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ABSTRACT

We present XMM data for the supercluster A901/2; at 0.17, which is combined with
deep imaging and 17-band photometric redshifts (from th&B0-17 survey), 2dF spectra
and Spitzer 2dm data, to identify AGN in the supercluster. The 90ksec XMMge contains
139 point sources, of which 11 are identified as superclusBN with Ly o.5-7.5%cv) >
1.7 x 10*'erg cnm2s~1. The host galaxies havk/r < —20 and only 2 of 8 sources with
spectra could have been identified as AGN by the detectedab@imission lines. Using a
large sample of 795 supercluster galaxies we define corangpkes of massive galaxies with
no detected AGN. The local environments of the AGN and cdstamples differ at> 98 per
cent significance. The AGN host galaxies lie predominamtlgrieas of moderate projected
galaxy density and with more local blue galaxies than therobeample, with the exception
of one very bright Type | AGN very near the centre of a clustbese environments are similar
to, but not limited to, cluster outskirts and blue groupssjpite the large number of potential
host galaxies, no AGN are found in regions with the highekbgadensity (excluding some
cluster cores where emission from the ICM obscures modératmosity AGN). AGN are
also absent from the areas with lowest galaxy denstiy. Welade that the prevalence of
cluster AGN is linked to their environment.
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1 INTRODUCTION

The properties and evolution of galaxies are known to bengtyo
linked to their external environment. In particular, pggigns of
galaxies in clusters are strikingly different to those ie fteld, as
shown by the morphology—density relation (Oemler 1974 sBlex
1980) and dramatic changes in star-formation rates (ewjslet al.

etal. (2003) find the same result for star-formation ratelf\étaal.
(2005) find that dusty star-forming galaxies are generalinfl in
moderate density environments.

Various processes have been suggested to account for tte rap

transformation of cluster galaxies, from local effectshsas merg-
ers (e.g. Mihos & Hernquist 1996) and repeated close gtawitzl

2002 and Gomez et al. 2003). It appears that galaxies changeencounters (e.g. Moore et al. 1998) to the large scale sffiet

significantly as they join denser environments such as graumg
clusters.

It is increasingly evident that many of the changes in galaxy

properties between cluster cores and the field are triggerieter-
mediate density environments, and that a distinction betvwield
and cluster populations is overly simplistic. For exampégke
et al. (2005) find that galaxy colour is a function of localheat
than extended galaxy density, and Lewis et al. (2002 ) andézo
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the tidal field (e.g. Byrd & Valtonen 1990) and the intra-¢&rs
medium, via ram-pressure stripping (e.g. Abadi et al. ()P89
‘strangulation’ (e.g. Larson et al. 1980).

The processes which affect galaxy properties may also
rectly or indirectly, affect the accretion onto the centikck hole
found in most, if not all, galaxies with a stellar bulge (e.gqdor-
rian et al. 1998). Both local and large-scale processeshwhizy
affect cluster galaxies also have the potential to affeetdilstribu-
tion of gas in the galaxies, and hence may trigger or suppgtédé
activity. Recently large and moderate sized surveys hagarb®o

, di-
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shed light on the local and extended environments of AGN, and
produce observational evidence for some of these processes

The first evidence of a suppression of AGN in the cores of
galaxy clusters was found in the optical survey of Dresslal.e

Given that many galaxy transformations occur in intermiedia
density environments, it may be that AGN are also alterechby t
host galaxy environment. To understand the links betweeN AG
tivity and their extended environment it is desirable tddbeyond

(1984), although a large source of bias was suggested by Edgegalaxy clusters as a single entity, and instead determimeffiect

(1994). Further optical surveys (such as Coldwell et al. 280d
Kauffmann et al. 2004) have also found a deficit of luminousNAG
in dense regions. However Miller et al. (2003) find that ttaefion

of luminous galaxies with AGN is independent of galaxy dgnsi
a conclusion also drawn from the auto-correlations of AGN an
galaxies presented by Wake et al. (2005). Surprisingly,esofm
these studies use the same datasets, but draw contrastiolgi-co
sions, probably due to different AGN selection techniques.

The picture is further complicated when detections in other
wavebands are considered. In contrast to the optical sgsnliny
radio studies (e.g. Best et al. 2002, Miller & Owen 2003, Barr
et al. 2003, Reddy & Yun 2004, and Best 2004) show an increase
in radio-loud AGN activity in galaxy clusters, at a range efl+
shifts and in both relaxed and merging systems. Best (2004d) fi
that the majority of radio-loud AGN in the densest regiores ramt
emission-line sources, and so may be missed by opticalkstudi

However, radio-loud AGN are not representative of AGN as
a whole, and optical studies are prone to selection effetisties
of X-ray emission are an alternative method to remove some se
lection effects, and to detect a larger population of AGNleked,
Martini et al. (2006) find that only four of at least 35 X-ray-de
tected AGN in a sample of clusters have optical spectrabsiges
of AGN activity. The majority of studies in the X-ray have feed
on galaxy clusters, which have the advantage of a large nuaibe
galaxies and high density, but are complicated by the X-raige
sion from the intra-cluster medium. This tends to mask arngae
tions of AGN in the very centre of the cluster, in particularthe
central galaxy, if one exists, which is often a massive ttlgd and
radio loud (e.g. Peres et al. 1998, Best et al. 2006). Theusixci

of local (~ 100 kpc) and large scale<{( 1 Mpc) environment, from
the field through groups and cluster outskirts to the clustees.

Superclusters are ideal testbeds for such a study as thsiston
of a large number of galaxies in a range of environments, thea
same epoch. The correlations between environment and AGN pr
erties can therefore be studied in one field, without corafibns
due to galaxy or AGN evolution. For example, the AGN popolati
in galaxy groups can be compared to that in cluster outshigan-
ilar local galaxy density to distinguish between local aargjé scale
environments. In addition superclusters contain bothudigtd and
relaxed regions, which may affect AGN in different ways.

This paper presents the results of investigations into AGN
in the supercluster A901/2, which has extensive multi-wevgth
imaging and spectroscopy, summarised in Section 2. Therdata
duction and identification of the supercluster AGN are dbscrin
Sections 3 and 4. The properties of the AGN and their hosikgala
ies are investigated, along with the environments in whidy tare
found, and the environments of the AGN hosts are compared to
other supercluster galaxies in Section 5. The results anensuised
in Section 6. Details of individual AGN candidates are giien
the Appendix. Throughout the paper the cosmological parenrse
o, Qa and Hy are set to 0.3, 0.7 and 70 kmmsMpc™!, and all
COMBO-17 absolute magnitudes are converted to this cosmolo

2 THE SUPERCLUSTER A901/2
2.1 Optical data
The supercluster consisting of Abell 901 and Abell 902 (A2)1

of such galaxies may in fact be an advantage as they are in veryfirst identified by Abell (1958), is ideal for a study of the exff of

different environments from the other cluster galaxiesgtiently
lying in the centre of the potential well. This unusual eoniment
probably has a very different effect on AGN activity comphte
the other cluster members, and it is therefore preferabtéstin-
guish between central and normal galaxies when evaludtagn-
vironments of AGN.

Statistical studies of point sources in the fields of galdxg-c
ters have found numerous clusters that have more luminaus po
sources than expected from a non-cluster field (e.g. Henryi&l B
1991, Lazzati et al. 1998, Molnar et al. 2002, Cappi et al. 1200
Johnson et al. 2003, Cappelluti et al. 2005 and Ruderman & Ebe
ing 2005 and Gilmour et al. in prep.) and which are therefibedy
to contain AGN. Others studies find clusters which appeaat@h
no excess of sources (e.g. Molnar et al. (2002), Kim et al.4a00
and 2004b), and therefore no detectable (generally mazknati-
nosity) AGN.

Martini et al. (2006) confirm spectroscopically that eigiw#
redshift clusters each contain between 2 and 10 X-ray ssuvith
Lx > 10*erg s, the majority of which are AGN without opti-
cal emission lines. This corresponds to 5 per cent of gadaxith
Mg < —20 hosting AGN withLx > 10*erg s*, which is a
far higher AGN fraction than previously determined fromioak
surveys. Recent results (Martini et al. 2007) show that tukat
distribution of the fainter AGN in this sample follows thdit the
cluster population, but the more luminous AGN are found qaref
entially in the central regions. This result is in agreemeith a
recent statistical survey of 18 clusters (Branchesi etG072

environment on AGN due to the low redshift (0.17) and wealth
of optical data available. It is one of the fields in the COMBRD-
survey (Classifying Objects by Medium-Band Observationd 7
Filters, Wolf et al. 2003), and in addition 2dF spectra arailav
able for 282 supercluster galaxies, from observations thightwo
degree field (2dF) spectrograph on the Anglo—Australiazstzipe.

The COMBO-17 survey used the Wide Field Imager (WFI) at
the MPG/ESO 2.2 m telescope to obtain images 0f58 x 0.55
degree field with a pixel size df.238”. Images were taken in 5
broad and 12 narrow band filters and matched to a set of teeplat
spectra to determine photometric redshiftsn(:). Reliable photo-
metric redshifts were found for the18000 objects withngr < 24,
with errors of orders. /(1 + z) < 0.01 (which is comparable
to the velocity dispersion of the superclusterynat < 20, and
o-/(1 +2) < 0.02 for mg < 23 (Wolf et al. (2005), here-
after WGMO05). The accuracy of the photometric redshifts mvhe
compared to the available spectroscopic redshifts is shyholf
et al. to be good, such that it is possible to select a magsitud
limited supercluster sample with minimal contaminatioonrin-
terlopers and only a few percent loss of true superclustexiges.

Acutof 0.155 < zphot < 0.185 gives 795 galaxies with total
absolute V band magnitude —17, which are used in WGMO05 and
Lane etal. (2007). This large sample makes it possible &rohe
very accurately the distribution and properties of the xjakin
A901/2 (Gray et al. 2004).

The optically identified structure of A901/2 is shown in Fig-
ure 1. A901 consists of two dark matter halos of comparable

© 2007 RAS, MNRASD0Q, 1-21
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Figure 1. Galaxy number density in A901 (grey-scale) and superaluste
dark matter density from 2D weak lensing analysis by Grayl.e{2002)
(contours). Galaxies are selected in the rafges5 < zpnor < 0.185.
The optically identified clusters and group are marked. Tinegie is~ 30’
square and the top left corner is North-East.

size, A901a and A901b, each with a massive galaxy in the &entr
A901a contains far more galaxies and is far more concentthtn
A901b. A tail of smaller, bluer galaxies extends south of A9fo-
wards A902, which is a more optically diffuse cluster. Thisralso
a group of galaxies in the south-west corner, and optica datl
3D weak lensing analysis (Taylor et al. 2004) has identifietlig-
ter at redshiftv 0.5 almost directly behind A902. It is clear that the
supercluster contains a wide range of environments wiflerifig
ratios of dark to optically visible matter. The effect of seeenvi-
ronments on the galaxy star-formation rate has been iigateti by
Gray et al. (2004), who found that the proportion of galaxies
are star-forming is a strong function of local dark-mattensity,
with far less star-formation in galaxies in denser regionsaddi-
tion, the WGMO5 study found a population of dusty star-farqni
galaxies which preferentially exist in medium galaxy-dgnenvi-
ronments, avoiding both the field and the cluster cores.

2dF spectra are available for 282 of the brightest galaxies
in the supercluster, and cover the wavelength range 3900460

from Bell and Papovich, private communication) will helptire
identification of some AGN, as shown in Section 4.2.

2.3 X-ray data

The A901/2 supercluster region had previously been obddnre

~ 0.4 ksec as part of the ROSAT All Sky Survey (Ebeling et al.
1996) and in addition with the ROSAT High Resolution Imager
for ~ 12ksec. Schindler (2000) found seven sources in the field,
two of which coincide with A901a and A901b. The bright emissi
coincident with A901a was found to be a point source.

In this paper a new, deep (90ksec) XMM-Newton image of
the supercluster, obtained in 2003, is presented. By cantpthe
deep X-ray image and the optical data a sample of AGN in the
supercluster are selected and analysed.

3 X-RAY DATA REDUCTION
3.1 Data reduction

A 90ksec XMM image of A901/2 was taken on 6th/7th May 2003
using the three EPIC cameras (MOS1, MOS2, PN) and a thin filter
The level 1 data were taken from the supplied pipeline prtsjuc
and reduced with SAS v5.4 and the calibration files. The datew
filtered for bad pixels, the standard good patterns of 0O—i2xavi-
MEA_EM or XMMEA _EP and energy between 0.5 and 7.5 keV.
Removing times when the count rate was0.2 counts S* for
MOS1 and MOS?2 detectors and0.67 counts S* for PN resulted

in an exposure time of 67ksec for MOS andv 61ksec for PN,
and removed all episodes of significant flaring.

3.2 Source detection

Sources were detected using WAVDETECT (Freeman et al. 2002)
on 600 x 600 pixel unvignetted full-band images for eachaete
The images and the corresponding exposure maps had a [zieel si
of 4.1”. A mask was created for each detector, which removed areas
with less than 25 per cent of the maximum exposure or an exposu
map gradient of over 0.4 for MOS or 0.03 for PN. Three areas of
streaking were removed by hand in the PN mask.

102 sources were detected in the MOS1 image, 96 in MOS2
and 128 in PN. The total number of unique sources detectdi; wi

(Gray et al. in prep.). The COMBO-17 SEDs and 2dF spectra are out applying any cut on source significance, was 150 (of wBith

not sufficient to compile a sample of AGN as many AGN are op-
tically obscured. In comparison, X-ray samples are far ncore-
plete (see for example Martini et al. 2006 and Szokoly et 8042

but suffer from confusion with heavily star-forming galesi Com-
bining an X-ray source list with the 2dF spectra and COMBO-17
data can help identify supercluster X-ray sources andngjsish
between X-ray emission from AGN and that from other sources
such as star-formation and populations of low mass X-ragrigs.
Comparing the positions of AGN hosts with the other iderdifie
supercluster galaxies will determine whether AGN activiyen-
hanced or suppressed in a range of environments.

2.2 Infra-red data

This field is currently being surveyed using MIPS (Multi-ldan
Imaging Photometer for Spitzer) on Spitzer. An early retecat-
alogue of the 24 micron sources in this field (1/7 of the finahda

(© 2007 RAS, MNRASD0Q, 1-21

were detected in all three images, 33 in two and 53 in one). The
vast majority of those missed in one or two images were oeitsid
the field of view of those detectors, or only detected in theeno
sensitive PN image.

A point source catalogue was constructed for each detegtor b
removing all detections of extended supercluster emisgisrthe
size and shape of the PSF is not well defined in XMM two methods
were used to determine which were point sources:

e The FWHM was found for each object. As the sources be-
come increasingly elliptical towards the edge of the imageas
required that the semi-minor axis had a FWHMof pixels. This
includes all bright on-axis point sources, which have a FW6fM
2.2 pixels, and allows some margin of error for the fainter searc
This method was only useful for moderate to bright sources.

e The catalogue was compared to the results for this field
from the XCS survey (private communication, see M. Davidson
in prep.). This survey uses a sophisticated wavelet reaaigin
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method to find extended emission in XMM images. Due to prob-
lems with the raw dataset this method could only use the M@& da
in the NE quarter of the image, whereas all data are used iregite
of the image. Detections of extended emission are theréésie
accurate in the NE quarter.

The results of these methods are broadly in agreement nwithi
the errors described, and identified eight areas of possiiper-
cluster emission, shown in Figure 2. Of these, the smalleset
are likely to be artifacts as they all occur near the chip loauy of
one image only. All of these sources were removed from thee cat
logue. Analysis of the extended emission will be covered iayG
etal., in prep.

A further consideration is the brightest source in the field,
which has the FWHM of a point source. As this source is so brigh
(similar in flux to the X-ray emission from A901b) and lies yer
close to the centre of A901a, it could be concentrated alestés-
sion or a cooling flow. These scenarios were ruled out by aisly
of the spectrum, which is a power law rather than thermal aad t
fact that the X-ray emission is centred on a galaxy which is no
the brightest cluster galaxy and which has radio emissiam(the
NVSS, Condon et al. 1998). It is therefore concluded that obr-
jectis an AGN.

3.3 Point source properties

The reality, position and positional error of the sourcesaneund
by comparing the sources found in each of the three deteétors
sources that were detected in more than one image the positio
was defined as the midpoint of the two closest positions fat th
source. (In the most common case of sources detected inred th
images this removed errors due to one detection being nedpa c
boundary.) For singly detected sources the given positaswsed.
The wAvDETECT 1-sigma positional errors were found to be
generally less than one arcsecond even for the faintestesun
comparison, the separations between detections of the saumee
in different images were on average 3 arcseconds, whichsts ju
less than one pixel. This is a random error, rather than rastro
ric, due to the difficulty of finding the centre of faint objeatith

in two images; however it has a very large positional ernod, for
consistency and accuracy was not included in the catalogue.

The final list of 139 significant point sources, including ipos
tional errors, is given in Table 2 and shown in Figure 2.

4 FINDING THE SUPERCLUSTER ACTIVE GALACTIC
NUCLEI

4.1 Matching X-ray and Optical catalogues

The COMBO-17 catalogue consists of 63776 objects detected u
ing SExtractor on the R-band image (Wolf et al. 2003). Thesew
matched with the XMM point sources to identify the X-ray stes

in the supercluster. Some saturated stars and faintertshjear
diffraction spikes are not included in the COMBO-17 cataleg
so the areas around each X-ray source were examined mafarally
missing objects, and four such optical objects which cooksbly
match an X-ray source were added to the catalogue.

A maximume-likelihood technique was used to match the X-
ray sources to the COMBO-17 optical catalogue. Matching was
performed by comparing the valueR; ; (a measure of the as-
sociation between two sources, i and j, see Equation 1) \uith t
distribution of this value for X-ray sources placed randpmithin
the field. Becausd.R; ; depends on the error on the source co-
ordinates, which varies significantly in the X-ray samphe &x-
pected distribution ol R; ; was calculated for each X-ray source,
j, by randomly placing 14000 X-ray sources with emsgrover the
optical catalogue. The resulting (normalised) distributN (L R) ;
gives the probability of obtaining each likelihood ratio tlyance
(if source; had no optical counterpart), as shown for one source in
Figure 3.

The likelihood ratio was defined (following Mann et al. 1997
and Taylor E. L. et al. 2005, who use a method described irldeta
in Sutherland & Saunders 1992) as

2 2
e i/ 27

LRi; =<~ '
" oIN(< my)

@)

whereo; is the positional error on X-ray sourger; ; the distance

a large pixel size compared to the PSF, and is a better measureto optical objecti from X-ray sourcej, and N(< m;) the num-

ment of the ‘true’ error on the stated source position. MagDE -

ber of optical objects brighter than objecin the r band image.

TECT errors are dependent on the source size and counts, and ar@his takes account of angular separation and optical madgit

correlated with the distance between detections in diffiens-
ages. This distance is on average 7 timestheDETECT error for
low-significance sources (only changing to 6 times highehigh-
significance sources). Therefore, although WaDETECT errors
are unphysically low they can be used to estimate the true,err
especially for singly detected sources. For this reasomettte on
the source position was given by the larger of the followinigeé
measurements: the distance between the two closest dete¢ifi
they existed), 7 times the statedvDETECT error, or 0.5 pixel (an
error of less than half a pixel was defined as unphysical).

As a final stage, all sources that were not detected at signifi-
cance> 3 in at least one image were removed, where the signifi-
cance is given by(%, for source count§’ and background counts
B. (This means that all sources are not random fluctuations to a
least3o significance, but in most cases is overly conservative as it
doesn't take into account the spatial distribution of phstwithin
the source area). This cut removed 11 sources, and alscagetie
with the reality determined by eye. At least one of these Emir
is real (at~09:56:24 -10:01:52, probably matchingzgn.t=2.2
guasar in the COMBO-17 catalogue), as it was marginallyaiete

but made no distinction between object classification otquinet-

ric redshift. The errors on the positions of the optical otgevere
small enough to neglect compared to those in the X-ray, aad th
astrometric errors were also found to be negligible as tmémim
error on the X-ray position of 0.5 pixels is significantlydar than
the astrometric error on this image.

This method treats optical quasars and galaxies of the same
flux in the same way, and does not account for the fact thatagsias
are rarer and more likely to be X-ray sources. In additior, th
method does not distinguish between the brightest galaxieish
are rare and quite likely to be X-ray sources, and stars ofmé si
lar magnitude. These issues are important when a faint Q8@ is
only match and is assigned too low a probability. This wildeo
incompleteness in the X-ray matching, but will not affee tuper-
cluster sample. In addition, the probabilities will not leearate if
more than one possible match is identified, and one of thehesatc
is a QSO or bright star. This can affect the supercluster kgrapd
in these cases the optical classifications, locations aodseof all
the possible matches were examined in detail to determiantul
source of the X-rays.

© 2007 RAS, MNRASD0Q, 1-21
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Figure 2. The identified sources in the supercluster field. Source&edawnith a rectangle are possible extended emission. Poumtss with significance
% > 3 are marked with an ellipse, and those drawn in bold are plessilpercluster members. The emission in the region of A#&avery bright point
source rather than extended emission. The sources arechtter a combined, vignetting weighted image, and some&ssare not visible by eye due to the
image combination and scale. The image-i80’ in diameter and the top left corner is North-East.

In addition this technique compares likelihoods to the aver
age over the field and ignores any clustering, which givegsli
higher likelihood values for X-ray sources in the line oftgigo
cluster centres, and slightly lower for those in areas weétlu fu-
percluster galaxies. This is very unlikely to change anylteses-
pecially as the catalogue is dominated at all optical mages by
non-supercluster objects-(80 per cent of optical objects are not
in the supercluster abr < 20, and> 93 per cent aing < 24).

The standard method of calculating the reliability of a rhatc
requires a large sample of sources, so instead the retjdioitieach
X-ray — optical pairi, 7 was defined as the probability of not ob-
taining LR;,; randomly,
EN(LRJ' > LRZ',]') (2)

14000 '

Most X-ray sources have more than one potential optical
counterpart, as well as a significant probability of haviogmatch,
such that the reliabilities sum to 1. The probability that optical
object: is the true counterpart tfy (P; ;) and the probability that
there is no counterparfon.,;), given a set of possible counter-
parts,k, are calculated following Rutledge et al. (2000),

M
~ Rij[[,(1— Ry;)
N S
M 1-— Rk’J)

Pnone,j = k:l( S

Rij=1-

P ; (3

4)

where S is a normalisation factor so that the probabilities 0 1,
and M is the number of possible optical counterparts to the X-ray
source.

(© 2007 RAS, MNRASD0Q, 1-21
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Figure 3. The expected distribution of likelihood ratios for one Xrspurce
based on 14000 trials (solid line), cumulative expectettitigion (dashed
line) and the histogram of actual likelihood ratios for thgtical objects
near this source (the vast majority of optical objects hagglikelihood)

< 1). One possible match is identified, with a reliability ©f0.8.

A liberal catalogue of possible and secure matches was con-
structed. The thresholds used were deliberately loose ayg fae-
tors could increase the likelihood of a match on a case byluzsis.
These include matching with other wavelengths, visualéntipn
of the shape and centring of the X-ray point source, and cterra
istics of the optical counterpart, for example if it is a fafuasar.
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In addition, some of the X-ray sources have such large ethats
the chance of a random association will always be high, dvtbe i
match appears to be excellent. Therefore all matches whiéh f
the criteria described below are included in Table 2, ancatidi-
tional factors which may affect the probability of a match hsted
in the ‘Notes’ column. The possible supercluster AGN ardieva
ated on a case by case basis.

For sources with only one likely optical counterpart, a rhatc
is defined ag?;,; > 0.8, which is confirmed by visual inspection.
For sources with more than one possible counterpart thatommsl
for objecti to be a unique counterpart given a set of optidns,
were), Pi; > 08andP;;/ ), ., Prj > 4. This resulted in
66 secure identifications out of 139 sources, of which fewan 6
are expected to be random associations. For sources witiptaul
possible counterpartsy(, Pr; > 0.8 and Pi,j/zk# Py, <
4) all optical objects withP,, ; > 0.15 were included as possible
matches. This resulted in 17 sources with two possible evpatts
and 3 sources with three options.

4.2 Matching with the 24-micron data

The Spitzer 24 micron catalogue of 1194 sources in the X-edg fi
of view was used to improve the X-ray to optical matching. Séhe
data are useful as AGN often have infra-red emission, buatials
a purely statistical sense there are far fewer Spitzer sguttan
optical objects in the field of view, so the probability of aadam
association is far lower. As the 2é sources have smaller posi-
tional errors than the X-ray sources, and are rarer thanptieab
objects, a match between an X-ray and:@4source can signifi-
cantly improve the accuracy of the optical match.

A simple likelihood ratio test, following the method for thp-
tical catalogue, produced 81 unique matches between tlag End

identify optical matches in previously ambiguous cases.97aX-
ray sources the addition of the 24 data confirmed the result of
the previous matching, including 49 cases where neithe24hen
data nor the optical catalogue gave a good match. This iaslud
cases where the 24n data confirm the existence of two possible
matches, and cases where twqu8% sources correspond well to
one X-ray and one optical object (and appear to be multiplecde
tions of nearby galaxies). For a further 14 X-ray source2then
matching identifies at least one of the optical counterpautsat

a lower probability (between 0.65 and 0.8). Four X-ray searc
had a secure 24n match with no optical counterpart, and 20 X-
ray sources had an optical counterpart but no likelgr2dmatch.
For four X-ray sources the 24n data changed the assigned optical
match, by eliminating or confirming possible optical obfeand
these sources are flagged in Table 2.

The final list of X-ray sources with unique and multiple coun-
terparts is given in Table 2, which lists the X-ray IDs, piosis,
positional error and count rates, and the possible COMBO-17
matches, optical position and photometric redshift. Thababil-
ities and reliabilities of the optical matches are given ltovaan
evaluation of the accuracy and uniqueness of each match. The
24;,m flux of any matching Spitzer sources and the combined prob-
ability of the X-ray — Spitzer match and the Spitzer — Optioakch
both being true are also given.

4.3 Criteria for identifying supercluster AGN

To identify the AGN in the supercluster it is necessary to use
the photometric and, if possible, spectroscopic redshifis the
COMBO-17 survey. A cut 00.155 < zphot < 0.185 was used
to ensure that all AGN associated with the supercluster vder
tified (see WGMOS5 for details of the redshift cut). This rardgo

24um sources, and 20 X-ray sources with more than one possible gllows for the errors in the photometric redshifts, whichynatso

24um counterpart. The same probability cuts as the X-ray match-

ing were applied, and the low surface density ofi@4and X-ray
sources mean that very few false matches are expected. BExami
tion of the optical images for the few X-ray sources with mibran
one possible 24m counterpart shows that in most cases ther24
‘point sources’ are likely to be multiple detections of rigagalax-
ies, which are significantly larger than the2d4 PSF.

The 24um sources were then matched with the optical cata-
logue. The errors for the 24n catalogue were taken &2”, which
is half a pixel. This will underestimate the errors on faidjfh
sources, and give a more conservative catalogue. The adyaaf
taking the same errors for all sources is a reduction in caimgu
time as only one expected distribution needs to be calallaiead-
dition, as the sample was large enough, a true reliability eedcu-
lated by comparing the likelihood ratio distribution foeteample
(Ntrue(LR)) with that of 10 random catalogued/{andom (LR))
following the method of Taylor E. L. et al. (2005). The reliétly
is defined as a function of likelihood ratio,

Ntrue(LR) - Nrandom(LR)
Ntrue(LR) '
Probabilities for each possible match were calculatedguBigua-

tions 3 and 4, and the criteria for unique and multiple magche
used in the X-ray matching were applied. Theu84sources that

R(LR) = (5)

matched the X-ray catalogue were examined by eye to identify

those which had good optical matches, but were rejected @ue t
underestimated positional errors in the.24 data.

The combined probability of the X-ray — am — optical
match was used to identify the 2¢h counterparts and to help

be affected by the AGN emission. Itis found that adding / sadit
ing the COMBO-17 redshift error for each X-ray emitting smir
does not reveal any more possible supercluster X-ray seuhce
addition some galaxies have bimodal photometric redslistrie
butions, so the second choice redshifts were checked anxitro e
supercluster X-ray sources were found.

The presence of an AGN may cause the template fitting in
the COMBO-17 survey to give wrong photometric redshiftsthes
COMBO-17 templates do not include Seyfert-like spectréWwith
AGN and host galaxy contributions. To check for missed super
cluster X-ray sources we examined all optical counterpaith
21 > mg > 17.75 (between the faintest supercluster X-ray source
and the brightest supercluster galaxy), @d- R < 2.3 (on or
bluer than the supercluster red sequence) which were fidasas
galaxies according to their template spectriihe photometric data
for these galaxies were manually compared to spectral stegpht
the supercluster redshift. Two optical counterparts (C@Mata-
logue numbers 12953 and 41435, matching X-ray sources #3 and
#135) were found to fit well with templates at~ 0.16 despite
having different photometric redshifts in the COMBO catple.
These are discussed in detail in the Appendix.

X-ray emission of the luminosities seen in this sample could
be caused by a large population of low mass X-ray binaries
(LMXBs), hot coronae of massive galaxies, or high levelstaf s

1 Photometric redshifts of objects classed as high redshifsars are ac-
curate as the chance of a galaxyna < 24 being mistaken for a quasar
is very small (Wolf et al. 2004).
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formation, as well as AGN activity. Emission from LMXBs ided

out following the method of Martini et al. (2006), who comear
their observations to the tight relation between B-banebgalumi-
nosity and the total X-ray broad band luminosity from all LBX
(Kim & Fabbiano 2004). Even without correcting for the widér

ray band used in this relatiof.g —8keV compared t0.5—7.5keV

for the A901/2 sources) the X-ray emission from the posssole
percluster X-ray sources is at least a factor of 6, and mddtor

of 32 higher than the Kim & Fabbiano average relation. This is
significantly higher than the scatter in their observatidraission
from hot coronae is also highly unlikely to be the cause ofXhe
ray emission, as the upper limit on the relationship betv&é&and
and X-ray luminosity for such sources is very similar to tfat
LMXBs (Sun et al. 2007) and the A901/2 sources have far higher
X-ray to B-band luminosity ratios.

To distinguish between X-ray emission from high levels of
star formation and that from AGN, various methods were used d
pending on the information available for each source. Usedea
most of these methods cannot distinguish absolutely betste-
forming galaxies and those with AGN, but combining the alali
data can give a reliable indicator of the nature of the X-nayse
sion.

e X-ray Luminosity — Star forming galaxies generally have
low X-ray luminosities. A source in the local universe with
Lo.s—skev > 3 x 10*2ergs™? is extremely unlikely be purely star
forming (Bauer et al. 2004), and any source Withs skev >

1x 10" ergs™! is likely to be an AGN (see Figure 7 of Bauer et al.
— most sources witlh.x > 10** which are not near the flux limit
are securely identified as AGN by their column density or hard
ness ratio). Luminosities were calculated using aperttiagm-
etry on images with the mean background subtracted. The-back
ground subtraction process followed the method of Arnaual.et
(2002), and will be described in the forthcoming paper onetkie
tended emission (Gray et al. in prep.). The redshift of theesu
cluster AGN ¢0.17) means that the observed 0.5-7.5 keV counts
can be converted into an emitted 0.58-8.7 keV luminositythis
study does not require very accurate luminosities, andeasrtiors

on the count rates are large, this is taken as an approximiatithe
0.5-8 keV luminosity. The true luminosities may be sliglftigher,

but this depends on the X-ray spectrum.

e [Oll] Star-Formation Rates — If the X-ray emission is
purely due to star-formation, with no AGN present, then ttae-s
formation rate (SFR) can be estimated from the soft bandyX-ra
luminosity as

SFR(M@/yI‘) =2.2Xx 10_47[/0‘5,21«3\/ (W) (6)

(Ranalli et al. 2003). If there is no AGN and minimal absarpti
then this must be near to the SFR derived from the [KB727 line
flux (Hopkins et al. 2003);

Liorn
2.97 x 1033W

where Ljo ;1) can be estimated for those objects with 2dF spectra
from the equivalent width of the line and the COMBO-17 magni-

SFR(Mg /yr) = (7)

e X-ray Hardness Ratio — A good indication of the spec-
tral properties and absorption of X-ray sources is given ey t
luminosity hardness raticd R = 5—15 whereH = Lo_giev
andS = Log.s_okev. Sources withHR > 0.8 are unlikely be
star-forming due to the very large amounts of absorptiomired
(Mainieri et al. 2002) (unless the emission is dominated &gdh
X-ray binaries), and sources witHR > —0.2 are more likely to
be AGN than star-forming (Szokoly et al. 2004). Hardnes®sat
were calculated from the background subtracted imageshwiiit
be described in detail in the paper on extended emissionisn th
field.

e Optical Line Ratios — Line ratios in optical spectra can dis-
tinguish between star-forming galaxies and AGN. As the Zufes
tra are not flux calibrated only the [Olll] andHines were used, as
they are close together in wavelength so considering tleesliuiv-
alent widths, and assuming a flat continuum spectrum, wilimo
troduce overly large errors. Most of the 2dF spectra of thecalp
counterparts have very faint or no lines so only upper liréts be
measured. Lamareille et al. (2004) compare the classiicatf
emission line galaxies using the traditional Baldwin et €1003)
diagnostic method, and a method based on only blue emissi&s |
(A > 3700). Their results show that fOIII]A5007/HE > 5.5
then the object is almost certainly an AGN. However if theorat
is < 5.5 the object could still contain some AGN activity, and if
no lines are visible it may be an obscured AGN, so this method
can confirm the presence of an AGN but cannot rule out any AGN
activity.

4.4 Details of supercluster AGN candidates

After applying the redshift cut, the candidates for supesigr AGN
are reduced to eleven optical matches with secure photimnostr
spectroscopic supercluster redshifts, two matches witked pho-
tometric redshifts and three less secure matches with awedisu-
percluster galaxies. Eleven of the candidate supercldgst host
galaxies were observed with 2dF, and five do not have spectra.

The details of the candidates are given in the Appendix and
in Table 1, including their X-ray and optical properties aiges of
the host galaxies and spectra where applicable. The spectay
distribution (SED) of the supercluster galaxies is giveaach case
as either ‘old red’, ‘dusty star-forming’ or ‘blue-cloudis defined
in the WGMO5 sample from photometric fits to galaxy templates
The morphologies of the host galaxies which are includedhén t
sample of Lane et al. (2007) are also given.

The candidates were assigned to be supercluster AGN, possi-
ble supercluster AGN, or rejected outright. The supereluaGN
are sources #20, #24, #34, #37, #71, #79, #81, #104, #105, #13
and #139. The possible AGN is #3. The final sample therefamne co
sists of 11 likely supercluster AGN and 1 possible membeo Tw
sources, #3 and #135, show significant variability in theadrband
photometry. These are also the two most luminous sourcdsein t
X-ray, and due to the rapid variability must be optical Tyge3N.

All of the AGN hosts appear to be massive galaxies and some
appear to be morphologically disturbed. The morphologies a
signed to the AGN hosts are indistinguishable from the pgrep-

tude in the rest-frame Johnson U band. (This method assumes aulation of luminous cluster members. Detailed study of thalter

flat spectrum in the U band, but will give an estimate of the #itix
3727A to within at least a factor of two, as the U band magnitude
has minimal contamination from flux above the 480break).

e X-ray / Optical Flux Ratio — Sources withfy.s_skev /fr >
1 are very likely to be AGN, and those witfy.5—skev /fr > 0.1
are likely to be AGN (see Bauer et al. 2004 and referencesithjer
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scale morphologies of the AGN hosts is beyond the scope sf thi
work, and will be left until recently obtained Hubble Spacsl€F
scope images of this field are analysed. The fraction of ‘etil,r
‘dusty star-forming’ and ‘blue-cloud’ host galaxies (adided in
the WGMO05 sample from photometric fits to galaxy templatad, a
excluding the very bright AGN as it is significantly contaratiaed
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Figure 4. The colour-magnitude plot for all supercluster galaxienals
dots with error bars) and AGN hosts. Total absolute magaguate plotted,
with errors in the colour and flux measurement. The errorsatantlude
uncertainties in the redshifts, which increase the erros bm+0.1. The
area of the AGN symbols is proportional to ldg¢ (0.5-8keV)). The X-ray
source #135 is marked with a star as it is not in the contra described
in Section 5.2.

with AGN optical light) are 0.5, 0.2 and 0.3, compared to fi@ts

in the intermediate density galaxy population~of0.54, ~ 0.26
and~ 0.20, so the AGN hosts are again indistinguishable from the
parent population.

It is worth noting that all of the supercluster AGN candidate
are classed as galaxies in the COMBO-17 survey as the phttome
ric method is not sensitive to low luminosity Seyfert-lik&N and
obviously misses optically obscured AGN. In addition, af su-
percluster AGN with optical spectra only 5 have emissioadirand
only two have [OIlIl]/H3 ratios which would lead to a classification
as an AGN using optical data alone. This highlights agaimted
for X-ray studies to investigate the AGN population.

5 ANALYSIS OF AGN PROPERTIES AND
ENVIRONMENTS

The supercluster A901/2 is very diverse and contains a vedge
of environments which may have an effect on AGN activityVele
X-ray sources in this field are likely to be supercluster AGNing
the COMBO-17 dataset the properties of the host galaxidsesit
AGN can be found, and the number of galaxies hosting AGN can
be calculated. This information can be used to construché&rao
sample of galaxies which appear similar to AGN hosts, but@to n
have significant X-ray emission. By looking at nearby galdisri-
butions, the environments of the AGN hosts can then be cazdpar
to those of the control sample to determine whether enviestim
and AGN activity are linked.

5.1 Properties of the AGN hosts

The WGMO5 supercluster sample contains 795 galaxies, vaiere
galaxies with0.155 < zphot < 0.185 and absolute Johnson V
magnitude< —17 were identified as supercluster members. The
large redshift range (the same as applied for the AGN in 8ecti
4.3) allows for the errors in the photometric redshifts, treimag-
nitude cut removes faint objects, which have far less ateyiao-
tometric redshifts.

02 [ secure AGN ﬂ}
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Figure 5. Approximate accretion efficiency (fraction of Eddingtonra§
luminosity) as a function of host galaxy absolute magnitidee solid line
shows the approximate minimum detectable accretion effigieat each
point. The X-ray bright source #135 is excluded from thistpénd has
an accretion efficiency of 4 per cent atMlg = —23.

The colour-magnitude diagram for the supercluster is shown
in Figure 4, with the supercluster AGN host galaxies inaidait
is important here to note that the R band magnitudes of the hos
galaxies are not significantly changed by the presence ofGN,A
as can be seen directly from the 2dF spectra). All of the AGHl an
possible AGN lie in bright {/r < —20) galaxies. The X-ray lumi-
nosity of the AGN, as indicated by the size of the symbols o Fi
ure 4, shows that the lack of AGN in fainter galaxies is not thue
fainter X-ray AGN being found in optically fainter galaxjeghich
would lead to AGN in lower luminosity galaxies falling belave
detection threshold. In fact, if any correlation existssitikely to
be the opposite — there is an 84 per cent chance that more X-ray
luminous AGN are found in optically fainter galaxies, aaing to
a Spearman rank test.

To find the range of accretion rates covered by this sample,
Lx /Lx eddington Was calculated for each AGN, where it was as-
sumed that 10 per cent of the bolometric luminosity is emitte
the 0.5-8keV band. The relatidng(Mpn /Ms) = —0.5Mr —
2.96 of McLure & Dunlop (2002) was used to calculate the black
hole mass from the rest frame R-band absolute magnitiifie) (
given in the COMBO-17 catalogue (as derived from the galaxy
template, corrected to the cosmology of this paper). Theltiag
plot (Figure 5, excluding the bright source #135), althoagide
due to the approximations made, appears at first glance @ aho
correlation betweetd/r and Lx /L x cddington (Which would not
be changed by altering many of the assumptions above, fangra
the 10 per cent emitted in the X-ray, as they would only chahge
scale of the plot). However, there are more galaxie®lat~ —21
thanMgr ~ —23 and for the fainter galaxies lower efficiency AGN
may fall below the detection limit. To calculate whether kaek of
more efficient AGN in more luminous galaxies is due to the senal
sample size or a physical effect it is necessary to know tineben
of possible AGN hosts as a function bfg.

5.2 The fraction of galaxies containing a detected AGN

To determine the proportion of galaxies with AGN and the prop
erties of the AGN hosts it is necessary to define a control area
which AGN could have been detected, and compare the galaxies
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Figure 6. Proportion of galaxies hosting AGN as a function of R-band ab
solute magnitude, witho error bars. The dashed lines show the results if
the possible supercluster AGN is included. The dotted linthe final bin
shows the 95 per cent confidence limit for the first empty bigaif source
#135 and galaxies where AGN activity could not be easily detbare not
included.

with and without an AGN in this area. To select the controbate
COMBO-17 catalogue was cut to remove objects withi0” of
the top and sides ar8)0” of the bottom of the image. This cut en-
sures the returned area is 97 per cent covered by the X-rageima
and also ensures that the edge of the catalogue does natafipe
erties such as local density. In addition areas where thstisgty

to point sources decreased significantly due to extendedesoor
very bright X-ray emission, were removed from the contr@aar
three areas were bright enough to obscure moderate lurtyinosi
AGN: a30” circle around the extended emission to the north-west
of A901a (marked with a rectangle in Figure By around the
AGN in A901a (#135) an@3” around A901b. In these regions the
noise level is at least 50 per cent higher than for the reshef t
field. At the edge of the excluded regions the faintest detesti-
percluster AGN (1.8 10*2erg/sec) would be detectable at low sig-
nificance, but the sensitivity towards the centre of #135/&90iLb
decreases to a level where only AGN brighter thar0** erg/sec
would be detectable. No sources are detected in these areap(
for #135 itself), even at low significance. The small charigese-
tection sensitivity due to emission from A902 and the SW grou
and the changes in PSF were not included as they only affegt ve
marginal detections, such that the faintest superclusg avould
still be detected at low significance, and a small change risise
tivity is not significant in a sample of this size. The applads
also remove the AGN in A901a (#135) from the sample, which is
necessary as it obscures possible AGN activity from all efdtr-
rounding large galaxies so will bias the sample. In additi®high
accretion efficiency and luminosity and optical varialihow that

it, and the one possible supercluster AGN, are the only XFsee-

I AGN in the sample. The control sample contains 604 supstetu

tini et al. (2006), who found a-5 per cent X-ray detected AGN
fraction for galaxies with\/r < —20 in low redshift clusters at a
flux limit of Lx = 10*'erg s!. Figure 6 also shows an increase
in AGN fraction (above the luminosity limit) in increasirygias-
sive galaxies, but the small sample size means that thelsrsare
very large. In this supercluster AGN are only found in gadaxivith
Mg < —20.4. As stated previously, the luminosities of the AGN
show that this is not due to the flux limit of the sample. Ratlter
appears that fainter AGN are more likely to be found in morsitu
nous galaxies, brighter AGN in moderately luminous galsyé@ad
no AGN in the least luminous galaxies.

Returning to Figure 5, it is now clear that the lack of AGN
With Lx /L x cddington >~ 3 X 107* and Mg < —22.5 is prob-
ably due to the lack of bright galaxies, rather than a tengléoic
more luminous host galaxies to have lower efficiencies:ettze
only 19 possible AGN host galaxies above this luminosity] aa
~3 per cent of fainter{22.5 < Mgr < —21.5) galaxies have ac-
cretion efficiencies abové x 10™* it is not surprising to find no
bright galaxies with AGN efficiencies above this level. Sarly,
the one supercluster AGN with efficiency10~2 only corresponds
to ~0.5 per cent of the galaxies in that 0.5 magnitude bin, explai
ing the lack of brighter galaxies with similar efficienciétwever
there must be a significant decrease in the efficiency of anyl kG
galaxies withMr > —20 as the number of supercluster galaxies is
very large yet no AGN are observed above the X-ray flux limit.

5.3 Defining a control sample

To compare the AGN environments and properties, control sam
ples were created, consisting of galaxies similar to the A®bts,
where AGN activity could have been detected but was not found
Whereas a randomly selected control sample would contaityma
faint galaxies, itis instead preferable to define a conaoigle with

a similar distribution of galaxy properties as the AGN hostsy
difference between the AGN hosts’ environments and therabnt
sample environments would therefore be due to an envirotahen
effect on AGN.

100 control samples were made, each consisting of 65 of the
183 supercluster galaxies with aperture magnitudg r < 20
which lie in the control area described in Section 5.2 andnate
AGN hosts. These samples were selected at random suchehat th
are equal numbers of galaxies in each 0.5 aperture magriinde
to replicate the distribution of AGN host magnitudes. Thisthod
ignores the possible increase in the number of AGN in brighte
galaxies (Figure 4) but this is less significant when apertnag-
nitudes are used, and due to the small number of galaxiestagle
should not affect any results significantly.

The 100 samples are identical/at,, r < 18.5, due to the
small number of available galaxies, butl®5 < mapr < 20
different sets of galaxies were chosen, although the sagtie
have considerable overlap with each other. Each of the 160ao
samples was compared to the AGN sample and the median statis-
tic taken to reduce the errors. A Kolmogorov—Smirnov (K-&tt
(to identify changes in the mean) and Kuiper test (a K-S t&isgu

galaxies, as 149 were removed in the edge cut and 42 were in re-Kuiper's statistic which is better at identifying changasspread)

gions where AGN could not be detected.

The number of AGN hosts in the supercluster can be directly
compared to the number of possible host galaxies in the @ontr
sample area. The number of AGN per possible host galaxy wrsho
in Figure 6 for a range of host luminosities. The total frawctdf
galaxies withMr < —20 hosting AGN with Lx > 10*'-?erg
s~ is 10/253, or~4 per cent. This is similar to the results of Mar-
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confirm that the control samples and AGN hosts are drawn fhem t
same R-band magnitude distribution (at at least 56 per aaft-c
dence for the supercluster AGN).

The colour—-magnitude diagram in Figure 4 also shows that at
least three AGN hosts are significantly bluer than the redesecg.
K-S and Kuiper's tests on the deviation from the red sequgivee
0.59 and 0.48 probabilities that the supercluster AGN hasts
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Figure 7. Distribution of 1o for the control samples (solid line, mean
value of all 100 samples is given) and supercluster AGN halsixies (filled
histogram). The control sample does not include galaxi¢krige areas of
high X-ray emission, where moderate luminosity AGN could be de-
tected. The AGN host galaxies have far lower valuesgf, and a nar-
rower spread of values, than other similar galaxies. THereifice between
the control samples and AGN (taking the median value) isifsogimt to
> 0.98 using Kuipers test angt 0.99 using a K-S test.

control galaxies are drawn from the same distribution. Maet al.
(2002) found a propensity for AGN hosts to be bluer than simil
galaxies in the cluster A2104, but this sample is so smallgheh
an effect cannot be confirmed here.

5.4 The local galaxy densities of AGN host galaxies

The environments of the AGN were evaluated by comparingahe |
cal densities of the AGN host galaxies to those of the costot-
ples. The surface mass density from the weak-lensing dratys

-10.0

DEC

-10.2}

L L
-149.2 RA -149.0
Figure 8. Regions with a clear environmental category in the supstetu
Regions are identified by eye, using deep images and galapegies as
well as the galaxy positions shown. Galaxies in the 80 pet cemplete
supercluster sample are marked with a small cross, and fopaoson the
AGN are also marked by squares (supercluster AGN) and dids(pos-
sible supercluster AGN). The figure is arous@ by 24’, with north-east
to the top left. The dashed circle in the top right-hand coige.5’ in ra-

dius, the size used to determine the local environmentalesties of each
galaxy.

5.5 The types of environments that contain AGN

The supercluster contains a wide range of environmentshndrie
evident by eye, such as clusters, groups and filaments ofigala
In order to better classify the environments of AGN, it isicede
to find a method of distinguishing between these environsent
terms of their properties. As a first step, areas which f&dl énclear
environmental category were selected by eye, as shown urd-ig
8. Although arbitrarily defined, the properties of galaxieshese
areas can help to work out what properties distinguish miffeen-
vironments, and hence to define the environments of otharsup
cluster galaxies and the AGN hosts.

The regions were defined as follows: cluster and group region
are circles ofl’ radius, centred on the brightest cluster galaxy. As
A902 does not have a clear centre, a radius §fis used to include

Gray et al. (2002) was not used as the sample of AGN is small and the whole cluster region. For the rich cluster A901a and thé S

they lie in areas (outside cluster cores) where the errargjaite
large, such that any results would have very low significahte
stead, the projected galaxy density was used, followingrtathod

for the WGMO05 sample, wherE;, is defined as the number of
supercluster galaxies per (Mpc h)? within a circle with a radius
given by the average distance to the 9th and 10th nearest-neig
bours. The supercluster sample uses only the brightestigalas
defined in Section 5.1.

The distributions of31, for the control samples and the su-
percluster AGN are shown in Figure 7. The AGN host galaxies li
predominantly in areas of moderate density compared tadthizal
sample, with a significance of 98.4 per cent and 99.0 per cent f
Kuipers and the K-S test respectively. It is particularlgarl that
AGN hosts avoid the densest regions of the superclusten, &ve
counting for the fact that two of the cluster cores are rerddxvem
this study. The exception, of course, is the very luminouNAG
the core of A901a, which was excluded, along with the surdeun
ing galaxies, as they do not lie in the control area. This c®is
different in both properties and position from the other Ahe
supercluster.

group a second region out & radius is considered, marking the
cluster and group edge environments. The filament regiath, avi
large number of blue galaxies, is marked with a rectangle.

There are many possible ways to define galaxy environments,
such as mean local luminosity, galaxy colour or distanceftioe
rest frame U-V colour-magnitude main sequence (as used ay Gr
et al. 2004), but not all of these were found to be useful itirtis
guishing between the predefined areas in Figure 8. It wagifthat
the galaxies in different environments could not be sepdratell
purely in terms of local projected density, and that two ofaetors
are also important: firstly the number of less luminous gakx
and secondly the colour of the local galaxies. The distanme f
the colour-magnitude relation was investigated as a meastr
colour, but the environments were better separated ussgta-
sured colour, as the latter combines colour with a distimcbe-
tween bright and faint galaxies. The mean local colour was as
this measure is sensitive to the presence of a few very blaetiwe
galaxies, wheras the median colour is dominated by red galax
the colour-magnitude main sequence (Figure 4), and is moresa
sure of local magnitude. To include fainter galaxies thesscipster
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Figure 9. The local number density and mean local B-R colour for gakxi
in the 80 per cent complete supercluster sample. Galaxibe idefined en-
vironments of Figure 8 are marked with larger symbols. Gakain A901a
and the SW group are split into inner and outer regions. Bpiocertain-
ties aret5 in local number and-0.075 in mean colour assuming a random
distribution. The true variation in mean colour is gengrédiver as differ-
ent regions of the supercluster are dominated by differelttuc galaxies.
The plot is divided into five regions, containing galaxiedifierent types
of environment — for example the ‘cluster’ region containgimy galax-
ies in cluster cores and the outskirts of large clusters.ddiimition of the
regions is justified in the text.

sample was widened to include galaxies with aperture madest
mgr < 23. At this magnitude the redshift errors are larger, and so
a magnitude dependent redshift cut was used to give an 8@per ¢
complete sample. The magnitude dependent redshift cutsithe
increase in photometric redshift errors, and is given by

0.17 — o(mr) < zphot < 0.17 + o(mg) (8)
where
o(mr) = 0.0075 x /1 + 100-6(mr—20.5) )

with a minimum cut ofo (mr) = £0.015 as used previously. The
broader redshift cut starts to take effectat > 21.75, and the
level of contamination is- 20 per cent ainr = 22 and~ 40 per
cent atmgr = 23. Although the broader sample includes far more
contamination from field galaxies, this will be uniform assathe
field of view. Plotting the spatial positions of the faintaalaxies
shows that a significant number are associated with the cluger
ter, and these are instrumental in distinguishing betweewliffer-
ent environments in the following analysis.

Using this sample, the number and mean B-R colour of all su-
percluster galaxies within a projected distance of 1.5 aromas
found for each supercluster member, which correspondsGkm@5
at the supercluster redshift. The size of this region isiliated in
Figure 8, and was chosen to be large enough to include atistatis
cally significant number of galaxies, with an average of 1desu
cluster members within this radius for objects in the cdrdrea.

Plotting the local galaxy density and local mean colour is a
good method of distinguishing between different environtagas
shown in Figure 9. The galaxies in clusters all lie on a locethber
density and local colour ‘main sequence’ of increasing llocan-
ber and red colour, whereas the environment of filament gedax
is considerably bluer than that of cluster galaxies at theesaum-
ber density. It is conceivable that the slope of the ‘mairusege’
could be caused by contamination by field galaxies, as gedaxi
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with higher redshift errors are fainter and therefore blian se-
cure supercluster members. Although these field galaxiéswi
uniformly distributed across the field they will have a largéect
on the mean local colour in sparsely populated areas. Intteed
faint galaxies are found to be a major contributor towaréssibpe
of the ‘main sequence’. However a closer analysis finds that t
faint galaxies which contribute to the local colour and dignat
the dense red end of the ‘main sequence’ are significantB/q
magnitudes) redder than those contributing to the group Enid
fact, together with their spatial distribution, confirmstsignifi-
cant numbers of the faint galaxies are supercluster memaeds
shows that the colour variation between different envirents is
not caused by random field contamination but rather is infladn
by changes in the faint galaxy population.

Locations in the local colour — number plane can now be used
as a means of defining the local environment for other supste
galaxies, which don't lie in the defined regions in Figure BeTe-
gions are separated as shown in Figure 9: a line parallektbekt
fit to the ‘main sequence’ is used to mark the boundary between
cluster and filament-like environments, and a line perpandr to
this marks the beginning of group-like environments. Thedes
part of the group-like environments contains galaxies & dht-
skirts of A901a, so this region is split into red group-likedeblue
group-like environments by a continuation of the clustierffient
boundary. Finally, the field-like environment was selediedon-
tain none of the galaxies from the defined regions.

Figure 10 shows the distribution of supercluster galaxes i
each type of environment — it is clear that local colour and-de
sity are indeed excellent at separating environments. dlagsifi-
cation by local environment rather than by arbitrarily defimegion
is important — for example, although some galaxies in thetelu
like environment are not actually in the defined clusters ghlaxy
will experience many of the same environmental effects des ¢
ter galaxy. In addition this method identifies regions suekmaall
groups which are difficult to define by eye. The red and bluegro
like environments contain mainly galaxies in cluster oistskand
the SW group respectively. It is worth noting that the sama-an
ysis for local density alone, or Y10, is far less successful, with
mixing between filaments and cluster cores, and also grongs a
smaller clusters. Also, by plotting local colour, rathearthdevia-
tion from the colour-magnitude red sequence, this plot hsoa
mass dependence, as the bluer galaxies are generally lesvena

The environments of the AGN and control samples can now be
evaluated in terms of this scheme. Figure 11 shows the lalisitn
of the supercluster AGN (excluding the bright source #13%) a
that of the control samples described in Section 5.3. As tin¢rol
samples do not include galaxies in three regions where AGiNM-ac
ity could not be detected (shown in Figure 10) there are laksxg
ies in the top right of this figure compared to Figure 9, butétae
still many control galaxies in the cluster-like environrdrigure
11 shows that the supercluster AGN all lie within or very elos
the red and blue group-like environments in local numberlewro
space. This is very different from the distribution of thentrol
samples, where a significant proportion lie in filament ostdu-
like environments, as well as in the field. In particular the M
hosts in slightly higher density areas (15 to 20 local g&sxare
all found in bluer areas, whereas in the control sample teesae
local colour at this density is far redder. A two-dimensiokaS
test in the local number vs local mean colour plane gives h-pro
ability of only 0.042 that the supercluster AGN were drawonfr
the control samples. Comparing with the control samplesaghe
region separately, the probability that the AGN are drawrejyu
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Figure 10. Galaxies in the 80 per cent complete supercluster sampe, se
arated according to environment, as defined in Figure 9. Tlbd Squares
show galaxies in each type of environment, and dots show etigerclus-
ter galaxies. Supercluster AGN and possible superclusg Are marked
with open squares and diamonds respectively. The gresirohrk regions
where AGN could not be detected easily due to high levels oyXemis-
sion. Galaxies in these regions are not included in the cbsaimple.
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Figure 11.Local number density and local mean colour for the supet@lus
AGN, one possible supercluster AGN, and one of the contrlpdes, with
the regions defined in Figure 9. The crosses and filled stark gadaxies
in the control samples, i.e. those galaxies which are ahbeag the AGN
hosts and in regions where AGN emission could be detectdaxfga in the
A901a/b cluster cores are not included in the control sajguehere are
less galaxies in red, dense environments compared to F&juretypical
control sample of 65 galaxies with a similar distributionlahinosities to
the AGN hosts, is indicated by the filled stars. Note thatdteee two AGN
with very similar environments at (18,1.52). It is clear that the AGN
have a very different distribution from a typical controhgale. The size of
the AGN symbols increases with increasing Lbg(). The excluded AGN
#135 would be at x=47, y=1.74.

from the control sample in the red and blue group-like emvro
ments is 0.27, compared 0 0.001 for the other environments. In
addition a Kuiper’s test on the deviation from the line petieu-
lar to the local colour / density ‘main sequence’ gives a pholity

of 0.009 that the AGN hosts are drawn from the same population
as the control samples (compared to 0.3 for deviation initlens
only). It can therefore be asserted, at-a98 per cent confidence
level, that the prevalence of AGN is affected by the envirentn
With the exception of the very densest area8% galaxies within
1.5 arcminutes, where we are not generally sensitive topéenais-
sion from AGN) the supercluster AGN are preferentially fdun
moderate density red or blue environments or slightly deese-
ronments if the local environment is also bluer.

To search for large scale or local effects, the local numbdr a
mean colour of the AGN and control samples were also invetete
taking regions of radius 0.&nd 3.0. There are no significant devi-
ations (to~95 per cent) between the AGN and control samples, so
there is no evidence for AGN activity being triggered by viergal
effects, such as mergers, and also by larger scale effects.

As an aside, it is interesting to note that both the possible s
percluster AGN and the excluded source #135 do not follow the
trend for the main sample of supercluster AGN in Figure 11 Th
co-ordinates where #135 would fall is given in the figure mapt
Both of these AGN are confirmed as optical Type-I by their high
(> 30) optical variability, which is not seen in the other soutces
Source #135 is in a very different environment from the réshe
AGN, being very close to the centre of the A901a cluster, bat t
possible supercluster AGN host, #3, is in a less distinctrenv
ment.

© 2007 RAS, MNRASD00, 1-21
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6 CONCLUSIONS
6.1 AGN host galaxies and properties

This sample consists of 11 X-ray sources which are likelyeo b
AGN in the supercluster A901/2, withx,o.5—skev) > 10*' ?erg

s~ 1. Ten of these sources lie outside the very cores of the cluste
The one bright AGN very near the centre of A901a is not inatlide
in this study as itis in an unusual environment, being neacémtre
of a massive potential well, as well as being in an area treatdbe
excluded from the analysis due to the high level of X-ray ainis,

to the extent that moderate luminosity AGN could not be detéc
in this region. The purpose of this study is not to investgte
most extreme environments, but rather to focus on more ‘abrm
galaxies and environments, beyor@00 kpc from the cluster cen-
tre. It is possible that a source which is classed as a ‘slystec
AGN'’ is actually a galaxy with a highly obscured massive -star
burst, or a chance alignment with a background quasar. T$eese
narios are unlikely, as explained in previous sections rantving

a source from the sample will not change the conclusionsisf th
study. The properties of the AGN host galaxies and a comparis
with the galaxies without AGN led to the following results;

e The AGN host galaxies are all luminous, with,..,r < —20.
Most of the host galaxies lie on the cluster colour-magmitret
sequence, but a number are bluer, possibly due to emissian fr
the AGN. Of the 8 AGN with optical spectra, only two would have
probably been identified as AGN from optical data alone.

e There is a no increase in AGN luminosity with optical lumi-
nosity of the host galaxies. Formally, the best fit correlais neg-
ative, with the brightest AGN lying in galaxies with/g ~ —20,
but this is of low significance.

e More luminous galaxies are more likely to host an AGN above
the X-ray flux limit. However, when the AGN accretion is measl
in terms of luminosity per unit black hole mass, the small glam
size and flux limits mean that that no clear correlation isisee

e There is no propensity for AGN host galaxies to have a partic-
ular morphology, as defined in Lane et al. (2007).

These results are generally unsurprising. The preferemce f
optically detected AGN to lie in more luminous galaxies isllwe
known (see for example Ho et al. 1997, and Kauffmann et al.
2003), and is even more pronounced for radio-loud AGN (eestB
et al. 2005). The fraction of galaxies hosting AGN is comp&ra
to the Martini et al. (2002) result for the cluster A2104.

The lack of direct correlation, and possible inverse catreh
betweenL x and My is not what might have been expected. Sim-
ilar results were found for cluster AGN by Martini et al. (B)0
who find that galaxies more luminous than Mr = —21.5 are
more likely to host faint rather than bright X-ray sourcesieneas
no such statement could be made for fainter galaxies. Tlpisdsi-
bly due to the effect of the supercluster environment. IfAN are
being triggered by the supercluster environment then smggllax-
ies are more likely to suffer large gravitational disturbas which
can affect the central regions of the galaxy, and perhapggeo
fuel for the AGN. However, it may simply be that larger gaksi
are older and have used up much of the gas in the central geigion
previous AGN activity.

6.2 AGN environments

The environments of the AGN host galaxies were compared to
those for a control sample of similar galaxies in which AGRthac
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ity could have been detected but was not (the cores of thuséeck
were therefore excluded from this analysis). The follonéogclu-
sions were drawn;

e The AGN host galaxies are in areas of moderate galaxy den-
sity, and strongly avoid the densest areas, with the exarepfione
AGN very near the centre of a cluster. The distributior®Xaf for
AGN is different to that for the control samples with99 per cent
significance.

e There are strong correlations between AGN activity and the
local environment within 250 kpc, but much less so with large
scale or smaller scale environments. There is no correlatith
distance to the nearest neighbour.

e The environments in A901/2 can be split according to local
galaxy number density and local mean B-R colour (which also
traces mass as smaller galaxies are bluer). The distribofithe
AGN host galaxies is significantly<98 per cent) different to that
of the control sample, with AGN found in areas of moderatesitgn
or slightly higher density and bluer colour, similar to ¢krsout-
skirts and groups. Galaxies in cluster-like environmetits, blue
filament and the field are less likely to host AGN. No secure AGN
are found in areas witk 20 nearby galaxies but red colours, such
as the centres of small clusters, whereas AGN are found ifflesim
density environments with more blue galaxies.

Itis clear from these results that the AGN are affected biy the
environment, although the small sample size requires@mauwthen
drawing conclusions. As three cluster centres (with rafddi® 190
and 240 kpc, shown in Figure 10) are not studied due to the high
X-ray background, conclusions cannot be drawn for clustees;
but there are still many control galaxies in high densityiorg
that do not have AGN activity. The lack of AGN in low density
regions suggests that the AGN activity is enhanced relatitee
field, and the lack of AGN in the highest density regions shthas
this enhancement is followed by either suppression or ametu
the field values. The main conclusion, that AGN lie predomilya
in cluster outskirts and groups, suggests that AGN aredrigtby
joining a denser environment. Heckman et al. (2004) find tiwat
peak of optically detected AGN activity ([Olll] emissionfaurs
in galaxies with properties between those of young stamniiog
galaxies and old, quiescent bulge-dominated galaxieséltesults
suggest that AGN activity could be linked to the transfoliorabf
field galaxies to cluster members.

This result at first appears to be in contrast to that of Martin
et al. (2007), who show that AGN withx > 10*'erg s7! in eight
clusters have a radial distribution, measured from thetetusen-
tre, which is consistent with that for the luminous galaxigthout
AGN. However, when the same analysis is performed on A901/2,
using the distance to the nearest cluster (both includidgeanlud-
ing the SW group), there is also no significant differencevieen
the distributions for the AGN and control samples. The libks
tween environment and AGN activity in this superclustertheze-
fore not detectable if only cluster-centric distance is pared, and
are not in opposition to the results of Martini et al..

The AGN exist in areas of moderate density, but also in
slightly denser areas which are dominated by bluer galaXise
possible interpretations for this are either that the binean colour
indicates a higher level of activity in the surrounding géda, or
that the local environment is dominated by smaller galaxiethe
latter case, if the bluer environments of some AGN are due to a
larger number of small galaxies, this would possibly suggesor
mergers with small galaxies as the trigger for AGN activitgiding
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a third dimension of local meak/r may help to resolve this issue,
but the current sample is considered too small for this amaly

If, on the other hand, the bluer environments of some AGN are
due to areas with enhanced star-formation, it suggestsithaame
processes that trigger star-formation also trigger AGWgt This
would agree with the results of Coldwell & Lambas (2003), who
find that optically identified AGN lie in regions containingone
emission line galaxies. In A901 the correlations betweedicaly
detected star-formation and density (Gray et al. 2004) staw
star-formation is suppressed in cluster cores, rather tifiggered
in cluster outskirts. In contrast the photometrically déte “dusty
star-forming galaxies” in the WGMO05 sample are, like the AGN
hosts, mainly found in intermediate density environmehtsw-
ever, there is no propensity for AGN to reside in galaxiesrof a
particular type in this scheme. Also no correlation is fobetiveen
the WGMO5 host type and the AGN local density, luminosity or
position. The transformation processes which create tegydaed
population could also cause AGN activity, but the two popiales
do not appear to be linked directly.

In conclusion, in this supercluster AGN activity is strongl
linked to environment, and occurs predominantly in moaedsn-
sity regions, which are often bluer than average for thigstlps-
ter, similar to (but not limited to) cluster outskirts andiblgroups.
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7 APPENDIX

This appendix contains details of the individual X-ray s@srwhich were

possibly supercluster AGN and their classifications. Thages and spec-
tra, where applicable, are shown in Figures 12 and 14, ardglate given

in Table 1.

e # 3 — possible supercluster AGNThe high X-ray flux indicates that
this source is clearly an AGN if it is in or behind the supestdu. The host
galaxy identification is secure, with a photometric redsbif1.4, but the
optical object is highly variable and the broad band photomdata points
taken on different days vary by up to @5This indicates AGN activity,
and this contamination may explain the photometric retishiis very un-
likely that the redshift of 1.4 is correct as the galaxy wotiidn have to
be three magnitudes more luminous than the brightest dup&t mem-
ber. However, a visual fit to a = 0.16 galaxy template (Figure 13) is fair,
suggesting that it may be in the supercluster. In additienctiiours of this
galaxy place it on the cluster main-sequence. Over 77 perafesimilar
galaxies (withindmg = 0.5, B — R = 0.1) are within the supercluster.

e # 11 — rejected.A high hardness ratio (0.49) and moderate flux indi-
cate a probable AGN. However, there are two possible optmahterparts,
and only object #51604 is in the supercluster. The spectmuniraage of
the supercluster member show a very luminous Sa galaxy witbld red’
SED and no emission lines. The non supercluster memberhischater to
the X-ray source and a probable quasar, which are often Xuraynous
(~50 per cent of the COMBO-17 QSOs withg < 23 are detected as
X-ray sources, ané- 15 per cent of the possible QSOs are also detected)
and are rare compared to galaxies. Combining the distaneaatf object
from the X-ray source and the number of bright QSOs in the fielthat
of bright galaxies, both matches gs®9 per cent significant. However, the
match with the QSO is four times more probable, and when titzeSmata
is taken into account the QSO match becomes even more likey Table
2).

e # 20 — supercluster AGN. The 2dF spectrum of the securely identi-
fied host galaxy shows weak emission lines. The X-ray enmissinld be
caused by a galaxy with a SFR ef 100M¢ /yr and no AGN but this is
inconsistent with the SFR implied by the [Oll] line lumings{1.2Mg /yr)
and the nature of the galaxy in the 2dF spectrum. It is thezefoncluded
that this galaxy contains an AGN which is optically obscurEais conclu-
sion is backed by the moderate X-ray luminosity and X-rayptioal flux
ratio of 0.12.

e # 24 — supercluster AGN. The host galaxy spectrum has an upper
limit on the SFR from [Oll] of< 1M /yr which is 500 times less than that
required to explain the X-ray emission. Again, this must be tb optically
obscured AGN activity. The X-ray/Optical flux ratio also icates an AGN.

e # 34 — supercluster AGN. The high hardness ratio makes AGN activ-
ity very likely, and the host galaxy is in the superclustére TOII] line flux
gives a star-formation rate which is at least 25 times toottmaccount for
the X-ray emission.

e # 37 — supercluster AGN.Moderate X-ray luminosity and no de-
tectable hard X-ray emission indicate a weak AGN or modbratewer-
ful starburst. The optical counterpart is an elliptical exgluster galaxy but
the probability of a match is only 0.8 as the error on the X{agition is
very large. This galaxy has a COMBO-17 ‘old red’ fit to the SEDthe
brightest galaxy in the south-west group and falls on thennsaiguence
of the colour magnitude diagram. Other sources with sinpitaperties but
with optical spectra ( in particular #79 and #24 ) are founteaptically-
obscured AGN. The galaxy was detected in the NVSS (Conddn é088)
so is a radio source. The match with the radio data secureé thg — opti-
cal association, and makes it very probable that this sasi@supercluster
AGN.

e # 53 — rejected.A soft, moderate luminosity3(8 x 10%*lerg s~1)
X-ray source with two possible optical counterparts, ontg @f which is
in the supercluster. The non-supercluster object is twéckkaly to be the
match by position and luminosity only, and is also an optigaisar. Taking
into account the small number of bright quasars in this fiafd] the high
probability of them having detectable X-ray emission, tbasgr is highly
unlikely to be a random association.

(© 2007 RAS, MNRASD0Q, 1-21

\O
X-ray #53

X-ray-71 (C)

(®)
) w @

¢ _a

X-ray #135 (C)

Figure 12. R-band images of candidate supercluster AGN which were not
observed with 2dF. The scale and symbols are the same asuireHig.

e # 71 — supercluster AGN.This source is securely identified with a
supercluster galaxy, without a 2dF spectrum. The high ressimatio and
X-ray luminsosity indicate AGN activity.

e # 79 — supercluster AGN.The optical spectrum of the supercluster
host is that of a red early-type galaxy, whose emission lingisate at least
150 times too little star formation to account for the X-ragigsion.

e # 81 — supercluster AGN.The X-ray emission is clearly centred on a
supercluster galaxy. The [Olll])/Biratio from the 2dF spectrum (taking an
upper limit on the non detection of#) is 7.5, indicating that this source is
likely to be an AGN. Despite being prominent, the [OlI] linexlis still 12
times too low to account for the X-ray emission through stamfation.

e # 104 — supercluster AGN. This source is securely identified with a
supercluster galaxy. A hardness ratio of 0.95 #rd fr of 0.22 make this
an unambiguous AGN in the X-ray.

e # 105 — supercluster AGN.This X-ray source is securely identified
with a supercluster galaxy. The moderate X-ray luminosayld not be
caused by star-formation, as the optical spectrum is a rieckgavith no
detectable emission lines.

e # 119 — rejected.The X-ray emission clearly emanates from a super-
cluster galaxy. A hard X-ray spectrum, moderate X-ray lusity, but low
fx/fr appear to indicate an AGN or highly obscured star-burst.dite
cal spectrum is clearly a blue star-forming galaxy. Howether observed
[Ol1] flux is not quite enough to account for all of the X-ray &sion
through star-formation. To test whether this is due to aii@@mt amount of
dust extinction the 3/H~ ratio was calculated, using the equivalent widths
of the lines and the continuum flux density in the., = 5710A narrow-
band filter to calculate the flux from® and the mean flux densities in the
Acen = 5190A and Acer, = 4860A COMBO-17 bands to calculate the
flux from H~. The ratio is 1.35 times lower than it should be, which can be
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X-ray ID  Lx (erg/sec) HR Optical ID  Redshift Optical properties
3 5.25¢<10%2  0.18 12953  1.4(phot) variable, blue-cloud or contaminieAGN
20 8.1x10*  0.03 31178 0.158 Sa, blue-cloud
24 7.8x104! -1.0 36966 0.170 E, old-red
34 6.9x 104! 0.7 39549 0.163 Sab, dusty-starforming
37 2.4¢10%1 -1.0 14161  0.171(phot) E, old-red
71 3.0x10*!  0.53 11827  0.175(phot)  Sb, blue-cloud
79 1.8x10*t  -0.75 44351  0.161 E, old-red
81 1.8<10%1 -1.0 19305 0.168 S0, blue-cloud
104 8.6<10*1  0.95 15698 0.170 Sab, dusty-starforming
105 3.6<10%1 0.0 17675 0.171 E, old-red
135  1.55¢10*  0.03 41435 0.33(phot) early-type, variable, contaminitedGN
139 2.56¢1042 1.0 9020 0.169 S0, old-red

Table 1.Properties of supercluster AGN and possible superclusg Details of each source are given in the text.
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Figure 13. The COMBO-17 data and a z=0.16 galaxy template for optical
object 12953, associated with X-ray source # 3. High levélgadability
were observed in th& and R bands, which were re-observed over multi-
ple runs, and which encompass the [Oll] and [Olll] emissioes at this
redshift, indicating that the galaxy contains significa@Mlight and could

be atz ~ 0.16. Above 800nm the data and template do not match well as
the illustrated template is not dust reddened — a bluer gatmplate with
dust reddening would fit far better. In addition the majodfygalaxies with
similar properties as object 12953 are confirmed supertlusembers. It

is possible, but by no means certain, that this is the coreethift for this
object.

accounted for by a E(B-V) dust extinction of 0.677 magnitideccounting

for this, the [Oll] SFR is 43 My/yr, which agrees (within errors) with the
X-ray SFR of 30 My/yr. The source is clearly a star-forming supercluster
galaxy, so is rejected.

e # 127 — rejected A hardness ratio of 0.25 indicates a probable AGN.
This source has two possible optical counterparts, witmdresupercluster
object being both ten times closer to the X-ray position amdg = 22.4
quasar. Accounting for the number of luminous QSOs in thepéarf®0
with mp < 22.4), compared to galaxies brighter than the possible super-
cluster host (285) the quasar is the most probable coumtérpdar. How-
ever, the spectrum of the supercluster object has [Oll] &1d][emission
lines, so it is a possible source of X-rays from star-fororatr an AGN.
The X-ray source appears to be a blend of two sources withcargation
in the direction of the supercluster galaxy — if this is theethen the su-
percluster galaxy could contain a very faint AGN. Howevex thost likely
source of the X-rays remains the QSO, and this source isftiienejected.

e # 135 —supercluster AGNThe X-ray spectrum of this very luminous
source is well fit by a power law, so must be an AGN. The initi@NIBO-
17 photometric redshift of the host galaxy was 0.33, but lews and
position (a large, moderately red galaxy near the centre98fla) indicate
supercluster membership. A visual fit toza= 0.16 red early-type galaxy
template is excellent above 400@s shown in Figure 15. The discrepancy
can be accounted for by the variability of the source (oniy #ource and
#3 are variable by> 30) and also by adding a UV excess caused by the
emission from the AGN. A spectrum of the host galaxy was tdkeBauer
et al. (2000), with the caveat that the spectrum was “poolitylizand the
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w [ et —— —
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P f"““““l\‘ |
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Figure 15. The COMBO-17 data and a z=0.16 template for optical object
41435, associated with X-ray source # 135. The template é@s elected

by eye as a best guess early-type template at this redshitting excess
UV light from an obscured AGN would give a good fit, indicatitigat this
source is likely to be in the supercluster. The source islsteiin the broad
band at> 3o significance.

redshift was given as 0.1585. The excellent optical matpbgtsoscopic
redshift and position of the emission relative to A901a léadhe con-
clusion that this is a supercluster AGN. This source may bsifstantly
contaminated by optical AGN light.

e # 139 — supercluster AGN.A high hardness ratio and X-ray luminos-
ity, together with [OIIIN5007/H3 > 20 make this a certain AGN, and it is
securely associated with a supercluster galaxy.
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Table 2

ID(X) RA(X)* Dec(X)* Error Raté ID(Opt) RA(Opty' Dec(Opt) zn.. Rell Proff F(Spf P(Spf Notes
1 09:56:36.7 -10:02:39.2 0.00185 0.80 28832 9:56:36.5 0283.5 0.253 0.852 0.852 0.39  0.79
2 09:56:35.9 -09:53:29.2 0.00095 2.11 48944 9:56:35.7 5098.7 0.769 0.850 0.522 0.23 0.65 A
2 48703 9:56:35.8 -09:53:30.0 0.759 0.808 0.386 0.23 0.22 A
3 09:56:35.8 -10:10:12.8 0.00132  5.17 12953 9:56:35.7 1a00.6 - 0.940 0842 516 0.92 Z(a)
4 09:56:31.2 -09:53:28.9 0.00102  2.44 0.22 0.95
5 09:56:28.0 -10:01:08.3 0.00155 0.75 32205 9:56:28.6 01107.8 x 0.764 0.605 Star
5 32229 9:56:28.0 -10:01:03.5 1.301 0.526 0.207 QSO
6 09:56:20.4 -10:05:22.8 0.00113 1.21 23122 9:56:20.3 08l@4.4 0.616 0.880 0.736
7 09:56:15.3 -09:53:19.0 0.00135 0.58
8 09:56:12.1 -09:50:44.0 0.00112 5.06 54851 9:56:11.9 5@87.2 1.353 0.904 0.904 1.00 0.91 QSO
9 09:56:08.7 -10:08:03.0 0.00093  0.82
10 09:57:01.8 -09:55:27.5 0.00241  0.85
11 09:56:41.0 -09:52:49.8 0.00123 0.77 51604 9:56:40.4:5089.8 0.164 0.849 0.681 0.12 0.08 B Spec
11 50205 9:56:41.2 -09:52:51.9 1.898 0.622 0.198 0.19 0.61 BQS
12 09:56:10.7 -10:16:05.7 0.00129  1.04
13 09:56:01.4 -10:00:25.6 0.00070  1.90
14 09:55:32.3 -09:58:54.8 0.00164 0.56 39465 9:55:31.9:58399.6 x 0.999 0.999 Star
15 09:55:31.6 -10:06:11.4 0.00289  0.73
16 09:55:28.2 -09:58:59.6 0.00217 0.63 36617 9:55:28.1:5D95.5 x 0.815 0.563 Star
16 36776 9:55:27.7 -09:58:58.7 x 0.625 0.212 Star
17 09:56:54.1 -10:02:49.0 0.00085 2.85 28744 9:56:54.0:02t85.9 0.754 0.941 0.923 119 0.91
18 09:56:47.3 -10:13:29.3 0.00087 1.53 5514 9:56:47.1 1&B80.1 1.201 0.972 0.972 123 0.93 QSO
19 09:56:20.0 -10:01:17.0 0.00116  0.40
20 09:56:17.7 -10:01:49.3 0.00107 1.55 31178 9:56:17.6:01189.4 0.171 0.982 0.982 1.93 0.90 Spec
21 09:56:10.3 -09:58:59.4 0.00080 2.27 36827 9:56:10.2:58399.2 1.886 0.953 0.906 0.54 0.90 QSO
22 09:55:57.6 -10:01:27.5 0.00060 2.18 31519 9:55:57.5:011P8.3 2.413 0.992 0.987 1.18 0.93 QSO
23 09:55:52.6 -09:59:51.1 0.00060 6.77 35608 9:55:52.5:50091.3 x 0.998 0.998 Star
24 09:55:44.2 -09:59:33.0 0.00100 1.88 36966 9:55:44.3:5@083.5 0.175 0.982 0.934 Spec
25 09:55:41.7 -09:59:20.9 0.00127  0.77
26 09:55:39.4 -10:13:25.9 0.00168  1.18
27 09:55:34.6 -09:56:01.6 0.00094 4.24 43454 9:55:34.6:5€08.17 1.655 0.977 0.962 0.94 0.90 QSO
28 09:56:33.6 -09:53:55.1 0.00134 1.29 47810 9:56:33.6:53088.4 2.109 0.881 0.881 0.42 0.83 QSO
29 09:56:01.3 -10:06:40.0 0.00138  0.57
30 09:56:00.1 -10:09:03.5 0.00121  0.57
31 09:56:00.1 -09:55:32.8 0.00142  0.73
32 09:55:50.0 -09:59:44.8 0.00110 1.85
33 09:56:55.4 -10:02:18.0 0.00142  0.69
34 09:56:48.2 -09:58:03.0 0.00156 0.85 39549 9:56:48.1:589.65 0.166 0.962 0.962 Spec
35 09:56:05.3 -09:51:52.6 0.00154  1.01
36 09:55:53.6 -10:14:11.0 0.00296  0.84
37 09:55:38.6 -10:10:15.9 0.00416 0.99 14161 9:55:38.4:1Gt09.1 0.171 0.809 0.759
38 09:56:27.5 -10:08:19.5 0.00767  0.60
39 09:57:07.4 -09:56:48.4 0.00060 1.77 42260 9:57:07.2:5684.9 x 0.975 0.975 Star
40 09:57:03.6 -09:55:04.7 0.00123  1.88
41 09:57:00.7 -09:58:29.6 0.00146  0.90
42 09:57:00.6 -09:54:24.1 0.00117  2.17
43 09:56:58.4 -10:10:29.8 0.00120 1.22 12232 9:56:58.4:1atP8.1 3.448 0.924 0.924 046 091 QSO
44 09:56:56.3 -09:54:19.8 0.00123  1.45
45 09:56:55.6 -09:55:07.5 0.00096  1.48
46 09:56:49.5 -10:07:24.5 0.00195 1.21
47 09:56:47.4 -10:02:34.7 0.00123  1.07
48 09:56:43.8 -09:55:40.0 0.00105 1.09 44635 9:56:43.9:58089.9 0.083 0.984 0.597 20.80 0.26 C
48 45154 9:56:43.9 -09:55:43.2 0.053 0.976 0.391 2336 0.45 C
49 09:56:42.4 -10:13:11.6 0.00100 1.47 6258 9:56:42.3 1&01.2 0.337 0.951 0913 0.85 0.91
50 09:56:41.9 -10:08:50.5 0.00108 0.90 15780 9:56:42.0:08t88.9 1.327 0.851 0.761 0.14 0.78 QSO
51 09:56:42.2 -10:05:58.6 0.00138 0.56 21892 9:56:42.1:08186.0 2.267 0.765 0.751 0.38  0.83
52 09:56:40.8 -09:59:16.4 0.00092  0.44 36062 9:56:40.9:5@096.0 0.728 0.762 0.541
52 36147 9:56:40.7 -09:59:14.2 x 0.631 0.289
53 09:56:40.6 -10:11:49.7 0.00124 1.54 9081 9:56:40.6 1189.1 1.290 0.938 0.639 0.68 0.65 QSO
53 9524 9:56:40.2 -10:11:52.0 0.176 0.883 0.318 0.57 0.23
54 09:56:40.6 -10:00:30.4 0.00089  0.75
55 09:56:40.0 -10:09:30.1 0.00100 1.45 14419 9:56:39.8:09t80.1 0.292 0.939 0.915
56 09:56:39.6 -10:09:00.3 0.00126  0.72

(© 2007 RAS, MNRASD0Q, 1-21
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Table 2 — Continued

ID(X) RA(X)* Dec(X)* Eror* Raté ID(Opt) RA(Opt} Dec(Optf zpn.. Rell Pro F(Spy P(Spf Notes
57 09:56:39.7 -09:57:18.3 0.00086 1.12 46236 9:56:39.6:57097.5 x 1.000 1.000 0.59 0.99
58 09:56:37.3 -10:03:16.2 0.00070 2.05 27507 9:56:37.3:0at07.1 1.458 0.981 0.973 048 091 QSO
59 09:56:37.0 -09:52:37.2 0.00079 3.36 50887 9:56:37.0:5097.6 0.376 0.975 0.937 0.55 0.91
60 09:56:36.1 -10:01:49.9 0.00074 1.31 30570 9:56:36.1:01161.3 0.948 0.925 0.753 0.76  0.88
61 09:56:35.6 -10:00:04.3 0.00097 0.34 34255 9:56:35.9:00105.9 1.667 0.763 0.386 QSO
61 34746 9:56:36.0 -09:59:57.8 X 0.631 0.204 011 0.74 Star
61 34238 9:56:35.3 -10:00:09.0 0.426 0.631 0.204
62 09:56:35.3 -10:04:55.2 0.00060 55.10 24409 9:56:35.8:04154.6 x 0.993 0.993 Qso
63 09:56:34.5 -09:59:30.1 0.00098  1.10 35643 9:56:34.5:5080.1 0.965 0.952 0.952 QSO
64 09:56:30.6 -10:00:16.4 0.00060 38.90 36653 9:56:30.6:00t15.5 0.000 1.000 1.000 0.66 1.00 Star
65 09:56:29.9 -09:52:37.4 0.00167  0.31
66 09:56:29.7 -10:02:01.3 0.00067 1.87 637779:56:29.6 -10:01:59.7 x 0952 0.952 0.82 0.99
67 09:56:29.1 -10:10:05.2 0.00093  1.13
68 09:56:29.1 -09:51:33.0 0.00130  0.94
69 09:56:26.7 -10:05:10.0 0.00060 3.74 23665 9:56:26.8:08t09.5 0.601 0.990 0.497 QSO
69 09:56:26.7 -10:05:10.0 0.00060 3.74 24046 9:56:27.1:08100.2 x 0.990 0.497 Star
70 09:56:26.5 -10:03:24.6 0.00119 0.69 27308 9:56:26.5:03tP2.1 0.924 0.814 0.500
70 09:56:26.5 -10:03:24.6 0.00119 0.69 27176 9:56:27.0:03P6.4 0.179 0.627 0.192
70 09:56:26.5 -10:03:24.6 0.00119 0.69 27071 9:56:26.7:03tP6.2 0.903 0.628 0.192
71 09:56:26.4 -10:10:57.9 0.00166 0.68 11827 9:56:26.1:1a168.5 0.175 0.938 0.938 2.88 076 D
72 09:56:26.5 -09:55:55.3 0.00110  1.34 46335 9:56:26.5:5886.4 X 0.998 0.980 Star
73 09:56:22.6 -09:56:00.6 0.00066 1.60 43383 9:56:22.5:5€000.0 1.253 0.814 0.814 0.11  0.72
74 09:56:21.7 -10:03:06.8 0.00065 0.96 27810 9:56:21.7:03t06.1 2.000 0.952 0.952 0.20 0.84 QSO
75 09:56:21.2 -09:56:36.1 0.00093  1.14 42064 9:56:21.3:5€097.7 3.493 0.927 0.927 0.09 0.82 QSO
76 09:56:20.1 -10:03:50.3 0.00061 1.84 26320 9:56:20.1:03188.6 0.986 0.883 0.883 0.09 0.74
77 09:56:20.0 -10:00:48.5 0.00090 0.54 32961 9:56:19.9:00186.4 0.908 0.760 0.652 0.22 081 E
78 09:56:19.7 -10:03:27.1 0.00063 0.85 27050 9:56:19.8:03tp7.1 0.974 0.814 0.814 0.09 0.66
79 09:56:18.8 -09:55:57.9 0.00139  1.06 44351 9:56:18.8:58097.8 0.162 0.980 0.980 Spec
80 09:56:18.1 -09:53:59.8 0.00078 16.40 47978 9:56:18.0:5401.2 1.133 0.992 0.992 4.65 0.94 QSO
81 09:56:17.7 -10:07:20.2 0.00126  0.42 19305 9:56:17.7:07108.7 0.175 0.970 0.960 0.46  0.92 Spec
82 09:56:15.9 -10:02:19.2 0.00060  0.21
83 09:56:15.5 -09:50:31.3 0.00150  0.66
84 09:56:15.0 -09:58:20.6 0.00060 4.38 38125 9:56:15.0:58021.3 0.902 0.851 0.851 0.84 0.72
85 09:56:13.1 -09:59:03.8 0.00114  0.44 36939 9:56:13.1:5904.9 x 0.987 0.987 Star
86 09:56:13.0 -10:04:07.3 0.00060 2.00 25718 9:56:13.0:04106.9 2.267 0.969 0.969 0.10 0.87 QSO
87 09:56:11.8 -09:59:55.9 0.00100  0.65 0.12 0.92
88 09:56:10.6 -09:49:12.0 0.00101 2.44 58384 9:56:10.5:49093.2 1.899 0.951 0.835 1.31 0.92 QSO
89 09:56:10.0 -10:07:11.3 0.00086 0.72 19716 9:56:10.1:07100.8 0.260 0.975 0.975 0.25  0.90
90 09:56:05.5 -10:00:30.0 0.00068  1.11 33381 9:56:05.4:0€180.5 0.961 0.764 0.508 1.11 071 F
91 09:56:03.3 -10:07:41.1 0.00087 2.25 18874 9:56:03.3:07182.4 0.255 0.987 0.983 6.53  0.93
92 09:56:00.9 -09:56:18.7 0.00251  2.31
93 09:55:58.2 -10:07:27.4 0.00101  1.40 18722 9:55:58.3:071P7.3 1.304 0.939 0.882 0.67 0.80 QSO
94 09:55:57.9 -10:06:52.7 0.00121  1.40 19933 9:55:57.9:06164.1 0.838 0.950 0.863 0.46  0.91
95 09:55:55.7 -10:08:30.7 0.00115 0.65 16610 9:55:55.7:08t81.9 0.516 0.906 0.782 1.46  0.90
96 09:55:54.6 -10:06:46.5 0.00134  0.49
97 09:55:53.7 -10:08:47.9 0.00162  0.39
98 09:55:52.9 -10:05:43.7 0.00110 0.82 22404 9:55:52.9:08t83.9 0.445 0.938 0.938 043 0091
99 09:55:52.6 -10:06:44.6 0.00121  0.43
100 09:55:52.5 -10:04:28.7 0.00074 1.88 24884 9:55:52.9:04128.8 0.416 0.942 0.942 0.38  0.88
101 09:55:51.2 -10:03:56.7 0.00133  1.04
102 09:55:50.5 -09:52:06.2 0.00137 2.12 52252 9:55:50.8:5007.3 0.240 0.923 0.693
102 53126 9:55:50.6 -09:51:53.1 X 0.813 0.249 Star
103 09:55:43.9 -09:57:05.3 0.00148  0.74 0.26 0.94
104 09:55:43.6 -10:09:09.5 0.00113 2.03 15698 9:55:43.0:09t11.8 0.179 0.961 0.387 0.73  0.92 G Spec
105 09:55:43.6 -10:08:28.1 0.00117 0.62 17675 9:55:43.8:08126.5 0.170 0.970 0.844 0.30 0.81 Spec
106 09:55:38.1 -10:08:25.3 0.00112 1.44 16625 9:55:38.2:08124.6 0.562 0.812 0.812 0.15  0.79
107 09:55:36.9 -09:57:15.8 0.00114  2.17 40605 9:55:36.8:5017.1 0.975 0.924 0.809 0.65 0.91 QSO
108 09:55:35.8 -10:09:15.8 0.00075 2.56 14758 9:55:35.9:09t15.7 1.693 0.942 0.938 0.13 0.85 QSO
109 09:55:35.1 -10:01:52.7 0.00102 0.59 30592 9:55:35.0:04151.5 0.814 0.811 0.286 0.33 0.74 H
109 31111 9:55:34.7 -10:01:52.7 0.249 0.882 0.493 H
110 09:55:32.3 -10:01:44.9 0.00126 0.96 30855 9:55:32.6:04149.0 x 0.961 0.845 Star
111 09:55:31.1 -10:05:22.5 0.00163 0.60 28232 9:55:30.9:05t18.9 x 1.000 1.000 041 0.87
112 09:55:28.5 -10:05:30.8 0.00060 7.21 22807 9:55:28.6:06l32.2 0.257 0.981 0.981 091  0.92
113 09:57:18.5 -09:59:51.5 0.00109  0.98
114 09:57:11.3 -09:57:05.5 0.00140 1.17

Continued on next page. . .
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Table 2 — Continued

ID(X) RA(X)* Dec(X)* Eror* Raté ID(Opt) RA(Opt} Dec(Optf zpn.. Rell Pro F(Spy P(Spf Notes
115 09:56:57.1 -10:05:43.7 0.00198 0.44

116 09:56:52.4 -10:00:30.4 0.00124 1.11 35364 9:56:52.2:00129.7 0.079 0.984 0.984 545 0.99 D
117 09:56:48.1 -09:53:36.4 0.00139  0.76

118 09:56:47.1 -10:11:04.2 0.00110 1.02 10744 9:56:47.2:11103.8 0.941 low low 0.34 0.42 |
119 09:56:46.7 -10:01:37.5 0.00156 0.58 31772 9:56:46.0:01138.6 0.168 0.969 0.969 7.36  0.93 Spec
120 09:56:44.2 -09:50:46.6 0.00253  0.99

121 09:56:42.3 -10:12:18.4 0.00211 0.59 8770 9:56:42.2:12109.1 0.324 0.883 0.482

121 7961 9:56:42.6 -10:12:22.6 x 0.852 0.369 Star
122 09:56:24.8 -09:51:17.1 0.00157  0.62

123 09:56:23.5 -09:51:54.8 0.00117  0.71

124 09:56:22.0 -10:01:13.7 0.00109 0.33 31850 9:56:22.0:01t114.5 3.373 0.882 0.882 0.30 0.87 QSO
125 09:56:08.1 -10:06:12.6 0.00129  0.30

126 09:56:06.2 -10:10:30.7 0.00170  0.30

127 09:56:00.9 -10:08:24.2 0.00131  0.33 16637 9:56:00.0:08123.3 1.967 0.706 0.406 0.10 0.67 QSO
127 17155 9:56:1.51 -10:08:19.1 0.173 0.631 0.289 Spec
128 09:55:58.8 -10:05:57.3 0.00124  0.38

129 09:55:42.8 -10:04:37.7 0.00128  0.43

130 09:55:39.1 -09:54:33.8 0.00155  0.47 0.15 0.88

131 09:55:31.2 -10:04:07.4 0.00137  0.78

132 09:57:10.6 -09:56:27.3 0.00118 0.66 42725 9:57:10.9:56024.0 x 0938 0938 103 091 QSO
133 09:56:12.0 -10:06:13.8 0.00138  0.27

134 09:56:10.4 -10:09:44.7 0.00214  0.33

135 09:56:28.2 -09:57:19.3 0.00060 277.00 41435 9:56:289:57:19.0 - 0995 0966 1.15 0.94 Z(b)
136 09:56:21.8 -10:04:34.9 0.00064 2.53 24683 9:56:21.8:04t35.7 1.088 0.968 0.968 QSO
137 09:56:18.8 -10:07:45.6 0.00101 1.95 18034 9:56:18.0:07147.0 0.834 0.850 0.840 1.69  0.86

138 09:56:21.8 -10:06:48.2 0.00091 0.42 20029 9:56:21.8:06l147.4 0.719 0.880 0.880 0.15 0.82 QSO
139 09:56:50.2 -10:11:51.8 0.00215 1.15 9020 9:56:50.0:11165.8 0.171 0.851 0.851 3.58 0.92 Spec

Notes:

x All co-ordinates are in J2000.

* Error on X-ray position in degrees, as described in Secti8n 3

# Counts per second in units 63 in the 0.5 - 7.5 keV band, given by the average ofWie/DETECT count rates from the three images. The count rates
from the PN detector were scaled down by a factor of 3 (caledlérom the brightest sources) to match those from the MQ&ctigs.

1 Reliability; the probability that the X-ray — optical asgaton is not random.

1 Probability; the chance that this X-ray — optical assoeatyives the true counterpart, given all possible associatand the chance of no counterpart
existing. In the case of sources with more than one relialgeimthis is much lower than the individual reliabilities.

b 24pm flux in mJy, from Spitzer data.

$ Probability from 24.m data, given by the combined probability of the X-ray 2#match being unique, and the 2% — optical match. If no optical match
is found then this is purely the X-ray — 2 probability.

X — The source is too faint to have a reasonable COMBO redshii$ a star.

1 — This source was found by eye and added to the COMBO camlogth a R-band magnitude of 23.7.

A — The X-ray source matches well with one@4 source. Both the X-ray to optical and2# to optical matches indicate that the first optical sourceast
likely to be the true counterpart.

B — The 24:m matches are low probability, but are included here as otigegbossible counterparts is a supercluster galaxy.

C —The two optical and two 24m detections are both components of a local merging system.

D — The 24.m catalogue includes multiple detections of the same abJéet combined flux is given.

E — The X-ray — optical match has low probability, but it be@snmore likely once the 24n data is added.

F — The 24.m data reduces 2 optical possibilities to one. Ther@4X-ray match is excellent (0.99) but the match with theagitsource is lower significance
as the source is very faint.

G — 24um data reduces two equally likely X-ray — optical matchesre secure match. The rejected match is a very bright stachwiactually2oc away.

H — The 24.m source is well matched to the optical counterpart, andéylito be the source of the X-rays.

| — The X-ray — optical match gives a number of possible capates. All are rejected, as the 2dh source is an excellent match with the X-ray (0.98) and is
not associated with any of these sources. The most likelghmiata very faint source, which is listed.

QSO - The optical source is a QSO, and therefore has a higleéhdiod of being the true counterpart than indicated bypitobdabilities.

Star — The optical source is a star, and as stars are ofteht l§aigd rare, giving a high probability) but not often X-rautl the source may be a chance
association.

Spec — This source has a 2dF spectrum

Z — Dubious redshift, see Section 4.4; Z(a) - COMBO-17 rdtighl.4 but it may be 0.16. Z(b) — COMBO-17 redshift is 0.38t 8-0.16 is found spectro-
scopically.

Table 2: X-ray sources and possible optical matches apdhXuxes.
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