving

6 By background sources, we mean X-ray point sources coincident with

the cluster along the line of sight that are not at the cluster redshift. These

sources have been shown to have a roughly constant density across survey

areas as large as ∼ 1 deg2 (Xue et al. 2011; Elvis et al. 2009).
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Figure 6. The comoving number density of X-ray AGN more luminous

than 3 × 1043 erg s−1 within 2r500 for our cluster sample, as a function of

cluster mass M500. These number densities were determined by statistically

subtracting the expected number of field sources in each cluster aperture

using the field AGN density as determined by COSMOS from the number

of sources we detect; hence negative AGN densities are possible. While

only a few of the clusters have excesses that are individually larger than

zero with high statistical significance, there is nevertheless evidence that

lower mass clusters host larger AGN densities within 2r500 as compared to

more massive clusters.

number density of X-ray AGN in the field at the cluster redshift

(known as the X-ray Luminosity Function or XLF) with a power-

law spatial dependence:

Nobs(> f , r, z) = N × DA(z)2 × r500 × Φ(> Lcut, z) ×
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r500
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+C (3)

where Φ(> Lcut, z) is the expected co-moving number density (in

units of Mpc−3) of X-ray AGN at that redshift in the luminos-

ity range of Lcut < L < 1046 erg s−1 as determined by the XLF

model of Ueda et al. (2014). The lower limit of the luminosity

function Lcut is the intrinsic luminosity of an AGN at the cluster

redshift corresponding to the survey flux cut-off f in the survey

of 10−14 erg cm−2 s−1 . This flux cut-off corresponds to a luminosity

range of ∼ 1042−43 erg s−1 for the cluster member AGN. We assume

that the cluster AGN contribution arises within a cylinder, centered

on the cluster, whose line-of-sight depth scales with r500. DA(z) is

the angular diameter distance specific to each cluster. The param-

eter N includes the necessary unit conversions and describes the

factor by which the number density of AGN in clusters exceeds the

field value specified by the XLF (hereafter the scaling factor). C is

the (constant) density of field AGN at our flux limit f . We allow

the scaling factor to vary as a power law in mass and redshift

N → N0(1 + z)η
!

M500

1015 M⊙
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(4)

and also allow the radial distribution to depend linearly on the clus-

ter mass and redshift as
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Table 2. Continued

Cluster Name Nsoft/Nhard/Nfull/Nany Flux Limit

MACS J1427.2+4407 72/61/93/95 1.00/3.98/2.82

MACS J1311.0-0310 135/113/168/177 1.00/3.98/2.82

CL J1002+6858 41/39/57/62 1.58/6.31/4.47

RX J003033.2+261819 47/32/57/60 1.78/7.08/5.01

MACS J2214.9-1359 79/58/99/104 1.12/4.47/3.16

MACS J0911.2+1746 71/49/81/88 1.00/3.98/2.82

MACS J0257.1-2325 78/56/95/106 1.26/5.01/3.55

V1525+0958 71/52/87/94 1.00/3.16/2.51

CL J1357+6232 70/61/93/97 0.89/3.55/2.51

MACS J0454.1-0300a 66/45/75/85 2.24/7.94/6.31

MACS J1423.8+2404a 103/83/121/127 1.41/7.08/4.47

MACS J1149.5+2223 80/65/99/107 2.24/7.94/6.31

MACS J0717.5+3745 127/92/141/156 1.00/3.98/2.82

MS0015.9+1609 90/78/109/116 0.63/2.51/1.78

V1121+2327 108/90/131/135 0.63/2.51/1.78

CL J0216-1747 98/74/114/123 0.89/5.01/3.55

MACS J0025.4-1222 142/111/168/182 0.89/4.47/2.82

CL J0956+4107 90/65/112/118 1.00/3.98/2.82

MACS J2129.4-0741 85/67/101/106 1.12/4.47/3.16

CL0328-2140 71/66/95/100 0.89/3.55/2.51

MACS J0647.7+7015 68/50/89/91 1.12/4.47/3.16

CL J1120+4318 56/38/70/74 1.58/6.31/4.47

CL J1334+5031 49/45/70/70 2.00/7.08/5.01

CL J0542.8-4100 113/72/127/136 0.89/3.16/2.24

CL J1202+5751 77/72/102/108 0.79/3.16/2.24

CL J0405-4100 82/68/101/112 1.26/5.62/3.98

MACS J0744.8+3927 104/95/130/139 0.71/3.16/2.24

V1221+4918 103/95/139/149 0.63/2.51/1.78

CL J0152.7-1357 95/65/116/121 1.12/3.98/2.82

CL J1226.9+3332a 109/84/128/131 1.00/4.47/3.55

Using this same luminosity limit, we also determined the co-

moving number density of cluster member X-ray AGN within 2r500

in each of our 135 galaxy clusters in Figure 6 after statistical field

subtraction. Similar to what we find with our MCMC analysis, this

figure suggests that lower mass clusters tend to host, on average,

higher number densities of AGN than higher mass clusters.

5 TESTING MASS AND REDSHIFT DEPENDENT

MODELS

Such a large and well-characterized sample allows us to measure

the specific evolution of cluster AGN versus that in the field. To

this end, we utilize a Markov Chain Monte Carlo (MCMC) anal-

ysis procedure to determine posterior probability distributions for

parameters in a redshift, luminosity, and cluster mass dependent

model for the projected point source density profile. We confront

our model with the data from each of the 135 galaxy clusters,

marginalizing over uncertainties in the expected evolution of X-ray

AGN in the field and the density of background sources expected

in our survey.6 More specifically, our model assumes that the pro-

jected number density of cluster sources (in units of deg−2) above a

given flux limit f , at a redshift z and projected distance r from the

center of a cluster of mass M500, is proportional to the co-moving

6 By background sources, we mean X-ray point sources coincident with

the cluster along the line of sight that are not at the cluster redshift. These

sources have been shown to have a roughly constant density across survey

areas as large as ∼ 1 deg2 (Xue et al. 2011; Elvis et al. 2009).
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Figure 6. The comoving number density of X-ray AGN more luminous

than 3 × 1043 erg s−1 within 2r500 for our cluster sample, as a function of

cluster mass M500. These number densities were determined by statistically

subtracting the expected number of field sources in each cluster aperture

using the field AGN density as determined by COSMOS from the number

of sources we detect; hence negative AGN densities are possible. While

only a few of the clusters have excesses that are individually larger than

zero with high statistical significance, there is nevertheless evidence that

lower mass clusters host larger AGN densities within 2r500 as compared to

more massive clusters.

number density of X-ray AGN in the field at the cluster redshift

(known as the X-ray Luminosity Function or XLF) with a power-

law spatial dependence:

Nobs(> f , r, z) = N × DA(z)2 × r500 × Φ(> Lcut, z) ×
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+C (3)

where Φ(> Lcut, z) is the expected co-moving number density (in

units of Mpc−3) of X-ray AGN at that redshift in the luminos-

ity range of Lcut < L < 1046 erg s−1 as determined by the XLF

model of Ueda et al. (2014). The lower limit of the luminosity

function Lcut is the intrinsic luminosity of an AGN at the cluster

redshift corresponding to the survey flux cut-off f in the survey

of 10−14 erg cm−2 s−1 . This flux cut-off corresponds to a luminosity

range of ∼ 1042−43 erg s−1 for the cluster member AGN. We assume

that the cluster AGN contribution arises within a cylinder, centered

on the cluster, whose line-of-sight depth scales with r500. DA(z) is

the angular diameter distance specific to each cluster. The param-

eter N includes the necessary unit conversions and describes the

factor by which the number density of AGN in clusters exceeds the

field value specified by the XLF (hereafter the scaling factor). C is

the (constant) density of field AGN at our flux limit f . We allow

the scaling factor to vary as a power law in mass and redshift

N → N0(1 + z)η
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M500
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and also allow the radial distribution to depend linearly on the clus-

ter mass and redshift as

β→ β0 + βz(1 + z) + βm
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Figure 9. The radio luminosity function of AGN in our 0.005 < z < 0.3 redshift bin separated into LERGs (red diamonds and solid line)
and HERGs (blue triangles and solid line). Left panel: integrated over i < 20.5 and right panel: galaxies with Mi < �23 only. Over-plotted
are double power law fits to the data (solid lines).

Figure 10. The radio luminosity function for LERGs (left column) and HERGs (right column) separated into three redshift bins:
0.005 < z < 0.30 (blue); 0.30 < z < 0.50 (green); 0.5 < z < 0.75 (red). The top row shows the fit to the data (solid lines) assuming pure
density evolution and the bottom row show the fit to the data assuming pure luminosity evolution.
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(L ! 1044 erg s−1 , e.g. Hopkins & Beacom 2006; Hopkins et al.

2008; Hasinger 2008). At lower redshifts (z " 1), bar instabilities

and less extreme galaxy-galaxy interactions are inferred to be more

efficient at producing AGN (e.g. Georgakakis et al. 2009). Inves-

tigations into the properties of the galaxies hosting AGN indicate

that their morphologies are similar to comparable galaxies that do

not host AGN (e.g. Reichard et al. 2009; Tal et al. 2009).

One useful way to explore these triggering mechanisms is to

observe the AGN populations in massive galaxy clusters. Galaxy

clusters are not only sites of large numbers of galaxies in close

proximity to one another but also host a hot, diffuse, X-ray bright

intracluster medium (ICM) (e.g. Sarazin 1988). Both factors are

expected to play a role in transforming galaxies in clusters, through

tidal encounters, mergers between neighboring galaxies (Mamon

1992; Moore et al. 1998), or by galaxy-ICM interactions such as

ram pressure stripping (e.g. Gunn & Gott 1972). Studying how the

AGN population in clusters is related to the host cluster properties

allows us to understand more completely how the variations in the

merger frequency or density of the ICM may influence a galaxy’s

ability to host an AGN outburst.

Previous studies have established that galaxies in local clus-

ters have lower average star formation rates than the field (e.g.

Dressler 1980). Previous studies of the X-ray AGN population

in galaxy clusters, however, have typically suffered from limited

source statistics. Because the fraction of galaxies hosting X-ray

AGN is typically of order ∼ 0.1 − 1% (e.g. Haggard et al. 2010),

large samples of galaxy clusters are required to measure the cluster-

specific AGN population with high precision. Understanding how

the AGN population varies with cluster mass and redshift addition-

ally requires detailed spectroscopy and mass proxy information that

is only just becoming available (Mantz et al. 2010a,b; von der Lin-

den et al. 2014; Kelly et al. 2014; Applegate et al. 2014). Finally,

any attempt to measure the cluster-specific influences on their con-

stituent AGN population must also account for the cosmic evolu-

tion of X-ray AGN in the field (also known as the X-ray Luminos-

ity Function or XLF) which has already been measured to have a

strong redshift dependence (e.g. Ueda et al. 2003; Hasinger et al.

2005; Ueda et al. 2014).

In this paper, we expand the analysis of (Ehlert et al. 2013,

2014, hereafter Paper I and Paper II, respectively) to a larger sam-

ple of galaxy clusters to of test for the presence of a cluster mass

and/or redshift dependent signal beyond those expected from field

evolution. With more than 11,000 X-ray AGN cataloged here we

are able to, for the first time, quantify the extent to which the X-ray

AGN population in galaxy clusters may depend on the host cluster

mass and redshift. The presence or absence of these signals offers

important new evidence as to the key astrophysical processes that

drive the evolution of AGN in clusters. When calculating distances,

we assume a ΛCDM cosmological model with Ωm=0.3, ΩΛ=0.7,

and H0 = 70 km s−1 Mpc−1.

2 THE CLUSTER SAMPLE

The clusters included in our study have been drawn from wide-area

cluster surveys derived from the ROSAT All Sky Survey (Truemper

1993): the ROSAT Brightest Cluster Sample (Ebeling et al. 1998);

the ROSAT-ESO Flux-Limited X-ray Sample (Böhringer et al.

2004); and the MAssive Cluster Survey (Ebeling et al. 2007, 2010).

We also included clusters from the 400-Square Degree ROSAT

PSPC Galaxy Cluster Survey (Burenin et al. 2007). Each sample

covers a distinct volume of the Universe: BCS covers the north-
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Figure 1. The masses and redshifts of the 135 galaxy clusters in this study.

The median cluster redshift of z = 0.4 and cluster mass of M500 = 7 ×
1014 M⊙ are denoted with dashed lines.

ern sky at z < 0.3; REFLEX covers the southern sky at z < 0.3;

and MACS covers higher redshifts, 0.3 < z < 0.9, at declina-

tions > −40◦. The 400 deg2 survey covers high Galactic latitudes

at redshifts of z < 1. The galaxy clusters included in these sam-

ples have been instrumental in recent cosmological studies (Mantz

et al. 2008; Vikhlinin et al. 2009; Mantz et al. 2010a,b; Allen et al.

2011). All of the clusters chosen from these samples have Chandra

exposures of at least 10 ks in public archives as well as robust mea-

surements of their masses and virial radii (Mantz et al. 2010a,b),

and are a representative sub-sample of these surveys. In total, 135

unique galaxy clusters are included, with redshifts ranging from

0.2 < z < 0.9. General information for the clusters and the Chan-

dra data sets used may be found in Table 1. We note that these

clusters are among the most massive and X-ray luminous clus-

ters in the Universe, and therefore host large numbers of galaxies

and substantial masses of hot, X-ray emitting gas (the Intracluster

Medium, hereafter ICM). We therefore expect the influences of the

local cluster environment to be pronounced in this sample. With

measurements of r500 available for each cluster, we are able to re-

late observed trends in the AGN population to the virial radii of the

clusters.

Mass measurements and the associated radii, r500, for each

cluster are taken from Mantz et al. (2010a,b).1 The typical uncer-

tainties in measurements of r500 are of order 10%. The r500 values

and X-ray centroids for the clusters are summarized in Table 1, and

the distribution of cluster masses and redshifts used for this study

are shown in Figure 1.

1 The scaling radius r∆ is defined as the radius where the enclosed average

mass density is equal to ∆ times the critical density of the universe at the

cluster’s respective redshift, ρc(z). The corresponding mass M∆ is defined as

M∆ = 4/3π∆ρc(z) r∆
3. The mass range extends from 1×1014 M⊙ < M500 <

5 × 1015 M⊙ and the scaling radii range from 0.6 Mpc < r500 < 2 Mpc.

VIMOS follow-up 
program: 
!
Observe 10, z=0.35 - 
0.4, relaxed clusters 
!
Aims:!
- Examine X-ray AGN 
host relationship 
- Does AGN fraction 
depend on cluster 
mass?
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K. Cordes & S. Brown (STScI)
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Optical follow-up

29

Spectroscopy:!
• Within 2’’ of X-ray position find 7753 objects of 11671, 318 have spectra 49/318 

have velocities +-5000 kms-1 
Imaging:!
• Quantify asymmetries and close pairs in spectroscopically confirmed cluster 

members

Next step: Need spectroscopic confirmation



Spectroscopy

16

VIMOS follow-up program: 
!
Expect: 500-700 targets per 
cluster (~6000 targets) 
              ~860 X-ray AGN !
              >50 within ~2x r500, !
                     (15 so far) 
!
Matched by magnitude and 
cluster centric distance for 
V<23 
!
2700 seconds on target
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• Rate of Mergers 
Scales inversely with 
the Mass of the most 
massive Clusters 

•   

•  (e.g., Mamon 1992) 
• Though the X-ray 

AGN are quenched 
in clusters, the ones 
that are active are 
consistent with being 
triggered by merging 
of galaxies. 

�3 / M�1!
• Rate of mergers in 

massive clusters scales as           
(e.g. Mamon 1992)

Triggering mechanism?

12

1. Projected number density of X-ray AGN in galaxy clusters scales 
with galaxy mass as ~ M-1.2 
2. No evidence for evolution of radial scaling - so process occurs on 
same length scales irrespective of mass
Environmental effects:  
Ram pressure? Harassment? Strangulation? May lead to different radial 
profiles (e.g. Treu et al. 2003). 
Mergers? 

No evidence as yet for redshift evolution in number density, but not well 
constrained, will include SPT clusters to increase redshift lever arm
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Table 4. Input priors on the MCMC runs of our four models. Nearly all of these priors are determined by the measurements of the XLF after converting

published results to our energy band. All of the priors with error bars shown are assumed to be normally distributed, while those without error bars are fixed.

Our priors have error bars a factor of 2 larger than the published values in order to account for any potential systematics that may arise in the energy band

conversion. The only additional prior included in our analysis is for C, the projected density of X-ray AGN in the field as determined by COSMOS, assumed

to be normally distrubuted with a variance of 10%, which is sufficiently large to account for both the statistical fluctuations and cosmic variance in this

measurement.

XLF Priors

Parameter Prior

A0 ( Mpc−3 dex−1) (2.91 ± 0.14) × 10−6

γ1 0.96 ± 0.08

γ2 2.71 ± 0.18

log L⋆ 43.97 ± 0.12

p∗
1

4.78 ± 0.16

p2 −1.5

p3 −6.2

z∗c1
1.86 ± 0.14

z∗c2
3.0

β1 0.84 ± 0.36

log La1
44.61 ± 0.14

log La2
44.00

α1 0.29 ± 0.04

α2 −0.1

C (deg−2) 330 ± 33

free parameter. The posterior probability distributions are typically

non-Gaussian in shape, and often have long asymmetric tails ex-

tending beyond their modes. Our sample provides little to no con-

straint regarding the redshift dependence of the scaling factor (η).

The data are also consistent with a redshift and mass-independent

radial profile for the cluster X-ray AGN. Our most constraining

model for a mass dependent scaling factor constrains the value of

that power-law slope to ζ ∈ [−3.71,−0.60] for its 99% confidence

interval.

While our results provide strong evidence for a ∼ M−1 scaling

relation in the evolution of cluster AGN, that determination in and

of itself does not provide a physical explanation for the observed

data nor offer any context with previous results. One interpretation

of the measured dependence is that it is driven by galaxy mergers.

Using virial arguments, we expect that the galaxy velocity disper-

sion, σ, in clusters will scale with cluster mass as ∼ M1/3. Ad-

ditionally, theoretical calculations suggest that the rate of mergers

between cluster galaxies should scale as ∼ σ−3 (Mamon 1992), or

equivalently ∼ M−1, consistent with the M∼−1.5±0.7 scaling observed

in these data (Model 2).

7 PRELIMINARY SPECTRAL IDENTIFICATION AND

VISUAL CLASSIFICATION OF CLUSTER MEMBER

AGN

We have carried out a preliminary attempt to confirm cluster mem-

ber AGN spectroscopically by searching the NASA/IPAC Extra-

galactic Database (NED) for optical spectroscopic counterparts for

our X-ray point source positions. The search circle around each

X-ray source is 2′′, sufficiently large to account for the expected

positional uncertainties on our X-ray sources. Control tests that

added random offsets to the X-ray source positions suggest that

our expected number of “false positives” (i.e. finding a spectro-

scopic counterpart at the cluster redshift by chance coincidence) is

negligible. Where we find a spectroscopic counterpart to the X-ray

source with a redshift zcp satisfying c|zcluster − zcp| < 5000 km s−1,

we identify that X-ray source to be a spectroscopically confirmed

cluster member. In total, we find that 88 of our X-ray AGN have

spectroscopic counterparts within 2′′ of the source position.

We then searched the Hubble archive for images at each of

these source positions made with either the ACS or WFC3 cam-

eras. The Hubble images were registered to the Chandra images

and cleaned of cosmic rays using the Laplacian edge detection al-

gorithm of van Dokkum (2001). After these steps, 23 of the X-ray

AGN had Hubble images deemed suitable for a preliminary visual

classification of their morphologies.

Source catalogs for each Hubble field were produced using

SEXTRACTOR (Bertin & Arnouts 1996) in a single filter. For each

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 6.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

of the X-ray point source could not be determined. All of the co-

authors except authors SE, RC, and AvdL did the morphology clas-

sification on all 92 galaxies. None of the participating co-authors

knew which of the galaxies were the hosts of the X-ray AGN and

which were control galaxies in advance. We then determined the

fraction of galaxies within each of these morphological classes for

both the normal galaxies and X-ray AGN.

Table 4. Input priors on the MCMC runs of our four models. Nearly all of these priors are determined by the measurements of the XLF after converting

published results to our energy band. All of the priors with error bars shown are assumed to be normally distributed, while those without error bars are fixed.

Our priors have error bars a factor of 2 larger than the published values in order to account for any potential systematics that may arise in the energy band

conversion. The only additional prior included in our analysis is for C, the projected density of X-ray AGN in the field as determined by COSMOS, assumed

to be normally distrubuted with a variance of 10%, which is sufficiently large to account for both the statistical fluctuations and cosmic variance in this

measurement.

XLF Priors

Parameter Prior

A0 ( Mpc−3 dex−1) (2.91 ± 0.14) × 10−6

γ1 0.96 ± 0.08

γ2 2.71 ± 0.18

log L⋆ 43.97 ± 0.12

p∗
1

4.78 ± 0.16

p2 −1.5

p3 −6.2

z∗c1
1.86 ± 0.14

z∗c2
3.0

β1 0.84 ± 0.36

log La1
44.61 ± 0.14

log La2
44.00

α1 0.29 ± 0.04

α2 −0.1

C (deg−2) 330 ± 33

free parameter. The posterior probability distributions are typically

non-Gaussian in shape, and often have long asymmetric tails ex-

tending beyond their modes. Our sample provides little to no con-

straint regarding the redshift dependence of the scaling factor (η).

The data are also consistent with a redshift and mass-independent

radial profile for the cluster X-ray AGN. Our most constraining

model for a mass dependent scaling factor constrains the value of

that power-law slope to ζ ∈ [−3.71,−0.60] for its 99% confidence

interval.

While our results provide strong evidence for a ∼ M−1 scaling

relation in the evolution of cluster AGN, that determination in and

of itself does not provide a physical explanation for the observed

data nor offer any context with previous results. One interpretation

of the measured dependence is that it is driven by galaxy mergers.

Using virial arguments, we expect that the galaxy velocity disper-

sion, σ, in clusters will scale with cluster mass as ∼ M1/3. Ad-

ditionally, theoretical calculations suggest that the rate of mergers

between cluster galaxies should scale as ∼ σ−3 (Mamon 1992), or

equivalently ∼ M−1, consistent with the M∼−1.5±0.7 scaling observed

in these data (Model 2).

7 PRELIMINARY SPECTRAL IDENTIFICATION AND

VISUAL CLASSIFICATION OF CLUSTER MEMBER

AGN

We have carried out a preliminary attempt to confirm cluster mem-

ber AGN spectroscopically by searching the NASA/IPAC Extra-

galactic Database (NED) for optical spectroscopic counterparts for

our X-ray point source positions. The search circle around each

X-ray source is 2′′, sufficiently large to account for the expected

positional uncertainties on our X-ray sources. Control tests that

added random offsets to the X-ray source positions suggest that

our expected number of “false positives” (i.e. finding a spectro-

scopic counterpart at the cluster redshift by chance coincidence) is

negligible. Where we find a spectroscopic counterpart to the X-ray

source with a redshift zcp satisfying c|zcluster − zcp| < 5000 km s−1,

we identify that X-ray source to be a spectroscopically confirmed

cluster member. In total, we find that 88 of our X-ray AGN have

spectroscopic counterparts within 2′′ of the source position.

We then searched the Hubble archive for images at each of

these source positions made with either the ACS or WFC3 cam-

eras. The Hubble images were registered to the Chandra images

and cleaned of cosmic rays using the Laplacian edge detection al-

gorithm of van Dokkum (2001). After these steps, 23 of the X-ray

AGN had Hubble images deemed suitable for a preliminary visual

classification of their morphologies.

Source catalogs for each Hubble field were produced using

SEXTRACTOR (Bertin & Arnouts 1996) in a single filter. For each

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 6.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

of the X-ray point source could not be determined. All of the co-

authors except authors SE, RC, and AvdL did the morphology clas-

sification on all 92 galaxies. None of the participating co-authors

knew which of the galaxies were the hosts of the X-ray AGN and

which were control galaxies in advance. We then determined the

fraction of galaxies within each of these morphological classes for

both the normal galaxies and X-ray AGN.
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AGN Come in Two 
Flavors:

• Radiative, Quasar mode,  
high-Eddington accretion 
modes (X-ray AGN) 

• Kinetic, Jet-mode, low-
Eddington accretion 
modes (Radio AGN)

MS0735.6+7421, McNamara et al. 2009
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M-sigma 
Relation 

Gultekin 
et al. 
2009

• Sphere of 
influence  

• 40 pc for 109 
Msolar BH 

• The velocity 
dispersions are 
measured on 
kpc scales
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AGN Come in Two Flavors:

• Radiative, Quasar mode,  high-
Eddington accretion modes (X-
ray AGN) 

• measure power: 

• Radiation pressure- 
luminosity 

• Kinetic, Jet-mode, low-Eddington 
accretion modes (Radio AGN) 

• measure power: 

• Cavities

MS0735.6+7421, McNamara et al. 2009



Motivation

Einstein Symposium51

AGN Come in Two Flavors:

• Radiative, Quasar mode,  
high-Eddington accretion 
modes (X-ray AGN) 

• Kinetic, Jet-mode, low-
Eddington accretion 
modes (Radio AGN) 

What are the triggering 
mechanisms?

MS0735.6+7421, McNamara et al. 2009
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• Excess in the center R500  
above a luminosity of 
logL_X=43.5 at the cluster 
redshift 

• The fraction of X-ray AGN 
compared to galaxies is 
suppressed as compared 
to the field 

• We find an inverse 
correlation with Mass, which 
may suggest triggering of 
AGN by Mergers

Table 2. Continued

Cluster Name Nsoft/Nhard/Nfull/Nany Flux Limit

MACS J1427.2+4407 72/61/93/95 1.00/3.98/2.82

MACS J1311.0-0310 135/113/168/177 1.00/3.98/2.82

CL J1002+6858 41/39/57/62 1.58/6.31/4.47

RX J003033.2+261819 47/32/57/60 1.78/7.08/5.01

MACS J2214.9-1359 79/58/99/104 1.12/4.47/3.16

MACS J0911.2+1746 71/49/81/88 1.00/3.98/2.82

MACS J0257.1-2325 78/56/95/106 1.26/5.01/3.55

V1525+0958 71/52/87/94 1.00/3.16/2.51

CL J1357+6232 70/61/93/97 0.89/3.55/2.51

MACS J0454.1-0300a 66/45/75/85 2.24/7.94/6.31

MACS J1423.8+2404a 103/83/121/127 1.41/7.08/4.47

MACS J1149.5+2223 80/65/99/107 2.24/7.94/6.31

MACS J0717.5+3745 127/92/141/156 1.00/3.98/2.82

MS0015.9+1609 90/78/109/116 0.63/2.51/1.78

V1121+2327 108/90/131/135 0.63/2.51/1.78

CL J0216-1747 98/74/114/123 0.89/5.01/3.55

MACS J0025.4-1222 142/111/168/182 0.89/4.47/2.82

CL J0956+4107 90/65/112/118 1.00/3.98/2.82

MACS J2129.4-0741 85/67/101/106 1.12/4.47/3.16

CL0328-2140 71/66/95/100 0.89/3.55/2.51

MACS J0647.7+7015 68/50/89/91 1.12/4.47/3.16

CL J1120+4318 56/38/70/74 1.58/6.31/4.47

CL J1334+5031 49/45/70/70 2.00/7.08/5.01

CL J0542.8-4100 113/72/127/136 0.89/3.16/2.24

CL J1202+5751 77/72/102/108 0.79/3.16/2.24

CL J0405-4100 82/68/101/112 1.26/5.62/3.98

MACS J0744.8+3927 104/95/130/139 0.71/3.16/2.24

V1221+4918 103/95/139/149 0.63/2.51/1.78

CL J0152.7-1357 95/65/116/121 1.12/3.98/2.82

CL J1226.9+3332a 109/84/128/131 1.00/4.47/3.55

Using this same luminosity limit, we also determined the co-

moving number density of cluster member X-ray AGN within 2r500

in each of our 135 galaxy clusters in Figure 6 after statistical field

subtraction. Similar to what we find with our MCMC analysis, this

figure suggests that lower mass clusters tend to host, on average,

higher number densities of AGN than higher mass clusters.

5 TESTING MASS AND REDSHIFT DEPENDENT

MODELS

Such a large and well-characterized sample allows us to measure

the specific evolution of cluster AGN versus that in the field. To

this end, we utilize a Markov Chain Monte Carlo (MCMC) anal-

ysis procedure to determine posterior probability distributions for

parameters in a redshift, luminosity, and cluster mass dependent

model for the projected point source density profile. We confront

our model with the data from each of the 135 galaxy clusters,

marginalizing over uncertainties in the expected evolution of X-ray

AGN in the field and the density of background sources expected

in our survey.6 More specifically, our model assumes that the pro-

jected number density of cluster sources (in units of deg−2) above a

given flux limit f , at a redshift z and projected distance r from the

center of a cluster of mass M500, is proportional to the co-moving

6 By background sources, we mean X-ray point sources coincident with

the cluster along the line of sight that are not at the cluster redshift. These

sources have been shown to have a roughly constant density across survey

areas as large as ∼ 1 deg2 (Xue et al. 2011; Elvis et al. 2009).
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Figure 6. The comoving number density of X-ray AGN more luminous

than 3 × 1043 erg s−1 within 2r500 for our cluster sample, as a function of

cluster mass M500. These number densities were determined by statistically

subtracting the expected number of field sources in each cluster aperture

using the field AGN density as determined by COSMOS from the number

of sources we detect; hence negative AGN densities are possible. While

only a few of the clusters have excesses that are individually larger than

zero with high statistical significance, there is nevertheless evidence that

lower mass clusters host larger AGN densities within 2r500 as compared to

more massive clusters.

number density of X-ray AGN in the field at the cluster redshift

(known as the X-ray Luminosity Function or XLF) with a power-

law spatial dependence:

Nobs(> f , r, z) = N × DA(z)2 × r500 × Φ(> Lcut, z) ×
!

r

r500

"β

+C (3)

where Φ(> Lcut, z) is the expected co-moving number density (in

units of Mpc−3) of X-ray AGN at that redshift in the luminos-

ity range of Lcut < L < 1046 erg s−1 as determined by the XLF

model of Ueda et al. (2014). The lower limit of the luminosity

function Lcut is the intrinsic luminosity of an AGN at the cluster

redshift corresponding to the survey flux cut-off f in the survey

of 10−14 erg cm−2 s−1 . This flux cut-off corresponds to a luminosity

range of ∼ 1042−43 erg s−1 for the cluster member AGN. We assume

that the cluster AGN contribution arises within a cylinder, centered

on the cluster, whose line-of-sight depth scales with r500. DA(z) is

the angular diameter distance specific to each cluster. The param-

eter N includes the necessary unit conversions and describes the

factor by which the number density of AGN in clusters exceeds the

field value specified by the XLF (hereafter the scaling factor). C is

the (constant) density of field AGN at our flux limit f . We allow

the scaling factor to vary as a power law in mass and redshift

N → N0(1 + z)η
!

M500

1015 M⊙

"ζ

(4)

and also allow the radial distribution to depend linearly on the clus-

ter mass and redshift as

β→ β0 + βz(1 + z) + βm

!

M500

1015 M⊙

"

(5)

Lehmer et al. 2012). Above fluxes of ⇠ 10�14 erg cm�2 s�1 , the clus-
ter fields exhibit a slight excess in source density compared to field
surveys. These results are consistent with and build on those dis-
cussed in Paper I, and demonstrate the robustness of this analysis
procedure.

4.2 The Radial Distribution of X-ray Sources

The spatial distribution of point sources about the cluster centers
has been calculated for all point sources with full-band fluxes above
1⇥ 10�14 erg cm�2 s�1 . Similar analyses were performed in the soft
band and hard bands, with flux limits of 3 ⇥ 10�15 erg cm�2 s�1

and 10�14 erg cm�2 s�1 , respectively. The full band flux limit cor-
responds to a luminosity of ⇠ 1042 erg s�1 for the lowest redshift
cluster in this sample (Abell 2163) and ⇠ 1043 erg s�1 for the high-
est redshift cluster (CL J1226.9+3332).

The adoption of these flux limits minimizes complications due
to residual incompleteness and systematic uncertainties in the sen-
sitivity maps, while maintaining a strong statistical signal. A total
of 6443, 3055, and 2933 sources satisfy these criteria in the full,
soft, and hard bands, respectively. The projected radial distributions
are plotted in Figure 4 as a function of radius in units of r500. The
projected radii of sources in each cluster field were calculated as-
suming that they lie at the cluster redshift. The projected source
density profile and its statistical uncertainties in each radial bin are
calculated in an identical manner to that used to calculate the cu-
mulative number counts.

In this representation, we find clear evidence for an excess
of point sources in the central regions of the clusters. At large
radii, the measured source number densities converge to an ap-
proximately constant source density. Fitting the number density
of full (0.5 � 8.0 keV) band sources between 3-5 r500 with a con-
stant model provides an estimated background number density of
311 ± 16 deg�2.4 The measured value is also in agreement with the
expected background source density from the CDFS and COSMOS
studies within statistical uncertainties. Within the projected central
virialized cluster region (⇠ 2r500), the constant background density
model provides a poor fit to the point source density, and can be
rejected at > 99.9% confidence. The results of the background fits
in all three bands are shown in Table 2. The high statistical preci-
sion of our data enable us to measure an excess of approximately
3 sources per cluster field within 2 r500 in each energy band. We
do not expect any significant contribution to this signal from grav-
itational lensing given the results of (Refregier & Loeb 1997) and
Gilmour et al. (2009). In fact, given the shape of the cumulative
number counts (log N � log S ), gravitational lensing is expected to
suppress the detection of sources near the centers of clusters (Re-
fregier & Loeb 1997; Gilmour et al. 2009).

We have fitted the observed X-ray point source density profiles
in all three bands with a King-law+Constant model:

NX(r) =
N0

1 +
⇣

r
rc

⌘2 +CX (2)

where rc is the core radius of the fit. The resulting posterior dis-
tributions for the fits in each energy band are nearly identical to
one another. In each case, we measure a median core radius of
rc = 1.2 r500, with a 68% confidence interval spanning the range
of rc 2 [0.7, 2.1] r500. Most published studies of the optical galaxy

4 The constant model provides a statistically acceptable fit to the data (�2 =

4.7 for ⌫ = 7 degrees of freedom).

Figure 5. The projected density of X-ray point sources detected above
a full band luminosity limit of L > 3 ⇥ 1043 erg s�1 , in units of deg�2.
This projected source density follows the same power-law model as that
observed for the flux-limited sample.

population in clusters measure the projected galaxy density pro-
file to follow a King Model or NFW model with a scale radius of
⇠ 0.2 � 0.5 r500(Popesso et al. 2007; Budzynski et al. 2012). King
models with core radii rc < 0.5 r500 can be rejected at & 99% con-
fidence. This indicates that the fraction of cluster member galaxies
hosting X-ray AGN rises with radius (see also Paper II). Fitting the
observed X-ray point source density profile to a power-law model
(NX(r) ⇠ r�) gives similar results as in Paper I: we measure a me-
dian power-law index of � = �0.5±0.1 consistently across all three
energy bands.

4.2.1 The Distribution of Luminous Cluster Member AGN

We have also determined the radial distribution of X-ray point
sources above the field using a full band luminosity limit of L >
3 ⇥ 1043 erg s�1 after a statistical subtraction of the field popula-
tion. For each cluster we determined the flux limit corresponding
to L = 3 ⇥ 1043 erg s�1 at the cluster redshift, and then calculated
for each radial bin the number of sources detected and number of
expected field sources5 brighter than that flux limit. The projected
number density of excess sources above this luminosity limit is
given by the difference of these two values in each radial bin, di-
vided by the total survey area. We use Monte Carlo simulations to
determine the error bars on each of these measurements.

Our calculations show that these luminous AGN are dis-
tributed out to distances of ⇠ 2.5r500, beyond which the excess
number density is consistent with zero. Fitting this profile to a
power-law model provides a best-fit logarithmic slope of �0.5 <
� < �0.6, which is consistent with the power-law slope measured
for the flux limited sample without statistical field subtraction. The
measured excess corresponds to a total of ⇠ 1 excess sources with
LX > 3 ⇥ 1043 erg s�1 per cluster.

5 We use our determinations of the COSMOS log N � log S to determine
the number of sources expected from the field in each radial bin.

X-ray AGN number densities

4

COSMOS field value

Projected number density of X-
ray AGN per square degree 
shows excess above field 

value (LX>3x1043 ergs-1, 12’ 
from aim point) 

!
Number density of X-ray AGN 

has a radial dependence 
!

Radial dependence is well fit 
by a power-law:

~
(Background)


