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How/Do AGN influence galaxy evolution? 
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Figure 1: Empirical evidence suggests a close link between super-massive black holes (SMBHs) and their host
galaxies. Left: The SMBH mass-velocity dispersion (M � �) relation for galaxies with dynamical mass mea-
surements (figure from Gültekin et al. 2009). The integrated growth of SMBHs correlates with that of their
host galaxy. Right: In many of the most massive galaxies we directly observe SMBHs interacting with the sur-
rounding interstellar or intracluster medium (ICM). The SMBH in the central galaxy of MS 0735.6+7421 hosts
powerful radio jets (pink) that are depositing energy into the ICM (blue) out to a distance of 200 kpc (McNamara
et al. 2008)

SMBHs influences the evolution of their host galaxies. In the most massive galaxies at low redshift,
AGN jets are directly observed to blow bubbles filled with relativistic particles, providing a heat
source that can, in principle, balance the radiative cooling rates of the X-ray emitting gaseous halo
(Fig. 1; for a review see e.g. Fabian 2012). This ‘mechanical feedback’ from AGN is required in
simulations to recover the cut off at the bright end of the galaxy luminosity function (Sijacki et al.
2006).

There are also strong empirical correlations between the masses of SMBHs and the properties
of their host galaxies, such as the mass (Magorrian et al. 1998; Häring & Rix 2004), velocity
dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Gültekin et al. 2009, Fig. 1) and
luminosity (Kormendy & Richstone 1995; Marconi & Hunt 2003) of the host galaxy bulge. The
global histories of SMBH accretion rates and star-forming activity over cosmic time are remarkably
similar (Silverman et al. 2008; Aird et al. 2010; Merloni & Heinz 2013). These observations
support the idea that the stellar growth of galaxies and the growth of SMBHs is strongly coupled.
However, they may also spring from a non-causal origin (e.g. Peng 2007; Jahnke & Macciò 2011).

Despite these clear links, recent studies have found inconclusive results when directly com-
paring AGN activity and star formation. While high luminosity AGN (> 1046 erg s�1) have been
found to be associated with star-forming galaxies (e.g. Lutz et al. 2008; Bonfield et al. 2011),
the hosts of moderate and lower luminosity AGN are observed to have a wide range of IR and UV
properties (e.g. Silverman et al. 2009; Goulding et al. 2014). These diverse findings have frus-
trated attempts to uncover the processes responsible for triggering AGN and the detailed nature of
the AGN-host galaxy interaction.

Observations of AGN-galaxy properties are further complicated by the varying time-scales for
AGN activity and star formation processes, variability and potential changes in the accretion mode,
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AGN IN 1<Z<1.5 CLUSTERS 13

FIG. 8.— Evolution of the X-ray AGN fraction in clusters (solid symbols) and the field (open symbols) from z = 0 to z ⇠ 3. All of the cluster measurements
have been reproduced from Figure 7. The field AGN fractions at z ⇠ 0.3 for LX ,H � 1043 erg/s (open, red circles) and LX ,H � 1044 erg/s (open, blue circles) are
from D. Haggard (private communication, see also Haggard et al. 2010). The formal uncertainties on these two field fractions are smaller than the size of the
circles. The field AGN point at z ⇠ 1.25 (open blue circle) is scaled from the cluster point by the ratio of the field and cluster fractions shown in Figure 6. The
z = 2.3 protocluster and neighboring field fractions from Digby-North et al. (2010) (filled and open green hexagons, respectively) and the z = 3.09 protocluster
and neighboring field fractions from Lehmer et al. (2009) (filled and open green pentagons, respectively) are also shown. These points are described further in
§6.

lar conclusions, namely the fraction of low-luminosity AGN
is comparable in clusters, groups, and the field in the lo-
cal universe (Sivakoff et al. 2008; Arnold et al. 2009; Miller
et al. 2012). The sample studied by Haggard et al. (2010)
also includes some higher-luminosity AGN that are more di-
rectly comparable to the AGN considered here. D. Hag-
gard (private communication) has computed the field AGN
fraction for similar X-ray and galaxy luminosity limits for
0 < z < 0.6 and found fA(LX ,H > 1043) = 0.0064+0.0004

-0.0005 and
fA(LX ,H > 1044) = 0.0011+0.0002

-0.0002. These points are shown in
Figure 8 (note the formal uncertainties are smaller than the
points) and demonstrate that the LX ,H > 1043 erg s-1 field
AGN fraction is six times higher than the cluster value and
the LX ,H > 1044 erg s-1 field AGN fraction is consistent with
the 3� upper limit for the cluster AGN fraction. While the
two field fractions at z ⇠ 0.3 are calculated with the ChaMP
survey’s definition of the hard band of 2-8 keV, rather than the
2-10 keV band adopted throughout the rest of this paper, this
is a very minor difference. The relative field and cluster AGN
fractions in the local universe and at z ⇠ 1.25 show that while
luminous AGN are anticorrelated with local density in the lo-

cal universe, this is no longer the case at z ⇠ 1.25. The masses
of these high-redshift clusters are also in the range expected
for the progenitors of the local clusters.

Studies at even higher redshift support this trend and sug-
gest that the present-day anticorrelation has reversed by z > 2.
Chandra observations of three protoclusters at z > 2 have
revealed luminous AGN associated with PKS 1138-262 at
z = 2.16 (Pentericci et al. 2002; Croft et al. 2005), the z = 2.3
protocluster in the field of QSO HS 1700+643 (Digby-North
et al. 2010), and the z = 3.09 SSA22 protocluster (Lehmer
et al. 2009). Pentericci et al. (2002) compared the number of
sources toward PKS 1138-262 and found an excess of ⇠ 50%
compared to expectations from the AGN space density at this
redshift. Lehmer et al. (2009) and Digby-North et al. (2010)
both measure the AGN fractions of the protoclusters and in
field samples at the same redshift. Lehmer et al. (2009) de-
tected X-ray emission from six LBGs and five LAEs (ten
unique sources) toward the SSA22 protocluster at z = 3.09
with a 400ks Chandra observation. These sources have X-ray
luminosities of 3 - 50⇥1043 erg/s in the rest-frame 8-32 keV
band. They measure AGN fractions of 9.5+12.7

-6.1 % and 5.1+6.8
-3.3%

High z: Suppression of 
luminous AGN fraction 
in dense environments 
may invert.
(e.g. Lehmer et al. 2009; Digby-North et 
al. 2010; Martini et al. 2013) Filled symbols - cluster

Open symbols - field

Low z: Luminous AGN 
fraction in clusters lower 
than field.
(e.g. Eastman et al. 2007; Martini et al. 
2009; Haines et al. 2012; Elhert et al. 2014)

But… 
Dependence with cluster mass & radii, AGN luminosity, and AGN and cluster 
selection.
(e.g. Popesso & Biviano 2006; Sivakoff et al. 2008; Georgakakis et al. 2008; Silverman et al. 2009; Ehlert et al. 2012; 
2016; Koulouridis et al. 2014)

AGN evo (1+z)5.3+-2; SF evo (1+z)5.7+-2
Martini et al. 2009, 2013; Haines et al. 2009

The Astrophysical Journal, 768:1 (14pp), 2013 May 1 Martini et al.

Figure 6. Relative fraction of X-ray AGNs (blue) and MIR AGNs (red) in the
field and cluster samples. The error bars correspond to the 90% confidence
limits calculated from the relative Poisson uncertainty in the number of AGNs
in each subsample. The field sample is comprised of AGNs located 2′–10′ (IR
AGNs) and 2′–6′ (X-ray AGNs) from each cluster that have been selected in an
otherwise identical manner to the cluster sample.
(A color version of this figure is available in the online journal.)

complete X-ray coverage (after we correct for foreground and
background contamination). We therefore estimate that the AGN
fraction is fA(LX,H ! 1044) = 0.030+0.024

−0.014. The uncertainties
are Poisson errors that correspond to 1σ Gaussian confidence
intervals (Gehrels 1986).

We are only sensitive to sources as dim as LX,H ∼
1043 erg s−1 in a small minority of the clusters. As the lu-
minosity function of cluster AGNs is not well known at these
luminosities, and variations in the SEDs and intrinsic absorp-
tion are similarly not well known, we do not attempt to model
and correct these data to estimate the total number of X-ray
AGNs with LX,H ! 1043. Instead we use our data to es-
tablish a lower limit on the cluster AGN fraction for sources
with LX,H ! 1043 erg s−1. There are 8 spectroscopically con-
firmed AGNs in this category (and 11 total), for a lower limit of
fA(LX,H ! 1043) > 0.059+0.029

−0.021(0.082+0.032
−0.024). The AGN frac-

tions based on the spectroscopically confirmed AGNs are shown
in Figure 7 near z = 1.26, the median redshift of the cluster
sample (although offset slightly in redshift for clarity).

Both of these measurements imply that luminous X-ray AGNs
are more common in clusters at z > 1 compared to lower
redshifts, as had been indicated by previous work at z < 1
(Eastman et al. 2007; Galametz et al. 2009; Martini et al. 2009).
Martini et al. (2009) calculated the AGN fraction and evolution
in a similar manner to this study for 32 clusters at 0.05 < z <
1.27 (only three at z > 1) and LX,H ! 1043 erg s−1. They
found that the AGN fraction was fA(LX,H ! 1043) = 0.00134
for 0.05 < z < 0.4 and 0.0100 for 0.4 < z < 1.27, where
the uncertainty in the measurement at z < 0.4 is dominated by
the presence of only 2 AGNs in the 17 clusters in this redshift
range. We have combined the 19 clusters at z < 0.5 presented in
Martini et al. (2009) with the more recent study by Haines et al.
(2012) of AGNs in clusters at 0.16 < z < 0.29 to construct
a combined sample of 44 clusters and 3869 + 2702 = 6571
cluster galaxies at z < 0.5.15 Martini et al. (2009) found 4

15 Many of the clusters at 0.2 < z < 0.4 studied by Hart et al. (2009) overlap
with either the Martini et al. (2009) or Haines et al. (2012) sample. Only one
cluster (A1689) overlaps between Martini et al. (2009) and Haines et al.
(2012).

Figure 7. Evolution of the X-ray AGN fraction in clusters from z = 0 to
z = 1.5 for hard X-ray luminosity thresholds of LX,H ! 1043 erg s−1 (red) and
LX,H ! 1044 erg s−1 (blue). The error bars correspond to 1σ Gaussian errors
and the upper limit at z ∼ 0.25 corresponds to a 3σ upper limit. The lower limit
at z ∼ 1.25 is due to incompleteness.
(A color version of this figure is available in the online journal.)

AGNs (2 with 0.4 < z < 0.5) with LX,H ! 1043 erg s−1 (and
none with LX,H ! 1044 erg s−1). Haines et al. (2012) quote
X-ray luminosities in the 0.3–7 keV band, rather than 2–10 keV.
We used the ratio of the 0.3–7 keV band to the 2–10 keV band
for a Γ = 1.7 power law to scale their results to 2–10 keV. This
yields three AGNs in their sample with LX,H ! 1043 erg s−1

and none above 1044 erg s−1. The combined sample has
AGN fractions of fA(LX,H ! 1043) = 0.00107+0.00057

−0.00039 and
fA(LX,H ! 1044) < 0.00101 (a 3σ upper limit). This point
and upper limit are shown in Figure 7 near z = 0.25. At
intermediate redshifts of 0.5 < z < 1, Martini et al. (2009)
found 13 AGNs with LX,H ! 1043 erg s−1, including 2 with
LX,H ! 1044 erg s−1, in 10 clusters and an estimated population
of 1734 galaxies. The AGN fractions are fA(LX,H ! 1043) =
0.0075+0.0027

−0.0021 and fA(LX,H ! 1044) = 0.0012+0.0015
−0.0007. These

points are shown in Figure 7 near z = 0.75. Note the luminosity
thresholds employed to define the galaxy samples in these
studies are similar to ours: Martini et al. (2009) adopted a
threshold of M∗

R(z)+1 and Haines et al. (2012) adopted M∗
K +1.5.

The evolution in the AGN fraction corresponds to a factor of
at least 45 for LX,H ! 1043 erg s−1 AGNs from z ∼ 0.25 to
z ∼ 1.25 and a factor of at least 30 for LX,H ! 1044 erg s−1

AGNs. In the former case, the increase is a lower limit due to
incompleteness at z > 1. In the latter case the increase is a
lower limit due to the absence of any AGN in this luminosity
range in the 44 clusters that comprise the low-redshift sample.
For the two luminosity and redshift ranges without limits on the
fractions, the evolution in the AGN fraction is also pronounced.
For LX,H ! 1043 erg s−1 AGNs, the fraction increases by
a factor of seven over the range 0.25 < z < 0.75. For
LX,H ! 1044 erg s−1 AGNs, the fraction increases by a factor
of 25 over the range 0.75 < z < 1.25. This substantial increase
is in good agreement with the increase over this same redshift
range found by Galametz et al. (2009) and Hart et al. (2011),
although for a somewhat different range in luminosities.

Two complications in the interpretation of the evolution of the
AGN fraction are the extent to which the high-redshift clusters
are equivalent to the progenitors of the low-redshift clusters and
the incompleteness and evolution of the cluster galaxies. If the
AGN fraction is a strong function of cluster mass, in addition
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AGN in clusters

• Ram pressure stripping, 
evaporation, starvation, tidal 
effects 

• Rates of mergers and 
interactions

Depend on:
• Position within host 
cluster

• Mass of host cluster

6/12/2016 - Cambridge
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Conceputally simple:
1) Detect BHs
2) Identify their environments

How does the evolution of Black Holes relate to the 
evolution of cosmic structure?

AGN in clusters

But…
1) Diversity of AGN
2) Large areas of sky required
3) AGN are rare in clusters

6/12/2016 - Cambridge
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AGN in clusters - Challenges

But…
1) Diversity of AGN
2) Large areas of sky required
3) AGN are rare in clusters

• AGN and host galaxy characteristics differ

6/12/2016 - Cambridge
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But…
1) Diversity of AGN
2) Large areas of sky required
3) AGN are rare in clusters

• Most massive clusters best 
but rarer.

• Need to sample large area of 
sky to probe differing 
environments. 

Movies: Matt Becker, Ralf Kaehler, Yao-Yuan Mao, Rachel Reddick, Risa Wechsler (Stanford/SLAC)

AGN in clusters - Challenges

6/12/2016 - Cambridge
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But…
1) Diversity of AGN
2) Large areas of sky required
3) AGN are rare in clusters

• Typically < 3 per 
cluster for bright X-
ray AGN 

• But with reasonable 
depth X-ray 
observation expect 
~50-80 AGN in the 
field.

• Spectroscopic follow-
up is expensive (See 
talk by Emil Noordeh 
tomorrow)

AGN in clusters - Challenges

6/12/2016 - Cambridge
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AGN in clusters - Solutions

6/12/2016 - Cambridge

1) Pointed X-ray observations of clusters
Completeness and purity of the AGN sample 
Need to both efficiently and cleanly find point sources in cluster fields. 

Chandra PSF
v’s radius

1e-5

AGN ONLY

Figure 4: Left: Completeness Middle: Purity Right: O↵set
Top 1e-14 flux (about 7.5 counts on average) no cluster (on right the extra blue points are the
o↵sets from AE) If we go to 8 arcmins we’ll get almost always under 2 arcsecond o↵sets
middle 7e-15 no cluster
bottom AGN and cluster - cluster flux about 2e-12 and AGN just over 1e-14 (about 8 counts -
small count limit so doesn’t really matter)
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1) Pointed X-ray observations of clusters
Completeness and purity of the AGN sample 
Need to both efficiently and cleanly find point sources in cluster fields. 
Must understand any dependence on cluster properties.
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AGN in clusters - Solutions
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2) Making differential measurements

3) Utilize our knowledge of how large scale structure 
evolves to statistically combine signals - crucially 
needs robust host cluster zclus, r500, M500 (we use 
Adam Mantz’s cluster measurements).

able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) = AD2

Ar500�(> L, z)(
r

r
500

)� +N
field

(2)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (3)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the
Chandra point spread function (PSF) and effective area across each field-of-view (we use tech-
niques developed for studies of Chandra deep fields; Xue et al. 2011).

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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> 480 clusters.
Total Area >40 
degrees2

X-ray
•  Depth > 10ks of 

Chandra.
•  Total exposure =  

25.7 Ms (so far).

Radio
• S1.4GHz > 3mJy 
• Only Radio-loud AGN 

and avoid star 
formation contribution

Figure 4: Left: The solid angle of sky coverage versus the X-ray sensitivity for our proposed survey (blue dashed
lines) versus other previous extragalactic AGN surveys carried out with Chandra (blue), XMM-Newton (green)
and other satellites (red), in the 2-10 keV band (adapted from Brandt & Alexander 2015). Our cluster survey
will be one of the largest Chandra surveys to date of any type and by far the largest study of X-ray AGN. The
average flux limit reached in our previous work (Ehlert et al. 2015; 135 galaxy clusters) was 4⇥10�15 erg s�1

(horizontal dashed blue line). Right: Our published sample of 135 galaxy clusters (blue, Ehlert et al. 2015) and
the proposed sample (green+blue). The additional 300 clusters are drawn from our ongoing cosmology work
(Mantz et al. 2015) and includes both ROSAT and SPT selected clusters. SPT cluster masses in the figure are
from Bleem et al. 2015. The survey footprint of our earlier work (Ehlert et al. 2015) was 12 deg2, providing a
catalog of >11,000 robustly extracted X-ray point sources. The proposed sample (⇠54 deg2) will result in the
extraction of more than 49,000 X-ray selected point sources. We intend to publish a catalog with the positions
and X-ray, IR and UV properties of these sources.

indices for AGN and star-forming galaxies in clusters. The incorporation of the GALEX, WISE
and Spitzer data into the same modeling framework would be completely novel (see Section 2.2
below), bringing substantial new science opportunities to this work.

The groundwork for our first science goal has two main parts: the first is to robustly identify
and extract X-ray point sources from all of our cluster fields. As we have shown previously, we
can accurately identify X-ray luminous AGN, LX > 1043 ergs s�1, up to > 5r

500

, i.e. beyond the
radius at which the field (tested against CDF-S and COSMOS data; Fig. 3, left) and cluster number
densities became indistinguishable. We shall therefore be able to simultaneously constrain both the
cluster and field populations. For our clusters at z > 0.7, approximately 10% of our sample, we
shall probe > 5r

500

, while for z > 0.25 we shall reach well beyond the virial radius (2.5r
500

; 60%
of sample). The Chandra archival exposure times indicate that with ⇠90% of our sample we will
be complete to LX ⇠ 5 ⇥ 1043 ergs s�1. At low redshift (z < 0.25) we will be able to observe
point sources with a luminosity of LX ⇠ 1042 ergs s�1.

The second stage is to model the cluster+field X-ray selected AGN populations to constrain
their variations as a function of redshift and galaxy cluster properties. We shall simultaneously
model the ensemble of 435 galaxy cluster fields, in the same manner as in Ehlert et al. (2015),
taking into account the selection functions and PSF models appropriate for each cluster field. We
will simultaneously measure both the field luminosity function model, and the evolution of the
cluster X-ray AGN population (beyond that of the field).

9
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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.

AGN Number Density

(a)

(b) (c)

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

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)

~

Radius (r/r500)
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X-ray AGN fraction decreases towards the cluster centre while 
the radio AGN fraction increases.
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

contains ⇠ 40 X-ray AGN with an optical counterpart brighter than R < 23 mag. All of these can be easily
targeted; in order not to bias the parent population, we will find galaxies of similar magnitude, color, and radial
distance from the cluster center for each AGN host, and target these as well. The remaining slits will be placed
on galaxies brighter than R < 23. We will use the existing multi-color photometry to reject galaxies unlikely to
be at the cluster redshift.

Attachments (Figures)
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Fig. 1: The fraction of cluster and eld galaxies hosting
X-ray bright AGN, as a function of clustercentric distance
in units of r500. The dashed lines denote the eld AGN
fraction inferred from COSMOS at the same optical and
X-rayl ux limits. We find that the X-ray AGN increases
with clustercentric distance, and converges to expected eld
value at distances of ⇠ 2r500. From Ehlert et al. (2014).

Fig. 2: Three example spectra from this program.
All of them show X-ray AGN that are confirmed
cluster members (in two di↵erent clusters). The top
panel shows an absorption-line host galaxy, the mid-
dle panel a strong emission-line host, and the bottom
panel a Seyfert 1 host. The grey regions indicate the
atmospheric telluric absorption bands.
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able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) = AD2

Ar500�(> L, z)(
r

r
500

)� +N
field

(2)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (3)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the
Chandra point spread function (PSF) and effective area across each field-of-view (we use tech-
niques developed for studies of Chandra deep fields; Xue et al. 2011).

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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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) ×
!

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 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)

able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) / A⇥ �(> L, z)⇥ (
r

r
500

)� +N
field

(2)

where A ! A
0

f(M
500

, z), � ! �
0

g(M
500

, z) (3)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (4)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) = AD2

Ar500�(> L, z)(
r

r
500

)� +N
field

(2)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (3)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the
Chandra point spread function (PSF) and effective area across each field-of-view (we use tech-
niques developed for studies of Chandra deep fields; Xue et al. 2011).

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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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) ×
!

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 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)

able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) / A⇥ �(> L, z)⇥ (
r

r
500

)� +N
field

(2)

where A ! A
0

f(M
500

, z), � ! �
0

g(M
500

, z) (3)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (4)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the
Chandra point spread function (PSF) and effective area across each field-of-view (we use tech-
niques developed for studies of Chandra deep fields; Xue et al. 2011).

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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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) ×
!

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
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M500

1015 M⊙
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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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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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and also allow the radial distribution to depend linearly on the clus-

ter mass and redshift as
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able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
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(> f, r, z) / A⇥ �(> L, z)⇥ (
r

r
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)� +N
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(2)

where A ! A
0

f(M
500

, z), � ! �
0

g(M
500

, z) (3)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).
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+ (1 + z)�z +
M

500
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where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) = AD2

Ar500�(> L, z)(
r

r
500

)� +N
field

(2)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (3)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the
Chandra point spread function (PSF) and effective area across each field-of-view (we use tech-
niques developed for studies of Chandra deep fields; Xue et al. 2011).

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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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) ×
!

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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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.
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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.
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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
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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
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able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) / A⇥ �(> L, z)⇥ (
r

r
500

)� +N
field

(2)

where A ! A
0

f(M
500

, z), � ! �
0

g(M
500

, z) (3)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (4)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r
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; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the
Chandra point spread function (PSF) and effective area across each field-of-view (we use tech-
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Table 2. Continued
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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 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)

able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) / A⇥ �(> L, z)⇥ (
r

r
500

)� +N
field

(2)

where A ! A
0

f(M
500

, z), � ! �
0

g(M
500

, z) (3)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (4)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).
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Projected number density
of all field AGN above  

flux limit
+

Projected number density
of observed X-ray AGN in 

a cluster field at a 
given cluster z, r and above  

flux limit f

= Projected number density of X-ray
AGN expected in cluster above  

flux limit

Co-moving field AGN 
number density at z 

and above luminosity 
related to flux limit

Some radial 
dependence

‘Scale factor’ which allows 
number density to exceed 

co-moving field AGN 

Scaled by 
radiusx x x

Is increased number density related to the mass or redshift of the 
host cluster?

Null hypothesis: No difference in evolution of cluster and field AGN
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1st generation X-ray results

Observed mass 
scaling     = — 1.2

   = 0 rejected at 
> 99.9%

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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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)

able to statistically examine the relative evolution of cluster AGN compared with the field AGN
population. This differential measurement sidesteps the need for expensive optical follow-up and
significantly increases our AGN statistics, allowing us to use essentially every Chandra observation
of a cluster for which a reliable cluster mass estimate and redshift are available.

In detail, we model the number density of X-ray AGN observed, N
obs

, as the sum of the cluster
and field populations for each observation. The field AGN population, N

field

, will be constant,
above a given flux from observation to observation, subject to cosmic variance. The cluster pop-
ulation, N

clus

, is allowed to vary in both amplitude, A, and radial distribution, r� , from the field
luminosity function, at the appropriate redshift and luminosity limit, �(> L, z) (Equ. 1, 2).

N
obs

= N
clus

+N
field

, (1)

where N
obs

(> f, r, z) / A⇥ �(> L, z)⇥ (
r

r
500

)� +N
field

(2)

where A ! A
0

f(M
500

, z), � ! �
0

g(M
500

, z) (3)

We additionally allow both the amplitude, A, and power-law index, �, of the cluster component
to vary with the cluster mass, M , and cluster redshift, z (Ehlert et al. 2015, Equ. 3).

A ! A
0

(1 + z)⌘(
M

500

1015M�
)⇣ , � ! �

0

+ (1 + z)�z +
M

500

1015M�
�M , (4)

where ⌘, ⇣, �z and �M are the indices that determine the redshift, mass and radial dependencies.
We simultaneously fit our model to the observed X-ray AGN number density in all cluster fields.

There are four additional ingredients critical to this process; first, we must have precise centers
for the clusters which are trivially obtained from the Chandra images. Second, we require accurate
and precise galaxy cluster mass calibration and thereby radial scaling measurements (M

500

and
r
500

). Third, we must have a model for the AGN field luminosity function as a function of redshift
(�(> L, z)). Fourth, we must understand our observational AGN selection function.

Accurate and precise mass calibration for all the galaxy clusters is crucial as it enables us to
model the ensemble of cluster fields simultaneously, leveraging the observed self-similarity1 of
massive clusters (Vikhlinin et al. 2009; Mantz et al. 2010; 2015; Allen et al. 2011) to place all
clusters on a consistent radial scaling. This scaling is derived from state-of-the-art X-ray mass
proxy and weak-lensing mass measurements of the clusters.

The default luminosity function model chosen to describe the field population in our cluster
fields is the luminosity density dependent evolution (LDDE) function of Ueda et al. (2014). This
model assumes no luminosity evolution; however, the space density of X-ray AGN evolves differ-
ently for different luminosities. This model has been found to fit well the X-ray AGN luminosity
function in deep X-ray surveys. The area probed by our survey (which extends to >5r

500

; Ehlert
et al. 2015; Fig. 3 left) additionally allows us to test whether this field luminosity function model
provides a good description of the data.

Finally, each cluster field has a different X-ray exposure time and redshift. It is vital to model
the number density of the AGN in each cluster field, fully accounting for the variations in the

1Power-law relations between galaxy cluster properties such as temperature and mass (T / M2/3
� ) are predicted

from virial arguments (Kaiser 1986) and confirmed by hydro-simulations and observations (Allen et al. 2011).

6

(a)

(b) (c)

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

No evolution beyond the field X-ray AGN population with redshift. 
No radial variation. But…



AGN triggering/suppression: 

Mergers? Rate of galaxy 
mergers in massive clusters 
scales as
(e.g. Mamon 1992)
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Ram pressure? Harassment? 
Strangulation? 

May all lead to different radial 
and/or redshift profiles (e.g. 
Treu et al. 2003).

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.

No evidence for evolution of radial scaling - process may occur on same 
length scales irrespective of mass

Galaxy dynamics in clusters 5

Figure 2 shows the dimensionless merger rates k/(r2
hvg), where vg is the

mean galaxy internal velocity dispersion, derived from Mamon (1992), Makino &
Hut (1997), and Krivitsky & Kontorovich (1997). I rescale the rates of Krivitsky
& Kontorovich in terms of half-mass radii using R = 9 rh (to obtain merger rates
similar to those of Makino & Hut), i.e., rmax

p /rh = 18.

Figure 2. Dimensionless merger rates k/(r2
hvg) (see eq. [9]) as a func-

tion of the ratio of cluster to galaxy velocity dispersion. The dotted,
solid and dashed curves respectively correspond to the rates of Mamon
(1992), Makino & Hut (1997, using Hernquist, 1990 model galaxies)
and Krivitsky & Kontorovich (1997, rescaled vertically, because they
reason in terms of galaxy radii rather than galaxy half-mass radii).

The agreement between the merger rates of Krivitsky & Kontorovich and
Makino & Hut is remarkable, given the very simple analytical formulation of the
former authors (but again this required a rescaling, or, in other words, a choice
of rmax

p /rh = 18). The very low merger rate of Mamon (1992) in the group
regime (vcl ≈ vg) is a consequence of the lack of gravitational focusing in that
model.

The merger rates of Mamon (1992) and Makino & Hut agree to within
15% in the cluster regime (vcl ∼> 4 vg). This agreement is almost fortuitous since
Mamon shows that the merger rate with the Roos & Norman cross-section scales
as (rmax

p /rh)2, while this ratio is very different in Makino & Hut’s cross-section.
In any event, in the cluster regime the merger rate can then be written

k = b
r2
hv4

g

v3
cl

= a
G2m2

v3
cl

, (10)

where a ≃ 8 (Mamon, 1992). With 3 v2
g ≃ 0.4Gm/rh (Spitzer, 1969), appro-

priate for the Hernquist model, the Makino & Hut rate translates to a = 12.
Figure 2 shows that k ∼ v−3

cl , whichever merger cross-section is used. In fact,
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Figure 5: The expected improvements in the cluster AGN model constraints using the proposed sample (green
contours) compared with our current constraints (Ehlert et al. 2015; blue contours). 68% and 95% contours
are shown. Left: Fisher-Matrix analysis showing our current (blue contours) and predicted (green contours)
constraints on the mass and redshift evolution of the amplitude of X-ray AGN in galaxy clusters, beyond that
of the field. With the proposed expanded sample our uncertainties on the redshift index will decrease by more
than a factor of 4 and the mass index by a factor of 2. Right: Fisher-Matrix analysis showing our constraints on
the mass and redshift evolution of the radial distribution of point sources in clusters. We will test whether AGN
are preferentially triggered in the outskirts of galaxy clusters and whether the radial distribution of cluster AGN
varies with redshift.

In Fig. 5 we show the results of Fisher-Matrix analysis of the expected improvements in the
constraints on the mass and redshift indices for the amplitude of the cluster AGN signal (scaled
number density of AGN in cluster fields above the field population), and the radial distribution
of AGN (the radial power-law index of the cluster AGN population) for our full sample of 435
galaxy cluster fields. The key improvements stem from the larger sample size and longer redshift
lever arm of our proposed sample. We will improve the constraints on the redshift evolution, and
mass and radial dependence, of the cluster AGN signal by a factor of up to 4 (see below). The
data will also enable a principal component analysis of the covariance of our model parameters, to
identify the key physical parameters driving the variance in the X-ray AGN evolution. In detail,
our expected improvements will be:

Redshift evolution of the cluster X-ray AGN number density (⌘): Currently the most accurate
redshift evolution of X-ray AGN is (1 + z)5.3±2 (Martini et al. 2009; Ehlert et al. 2015). Our
uncertainties on the power-law index will decrease by a factor of 4 to ±0.5 (Fig. 5, left).

Mass dependence of the cluster X-ray AGN number density (⇣): The uncertainties on the mass
index will drop by a factor of 2, versus Ehlert et al. (Fig. 5, left). We shall be able to definitively
reject the null hypothesis of no mass dependence to a very high significance and critically, test
whether the mass dependence is consistent with ⇣ = �1 (this inverse dependence on the cluster
mass is expected if mergers are the trigger for X-ray AGN in galaxy clusters; Mamon 1992).

Radial dependence (�z, �M ): Our method, and the superb Chandra angular resolution, allows us
to spatially resolve the radial distribution of point sources and therefore to test whether X-ray AGN
are preferentially triggered in the outskirts of galaxy clusters, and to map how this evolves over
redshift. We will test the form of the power-law index; our Fisher-Matrix estimates (Fig. 5, right)
show that the uncertainties on redshift and mass dependence of the radial power-law indices will
decrease by factors of more than 4 and 2 respectively. We predict ��m ⇠ ��z = ±0.2.

10

Forecast results for 2nd generation with all 480 galaxy clusters:

Factor 4 better in redshift evolution; factor 2 better in variation with 
host galaxy cluster mass (watch out for results in early 2017).

6/12/2016 - Cambridge
Canning et al. in prep
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• Challenges of studying AGN in clusters can be mitigated by modeling 
ensemble together but crucially depends on robust cluster masses, 
redshifts, centers and on a rigorous understanding of the AGN selection 
function in each cluster field and across the field-of-view.

• The fraction of X-ray bright AGN declines towards the center of the 
cluster while Radio bright AGN increase.

• The number density of X-ray AGN has an inverse dependence with the 
host galaxy cluster mass (radio results soon). 

• Results consistent with mergers being responsible for AGN triggering in 
clusters - 2nd generation CATS will test this further as well as 
comparing the evolution of X-ray, radio and IR AGN number densities 
and fractions as a function of host galaxy properties.

6/12/2016 - Cambridge


