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Observational constraints on the average radial distribution profile of AGN in distant galaxy clusters can provide important clues
on the triggering mechanisms of AGN activity in dense environments and are essential for a completeness evaluation of cluster
selection techniques in the X-ray and mm wavebands. The aim of this work is a statistical study with XMM-Newton of the presence
and distribution of X-ray AGN in the large-scale structure environments of 22 X-ray luminous galaxy clusters in the redshift range
0.9 < z < 1.6 compiled by the XMM-Newton Distant Cluster Project (XDCP). To this end, the X-ray point source lists from
detections in the soft band (0.35-2.4keV) and full band (0.3-7.5keV) were stacked in cluster-centric coordinates and compared
to average background number counts extracted from three independent control fields in the same observations. A significant
full-band (soft-band) excess of ~78 (67) X-ray point sources is found in the cluster fields within an angular distance of 8’ (4 Mpc)
at a statistical confidence level of 4.00 (4.20), corresponding to an average number of detected excess AGN per cluster environment
of 3.5 + 0.9 (3.0 = 0.7). The data point towards a rising radial profile in the cluster region (r < 1 Mpc) of predominantly low-
luminosity AGN with an average detected excess of about one point source per system, with a tentative preferred occurrence along
the main cluster elongation axis. A second statistically significant overdensity of brighter soft-band-detected AGN is found at
cluster-centric distances of 4'—6" (2-3 Mpc), corresponding to about three times the average cluster radius Ryg of the systems.
If confirmed, these results would support the idea of two different physical triggering mechanisms of X-ray AGN activity in
dependence of the radially changing large-scale structure environment of the distant clusters. For high-z cluster studies at lower
spatial resolution with the upcoming eROSITA all-sky X-ray survey, the results suggest that cluster-associated X-ray AGN may
impose a bias in the spectral analysis of high-z systems, while their detection and flux measurements in the soft band may not be
significantly affected.

as a function of redshift is of key importance for the char-
acterization and completeness evaluation of ongoing and

Observational studies of the connection of Active Galactic
Nuclei (AGN) with the large-scale environment of massive
clusters of galaxies and their mutual cosmic evolution can
provide important insights into the physical conditions
necessary to trigger or suppress AGN activity in galaxies. In
this respect, AGN activity can be charted in dependence of
the changing environments of galaxy clusters as a function of
cluster-centric distance: from the dense cores, to the cluster
outskirts, and further out to the matter infall regions and the
surrounding cosmic web. Furthermore, the evolution of the
occurrence of X-ray and radio AGN in cluster environments

future high-z cluster surveys in the X-ray band and via the
Sunyaev-Zeldovich effect (SZE) at mm wavelengths.
Numerous Chandra sample studies on the X-ray AGN
content of galaxy clusters up to redshifts of about unity,
for example, (e.g., [1-6]), have firmly established that the
AGN fraction in clusters is significantly rising as a function
of redshift. On the other hand, the cluster environment
appears to suppress the occurrence of X-ray AGN activity
in massive galaxies compared to a field galaxy sample at all
probed redshifts so far, for example, (e.g., [3, 5, 7]), and the
distribution of X-ray AGN is significantly less concentrated



in terms of cluster-centric distance in comparison to radio
AGN, (e.g., [1, 8,9]). However, owing to the small number of
very distant test clusters at z > 0.9 available to these studies,
the data basis at redshifts beyond unity is still very sparse, and
at z > 1.3 X-ray cluster studies are limited to a single system
[10, 11]. So far, the only cluster AGN study with a sizable
sample of systems at the epoch 1 < z < 1.5 was presented
n [12] based on infrared selected clusters from the IRAC
Shallow Cluster Survey [13], which found a continuing trend
of increasing AGN fractions with redshifts in systems with an
average halo mass of ~10'4 M.

The aim of this paper is to extend the accessible redshift
regime for a sample of X-ray selected clusters to 0.9 <
z < 1.6 in order to perform a statistical study of the X-
ray point source excess and its radial dependence in distant
X-ray luminous systems. In contrast to the previous studies
based on targeted follow-up observations with Chandra, this
work is built upon archival XMM-Newton observations, in
which the clusters have been serendipitously detected. This
distant cluster sample and the performed X-ray point source
stacking analysis are introduced in Section 2. The results
are presented in Section 3, followed by the discussion in
Section 4, and conclusions in Section 5. A standard ACDM
cosmological model with parameters (Hy, Qm, Qpg, w) =
(70kms~'Mpc~1, 0.3, 0.7, —1) is assumed throughout this
paper, which yields a median projected angular scale of
8.2 kpc/”’ (corresponding to 2.0'/Mpc) with <5% variation
in the probed redshift interval z = 0.9-1.6.

2. Distant Cluster Sample and X-Ray
Stacking Analysis

2.1. Cluster Sample. This work uses the largest published
sample of distant X-ray luminous galaxy clusters at redshifts
z > 0.9 to date as presented in Fassbender et al. [14]. The
sample comprises 22 X-ray selected clusters in the redshift
range 0.9 < z < 1.6 with a median system mass of My =
2Xx10" M. All clusters are part of the XMM-Newton Distant
Cluster Project (XDCP, e.g., [14-16]), a serendipitous X-
ray survey focussing on the detection and study of galaxy
clusters in the first half of cosmic time. Table 1 provides
an overview of the considered cluster sample, including
the XMM-Newton observations used for this study, their
effective clean exposure time (ECT) after flare removal,
and original relevant source publications for the individual
clusters. (We define the ECT as the period during which all
three instruments in imaging operation would collect the
equivalent number of soft science photons for the particular
observation.)

All clusters in this sample have by construction medium
to deep XMM-Newton observations available, whereas the
Chandra archive coverage of this newly constructed sample
is currently less than 30%. The complete coverage and high
sensitivity is the main advantage to perform a first X-
ray point source study around distant X-ray clusters with
XMM-Newton. A second advantage is the larger 30’ -diameter
field of view (FoV), which allows direct measurements of
background counts in the same observation. XMM-Newton’s
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spatial resolution of 5-15"" (FWHM), on the other hand, is
significantly lower than for Chandra, which implies that the
central cluster core regions of up to ~15” =~ 120 kpc cannot
be properly probed for point sources in addition to the
underlying detected extended X-ray emission of the cluster.

In any case, the statistical detection of a point source
excess around distant clusters at z > 0.9 is a challenging task
since the average background density of X-ray point sources
in the considered XMM-Newton fields is more than 20 within
a 6'-radius (~3 Mpc) compared to an expected cluster excess
of a few sources (~1.5 for z < 0.9 systems [4]). On the other
hand, any measurable point source excess associated with
z > 0.9 clusters can be directly attributed to AGN activity
with X-ray luminosities of Ly > 10% ergs™' owing to the
average soft-band point source detection limit in the XMM-
Newton fields of 2107 ergs™' cm™2.

2.2. X-Ray Data. The XMM-Newton observations used for
this work are in general the original discovery fields of the
clusters as listed in Table 1 (column 6), with the exception of
C08 for which the deeper follow-up observation was used.
The clean effective exposure time of these fields after flare
removal (column 7) ranges from 8.5 to 82 ksec with a median
integration time of 19 ksec. Three of the fields contain 2-3
confirmed distant clusters inside their FoV, which are treated
here as independent observations for each cluster source.

Most of the identified high-z clusters are located at off-
axis angles @, between 5 and 12 arcmin from the optical
axis, which was defined as the aimpoint of the PN (the most
sensitive instrument) labelled as center in Figure 1. The 30’-
diameter FoV of XMM-Newton allows to define three quasi
independent background control regions inside the same
XMM-Newton observation at the same off-axis angle with
centers rotated by 90, 180, and 270 degrees about the optical
axis as is shown in Figure 1. These fixed rotation angles to
the control field centers ensure maximally spaced distances
at a given off-axis angle between control and clusters fields
in order to maximize the non overlapping regions between
them. When comparing the cluster environment and back-
ground field point source counts, this approach (to first
order) automatically accounts for (i) changes in the effective
exposure time across the FoV due to vignetting, (ii) the
changing PSF as a function of off-axis angle, and (iii) possible
incomplete coverage beyond some cluster-centric distance in
the outer radial direction due to the edge of the instrumental
FoV. For the observations in which the cluster location is at
small off-axis angles of @, < 8" the control field locations
were shifted back to @.¢ = 8 at their respective rotation
angles of 90, 180, and 270 degrees. This ensures that cluster
and background fields are not overlapping within their
minimum separations of >8’, while only slightly changing
the average effective sensitivity in the control fields relative
to the cluster environment.

The X-ray source detection was performed as part of the
XDCP distant cluster survey as detailed in Fassbender et al
[14]. Here the focus of the analysis lies on the detected point
sources in the individual cluster fields, which are displayed
by green circles in Figures 1 and 2. The X-ray source lists
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FiGure 1: Examples of the extraction and stacking process for the 82.2 ksec field of cluster XDCP J2215.9 — 1751 (C09) in the left panel and
the 24.9 ksec observation of the system XDCP J2205.8 — 0159 (C12) in the right panel. The cluster positions and the 12" x 12’ region around
them are indicated in red. The three control fields at equivalent off-axis angles from the center position (black) are marked in blue. Green
circles mark the positions of all detected soft-band X-ray point sources in the fields.

TaBLE 1: List of the 22 distant galaxy clusters at z > 0.9 from Fassbender et al. [14] used for the stacking analysis in this work. The table
lists a cluster identification number (column 1), the system redshift (2), the official cluster name (3), X-ray centroid coordinates (4 + 5), the
observation identification number of the XMM-Newton field used (6), the corresponding effective clean time (ECT) of the field in (7), and

relevant literature references to the cluster in (8).

ID z Official name RA J2000 DEC J2000 OBSID ECT ksec References
(1) (2) (3) (4) (5) (6) (7) (8)
Co1 1.579 XDCP J0044.0 — 2033 00:44:05.2 —20:33:59.7 0042340201 8.5 [26]
C02 1.555 XDCP J1007.3 + 1237 10:07:21.6 +12:37:54.3 0140550601 19.4 [27]
C03 1.490 XDCP J0338.8 + 0021 03:38:49.5 +00:21:08.1 0036540101 18.0 [28]
C04 1.457 XMMXCS J2215.9 — 1738 22:15:58.5 —17:38:05.8 0106660101 51.7 [10,29-31]
CO05 1.396 XDCP J2235.3 — 2557 22:35:20.4 —25:57:43.2 0111790101 13.6 [21, 32]
C06 1.358 XDCP J1532.2 — 0837 15:32:13.2 —-08:37:01.4 0100240801 22.4 [33]
Co07 1.335 SpARCS J0035.8 — 4312 00:35:50.1 —43:12:10.3 0148960101 47.2 [14, 34]
Co08 1.237 RDCS J1252.9 — 2927 12:52:54.5 —29:27:18.0 0057740401 62.0 [22]
C09 1.227 XDCP J2215.9 — 1751 22:15:56.9 —17:51:40.9 0106660601 82.2 [35]
C10 1.185 XDCP J0302.1 — 0001 03:02:11.9 —00:01:34.3 0041170101 40.9 [33]
Cl11 1.122 XDCP J2217.3 + 1417 22:17:20.8 +14:17:54.6 0103660301 10.3 [14]
Cl12 1.117 XDCP J2205.8 — 0159 22:05:50.3 —01:59:27.4 0012440301 24.9 [14, 36]
Cl13 1.097 XDCP J0338.7 + 0030 03:38:44.2 +00:30:01.8 0036540101 18.0 [37]
Cl4 1.082 XDCP J1007.8 + 1258 10:07:50.5 +12:58:18.1 0140550601 19.4 [38]
C15 1.053 XLSSJ0227.1 — 0418 02:27:09.2 —04:18:00.9 0112680101 22.7 [39, 40]
Cl6 1.050 XLSSJ0224.0 — 0413 02:24:04.1 —-04:13:31.7 0112680301 19.2 [23, 39, 40]
C17 1.000 XDCP J2215.9 — 1740 22:15:57.5 —17:40:25.6 0106660101 51.7 [35]
C18 0.975 XDCP J1229.4 + 0151 12:29:29.2 +01:51:31.6 0126700201 8.7 [41]
C19 0.975 XDCP J1230.2 + 1339 12:30:16.9 +13:39:04.3 0112552101 10.3 [18]
C20 0.959 XDCP J0027.2 + 1714 00:27:14.3 +17:14:36.3 0050140201 41.8 [14]
C21 0.947 XDCP J0104.3 — 0630 01:04:22.3 —06:30:03.1 0112650401 18.4 [42]
C22 0.916 XDCP J0338.5 + 0029 03:38:30.5 +00:29:20.2 0036540101 18.0 [14]
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FIGURE 2: Close-up examples of the stacking process for the 9.2"x 9.2 cluster environments of XDCP J2215.9 — 1751 (C09) in the left panels
and XDCP J2205.8 — 0159 (C12) in the right panels. Cluster positions are marked by red crosses and dashed circles, and the main elongation
axis of the ICM emission is indicated by the red arrow with 2’ length in both directions from the cluster centers. The top panels show the
smoothed soft-band image and the 0.35-2.4 keV detected sources (green circles) in their original orientation (North up, East to the left). The
bottom panels display the rotated images and detected sources in the full 0.3-7.5 keV energy range with rotation angles that align the cluster
elongation axis in the North-South direction. All panels show overlaid the soft-band X-ray surface brightness contours in cyan.

were produced with the XMM Science Analysis Software
(http://xmm.esac.esa.int/sas/) (SAS) tasks eboxdetect fora
first sliding box detection of candidate sources followed by a
maximum likelihood fitting procedure with emldetect for
the final source parameter determination. For this work, the
source lists of two different detection procedures are used: (1)
a soft-band source detection in the energy band 0.35-2.4 keV
down to point source significances of about 3¢ and (2) a full-
band detection in multiple bands covering the energy range
0.3-7.5keV down to point source significances of about 2.
Although originally developed and optimized for distant
cluster detections, the two schemes are able to distinguish

and probe different aspects of the AGN-cluster connection.
The investigation in the soft band is mostly sensitive to low-
absorption type-I AGN and can probe the effects of cluster-
AGN on the detection efficiency of distant clusters at lower
spatial resolution with the upcoming all-sky survey eROSITA
[17] as discussed in Section 4.5. The full-band detection, on
the other hand, is sensitive to the full type-I and type-II AGN
population and can hence provide a more complete census of
AGN activity in the vicinity of distant clusters.

In order to allow a robust determination of the pure
point source excess, all 105 detected extended X-ray sources
in the considered fields were removed from the master source
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lists, including all of the 22 distant cluster targets listed in
Table 1. Additionally, the soft- and full-band master lists were
manually cleaned from obvious spurious detections (=~5.5%)
in the immediate vicinity of very bright X-ray sources in the
FoV, such as the central source displayed in the right panel
of Figure 1. The final combined clean X-ray point source lists
contain 2770 objects for the soft-band and 4228 sources for
the full-band detection. With an effective total X-ray coverage
of 4.246 deg? for the considered fields, the average point
source surface densities amount to 0.182 srcs/arcmin? in the
soft band and 0.277 srcs/arcmin? in the full band.

2.3. Point Source Stacking Analysis. In order to keep the anal-
ysis simple, the focus is placed on a possible detectable AGN
point source excess in cluster environments with respect
to control fields, irrespective of the flux and luminosity
distribution of such sources. Owing to the varying effective
exposure time of the different XMM-Newton fields in Table 1
(columns 6 + 7), the point source detection sensitivities
scale with roughly the inverse square root of the exposure
time and vary across the FoV as a function of off-axis
angle due to increased vignetting effects at larger ©®s.
The typical 0.5-2.0keV soft-band point source sensitivities
of ~(1-2) x 107 ergs™' cm™ ensure, however, that any
detected point source excess associated with clusters in the
redshift regime at 0.9 < z < 1.6 can be safely attributed
to X-ray AGN (under the well-justified assumption that a
statistically significant, background-subtracted population
of excess counts is physically associated with the LSS cluster
environments at the respective redshifts), rather than, for
example, star-forming galaxies at lower X-ray luminosities.

For the point source stacking analysis the following
approach is adapted. (a) For each of the 22 distant clusters
in the considered sample a subimage is extracted from the
corresponding XMM-Newton observation that places the
cluster at the central image coordinates (Xcencl> Ycen) as
displayed in red in Figure 1. The same procedure is repeated
at the three control field positions at rotation angles of 90,
180, and 270 degrees about the optical axis shown in blue
in the same figure. (b) In order to ensure a homogeneous
effective exposure time distribution in the final stacked
cluster and control fields, the identical sub-images at the
four positions as in the first step are extracted from the
associated exposure maps. (c) The X-ray source lists for
the soft-band and full-band detections are loaded to each
of the four associated extracted subframes (one cluster plus
three control positions) in the world coordinate system
(WCS) and resaved in the image coordinate system of each
frame. (d) For each of the four positions per cluster, the 22
extracted sub-images and exposure maps around the cluster
position and control fields are coadded to result in the final
deep image and exposure map stacks for each position. (e)
Similarly, the 22 source lists in image coordinates at each
position are concatenated into single-master-source files at
each cluster and control field position for the soft-band and
full-band detections separately. The source distribution of
these stacked master files can now be further analyzed as

a function of distance to the central extraction position with
image coordinates (Xcen,cl> Yeen,dl)-

The extraction procedure with the cluster (or control
field) position in the center of the sub-image is depicted in
the top panels of Figure 2 for the two systems C09 (left)
and Cl12 (right). The detected extended X-ray emission
of the cluster (red dashed circles) does by definition not
contribute to the point source statistics (green circles). In
order to also investigate potentially preferred directions of
the AGN excess in cluster environments, a second variant
of the previously described stacking analysis is performed.
This time the visually determined main elongation axis of the
detected cluster emission (red arrows in Figure 2) is assumed
to be a proxy for the main matter infall and assembly axis
of the cluster (e.g., see [18]). All extracted sub-images and
source lists of steps (a—c) are then rotated about the central
position with coordinates (Xcen,d, Ycenc) in @ way to align
the cluster elongation axis for each of the 22 cluster fields
in the Northsouth direction as shown in the lower panels of
Figure 2. Subsequently, step (e) is repeated with these rotated
source lists to produce a stacked master catalog of X-ray
sources in a coordinate system where the cluster elongation
axes are coaligned in the vertical direction.

A robust determination of the background number
counts in the three control fields is of critical importance
for the results of the stacking analysis. As discussed, some
control field positions had to be placed at slightly larger
off-axis angles compared to the cluster in order to avoid
a significant overlap of the source lists at relatively small
off-center distances (i.e., <8"). Such a shift was applied to
three of the 22 fields with up to 2’, to four fields with
2'—4’, and to two fields with >4’, which inevitably results
in slight differences of the stacked effective clean exposure
time in the cluster and control fields. Figure 3 shows these
stacked exposure time profiles (left panel), from which a
median fractional exposure difference for the cluster field of
dtexp/texp = 0.113 = 11.3% is determined as displayed by the
blue dashed line in the right panel. As an important cross-
check, it can be confirmed that no significant systematic
radial trend is present in the control field exposure time
ratios (black line) with respect to the median.

For the deep, background-limited XMM-Newton obser-
vations this translates into an average fractional difference
of the flux limit of dfim/ fim = —(dtexp/texp)”” = —3.4%.
With the knowledge of the logN-logS distribution from
point source number counts in deep fields, the effect of
the slightly increased sensitivity in the cluster field can be
quantified. Using the measured faint end slope of the logN-
logS distribution of @ = (1.65 = 0.05) [19], the fractional
effect on the number counts can be determined as dN/N =~
—(a — 1)(dS/S) ~ 0.022 ~ 2.2%. For a fair evaluation of
excess counts in the cluster environment, the control field
counts have thus to be scaled up by the small correction
factor be,r =~ 1.022 that accounts for the slight average
sensitivity differences.

The sensitivity-corrected radial distribution of the back-
ground counts in the three control fields is displayed in
Figure 4 (dotted lines) for the soft-band (top panel) and
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FIGURE 4: Background model as a function of center distance for the detected sources in the soft band (a) and the full band (b). The red solid
line shows the average smoothed background model with 1o uncertainties indicated by the red dashed lines, whereas the colored dotted
lines show the extracted counts in the three control fields. The gradual decline as a function of off-center angle reflects the radial change in

effective exposure time as shown in Figure 3.

full-band detection (bottom panel). The final robust back-
ground model for the further analysis should on one hand
reflect the gradual radial change in effective exposure time
and on the other hand be a smooth function in order to
suppress Poisson fluctuations in the individual radial bins, in
particular close to the central position where the counts per
bin drop to <5. This is achieved by applying a boxcar filter
with a radius of four bins (each 15”") and inverse variance
weighting to the averaged radial count distribution of the
control fields. The resulting final average background models
for the radial distribution in the soft band and full band are
shown by the solid red lines in Figure 4, whereas the dashed
red lines illustrate the estimated 10 Poisson uncertainties.
The determined background model may still be subject
to residual systematic uncertainties not fully captured by
the adopted approach with the three independent control
fields and the applied average correction factor. Such residual
systematic uncertainties include (i) slight effective exposure

time offsets dependent on the exact locations of the optical
axes of the different detectors, (ii) the effects of the removed
extended and spurious sources, and (iii) slight geometric
area mismatches at large off-center positions due to the
non-axis-symmetric field-of-view edge. The magnitude of
these potential systematic effects needs to be estimated for
the combined stacked fields, which are the sums of the 22
random center positions across the XMM-Newton FoV. The
potential exposure time offsets (i) can be shown to amount
to a negligible sub-per-cent effect. Similarly, the effect of
the area covered by the removed extended sources (ii) is
insignificant and stacking analysis tests without any sources
removed showed the qualitative same results. The largest
residual systematic arises from geometric edge effects (iii),
which can be estimated analogous to the statistical spatial
uncertainty of a one-dimensional random walk with 22
steps, since the edge effects are randomly positive or negative
relative to the cluster field. In this case, the step size for
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Figure 5: Cumulative number count distributions starting from an off-center angle of 8’ inwards. (a) Total cumulative counts for cluster
fields (solid lines) in comparison to the median background models (dashed lines) for the soft-band (black) and full-band detection (red).
(b) Cumulative distribution of excess counts after subtraction of the background model for the soft band (black) and full-band (red). Dotted
lines show the original measured distribution, whereas solid lines depict the smoothed trends after boxcar filtering. Average cluster radii Rsyo
(dashed) and Ry (solid) for the distant cluster sample are marked by the blue vertical lines.

the random walk is given by the average geometric mismatch
of the analysis area per field of 8-9 arcmin?, resulting in a
total statistical geometric mismatch after 22 steps of +/22 X
9 ~ +42arcmin®. Using the average source densities yields
approximate upper limits for the total impact of this effect
of oy (full-band) < 12 sources and oy (soft-band) < 7 point
sources. Consequently, the total systematic error budget is
estimated to be <60% of the total Poisson uncertainties
derived in the next section and is hence still subdominant
compared to the statistical errors.

3. Results

In the following, the results of the X-ray stacking analysis
are presented for the cumulative number counts, the radial
distribution of excess counts, and an evaluation of source
counts along the principal cluster elongation axis. All results
are given in stacked units, that is, the sum of all 22 cluster
environments is combined into a single radial X-ray source
count profile. For all analyses a radial bin size for each
independent ring segment of 15" is used and the maximal
off-center radius is limited to 8" (~4 Mpc) in order to avoid
significant field-of-view edge effects.

3.1. Cumulative Source Counts. The left panel of Figure 5
displays the cumulative number counts for the cluster (red
and black) and average background field counts (blue)
starting at a radial distance of 8" and moving inwards towards
the center position. A significant excess of X-ray sources in
the cluster field is apparent starting at off-center distances
of about 6’ in both the soft-band (lower dashed lines) and

full-band counts (upper solid lines). For the full-band source
list the number of excess X-ray counts in the cluster field
within the 8" analysis radius is about 78, while the soft band
shows approximately 67 excess counts. This translates into a
fractional source excess in the distant cluster environments
of +9.0% in the soft band and +6.9% in the full band.

Interestingly, the radial distribution of the excess counts
for the two different band schemes is different, which is
shown in the right panel of Figure 5. The smoothed trends
(solid lines) indicate that the main excess counts in the soft-
band (black) originate at cluster-centric distance of 4-6,
corresponding to 2-3 Mpc, while excess source counts in the
full band rise sharply all the way to the center.

Applying Poisson statistics to the total cumulative back-
ground counts, which are based on three independent con-
trol fields, the statistical 1o uncertainties can be estimated
as +/Niot/3, which amounts to o9, ~ 15.7 sources and
ofull .. = 19.4 counts for the two different band schemes. The
significance of the total detected X-ray source excess within a
cluster-centric distance of 8 is hence 4.204, in the soft-band
and 4.00, for the full-band detection. The average number
of detected excess X-ray AGN per cluster environment
amounts to 3.0 = 0.7 softband and 3.5 + 0.9 fullband AGN,
respectively, which are to be interpreted as lower limits since
not the full geometric area out to 8" was covered in the
detector FoV for each cluster environment.

3.2. Radial Distribution of Excess AGN. The background-
subtracted radial distribution of excess X-ray sources in
Figure 6 shows the data points for each individual bin
with Poisson errors (black) and the smoothed radial trend
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FIGURE 7: Same as Figure 6 but now distinguishing the sectors aligned with the cluster elongations (black points and solid black line) and

the perpendicular direction (red points and solid red line).

(solid red line) for the soft-band (upper panel) and full-
band detection (lower panel). The observed trends in the
cumulative distribution of the previous section can now be
evaluated for the independent data points with associated
error bars and the given uncertainty in the subtracted
background counts (blue dotted lines). For representation
purposes (Figures 6 and 7) and better statistics in each bin,
the displayed radial bins were increased to 30" each outside

the biased central 30" region (green dashed vertical line, (see
Section 2.1)), which is also excluded for the smoothed solid
trend lines.

In the soft band (upper panel), the most significant
feature in the radial distribution is the hump between cluster-
centric distance 4'—6"as depicted by the red trend line. The
covered solid angle at cluster-centric distances 4" < r < 6’
is 63 square arcmin implying that significant excess counts
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normalized to a unit area are hard to measure in comparison
to the background counts. However, in this 4" < r < 6’ range
six independent adjacent radial bins show an excess, of which
four have more than 1o significance each, yielding a high
combined confidence that this feature is indeed real. The
hump is also discernible in the full-band detection (lower
panel), although at lower statistical significance.

The most prominent feature in the full-band detection
is the strong rise of excess X-ray sources at radial distances
below 2’, which correspond approximately to the radius
inside the fiducial Rypg (vertical blue line) of the distant
cluster sample. (Ry00 (Rsgo) are the radii for which the mean
enclosed total mass density of the cluster is 200 (500) times
the critical energy density of the Universe p.(z) at the
given redshift z. The considered distant cluster sample has
an average Rypo (Rsp0) of about 1007 (64”") with a standard
deviation of +20%). Owing to the relatively small enclosed
central area with a corresponding low number of total
counts, the statistical uncertainties inside the fiducial cluster
regions are quite significant. Nevertheless, the two innermost
bins outside the core region indicate a clear and significant
trend of a steep inner radial profile of full-band detected
excess sources. The inner profile of the soft-band sources in
the upper panel, on the other hand, is fully consistent with a
null excess of sources inside radii r < 2.

3.3. X-Ray Counts along the Principal Cluster Elongation Axis.
In order to investigate the possibility that AGN activity
occurs along a preferential direction in the cluster-frame
system, the radial profile analysis for excess X-ray counts was
repeated with the rotated stacked source lists that aligned
the principal elongation axis of the cluster X-ray emission
in the vertical direction (see Section 2.3 and bottom panels
of Figure2). The radial distribution was then split into
two disjoint sectors, the aligned sector along the cluster
elongation direction covering the range within an angle of
+45° to the vertical axis with the cluster center as origin
and the perpendicular sector within +45° to the horizontal
coordinate axis. The average background models (Figure 4)
and the associated uncertainties were adopted to account for
the factor of two smaller total area covered by each of the two
sectors. The background subtracted radial counts along the
aligned (black) and perpendicular sectors (red) are displayed
in Figure 7 for the soft-band (upper panel) and full-band
detection (lower panel).

For the full-band counts in the lower panel the profiles at
r < 2" indicate that the X-ray source excess inside the fiducial
cluster radius Ry is dominated by AGN along the cluster-
aligned direction (black line). Additionally, the secondary
hump at 4.5-6.5" is now more significant in the aligned
(black) direction, while consistent with a null excess for
the perpendicular sector (red). However, owing to the lower
number of excess counts in the individual split sector bins
with a corresponding decreased statistical significance these
results are to be considered as tentative.

For the soft-band detection in the upper panel, the 4'—
6" hump appears also to be enhanced in the aligned (black)
direction around r ~ 6. Below a radius of 2’ the sector

counts seem to split into an excess in the aligned and a deficit
in the perpendicular sector, but both are on the level of the
background uncertainty.

3.4. Robustness of Results. The tentative nature of the latter
results in Section 3.3 with the separated sectors along two
directions illustrates the limits of the statistical detectability
of radial features in the X-ray source distribution for the
currently available sample size of distant X-ray clusters.
However, the results based on the overall excess counts in
the radial distributions in Sections 3.1 and 3.2 are detected
on the 40 level (for r < 8’) and can hence be considered as
robust.

In particular the central rise of the full-band counts and
the soft-band 4'—6" hump seem to be real features in the radial
distribution of distant cluster environments with an average
of 1-2 excess sources per cluster in each feature. A central
rise in the full band while flat in the soft band could well be
physically explained by a dominance of faint and spectrally
hard cluster AGN. With on average about one full-band
excess source per cluster in the inner ~2', the central part of
the background model would have to be underestimated by
almost a factor of two to attribute the observed cumulative
excess to a background systematic.

The cumulative counts for the 4'—6" hump in the soft
band exceed the full-band counts by about 15 sources around
r = 4’ (see right panel of Figure 5). On the other hand,
all soft-band sources should also be part of the full-band
catalogs, that is, the cumulative full-band excess would be
expected to be at least as high for the soft-band. However, this
slight discrepancy at intermediate off-center angles between
2" and 5’ in the cumulative excess distribution can likely
be attributed to Poisson noise in the full-band background
counts, which was estimated to be slightly higher in magni-
tude compared to the measured difference of excess soft-band
sources at the hump location. The full-band signal at these
intermediate off-center distances hence seems to be diluted
by the larger Poisson noise at a level within the statistical
expectations.

The presence of the hump in the full band itself, although
at lower confidence level, provides some extra confidence
in its real nature. Other cross-checks with the exposure
time profile (Figure 3) and the background (Figure 4) do
not reveal any particular radial feature in the 4'—6" range
that could attribute the observed hump to a systematic.
The combined systematic error budget was estimated in
Section 2.3 to be at most 60% of the total statistical Poisson
error (<12 sources), which is far below the observed signal.
The cumulative excess magnitude in the hump of more than
three dozen sources also makes the possibility of individual
systematic structures at ~5’ in the cluster fields an unlikely
explanation.

4. Discussion

4.1. Spectroscopically Confirmed AGN. The ultimate proof to
quantify the statistical properties of AGN in high-z clusters
from the centers to the large-scale environments would
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TaBLE 2: List of spectroscopically confirmed X-ray AGN within a search radius of 12'(~6 Mpc) from the cluster centers and with a
spectroscopic redshift that is within 3000 km/s of the cluster restframe velocity. The table lists the cluster environment ID of Table 1 in
column (1), an AGN ID in (2), the angular distance to the cluster center in (3), the AGN redshift in (4), the RA and DEC coordinates in
(5-6), the source name as listed in NED in (7), and a redshift reference in (8).

Cl. env. AGN ID Distance arcmin z RA J2000 DEC J2000 NED name Reference
(1) (2) (3) (4) (5) (6) (7) (8)
C03 A01 9.52 1.486 03:39:08.3 +00:29:25 SDSS J033908.27 + 002924.9 [43]
Co03 A02 11.3 1.483 03:39:12.3 +00:30:56 SDSS J033912.34 + 003055.5 [43]
C04 A03 1.31 1.462 22:16:03.7 —17:38:31 XMMUJ221603.6 — 173830 [44]
Co04 A04 0.24 1.462 22:15:59.1 —17:37:54 PS1 [10]
C04 A05 0.12 1.453 22:15:58.9 —17:38:10 PS2 [10]
C06 A06 6.36 1.373 15:32:06.0 —08:30:55 XMS J153206.0 — 083055 [45]
Cco7 A07 5.32 1.330 00:36:18.6 —43:13:20 IRAC 109477 [46]
Co07 A08 6.52 1.318 00:35:23.9 —43:16:38 IRAC 229193 [47]
Cco7 A09 9.02 1.334 00:36:22.1 —43:19:03 IRAC 111580 [47]
C08 Al0 7.81 1.234 12:53:08.3 —29:20:10 GMOS-F2 08 (48]
C10 All 3.08 1.179 03:02:14.8 +00:01:25 SDSS J030214.82 + 000125.3 [43]
Cl12 Al2 11.6 1.110 22:06:26.0 —01:52:01 FBQS J2206 — 0152 [49]
C13 Al3 10.8 1.120 03:38:10.2 +00:23:25 SDSS J033810.16 + 002325.1 [43]
Cl15 Al4 7.97 1.053 02:26:38.0 —04:19:45 VVDS 020465089 [50]
C21 Al5 7.66 0.932 01:04:02.8 —06:36:00 XMMUJ0104.1 — 0635 000 [51]

require a combination of high-resolution X-ray imaging
plus an optical spectroscopic identification to identify all
X-ray point sources. Such a data set is currently not yet
available for sizable samples of z > 0.9 X-ray luminous
systems. However, as a starting point the observed X-
ray point source catalogs can be crossmatched with pub-
lic redshift data from the NASA Extragalactic Data Base
(http://nedwww.ipac.caltech.edu) (NED) complemented by
individual cluster publications [10]. The resulting list of
15 spectroscopically confirmed and X-ray identified AGN
within 12" of the cluster positions and spectroscopic rest-
frame velocity offsets of less than +3000 km/s is shown in
Table 2.

Five of the spectroscopic AGN are located at cluster-
centric angular separations 8’ < r < 12/, corresponding to
projected distances of 4-6 Mpc. Ten spectroscopic members
are found at the probed radial distance range of <8', four
of them at <4’ (<2Mpc) and six in the range 4" < r < 8
(2-4 Mpc). The two objects A04 and A05 at the center of
XMMXCS J2215.9 — 1738 at z = 1.46 are not spatially
resolved with XMM-Newton [10]; all others are identified
X-ray point sources (except object A12, which is outside the
XMM-Newton FoV, but is classified in NED as QSO).

Out of the measured full-band X-ray point source excess
of about 78 (£25%) in the cluster environments at r < 8,
eight or about 10% are spectroscopically confirmed X-
ray AGN at the cluster redshift. As can be expected, the
serendipitous spectroscopic identification rate of cluster
AGN in this high-z sample is still fairly low, but sufficiently
high to confirm the presence of X-ray AGN in the large-scale
structure environment of the probed systems.

4.2. Selection Effects and Comparison to Chandra Observa-
tions. The considered distant galaxy cluster sample is X-
ray selected based on XMM-Newton data as discussed in
Sections 2.1 and 2.2, implying that potential selection effects
could have an impact on some of the results presented in
Section 3. All clusters were originally detected as extended
X-ray sources, with most of the detection weight origi-
nating from the soft band owing to the expected spectral
properties of high-z thermal ICM emission. In principle,
cluster-embedded X-ray point sources could have both an
(negative) antibias or (positive) bias effect on the XMM-
Newton selection. An anti-bias, that is, a missed fraction of
proper cluster sources, arises when a bright central AGN is
dominating over the extended thermal emission in the soft
band, resulting in a potential misclassification of the cluster
as an X-ray point source. On the other hand, an opposite bias
effect could arise in the cases where a weak unresolved cluster
AGN adds a subdominant fraction of flux to the underlying
extended cluster emission or where the superposition of
multiple embedded X-ray point sources even mimics an X-
ray extended at the given XMM-Newton resolution limit.
Neither of the described possible anti-bias or bias effects
are currently accessible to a robust quantitative evaluation
since this would require large well-defined z > 0.9 cluster
samples based on different selection techniques (e.g., IR,
SZE, and X-ray) and followed up with high-resolution
Chandra observations and extensive optical spectroscopy
that are not yet available for such a study. The two most
distant spectroscopically confirmed infrared selected systems
in the galaxy group mass regime, CL J1449 + 0856 at z =
2.07 [20] and SXDF-XCL J0218 — 0510 at z = 1.62 [11],
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feature both a central X-ray point source that dominates the
X-ray emission and could hint at a common occurrence of
central AGN in low-mass systems at z 2> 1.6. However, given
the different system masses, redshift regime, and selection
techniques such first hints based on low-number statistics
may not be representative for the considered X-ray selected
high-z cluster sample.

A meaningful cross-check on the influence of potentially
unresolved embedded cluster AGN for the cluster sample of
this work can currently only be obtained from the available
published Chandra observations of a subsample of the five
systems C04 [10], C05 [21], CO8 [22], C16 [23], and C19
[18] listed in Table 1. For the four systems at z << 1.4 (CO05,
C08, C16, C19) Chandra did not reveal any additional central
point sources embedded in the extended ICM emission.
Only for the system C04 at z = 1.46 the high-resolution
observations disclosed the two additional sub-dominant
clusters AGN A04 and AO05 (see Table 2 and Section 4.1) at
r < 15" that are unresolved with XMM-Newton both for
the soft- and full-band detection. The cross-check with this
Chandra subsample is hence consistent with a fair XMM-
Newton accounting of X-ray point sources in the distant
cluster environments outside the biased central 15" radius,
which was excluded from the trend analysis of the radial
profiles in Sections 3.2 and 3.3. In particular, there is no
indication that the soft-band radial point source profile
could be antibiased in the range 0.25" < r < 2" due to the
presence of extended ICM emission. Similarly, the Chandra
sub-sample does not reveal any cases of systems that entered
the distant X-ray cluster sample solely based on a bias effect
of embedded point sources.

In summary, although some sample selection effects
inherit to the XMM-Newton discovery method for the distant
clusters may apply compared to an ideal (nonexistent)
sample, a qualitative cross-check with the available Chandra
observations for five systems did not reveal any evident biases
concerning the radial profile of point sources in the main
targeted cluster-centric distance range of 0.25" < r < 8'.

4.3. Comparison to Previous Studies. The high-z results of
this work are consistent with numerous previous Chandra
studies that find a general trend of increasing AGN activity in
cluster environments with redshift for X-ray selected samples
(e.g., [1-3, 5]) and infrared-selected clusters [12]. Although
the used sample is X-ray selected with XMM-Newton,
implying the discussed natural anti-bias against potential
systems with bright central soft-band AGN, a centrally rising
radial distribution of lower luminosity AGN was found
with about one detected excess source per system within a
projected radius of 1 Mpc. However, because of the limited
spatial resolution of XMM-Newton, the recovered excess
sources are incomplete in the very core ( r < 15-20""), where
individual systems at the highest accessible redshifts have
revealed embedded cluster AGN as discussed in Section 4.2.
Concerning the detected secondary 4'—6" hump (2-
3 Mpc), Ruderman and Ebeling [6] reported on the same
general radial profile shape of the X-ray point source
excess around very massive MACS clusters at intermediate
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redshifts (0.3 < z < 0.7) with a central spike plus an
additional broad excess at projected cluster-centric distances
of 2-3 Mpc. They interpreted this finding as evidence for
distinct triggering mechanisms of nuclear activity in the
center through close encounters of infalling galaxies, and the
cluster-field interface, where galaxy mergers fuel the central
supermassive black holes. On the other hand, Gilmour et
al. [4] did not recover the secondary radial excess feature in
their larger sample of 148 clusters at z < 0.9. Their tests with
cluster subsamples revealed that a point source excess at r > 2
Mpc may be systematically boosted by structures related to
nonassociated foreground clusters in the FoV [4].

With respect to such a test, the current sample size of
22 high-z cluster fields is still too small to discard all fields
with a potential contamination from foreground structures,
which are ubiquitous at the exposure depth of the considered
observations. For the nature of the 4'—6" hump, a systematic
bias related to foreground structures can hence not be
tully ruled out at this point, although the measured excess
in this region would require multiple such structures not
captured by the background model. A test with the two most
crowded fields removed from the analysis (excluding clusters
C03, C04, C09, C13, C17, and C22) showed no qualitative
difference concerning the shape and the presence of the
hump.

On the other hand, a cluster-associated excess of X-ray
AGN at projected cluster-centric radii of r > 4" (>2Mpc)
must be present as revealed by the 11 spectroscopically
confirmed objects in Table 2 in the range 4 < r < 12".
Moreover, Rumbaugh et al. [9] showed in their spectroscopic
study of cluster environments in the redshift range 0.7-0.9
that half of the AGN host galaxies are located at projected
distances of >1.5 Mpc away from the nearest cluster or group.
In particular, they also confirmed a significant difference in
AGN X-ray luminosity between objects in the dense inner
cluster regions and the low-density large-scale structure
environments in the sense that the central objects show low
luminosities, while the brightest objects are all found at large
cluster centric distances.

4.4. The Distant Cluster-AGN Connection. Taking the pre-
sented results at face value, the following scenario for AGN
activity in distant X-ray cluster environments at 0.9 < z <
1.6 emerges. The detected significant (40) excess of X-ray
AGN in the distant cluster environments at angular radii
of up to 8’ is split into two distinct populations that reflect
different triggering mechanisms of nuclear activity.

At cluster-centric radii less than the fiducial average
cluster size of the sample of Ry ~ 830kpc ~ 1.7 a centrally
peaked population of low-luminosity X-ray AGN exists. The
conclusion of low X-ray luminosities (or a heavily absorbed
type-1I spectrum) for this population originates from the
fact that the central excess is not observed in the soft-band
detection with its higher source significance threshold. The
tentative result of Section 3.3 suggests that the AGN activity
preferentially occurs along the main matter infall axis of
the cluster, as indicated by the principal elongation axis
of the extended cluster emission. This nuclear activity is



12

likely triggered by close encounters of infalling objects and is
mostly found in red or green transitional galaxies as reported
in [9]. Overall, the detected (incomplete) excess of about one
AGN source per cluster field inside its fiducial radius Rjgo
is still very moderate when considering the expected (e.g.,
[24]) average enclosed stellar mass of ~4 x 10'> M, for the
cluster systems. Comparing this value to the average AGN
abundance in the COSMOS field in the same 0.9 < z < 1.6
redshift range of one X-ray AGN per 2 X 102 M, in stellar
mass (Bongiorno et al., in prep.) suggests that the AGN
activity in high-z cluster environments is still suppressed by
a factor of two compared to the field abundance.

The second AGN population is preferentially located at
cluster-centric distances of 2-3 Mpc as part of the observed
4’—6" hump of excess sources. The soft-band detection of
this feature indicates significantly higher soft-band X-ray
luminosities compared to the central AGN. The projected
distance of the hump location corresponds to about 3 X Ry
of the average cluster radius. At this distance, the relative
galaxy velocities are still small while the object density is
already significantly enhanced, resulting in an environment
where major merging processes are expected to be efficient.
The observed AGN excess in the larger-scale environment
of distant X-ray clusters is hence likely to be attributed
to merger-induced nuclear activity in “quasar mode” [25]
occurring at a potential sweet spot for merging events in the
infall regions at cluster-centric projected distances of around
3 X Ry

4.5. Implications for eROSITA. The next generation all-sky
X-ray survey will be conducted by the upcoming eROSITA
mission [17], which has an expected average survey PSF
of 25”"-30"" and hence provides a lower spatial resolution
than Chandra and XMM-Newton. In order to evaluate the
performance for distant cluster applications, the high-z AGN
excess close to the cluster position is of critical importance.

The measured average excess of about one full-band-
detected AGN within Ry with a centrally peaked radial
profile may pose a severe potential bias for X-ray spec-
troscopic applications at z > 0.9, most notably high-z
ICM temperature measurements. For faint and compact
high-z systems, the full detected X-ray emission within the
extraction aperture has to be considered to obtain enough
signal, without the possibility to subtract embedded point
sources. Hidden AGN can hence harden the spectrum and
bias the Tx determination high (see, e.g., [10]).

Although the statistical uncertainties in the central region
are still large, the measured soft-band radial profile did not
reveal a significant central excess of AGN. The situation
for the detection of extended high-z Xray sources and
accurate soft-band flux determinations hence still looks very
promising. These tasks can be performed in the soft-band
only, most commonly in the 0.5-2keV range, where the
cluster AGN contribution seems to be low for the presented
X-ray selected sample and sensitivities, which correspond
to the planned eROSITA deep fields. The detectability of
distant clusters with eROSITA may hence not be significantly
influenced by the present findings. The measured soft-band

Advances in Astronomy

X-ray luminosity for high-z eROSITA clusters will hence
likely be the preferable low-bias mass proxy.

5. Summary and Conclusions

This work investigated the X-ray point source excess in the
environment of distant X-ray luminous galaxy clusters in
the redshift range 0.9 < z < 1.6 based on a sample of
22 systems with an average mass of 2 X 10" My compiled
by the XMM-Newton Distant Cluster Project. The X-ray
source detection in the available XMM-Newton observations
for each cluster with a median clean field exposure time
of 19ksec was performed in two energy ranges, a 0.35-
2.4keV soft band and a 0.3-7.5keV full band. The X-ray
source counts were stacked in cluster-centric coordinates and
compared to the average background counts extracted from
three independent control fields in the XMM-Newron field of
view. The main findings of this X-ray stacking analysis can be
summarized as follows.

(1) The cumulative radial X-ray source counts within a
cluster-centric region of 8 reveal a significant excess
of ~67 (softband) and ~78 (soft-band) sources with
a statistical confidence of 4.2¢ in the soft band and
4.00 in the full band. The resulting average detected
point source excess of 3.0 + 0.7 (soft-band) and 3.5 =
0.9 (full-band) sources per cluster environment is to
be interpreted as lower limit due to an incomplete
coverage of the full geometric area out to 8'.

(2) The radial cumulative distributions of the detected
excess counts show a different radial behavior for
the soft band and full band. Soft-band detected excess
sources are mainly located at cluster-centric projected
distances of 2-3 Mpc (the 4'—6’-hump), while the
full-band counts show an additional steep rise at
small distances of r < 2'.

(3) The radial profiles of the background-subtracted
excess counts confirm the statistical significance of
both radial features. The centrally peaked point
source excess within the average cluster radius Rjgo
is consistent with various previous studies, most
of them conducted at lower redshifts. The detected
(incomplete) average excess per cluster is found to
be about one point source per system with evidence
for lower X-ray luminosities below the soft-band
detection limit.

(4) A second analysis was performed with all source lists
rotated about the cluster center in a way that the
principal elongation axes of the cluster emission are
aligned for all systems. With the interpretation that
the cluster elongation points in the direction of the
main cluster assembly axis the tentative conclusion
can be derived that the observed AGN activity is
mostly occurring along these identified matter infall
directions.

(5) The second outer radial feature at cluster-centric
distances of 2-3 Mpc was previously reported also for
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an intermediate-redshift cluster sample by Ruderman
and Ebeling [6]. However, a systematic boosting of
this feature by foreground structures cannot be fully
ruled out with the statistics of the present sample.
The cross-correlation of public spectroscopic redshift
information with the X-ray data, on the other hand,
confirms the presence of a significant population
of X-ray AGN in the cluster environments beyond
a projected distance of 2Mpc. The observed 4'—
6" hump feature is consistent with a population of
bright soft-band-detected AGN triggered at a project
distance of about 3 X Ryg.

(6) Taking all results at face value lends support to the
idea of two different AGN populations and triggering
mechanisms of nuclear activity in the distant cluster
environments. In this picture, the fiducial cluster
regions inside Ryg of high-z X-ray luminous systems
harbor low-luminosity AGN triggered by close galaxy
encounters in the infall regions, while the excess in
the outer cluster environment at distances of 2-3 Mpc
is due to major-merger induced AGN activity.

(7) With respect to distant cluster applications with
the upcoming all-sky survey eROSITA, the results
suggest that the spectroscopic temperature analysis
of samples of distant cluster sources may be biased
highly due to embedded point sources, while the
detection and flux measurements in the soft band
may not be significantly influenced in the general
case.

The presented results are based on the currently largest
homogeneously selected sample of X-ray luminous clusters
at z > 0.9. Statistical improvements and tests of the discussed
results will require significantly larger, well-defined samples
of distant X-ray clusters of about 50 objects, which should
soon be available. The ultimate experiment of X-ray AGN
in distant cluster environments at r > 1 Mpc will be made
possible by eROSITA in the near future.
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