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AGN in clusters: Big Picture
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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%

Low z: Luminous AGN fraction 
in clusters lower than field.
Similar to star-forming galaxies 
and optical AGN.
(e.g. Eastman et al. 2007; Martini et al. 2009; 
Haines et al. 2012; Elhert et al. 2014)

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)

Dependence with cluster mass, 
AGN luminosity, cluster radii, 
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)

Filled symbols - cluster
Open symbols - field

Martini et al. 2013

AGN evo (1+z)5.3+-2; SF evo (1+z)5.7+-2

Martini et al. 2009; Haines et al. 2009
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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: Big Picture

But…
1) Large areas of sky required
2) Spectroscopic follow-up is expensive
3) X-ray bright AGN are rare in clusters (< 3 per cluster)
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Can mitigate these challenges using:

1) Pointed X-ray observations of clusters

2) Making differential measurements

3) Utilize our knowledge of how large scale structure evolves 
to statistically combine signals - needs robust zclus, r500, 
M500

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).

6

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).

6

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).

6

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).

6

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

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

Statistical model for cluster AGN
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(L ! 1044 erg s−1 , e.g. Hopkins & Beacom 2006; Hopkins et al.

2008; Hasinger 2008). At lower redshifts (z " 1), bar instabilities

and less extreme galaxy-galaxy interactions are inferred to be more

efficient at producing AGN (e.g. Georgakakis et al. 2009). Inves-

tigations into the properties of the galaxies hosting AGN indicate

that their morphologies are similar to comparable galaxies that do

not host AGN (e.g. Reichard et al. 2009; Tal et al. 2009).

One useful way to explore these triggering mechanisms is to

observe the AGN populations in massive galaxy clusters. Galaxy

clusters are not only sites of large numbers of galaxies in close

proximity to one another but also host a hot, diffuse, X-ray bright

intracluster medium (ICM) (e.g. Sarazin 1988). Both factors are

expected to play a role in transforming galaxies in clusters, through

tidal encounters, mergers between neighboring galaxies (Mamon

1992; Moore et al. 1998), or by galaxy-ICM interactions such as

ram pressure stripping (e.g. Gunn & Gott 1972). Studying how the

AGN population in clusters is related to the host cluster properties

allows us to understand more completely how the variations in the

merger frequency or density of the ICM may influence a galaxy’s

ability to host an AGN outburst.

Previous studies have established that galaxies in local clus-

ters have lower average star formation rates than the field (e.g.

Dressler 1980). Previous studies of the X-ray AGN population

in galaxy clusters, however, have typically suffered from limited

source statistics. Because the fraction of galaxies hosting X-ray

AGN is typically of order ∼ 0.1 − 1% (e.g. Haggard et al. 2010),

large samples of galaxy clusters are required to measure the cluster-

specific AGN population with high precision. Understanding how

the AGN population varies with cluster mass and redshift addition-

ally requires detailed spectroscopy and mass proxy information that

is only just becoming available (Mantz et al. 2010a,b; von der Lin-

den et al. 2014; Kelly et al. 2014; Applegate et al. 2014). Finally,

any attempt to measure the cluster-specific influences on their con-

stituent AGN population must also account for the cosmic evolu-

tion of X-ray AGN in the field (also known as the X-ray Luminos-

ity Function or XLF) which has already been measured to have a

strong redshift dependence (e.g. Ueda et al. 2003; Hasinger et al.

2005; Ueda et al. 2014).

In this paper, we expand the analysis of (Ehlert et al. 2013,

2014, hereafter Paper I and Paper II, respectively) to a larger sam-

ple of galaxy clusters to of test for the presence of a cluster mass

and/or redshift dependent signal beyond those expected from field

evolution. With more than 11,000 X-ray AGN cataloged here we

are able to, for the first time, quantify the extent to which the X-ray

AGN population in galaxy clusters may depend on the host cluster

mass and redshift. The presence or absence of these signals offers

important new evidence as to the key astrophysical processes that

drive the evolution of AGN in clusters. When calculating distances,

we assume a ΛCDM cosmological model with Ωm=0.3, ΩΛ=0.7,

and H0 = 70 km s−1 Mpc−1.

2 THE CLUSTER SAMPLE

The clusters included in our study have been drawn from wide-area

cluster surveys derived from the ROSAT All Sky Survey (Truemper

1993): the ROSAT Brightest Cluster Sample (Ebeling et al. 1998);

the ROSAT-ESO Flux-Limited X-ray Sample (Böhringer et al.

2004); and the MAssive Cluster Survey (Ebeling et al. 2007, 2010).

We also included clusters from the 400-Square Degree ROSAT

PSPC Galaxy Cluster Survey (Burenin et al. 2007). Each sample

covers a distinct volume of the Universe: BCS covers the north-
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Figure 1. The masses and redshifts of the 135 galaxy clusters in this study.

The median cluster redshift of z = 0.4 and cluster mass of M500 = 7 ×
1014 M⊙ are denoted with dashed lines.

ern sky at z < 0.3; REFLEX covers the southern sky at z < 0.3;

and MACS covers higher redshifts, 0.3 < z < 0.9, at declina-

tions > −40◦. The 400 deg2 survey covers high Galactic latitudes

at redshifts of z < 1. The galaxy clusters included in these sam-

ples have been instrumental in recent cosmological studies (Mantz

et al. 2008; Vikhlinin et al. 2009; Mantz et al. 2010a,b; Allen et al.

2011). All of the clusters chosen from these samples have Chandra

exposures of at least 10 ks in public archives as well as robust mea-

surements of their masses and virial radii (Mantz et al. 2010a,b),

and are a representative sub-sample of these surveys. In total, 135

unique galaxy clusters are included, with redshifts ranging from

0.2 < z < 0.9. General information for the clusters and the Chan-

dra data sets used may be found in Table 1. We note that these

clusters are among the most massive and X-ray luminous clus-

ters in the Universe, and therefore host large numbers of galaxies

and substantial masses of hot, X-ray emitting gas (the Intracluster

Medium, hereafter ICM). We therefore expect the influences of the

local cluster environment to be pronounced in this sample. With

measurements of r500 available for each cluster, we are able to re-

late observed trends in the AGN population to the virial radii of the

clusters.

Mass measurements and the associated radii, r500, for each

cluster are taken from Mantz et al. (2010a,b).1 The typical uncer-

tainties in measurements of r500 are of order 10%. The r500 values

and X-ray centroids for the clusters are summarized in Table 1, and

the distribution of cluster masses and redshifts used for this study

are shown in Figure 1.

1 The scaling radius r∆ is defined as the radius where the enclosed average

mass density is equal to ∆ times the critical density of the universe at the

cluster’s respective redshift, ρc(z). The corresponding mass M∆ is defined as

M∆ = 4/3π∆ρc(z) r∆
3. The mass range extends from 1×1014 M⊙ < M500 <

5 × 1015 M⊙ and the scaling radii range from 0.6 Mpc < r500 < 2 Mpc.

135 X-ray selected 
galaxy clusters

(Mantz et al. 2010)

11,671 X-ray AGN in 
cluster fields

Cluster fields cover ~12 
sq degree area

Total Chandra exposure 
time was 6.3 Ms

3x larger than previous 
surveys

16/08/2016 - Boston
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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.

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.
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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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Projected number density of AGN increases towards the cluster 
centre while the AGN fraction declines.
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(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
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Is increased number density related to the mass, redshift or radius
 of the host cluster?
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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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No evolution beyond the field AGN population with redshift. 
No radial variation with cluster properties. But…

Null hypothesis = no difference between evolution of cluster AGN 
and field AGN



Approximately inverse scaling of AGN 
number density with host cluster mass.

Observed mass scaling   =-1.2

   = 0 rejected at >99.9%

No evidence (yet) for evolution of radial 
scaling - so process occurs on same 
length scales irrespective of mass

Mergers? Rate of galaxy mergers in 
massive clusters scales as
(e.g. Mamon 1992)
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Table 4. Input priors on the MCMC runs of our four models. Nearly all of these priors are determined by the measurements of the XLF after converting

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

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

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

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

measurement.

XLF Priors

Parameter Prior

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

γ1 0.96 ± 0.08

γ2 2.71 ± 0.18

log L⋆ 43.97 ± 0.12

p∗
1

4.78 ± 0.16

p2 −1.5

p3 −6.2

z∗c1
1.86 ± 0.14

z∗c2
3.0

β1 0.84 ± 0.36

log La1
44.61 ± 0.14

log La2
44.00

α1 0.29 ± 0.04

α2 −0.1

C (deg−2) 330 ± 33

free parameter. The posterior probability distributions are typically

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

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

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

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

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

model for a mass dependent scaling factor constrains the value of

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

interval.

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

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

of itself does not provide a physical explanation for the observed

data nor offer any context with previous results. One interpretation

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

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

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

ditionally, theoretical calculations suggest that the rate of mergers

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

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

in these data (Model 2).

7 PRELIMINARY SPECTRAL IDENTIFICATION AND

VISUAL CLASSIFICATION OF CLUSTER MEMBER

AGN

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

ber AGN spectroscopically by searching the NASA/IPAC Extra-

galactic Database (NED) for optical spectroscopic counterparts for

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

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

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

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

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

scopic counterpart at the cluster redshift by chance coincidence) is

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

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

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

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

spectroscopic counterparts within 2′′ of the source position.

We then searched the Hubble archive for images at each of

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

eras. The Hubble images were registered to the Chandra images

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

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

AGN had Hubble images deemed suitable for a preliminary visual

classification of their morphologies.

Source catalogs for each Hubble field were produced using

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

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

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

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

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

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

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

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

Table 6.

Galaxy morphologies were determined visually to fall into one

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

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

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

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

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

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

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

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

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

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

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

which were control galaxies in advance. We then determined the

fraction of galaxies within each of these morphological classes for

both the normal galaxies and X-ray AGN.

(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

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)

AGN triggering/suppression: Ram pressure? Harassment? Strangulation? May lead to 
different radial profiles (e.g. Treu et al. 2003).

Limited by statistics and short lever arms in cluster mass and redshift

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 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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10 16/08/2016 - BostonFigure 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

1. Greater statistics
2. Greater lever arm

480 clusters. Depth >10ks.
Total exposure =  25.7 Ms   Total Area = ~40 degrees2
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1e-5

Completeness and 
purity of the AGN 
sample: Need to both 
efficiently and cleanly 
find point sources in 
cluster fields.

We use a 2-step process 
(wavdetect+Acis 
Extract) with settings 
optimized using 
simulations of cluster 
fields.

1e-5

AGN ONLY

AGN + CLUSTER

Completeness                          Purity
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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 of 480 galaxy cluster:

Factor 4 better in redshift evolution; factor 2 better in variation with 
host galaxy cluster mass (watch out for results in early 2017).
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Multi-Spectral Analysis
Towards a more complete census of cluster AGN and host galaxy 

properties

16/08/2016 - Boston

1. Differences in accretion modes: Radio/IR and Optically selected AGN 
number densities as a function of host cluster properties.  Radio AGN 
work led by A. King, IR studies in collaboration with SPT.

2. Spectroscopic redshift classification - greatly lowers AGN ‘background’ 
and enables measurement of AGN fractions as a function of host 
galaxy stellar mass. VIMOS survey of 10 clusters led by E. Noordeh.

3. Can also use spec-z to train photo-z for large sample. In 
collaboration with G. Yang and N. Brandt.
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Non-optimized case study:

Assuming:
1) same exposure as current 
Chandra 1st generation results 
(6.3 Ms)
2) single flux limit (~5x10-15 erg/
cm2/s - should do >factor 10 
better in flux)
3) 10 ks obs (630 clusters)
4) Drawing from M500>1014 Msun 
and z<2.0

How will X-ray Surveyor do?

16/08/2016 - Boston
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Naivest experiment ~factor 10 better constraints than Chandra
NEXT DECADE: 
Host of excellent cluster finders (Athena, eRosita, Euclid and CMB-S4). 
Combine with Euclid/LSST/DESI/WFIRST/SKA to learn about evolution of SF 
and AGN in dense environments and understand the transition between 
radiatively efficient and inefficient AGN in clusters.

How will X-ray Surveyor do?
Non-optimized case study:

Assuming:
1) same exposure as current 
Chandra 1st generation results 
(6.3 Ms)
2) single flux limit (~5x10-15 erg/
cm2/s - should do >factor 10 
better in flux)
3) 10 ks obs (630 clusters)
4) Drawing from M500>1014 Msun 
and z<2.0

16/08/2016 - Boston
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1st generation: The number density of X-Ray AGN in clusters depends 
inversely on the host cluster’s mass. 

The next generation will improve uncertainties by a factor of 4 in the current 
state-of-the-art for redshift evolution of X-Ray AGN in clusters.

We can continue to improve with higher statistics and longer redshift lever 
arms - ideally one needs a large FOV with sub-arcsecond PSF to efficiently 
answer the question of how AGN and large-scale-structure co-evolve (X-ray 
Surveyor).

Combining with observations at other wavelengths is very powerful for 1) 
decreasing the AGN background and 2) learning about the AGN host galaxy 
properties and examining the transition between radiatively efficient and 
inefficient accretion.



Extra slides
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Second generation CATS project - X-ray AGN
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Chandra PSF grows quickly off 
axis

1. Generate fake AGN and 
clusters

2. Test completeness and purity 
of the catalogue

11/07/2016 - Chicago
Figure 3: Top: Fake and marx generated ACIS-I AGN fields for a uniform random distribution
of AGN. In this example the AGN have the same flux of 1014 erg cm�2 s�1.

8

CL1 CL3

CL4 CL5 CL6

CL2

Figure 2: Top: Gallery of the six model clusters shown in Table. 2. Bottom: X-spec spectra
extracted from the di↵use emission in model CL1 is shown in the left, bottom panel and the point
source emission in the right, bottom panel. All clusters and spectra shown with unrealistic exposure
time to highlight spatial and spectral features.

7

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)

10



19

Surveyor FOV

M500 = 1015

M500 = 5x1014

M500 = 1014

16 W.N. Brandt, D.M. Alexander

Fig. 6 Cumulative number counts for the 4 Ms CDF-S in the (a) 0.5–2 keV and (b) 2–8 keV
bands. The total number counts (black) have been apportioned by source class, as labeled,
into AGNs (blue), galaxies (red), and stars (green). The bottom portions of each panel
show the fractional contributions of each source class to the cumulative number counts.
Note that AGNs remain the numerically dominant source population down to faint fluxes,
although at still-fainter 0.5–2 keV fluxes galaxies will become numerically dominant. The
AGN number counts reach ⇡ 14, 900 deg�2 at the faintest 0.5–2 keV fluxes, and this is the
highest sky density of reliably identified AGNs found at any wavelength. Taken from Lehmer
et al (2012).

dra) and optical/NIR (e.g., HST ) imaging are available (e.g., Lehmer et al
2006).

Some of these methods have a long history (e.g., Maccacaro et al 1988 for
method 3) while others have been developed/refined more recently. A few in-
depth applications of these methods include Alexander et al (2005a), Brusa
et al (2010), Laird et al (2010), Xue et al (2011), Lehmer et al (2012), Civano
et al (2012), and Wang et al (2013). Note that some of these methods rely
upon having fairly precise redshift information available while others depend
much less upon redshift; AGN samples can often be selected reasonably well
using methods 3–6 together prior to redshift determination. AGNs are gen-
erally found to make up 75–95% of the sources by number in current X-ray
surveys, with their percentage contribution dropping with survey depth as
many starburst/normal galaxies are detected at faint fluxes (primarily at low
X-ray energies). The precise fractional contribution from AGNs as a function
of survey depth has been quantified in number counts apportioned by source
type (see Fig. 6; e.g., Bauer et al 2004; Civano et al 2012; Lehmer et al 2012).

In addition to the approaches above relying upon the direct use of X-ray
data, approaches relying upon independent multiwavelength data can also be

~10 ks 
~50 ks

High angular resolution needed to:
1) Enable source matching (for host gal 

properties and for purity of AGN 
sample)

2) Distinguish AGN and peaked (often 
clumpy) cluster light

3) Explore radial AGN fractions
Must have good PSF across whole FOV

How will X-ray Surveyor do?

16/08/2016 - Boston
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10 ks = 1.2e-16 erg/cm2/s
50 ks = 2.4e-17 erg/cm2/s

100 ks = 1.2e-17 erg/cm2/s

z = 0

z = 2

A
G

N
 lu

m
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 fu
nc

tio
n Ueda et al. 2014

With 10ks exposure probe to or below knee at all redshifts

How will X-ray Surveyor do?

16/08/2016 - Boston



Future: Synergy with other observatories

21

X-ray surveyor - wide FOV and good PSF crucial
Athena, eRosita, Euclid and CMB-S4 - excellent cluster finders

Also great synergy with other observatories:
Number density of AGN in cluster fields - highly background dominated.
1) JWST, Euclid, LSST, WFIRST, DESI : IR/optical - greatly reduce this 
background component - spec-z’s, photo-z’s, simple magnitude cuts.
2) Allow AGN fraction as function of galaxy properties such as stellar mass. 
Comparison with SF fraction evolution and with morphology of hosts.
3) Radio SKA AGN properties can be compared with X-ray AGN to examine 
the transition between radiatively efficient and inefficient accretion

16/08/2016 - Boston
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Figure 2: Composite AGN and star
formation SEDs overlaid with mid-IR
WISE W1, W2, W3 and GALEX FUV
and NUV wavebands. The SEDs are
formed using the QSO1 and M82 tem-
plates in the SWIRE library (Polletta et
al. 2007). Red indicates no AGN con-
tribution (M82 template only) in the 1-
10 µm waveband, and violet indicates
a 100% contribution (QSO1 template
only) in this band from the AGN. The
top panel shows an unobscured AGN
(zero extinction) while the bottom panel
includes an extinction of AV = 2 to
the AGN SED. The extinction law of
Cardelli, Clayton & Mathis (1989) is
used. Luminous unobscured and ob-
scured AGN have very different UV
properties; however, they both exhibit
a red mid-IR powerlaw spectrum. This
leads to an excess of flux compared with
that of star forming systems. The combi-
nation of the UV and mid-IR is therefore
a powerful discriminator of both star
formation and AGN obscuration (figure
adapted from Donley et al. 2012).

and the amount of obscuring material surrounding the AGN. Each of these factors contributes
differently to the signal observed in a given waveband.

The mid-infrared (mid-IR) and ultraviolet (UV) colors of AGN offer a powerful way to deter-
mine the amount of obscuration and star formation in an AGN population (Fig. 2; e.g. Donley
et al. 2007; Wright et al. 2010; Assef et al. 2013). Power-law emission originating from the
AGN accretion disk extends into the IR, increasing the mid-IR luminosities of AGN host galaxies
(Netzer et al. 2007) and leading to a mid-IR excess with respect to star-forming galaxies. Dust
obscuration alters both the UV and mid-IR properties of the AGN host spectral energy distribution
(SED) by absorbing the UV radiation and re-emitting it in the IR. Both obscured and unobscured
AGN can therefore in principle be separated in mid-IR color space from non-active galaxies. How-
ever, mid-IR colour selection suffers when the host galaxy contamination becomes large, making
these surveys incomplete for fainter AGN, and for bright star-forming hosts.

X-ray surveys are much less sensitive to such obscuration biases. X-ray measurements in the
0.5-8.0 keV band are able to penetrate absorbing columns of NH = 1021�1024.5 cm�2, only being
‘blind’ to the small fraction of Compton thick AGN with NH > 1025 cm�2. When combined with
the high angular resolution and good sensitivity of the Chandra X-ray observatory, this allows us
to straightforwardly identify almost all AGN, down to a bolometric luminosity of ⇠ 1043 ergs s�1,
and out to high redshifts. With Chandra X-ray observations we are therefore able to directly
observe a significant fraction of the total accretion power in the Universe (Brandt & Alexander
2015). Nearby galaxy studies show that the contaminating X-ray contribution from stellar sources
in galaxies rarely exceeds 1041 ergs s�1 (even for massive star-bursts; Kim & Fabbiano 2015).
There is therefore little contamination from the host galaxy to the X-ray AGN detection, making
X-rays the clear AGN survey waveband of choice.

3

Multi-Spectral Analysis

Pure SF

Pure AGN

16/08/2016 - Boston

1. Are the obscuration properties of AGN 
in cluster fields different from field 
galaxies? 

2. How do the number densities of 
obscured and unobscured AGN in 
clusters vary with the mass, radial 
position and redshift of clusters?

3. Are AGN in clusters more or less likely 
to reside in star-forming hosts.  

4. How does the number density of star-
forming AGN vary with the cluster 
radius and redshift? 

Towards a more complete census of cluster AGN and host galaxy 
properties



IR selected AGN and host gal SF
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Figure 6: The apparent AB magnitude limits of the WISE and GALEX survey plotted as a function of cluster
redshift. QSO1 (black lines) and QSO2 (red lines) template spectra from the SWIRE library (Polletta et al. 2007)
have been normalised to the rest-frame K-band magnitude of a 2L⇤ galaxy, redshifted and convolved with the
filter functions of WISE and GALEX (using the PWKIT.SYNPHOT package4) to predict the photometry. Left:
The predicted photometry for WISE filters W1–W3. The magnitude limits of the WISE filters are labelled with
horizontal lines. We shall be able to identify galaxies brighter than 2L⇤ in all our cluster fields. Many high
redshift cluster fields have also been targeted with Spitzer IRAC and MIPS which will supplement our WISE
data. Right: The predicted photometry for GALEX NUV filters. The magnitude limits of the all-sky- (AIS),
medium- (MIS) and deep-imaging surveys (DIS) are indicated with horizontal lines. While obscured AGN are
faint in the UV due to dust absorption, unobscured AGN will be detectable in all our cluster fields.

W3 in the left hand panel3, and the GALEX all-imaging survey (AIS), medium-imaging survey
(MIS) and deep-imaging survey (DIS) in the right hand panels. These surveys provide data of
sufficient depth to probe AGN and AGN host properties, down to 2⇥L⇤ galaxies, across our entire
redshift range and to L⇤ in the W1 and W2 WISE bands. Many of the higher redshift clusters
additionally have Spitzer IRAC and MIPS (24µm) data (see Table 1). The longer wavelength data
is highly desirable for high-z clusters as the most discriminating spectral features will be redshifted
into these bands (Fig. 2).

We expect the joint analyses of the IR, UV and X-ray data to require a substantial investment
of time for a graduate student and we request the remaining 3 years of funding for these major
science goals. The components of the analysis are laid out in detail below.

Matching AGN and host galaxies: The first step is to robustly match the X-ray AGN detected in
our Chandra images to IR and UV sources. The small PSF of Chandra (0.5 arcseconds) greatly
reduces the probability of mis-matching sources compared with other X-ray telescopes. However,
it is important to take into account off-axis PSF broadening. Our X-ray sources will not be included
if they fall farther than 10’ from the Chandra aim point. Inside this range the Chandra PSF
can be localized within an arcsecond5, and will be well matched to the IR and UV data. We
note that this condition excludes only a small fraction of the Chandra field-of-view. We have the
benefit of excellent multi-wavelength coverage of our sources and will also develop a framework
for optimizing matched sources based on their SEDs, utilizing also near-IR 2MASS data.

3WISE band W4 is not deep enough to provide coverage of the full redshift range of our sample. Increased
sensitivity in W1 and W2 is provided by the ALLWISE survey (http://irsa.ipac.caltech.edu/Missions/wise.html).

4Credit: Peter Williams and collaborators (https://github.com/pkgw/pwkit).
5http://cxc.harvard.edu/proposer/POG/html/index.html
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Table 1: A summary of the Chandra (X-ray), WISE (IR), GALEX (UV) and Spitzer (IR) data sets that will be
analyzed. Robust mass proxy measurements are available for all 435 galaxy clusters (derived from their Chandra

X-ray observations combined with weak-lensing results, obtained by our team); these provide both the overall
mass of the clusters and their radial scaling, key ingredients allowing us to exploit the self-similarity of the
massive clusters statistically to model the relative evolution of the cluster AGN with respect to the field. Our
study, utilizes the excellent spatial resolution and sensitivity of Chandra for the initial AGN identification. The
UV and IR data provided by GALEX, WISE and Spitzer shall be used to identify the obscuration and star-forming
properties of the AGN hosts.

Chandra GALEX WISE Spitzer Total
AIS MIS DIS W1-W4 IRAC MIPS 24µm MIPS 70µm

Cluster fields 435 312 70 13 435 275 179 90 435

conditions necessary for the triggering of AGN. The largest limiting factor for studies of AGN in
clusters is their identification within the cluster environment. This is typically achieved through ex-
pensive spectroscopic follow-up, and thus the sample sizes of most published cluster AGN studies
to date are small (< 30 clusters; < 100 AGN). The next generation of spectroscopic surveys will
enable greater AGN statistics out to high redshift; however, even then, a complete spectroscopic
follow-up of the X-ray AGN within cluster fields will require enormous dedicated follow-up time
to mitigate the sampling of the automated surveys.

By taking advantage of the self-similarity of massive galaxy clusters, and employing tech-
niques from cosmological modeling, we have identified an alternative route to make significant
advances without the need for such expensive spectroscopic follow-up. In Ehlert et al. (2015)
we demonstrated the potential of this method with a fraction of the then-archival Chandra data;
putting the tightest constraints on the variation of AGN in clusters with cluster mass to date.
In the following sections we propose to fully exploit the statistical constraining power of the
Chandra+WISE+GALEX+Spitzer archives for AGN studies, accounting fully for the selection
function appropriate for each individual cluster field observation.

In detail, we propose to analyse the combined Chandra, GALEX, WISE and Spitzer data for
435 galaxy cluster fields (Table 1; Fig. 4)2. In every case, our team has already determined
robust mass proxy measurements and centers for the clusters (Mantz et al. 2015), and therefore
the necessary radial scaling for the statistical modeling described above. All of the clusters have
rigorous spectroscopic redshifts. The proposed sample spans a redshift range of 0 < z < 1.25
and covers a footprint of ⇠54 deg2. We expect to extract over 49,000 X-ray point sources, 2,000
of which will be within the clusters, making this one of the largest X-ray point source catalogs, of
any type, constructed to date. The resulting catalog will be made available to the community upon
publication.

2.1 Hierarchical assembly and the growth of black holes
Our proposed study would expand by a factor of 3 the number of cluster fields studied at X-ray
wavelengths by Ehlert et al. (2015), and by a factor ⇠15 compared to the largest other work. Our
new sample would significantly expand the redshift lever arm of the measurements, improving our
ability to constrain the redshift evolution of the cluster AGN population relative to the field. We
will, for the first time, be able to carry out quantitative comparisons between the redshift evolution

2Our clusters are selected from flux-limited X-ray and SZ surveys with well defined selection functions, used for
state-of-the-art cosmological analysis (e.g. Mantz et al. 2015).
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2L* galaxy redshifted and convolved with filter functions

1. Are the obscuration properties of AGN in cluster fields different from field galaxies? 
2. How do the number densities of obscured and unobscured AGN in clusters vary with the mass, 

radial position and redshift of clusters? 
3. Are AGN in clusters more or less likely to reside in star-forming hosts, and how does the 

number density of star-forming AGN vary with the cluster radius and redshift? 
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34

eRosita
(X-ray)

CMB-S4

SPT-3G

CMB Sunyaev-Zel’dovich Cluster Survey 

SPT-SZ/pol:          Nclust ~ 1,000
 SPT-3G:       Nclust ~ 10,000
CMB-S4:  Nclust ~ 100,000+

Cluster Mass vs Redshift 
for CMB/SZ Experiments

CMB lensing measured from 
individual clusters, can directly 
calibrate cluster mass:

SPT-3G:  !(M) ~ 3%
CMB-S4: !(M) < ~0.1%

CMB measurements detect 
clusters through the “shadows” 
they make in the CMB, the 
Sunyaev-Zel’dovich (SZ) effect:

SPT-3G Collaboration

CMB-S4: Nclus > 100,000 
(higher z and lower M, 

20,000 deg2)

eRosita (All sky), LSST 
(20,000 deg2) and Euclid 

(15,000 deg2)

2020/30s: Finding clusters not a problem

A multi-spectral analysis

16/08/2016 - Boston
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Galaxy and BH evolution is intimately connected
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,

2

Virgo
Gultekin et al. 2009 NASA/CXC/Werner et al. 2010
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JWST - 6.5 meter, October 2018, 5-10 years duration, 0.1 arc-seconds, 0.6-28.5 microns (NIRCam 
imaging 0.6-5 micron- FOV 2.2x4.4 arcmin) (NIRSpec spec 0.6-5 micron MOS 100 sources 9x9 

arcmin IFU 900 spectra 3x3 arc seconds and a SLIT) (NIRISS 2.2x2.2 arcmins imaging and 
slitless spectroscopy in various ways) (MIRI making and spec 5-28.5 microns, 3 to 7 arcsec on a 

side) 
Euclid - 1.2 meter telescope, launch 2020, (VIS 5500-9000 A, 0.787x0.709 degrees, 0.1 arcsec 

pixels) (NISP, 0.763x0.722 degrees, imaging in Y (920 - 1146 nm) J (1146 - 1372 nm) and H (1372 - 
2000 nm) and spectroscopy between 1100 - 2000 nm all with 0.3 arcsec pixels) 

WFIRST - early 2020’s, 2.4 m,  (wide field instrument, 0.76-2 microns in imaging and 1.35-1.95 
in spectroscopy in 0.281 degrees squared and an IFU but only 3x3.15 arcsec) (coronagraph)
LSST - first light in 2019, 8.4 meter mirror, 3.5 degrees or 9.6 square degrees, u, g, r, i, z, y

SKA - construction in 2018 and early science in 2020. Angular resolution of 0.1 arc second with 
a imaging field of view of 1 degree at 0.03-20 GHz

Athena - launch in 2028, (XIFU, 2.5eV spectral resolution, 5’’ pixels, 5 arcsin fov) (WFI, 
0.2-15keV energy band, 40x40 arc min fov pixels size of about 2.5’’ and psf is 5’’ on axis half 

energy width)
E-Rosita - launch 2017 - L2 - 0.3-10 keV, 16 to 28’’ on axis, 138 eV resolution at 6 keV, FOV about 

a degree in diameter (0.833 degree^2 ???) 
CMB-S4 - ???

DESI - 
40m ‘scopes?


